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Editorial on the Research Topic
DNA-based population screening for precision public health

Introduction

Rapid advances, increasing availability, decreasing costs of sequencing technologies,
computational pipelines for variant interpretation, and training of clinical personnel, are
accelerating the integration of genomic sequencing into routine health care.

Although genomic sequencing has demonstrated utility as an indication-based
diagnostic tool for certain diseases, the full potential of DNA sequencing as a non-
diagnostic tool for population-level screening is not yet realized. DNA-based population
screening has enormous potential to identify people with underlying genetic
predisposition to serious diseases such as cancer and heart disease, who represent
1-2% of the population (Murray et al., 2020). Early detection, disease prevention, and
timely treatment can improve health outcomes and equity, and usher in a new era of
precision public health (Khoury et al., 2018a).

Nevertheless, the ascertainment of otherwise apparently healthy individuals with
underlying genetic risk will necessitate a departure from the traditional model of familial
or personal risk-based genetic testing in specialty settings to a population-based model of
screening in primary care or community settings (Bean et al, 2021). Additionally,
adoption of a population-level genomic screening strategy requires dismantling
barriers to equitably enact such an approach in the context of clinical care, design
and conduct, to develop a sufficient evidence base for clinical utility and cost-effectiveness
(Roberts et al., 2019).

Given the low frequency of individuals with a heritable genetic risk, sharing of study
methods and data from evidence-gathering pilot studies are needed to foster collaborative
linkage of observations and outcomes to address these gaps (Khoury et al., 2018b). With
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the ever-increasing number of settings carrying out DNA-based
screening, this Research Topic of the journal commissioned
articles to highlight the breadth of perspectives and
approaches that comprise the current state of knowledge
about DNA-based population screening, including genome
sequencing data and interpretation, data governance and
stewardship issues, stakeholder engagement, patient and
provider education, and clinical outcomes from ongoing
clinical and research programs in a variety of settings.

Utilizing implementation science
frameworks

DNA-based population screening is increasingly viewed
through the lens of implementation science methods and
frameworks (Bangash and Kullo, 2020). Use of rigorous
methods to mitigate barriers to equitable uptake, evaluation
of the impact on providers and health systems, and
aggregation and sharing of patient health outcome data are
increasingly relied upon to support the translation of effective
DNA-based screening practices into routine clinical care to
improve public health.

In this Research Topic of the journal, (Wildin et al.) describes
feasibility testing of the Genomic Population Health Pilot
Program within the University of Vermont Health Network
using  the Consolidated
Implementation Research (CFIR). The article details the
barriers to and facilitators of this unique program that was

well-known Framework for

among the first non-research DNA-based screening pilots.
(Jones et al.) detail the use of the RE-AIM implementation
(Reach,
Implementation, and Maintenance) to conduct separate

science  framework Effectiveness, ~ Adoption,
pragmatic program evaluations of two different Geisinger
DNA screening pilots, the MyCode community health
research program and a primary care clinical DNA screening
pilot, based on their most relevant and informative domains.
The systematic review by (Shen et al.) of multi-level barriers,
facilitators, stakeholder perceptions, and outcomes of
implementing DNA-based population screening supports the
need for more research to address significant barriers to
health equity, ethical, legal, and social implications (ELSI),
readiness for implementation in primary care, and evidence
gaps regarding clinical utility and long-term outcomes.
Emphasis on the development of metrics for the collection
and sharing of aggregated patient, health service, and
intervention outcomes is critically important for evaluating
the public health impact and cost-effectiveness of DNA-based

population screening.
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Maximizing clinical utility

Currently available evidence does not provide support for the
widespread use of predictive genomic screening in healthy
populations. Thus, an inherent challenge for DNA-based
population screening programs is determining which disease-
causing genes and genomic variants to screen for to maximize
clinical utility and minimize undue harms to healthy individuals.
Incomplete penetrance and variable expressivity of genetic
variants can result in a broad spectrum of phenotypes, from
subclinical manifestations to severe disease, even among relatives
harboring the same disease-causing genotypes. Our current
understanding of the natural history of many genetic diseases
is based on small cohorts of clinically diagnosed individuals,
which raises valid concerns about overdiagnosis and
overtreatment in unselected populations. (Kingdom and
Wright) address this urgent need for a broader genotype-
based understanding of risk identification with a
comprehensive review of emerging clinical studies of common
and rare genetic variation and its effect on human diseases.

Longitudinal data from clinical cases with positive results are
also needed to reclassify potential pathogenic variants and link
successful standards of clinical care to ascertainment by
population-scale implementation of DNA-based screening.
The work of (Wilhelm et al.) illustrates the value of
combining longitudinal health information from follow-up
genetic  testing  of  screen-positive  newborns = with
accompanying clinical information to inform genotype-
phenotype correlations and reevaluate the clinical relevance of
genetic variant data. (Ashenhurst et al.) highlight the predictive
utility and complementarity of polygenic scores combined with
other types of screening data such as family health histories, for
providing an earlier and more precise diagnosis in high-risk
individuals.

Cascade screening in blood relatives for a variant that confers
an inherited disease predisposition is an important and cost-
effective strategy for identifying and improving health outcomes
of other at-risk individuals; however, there are substantial
barriers to widespread acceptance of this beneficial process. In
their manuscript (Schmidlen et al.) describe the impact of a
proband indication on the uptake of cascade testing by family
members based on two settings, one in which the proband has a
clinical condition and presents for testing in a diagnostic setting
as well as a non-diagnostic scenario where the proband was
detected via proactive screening. (Haas et al.) evaluate whether an
alternative approach to population genomic
screening—automated sharing of family health history via the
electronic health record (EHR)—offers an efficient and cost-

saving method to facilitate cascade testing.
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Understanding public perceptions
and values

Understanding the factors that affect public interest in
participating in genomic research will ultimately support
informed decision-making and minimize enrollment barriers
in clinical offerings. (Roberts et al) observe an association
between awareness of genetic testing and educational
attainment level and public interest in participating in
genomic screening to learn about inherited predisposition to
cancer. (Kaphingst et al.) investigate about whether offering
genomic screening as part of routine health visits would
stimulate interest and participation by ethnically diverse
young women. (Brown et al.) explore the perceptions of
parents who belong to underrepresented groups in genomic
research in making an urgent and difficult choice about
whether to enroll in the prenatal arm of the California-based
Program in Prenatal and Pediatric Genome Sequencing (P3EGS),
part of the Clinical Sequencing Evidence-Generating Research
(CSER) consortium. Building on this work, (Outram et al.)
reports on the expectations of the parents who ultimately did
decide to enroll in the P3EGS study and the subsequent value to
them of the prenatal genomic sequencing results they received.

Prioritizing health equity in
population screening

As (Azriel et al.) note in their article, the implementation of
any health care innovation is generally accompanied by concerns
about adequate reach and representation of medically
underserved individuals. DNA-based population screening is
subject to these concerns due to stark inequities posed by
numerous barriers at the patient, provider, and policy levels.
However, if the implementation of DNA-based population
screening can be effectively moored to public health screening
frameworks and community partnerships that center equity and
justice as Azriel et al. describe, there is tremendous potential to
improve outcomes for all individuals with inherited
predispositions to certain actionable medical conditions, add
to our knowledge base about the natural history and spectrum
of disease in underrepresented populations, and potentially
reduce the access gap to clinical and genetic services. In the
article by (Powell et al.), a collaborative team of parents and
researchers illustrate the development of a bidirectional
partnership in which community stakeholders are integrated
in the design, implementation, and dissemination of
knowledge throughout the lifespan of the Age-Based Genomic
Screening (ABGS) project. Engagement marketing concepts can
foster these types of trust-based relationships with communities
that have been historically marginalized in biomedical research
to ensure that health disparities are not perpetuated in DNA-
based population screening programs, as (Lewis et al.) describe
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from their engagement experiences with the All of Us program.
(Rahimzadeh V. et al.) share a protocol for understanding public
beliefs and values about stewardship of cloud-based human
genomic data that can help to assuage concerns about data
access and privacy.

Expanding newborn screening to
include genomic screening

Newborn screening (NBS) is a highly successful public health
screening program for which early detection and effective
interventions have resulted in established health benefits over
many decades. Implementing DNA-based screening could
significantly expand the number of conditions that NBS could
screen for, and the gap between enhanced diagnostic capability
and available, effective treatments is rapidly closing. However,
effective and equitable implementation of expanded NBS incurs
an even higher burden of evidence than screening healthy adults.
(Armstrong et al.) examines the perspectives of parents of healthy
newborns in the BabySeq Project who were surveyed about
various aspects of newborn genome sequencing, including
whether it should be state-mandated and accompanied by
informed consent, and the return of different types of genetic
information. (Brower et al., 2022) reports findings from the NBS
Expansion Study and (Chan et al.) highlights opportunities for
modeling to address the challenges of accelerating the process of
adjudicating candidate conditions. (Pichini et al.) describe the
development of an ethics- and engagement-informed Genomics
England-sponsored Newborn Genomes Program to explore the
utility of offering whole genome sequencing (WGS) in the
newborn period.

Addressing informed consent,
education, and ELSI for expanded
genomic NBS

Despite the expected benefit of rapidly emerging new
therapies and the critical importance of early initiation of
treatment for maximizing health benefits, widespread clinical
integration of expanded genomic NBS has been effectively stalled
due to substantial ethical, social, and practical challenges
inherent in sequencing newborns. Historically, NBS has
employed an “opt-out” model of consent due to its vast public
health importance; however, expanding NBS by hundreds of
conditions will concomitantly expand the range, relevance, and
recommendations for the results parents might receive and will
likely require parents to “opt-in” to expanded genomic NBS. This
paradigm shift will entail educating parents on a broad array of
relatively complex topics in preparation for informed decision-
making and consent. Health care practitioners will require
education and innovative resources for facilitating informed
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decision-making, parental consent and return of results. (Peay
et al.) describe the development and evaluation of an electronic
and patient-centered education and informed consent approach
for the large-scale expanded NBS Early Check study.
(Rahimzadeh V. et al.) balance the potential benefits against
the possible harms in their assessment of unresolved challenges
associated with using universal sequencing as a methodology for
population screening of newborns. (Spencer and Fullerton)
explore the ethical rationale for coinciding age of screening
implementation for highly actionable genetic conditions with
the age of maximum clinical utility in the general population.

Building effective governance and
infrastructure

DNA-based population screening has the potential to
transform the practice of health care from reactively treating
disease symptoms to proactively identifying at-risk individuals
in the population and delivering precision care to prevent the onset
of disease. Encapsulated in this Research Topic are articles
describing broad advancement in research and clinical
integration of DNA-based population screening. Creating and
utilizing effective infrastructure to translate research to clinical
practice remains crucial to realizing actual improvements in public
health. The EHR features prominently in patient-centered
healthcare as an important data tool for sharing results between
providers and patients, monitoring clinical follow up, and, more
recently, providing passive and active clinical decision support.
(Elhanan et al.) describe barriers to relevant clinical action
following the delivery by the Healthy Nevada Program of
important genetic findings directly into participants’ EHR and
proposes potential solutions centered on providing additional
education and support for healthcare providers.

Advances in EHR functionality notwithstanding, the
necessary infrastructure to enable learning healthcare systems
remains elusive. Fertile settings for discussion and problem
solving are needed to harmonize collection, analysis, and
reporting of data and outcomes. The National Human
Genome Research Institute’s Genomic Medicine XIV virtual
meeting entitled; “Genomic Learning Healthcare Systems”
provides promising support for priority research areas.
(Roberts et al.) highlight outcomes from The Transdisciplinary
Conference for Future Leaders in Precision Public Health, a
participatory forum to accelerate solutions for precision public
health challenges. Finally, (Onstwedder et al) summarize
necessary translational improvements required in practice and
policymaking to operationalize the promise for DNA-based
population screening for precision public health.
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In conclusion, while currently available evidence does not
provide support for the widespread use of predictive genomic
screening in healthy populations the scientific, ethical and
implementation foundation for such an endeavor is slowly
being built. However, there is a significant need for more
research to address significant barriers to health equity,
ethical, legal, and social implications (ELSI), readiness for
implementation in primary care, and evidence gaps regarding
clinical utility and long-term outcomes. This research should use
an implementation science framework and build effective
governance and infrastructure. We hope our readers find the
collection of papers herein useful in advancing the dialogue on
DNA-based population screening towards a new era of precision
public health.
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Recent advances in genomic sequencing and genomic medicine are reshaping the
landscape of clinical care. As a screening modality, genetic sequencing has the
potential to dramatically expand the clinical utility of newborn screening (NBS), though
significant barriers remain regarding ethical, legal, and social implications (ELSI) and
technical and evidentiary challenges. Stakeholder-informed implementation research is
poised to grapple with many of these barriers, and parents are crucial stakeholders in this
process. We describe the formation and activities of a Community Research Board (CRB)
composed of parents with diverse backgrounds assembled to participate in an ongoing
research partnership with genomic and public health researchers at the University of North
Carolina. The mission of the CRB is to provide insight into parental perspectives regarding
the prospect of adding genomic sequencing to NBS and collaboratively develop strategies
to ensure its equitable uptake. We describe how these contributions can improve the
accessibility of research and recruitment methods and promote trust and inclusivity within
diverse communities to maximize the societal benefit of population genomic screening in
healthy children.

Keywords: genomic sequencing, newborn screening, community research board, engaging parents, stakeholders,
public health, equity, accessibility

INTRODUCTION

Clinical genomic sequencing is increasingly used for diagnosis and management of newborns and
children with suspected genetic conditions, but has not been adopted for screening in healthy
populations (Biesecker and Green, 2014; Willig et al., 2015; Strande and Berg, 2016). Genomic
sequencing has the potential to greatly expand universal newborn screening (NBS) through early
diagnosis of rare genetic conditions at birth, thereby enabling early health actions to prevent or
ameliorate adverse health outcomes before symptoms develop (Remec et al,, 2021). However,
substantial ethical, legal, and social implications (ELSI) and practical and policy challenges must be
addressed before this technology can be widely adopted for public health screening (Committee on
Bioethics et al., 2013; Botkin et al., 2015; Brothers et al., 2019; Ross and Clayton, 2019; Sen et al.,
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2021). While translational research studies are evaluating various
methods of integrating sequencing into NBS (Berg et al., 2017;
Holm et al., 2018; Milko et al., 2018; Petrikin et al., 2018; Adhikari
et al,, 2020; Andrews et al., 2022), effective working partnerships
between researchers and community stakeholders are also vitally
important to ensure research and future clinical offerings are
inclusive, accessible, and beneficial for all (Goldenberg, 2019;
Downie et al,, 2021; Halley et al.,, 2022).

Conventional NBS exemplifies the model of public health
screening to detect individuals for whom early diagnosis and
treatment of “clinically actionable” conditions offers
unambiguous health benefits (Berg and Powell, 2015;
Hendricks-Sturrup and Lu, 2019; Powell, 2020; Woerner et al.,
2021). Expanding NBS via genomic sequencing could
dramatically increase the number of clinically actionable
conditions that states could effectively screen for, from several
dozen to several hundred (Ceyhan-Birsoy et al., 2019; Milko et al.,
2019). Rapidly proliferating clinical trials for new gene therapies
and pharmaceutical products also promise life-altering
interventions for previously untreatable genetic conditions
(Tambuyzer et al., 2020). There is growing advocacy for
expanding NBS to include genomic sequencing because of the
expected impact on health outcomes, and because early initiation
of treatment often maximizes health benefits (Kingsmore, 2016;
Powell, 2018; Bailey et al., 2021). Public health access to
“expanded NBS” could aid efforts to reduce existing disparities
in genetic testing and increase equity in potential benefits of a
genetic diagnosis, including avoidance of a diagnostic odyssey,
access to clinical management and counseling, and reproductive
decision-making (Friedman et al., 2017). However, the inherent
ambiguity of these benefits, such as enrollment in clinical trials for
unproven treatments, and the concomitant potential for harm
would likely disrupt the current NBS “opt-out” model and
necessitate parental consent (Ross et al., 2013; Botkin et al., 2015).

Studies of stakeholder perspectives about genomic screening
indicate that persistent apprehension could impede broad
parental consent for expanded NBS, particularly among
historically underserved and underrepresented populations
(Borry et al., 2008; Shkedi-Rafid et al., 2015; Ulm et al., 2015;
Kerruish, 2016; Moultrie et al., 2020; Tutty et al., 2021; Halley
et al, 2022). Parental areas of concern include 1) anxiety
regarding choices about what information they wish to have
disclosed or about the security or potential misuse of their child’s
genetic data, 2) the potential for large out-of-pocket expense, 3)
future discriminatory implications for their child, and 4) the
psychosocial effects of learning about health conditions without
affordable or effective treatments (Howard et al., 2015; Paquin
et al., 2018). Effectively and equitably integrating genomic
sequencing into NBS will require building trust with
community partners in diverse settings to understand what
genomic information should be returned to parents and how
best to communicate that information. Without this crucial
insight, limited uptake of genome-scale sequencing is likely
and could endanger public trust in the current public health
NBS system (Johnston et al., 2018).

Despite these substantial issues and gaps in the clinical
evidence base, direct-to-consumer genetic testing has begun

Parent Partners in Genomic Research

targeting healthy infants and children, raising questions about
the nature of the information provided to parents (DeCristo et al.,
2021). There are currently no standards or guidelines governing
disclosure of genomic screening results or follow-up clinical care
for those who test positive. Poorly regulated genetic testing poses
a significant risk to uninformed parents as well as to primary care
providers who will increasingly bear the burden of parental
requests for education and information, interpretation of
widely variable results, and clinical care among those testing
positive for highly heterogeneous conditions (Cohidon et al.,
2021; Majumder et al., 2021). Practice-based and stakeholder-
informed implementation research is urgently needed to inform
and safeguard future public health access to expanded NBS in the
face of increasing commercialization.

This article highlights the importance of parent/caregiver
engagement in ongoing pediatric genomic screening research
and presents a collaborative approach to stakeholder-
researcher partnership. As a team, we represent the
Community Research Board (CRB), comprising parents from
diverse communities in central North Carolina and
multidisciplinary genetics professionals (researchers, clinicians,
educators, and stakeholder engagement experts) at the University
of North Carolina at Chapel Hill (UNC-CH). Together we seek to
collaboratively address challenges in designing and broadly
implementing research studies of genomic screening and
public health offerings for a pediatric population. Here we
describe the processes we followed to build a functionally
integrated research group of community members and
academicians and the activities, and initial outcomes of the
CRB. We highlight successes and challenges, as well as key
advantages and lessons learned from such a collaboration early
in the research process.

DEFINING MEANINGFUL STAKEHOLDER
ENGAGEMENT

Stakeholder engagement is a critical component in translational
research and includes patients, parents and caregivers, research
participants, health care providers, payers, policy makers, advocacy
groups and community leaders (Kost et al., 2012; Wilkins et al.,
2013; Yarborough et al, 2013; Lemke and Harris-Wai, 2015;
Griesemer et al.,, 2020). Stakeholder engagement in research is
defined as the iterative process of actively soliciting the knowledge,
experience, judgment, and values of individuals selected to
represent a broad range of interests in a particular issue, for the
dual purposes of creating a shared understanding and making
relevant, transparent, and effective decisions (Deverka et al., 2012).
Meaningful engagement empowers stakeholders from the group(s)
responsible for or impacted by health and/or healthcare decisions
(Concannon et al, 2012) to affect the research process and
resulting outcomes (Arnstein, 1969). In this way, stakeholders
partner with researchers to collaboratively outline research
questions and refine protocols and approaches to address issues
that impact their communities.

A well-developed and carefully established bi-directional
community research partnership fosters a trusting and
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mutually beneficial relationship for the research study and the
community. In such a collaboration, both researchers and
community members are actively involved in the design and
implementation of the project as well as the interpretation and
dissemination of the findings. Engaged Participation is one
category of stakeholder engagement in which community
health stakeholders (who traditionally have limited power)
collaborate in decision-making and resource allocation with an
equitable balance of power that values input from the community
health stakeholders (Goodman and Sanders Thompson, 2017).
Transparency, honesty, and trust are key principles of effective
engagement when major decisions are made inclusively,
information is openly shared, and patients/community
members and researchers are committed to open and honest
communication (Rawl et al., 2021). The CRB was established
following these key principles, with the goal of informing the
effective and equitable integration of genomic screening in
newborns and children.

INFORMING EFFECTIVE AND EQUITABLE
INTEGRATION OF GENOMIC SCREENING
IN NEWBORNS AND CHILDREN

Recruitment challenges faced by the Newborn Sequencing In
Genomic medicine and public HealTh consortium, including the
North Carolina Newborn Exome Sequencing for Universal
Screening (NC NEXUS) (Roman et al, 2020), NSIGHT1
(Petrikin et al., 2018), and BabySeq (Pereira et al, 2021),
suggest substantial stakeholder engagement is necessary to
improve enrollment of underrepresented communities in
research involving expanded NBS research. Authentic
bidirectional involvement with parents from diverse
communities is also needed to navigate larger issues and
challenges inherent to expanded NBS. Toward this end, we
established the CRB as a community-based arm of a research
team that also includes investigators and staff from the Program
for Precision Medicine in Health Care (PPMH) in the UNC-CH
School of Medicine. CRB members were recruited with the
expectation that they would be engaged throughout the
lifecycle of a research process: 1) developing the research
questions, processes, and methods; 2) designing and
disseminating informational and educational study materials;
3) participating in community outreach events; and 4)
interpreting and disseminating the results from a community
perspective.

Recruitment

Recruitment for a socio-demographically diverse CRB began in
May 2020. Consultation with the Community and Stakeholder
Engagement (CaSE) team at the North Carolina Translational
and Clinical Sciences Institute (NC TraCS) at UNC-CH helped to
optimize the design and reading-level of the recruitment
materials. The CRB members were recruited over
approximately six months from the Children’s Research
Institute at UNC, a local church, online parent groups
(Facebook and Reddit), and regional message boards (Reddit).

Parent Partners in Genomic Research

CRB Demographics by Age, Gender, and Race/Ethnicity/Ancestry
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FIGURE 1 | Demographics of CRB members by Age, Gender, and
Race/Ethnicity/Ancestry. In the Race/Ethnicity/Ancestry table, each vertical
column represents an individual member of the CRB.

Interested members were asked to complete a survey designed to
invite members who could represent diverse communities and
perspectives. CRB members (5M/5F; avg. 33.8 years see Figure 1)
are parents (15 children; 0-16 years), represent urban, suburban,
and rural communities, have diverse racial/ethnic backgrounds,
varying health insurance coverage, a high school education or
above, and views that ranged from “strongly supporting” to “not
supporting” genomic screening of children as reported on the
interest survey.

Based on review of interest survey responses, our recruitment
methods were biased for individuals with positive or neutral
attitudes towards genomic screening in childhood. While targeted
messaging and snowball recruitment methods enabled successful
recruitment of many diverse characteristics, we were only able to
recruit one member who self-identified as “not supporting”
genomic screening. Therefore, we continue to seek members
with more critical views. Challenges related to COVID-19
were addressed via exclusively virtual participation.

Formation and Relationship-Building

Initially, meetings focused heavily on building trust and
familiarity, and creating a sense of community through a
group resume activity that encouraged the team to
recognize and share their knowledge, experiences, and
motivations  with the group. UNC investigators
acknowledged historic neglect and abuse of racial and
ethnic minorities in genetic and genomic science and shared
their ongoing commitment to promoting diversity and
inclusion in genomic research. The CRB and UNC team
discussed their individual and shared goals, expectations,
and timeline. Broad thought formation questions prompted
the CRB to share their initial opinions of augmenting NBS with
genomic sequencing. These included general excitement about
potential benefits, as well as concerns about impact on insurance
and the need for informed consent if sequencing of newborns
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® (RB Meeting #4 (Feb. 2021)
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Discussion and overview of NBS Genetic testing and screening
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Grant proposal group discussion
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Discussion on community-based research
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CRB group résumé
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@ Recruitment Round 2 Genetics, genomics, and ELS|

Expanded social media

CRB Timeline
© (RB Meeting #9 (Dec. 2021)

(Community Research Board) I
Year-end review and

/' CRB evaluation
@

Future tasks .

©

Develop research methods & materials
Community outreach & engagement .
Interpret & disseminate results

® (RB Meeting #1 (Jun. 2020)

Welcome and onboarding
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Study #20-1324

Interest survey
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FIGURE 2 | Timeline of CRB establishment and activities in 2020 and 2021.

became routine. As valued members of the research team who In meetings over the course of 18 months, the CRB has
contribute invaluable insight, lived experience, and expertise, they ~ shared their perspectives about thorny and contentious issues
are compensated at a rate of $50/hr. related to genomic sequencing of children. CRB members

responded to discussion questions in the context of being
Capacity Building and Initial Activities offered screening for childhood-onset, medically actionable

After an initial formative period, the CRB met every other  conditions for a healthy newborn. These early insights,
month in 2021 in the evenings via Zoom (see Figure 2). To  shared below, will inform our ongoing research in this area
facilitate bidirectional capacity building, the UNC-based  including methods to elicit perspectives from broader
AGBS investigators led a series of presentations to provide  stakeholder groups.

relevant background information for the CRB members.

Topics included: newborn screening, genomic medicine and Perspectives on Select Topics

screening, ELSI, community-based participation, and  Opt-In Versus Opt-Out

academic research grant proposal development. Each topical =~ CRB members expressed frustration about the lack of
presentation was followed by group discussion of key themes  information about NBS and agreed that transparency about
and questions. This enabled the CRB and UNC members to  issues such as false positives and false negatives, and privacy
develop a mutual foundation of terms and concepts as well as  and data security, could improve their confidence about
issues of importance and concern for CRB members. Meetings ~ participating in expanded NBS.

were recorded and transcribed for later analysis. They were “There are so many decisions made for people ... without
also summarized in a bimonthly newsletter that also included  really consulting them ... and there are so many people who do
relevant news and information from the UNC team to  not recall being given any information ... couldn’t there be a
maintain engagement between meetings. pamphlet or something at the doctor’s office?”

Group discussions in 2021 focused on sharing knowledge “I think the false positives prospect is why the follow ups need

and perspectives about a research proposal to develop a clinical ~ to be easily accessible. It is still stressful but easy to get a definitive
pilot implementation of genetic screening for a healthy  answer.”

pediatric population. A research study with this aim and Other parents said they would rely on their doctors to help
scope will require working closely with stakeholders,  them make informed decisions.
including parents, guardians, and caretakers, on many “My gut reaction is yes, I'd like to pick the conditions, but

aspects of study design and development. We also discussed ~ honestly, not knowing exactly what conditions are being
how the CRB would help to design accessible research tools  researched, and knowing that I may not know what 10 of
and measures (e.g., interview guides and surveys) for mixed  those conditions even are, I think testing for as many as
methods research to explore parental preferences for: 1) which ~ possible is best.”

conditions to screen for; 2) when and where screening should A range of answers from the group illustrates a need to better
be done; 3) what and how results should be returned; and 4)  understand the issues to choose effective and appropriate
educational strategies to facilitate the process of informed  strategies for educating parents and facilitating informed
decision-making and parental consent. decision-making.
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Community Engagement

CRB members felt strongly that accessible alternatives
(community-based and group offerings) to pediatric and
family medicine clinics were needed.

“Working in the school system a lot of the families that I work
with just don’t have the capacity to do anything extra ...
partnering with community agencies that have groups of
people that already feel comfortable with one another could

. reach a wide group of people that might typically not
come for these kinds of information sessions.”

“Maybe something worth considering is possibly
illustrating these analogies and explaining these points through
comics or something that the general public is not afraid of."

Community-based strategies used in other contexts (e.g.,
mobile vaccination buses) have clinical limitations for genomic
screening, but the point was well made that creative engagement
strategies are imperative for broad accessibility.

Insurance coverage for the cost of the screening test and other
downstream costs also concerned the CRB members, both as
parents and community representatives.

“Talways go back to cost . . . to the patient [and] what’s covered
by insurance.”

Privacy and Data Security

CRB members expressed trust in doctors and researchers and were
open to providing their child’s de-identified DNA for research with
a well-explained reason, though some noted they would need to be
assured that their child’s data would not be misused.

“I'm uncomfortable with giving my child’s genetic info/DNA
without having some sort of assurance that it will only be used for
the sequencing and possibly anonymous data research.”

Members noted more concerns about providing DNA samples to
companies and the government. One member identified perceived
lack of transparency as a potential reason for declining to participate.

Which Conditions to Screen for and How to Deliver the
Genetic Information?

In the context of early onset, medically actionable conditions,
some CRB members were very concerned about severe
conditions.

“I would want to know all of it. In the case of a package, I
would want to know which ones create more of a strain on
lifestyle. The name of the game is severity.”

Others were more concerned about having flexible options.

“I think it makes sense to have as many options as possible, so
what works for one person might not work for another...”

DISCUSSION AND FUTURE DIRECTIONS

Engaged Scholarship seeks to achieve health equity through
shared decision making with stakeholder members of
communities about research that is likely to impact the groups
they represent (Goodman and Sanders Thompson, 2017).
Engaging the CRB early in the research cycle has benefited all
members. Parents have reported that their participation has given

Parent Partners in Genomic Research

them a stronger sense of ownership of and advocacy in their own
health care decision making. Parents and researchers report that
the formative sessions contributed to a deeper trust and a sense of
community and purpose. The research study benefits from an
insightful model for education and outreach strategies that can be
extrapolated to a broader population and a foundation from
which to develop accessible and appropriate research tools and
measures to address the significant variability in parental
preferences, values, and beliefs about expanding NBS with
genomic sequencing.

Parental engagement will be critically important to
democratize access to expanded NBS. There is relevant
concern that worsening health disparities contradict the
principle that public health interventions should serve as
equalizers. (Borry et al., 2009; Tarini and Goldenberg, 2012;
Lewis et al, 2016; Evans et al, 2019; Moultrie et al., 2020;
Peinado et al., 2020; Miller et al., 2021). Routine well-child
interventions such as vaccinations and periodic screening for
hearing, vision, and environmental exposures can have a
profound effect on preventing individual morbidity and
mortality and are also widely accepted because of their public
health impact. Pediatric genomic screening has the potential to be
adopted in a similar fashion if feedback from diverse parent
stakeholders is sought and incorporated into the research process.

Willingness to participate in research is frequently shaped by
cultural beliefs and personal and group experiences with health
systems and research. CRB members are strategically positioned
to build bridges between their communities and researchers,
simultaneously  increasing  awareness of  community
perspectives and the benefits of participating in genomic
research. Looking toward the future, we believe that engaging
parents as partners throughout the genomic screening research
process will reduce barriers to the uptake of highly actionable
genetic information with the best chance of societal benefit.
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Sequencing technologies can inform individuals’ risks for multiple conditions, supporting
population-level screening approaches. Prior research examining interest in genetic testing
has not generally examined the context of population-based approaches offered in routine
healthcare or among ethnically diverse populations. Cancer predisposition testing and
carrier screening could be offered broadly to women of reproductive age. This study
therefore examined interest in these tests when offered as part of routine care, and
predictors of interest, among an ethnically diverse sample of women aged 20-35. We
conducted an online English-language survey of 450 women; 39% identified as Latina. We
examined predictors of interest for two outcomes, interest in testing in the next year and
level of interest, in multivariable logistic regression models and stratified analyses by Latina
ethnicity. More than half of respondents reported being interested in cancer predisposition
testing (55%) and carrier screening (56%) in the next year; this did not differ by ethnicity.
About 26% reported being very interested in cancer predisposition testing and 27% in
carrier screening. Latina respondents (32%) were more likely to be very interested in
cancer predisposition testing than non-Latina respondents (22%; p < 0.03). In
multivariable models, having higher worry about genetic risks, higher genetic
knowledge, and higher perceived importance of genetic information were associated
with higher interest across multiple models. Predictors of interest were generally similar by
ethnicity. Our findings show substantial interest in both cancer predisposition testing and
carrier screening among young women as part of routine healthcare with similar interest
between Latina and non-Latina women. Efforts to broadly offer such testing could be
important in improving access to genetic information. It will be critical to develop tools to
help healthcare providers communicate about genetic testing and to address the needs of
those who have less prior knowledge about genetics to support informed decision making.
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1 INTRODUCTION

DNA-based population screening of unaffected individuals has
been identified as an important future approach to inform
individual disease risks and direct screening and prevention
efforts (Murray et al, 2021). Currently, genetic testing is
generally targeted based on medical history factors, such as
family history and personal history of disease (Murray et al.,
2019). However, increasing evidence shows that medical history-
based genetic testing approaches do not identify the majority of
individuals at increased inherited risk for cancer and heart disease
(Abul-Husn et al., 2016; Manickam et al., 2018; Khoury and
Dotson, 2021). These gaps in identification, combined with
decreasing costs of sequencing technologies, have led to
heightened consideration of population screening approaches
(Murray et al, 2019; Murray et al., 2021). Tier 1 genomic
applications, which are hereditary breast and ovarian cancer,
Lynch Syndrome, and familial hypercholesterolemia, have
received particular consideration for future implementation of
population screening (Khoury et al., 2018; Khoury and Dotson,
2021).

A number of recent commentaries have outlined key questions
that need to be addressed prior to launching population screening
efforts (Murray et al., 2019; Bean et al., 2021; Khoury and Dotson,
2021; Murray et al., 2021). Although previous research studies
have begun to explore population-based testing approaches in
defined populations, such as BRCA testing among an Ashkenazi
Jewish population (Manchanda et al., 2020a; Manchanda et al,,
2020b), limited data exist to inform the implementation of
population screening more broadly and the potential impact
on health outcomes (French et al., 2018; Phillips et al., 2020).
Related data that are available suggest that population screening
could have several behavioral benefits, such as increased
screening in women at high risk of breast cancer without
major adverse emotional effects (French et al, 2018).
However, substantial gaps have been identified in data related
to how individuals would make decisions related to offers of
population screening (French et al., 2018). One important need is
to understand individuals’ interest in population screening for
various disease outcomes, and the factors that influence their
interest. These findings are critical to developing effective
approaches to offering population screening and supporting
individuals’ informed decision making. The importance of
these issues is likely to increase as the public becomes more
interested in obtaining their genomic information (Bean et al,
2021).

In considering potential future population screening
initiatives, pre-pregnancy may offer a unique opportunity to
engage women and their reproductive partners in genetic
testing. Pre-pregnancy has been identified as a key window for
health promotion activities (Johnson et al., 2006; Barker et al.,
2017; American College of Obstetrics and Gynecology, 2019a; van
Elten et al., 2019; Hill et al., 2020; Moholdt and Hawley, 2020).
While definitions of pre-pregnancy vary (Hill et al, 2020),
women who are intending a pregnancy in the future may be
particularly interested in various types of genetic information.
The Centers for Disease Control and Prevention have identified

Interest in Multiple Genetic Tests

genetic conditions and family history as specific areas for pre-
pregnancy risk assessment (Johnson et al, 2006). Carrier
screening is a recommended genetic test to identify couples at
risk for conceiving a fetus affected with a serious health condition
that can be offered pre-pregnancy (Porter et al., 2018). Currently,
the American College of Obstetricians and Gynecologists
(ACOG) and American College of Medical Genetics and
Genomics (ACMG) recommend that all couples be offered
carrier screening for cystic fibrosis and spinal muscular
atrophy, and other targeted screening based on ethnicity
(Edwards et al, 2015; American College of Obstetrics and
Gynecology, 2017a; American College of Obstetrics and
Gynecology, 2017b). However, expanded carrier screening,
which potentially screens for hundreds of conditions, could be
offered more broadly at a population level.

While carrier screening is ideally offered prior to pregnancys, it
is often not offered until a pregnancy when results could increase
anxiety to a greater extent due to the high likelihood of carrier
status for one or more conditions and time for partner results
(Grody, 2016). In considering population screening efforts for
expanded carrier screening, therefore, some research has
examined interest among women, as well as their reproductive
partners, in receiving this genetic testing prior to pregnancy
(Capalbo et al,, 2021). Wide variability in interest and uptake
of expanded carrier screening has been observed across available
studies (van Steijvoort et al, 2020). A systematic review of 12
published studies found that 32%-76% of respondents were
interested in a hypothetical expanded carrier screening test,
while actual uptake rates for expanded carrier screening
ranged from 8% to 50% (van Steijvoort et al., 2020). While the
highest uptake rate was observed in a study with pregnant women
(van Steijvoort et al., 2020), another study that compared uptake
rates found that 69% of women counseled pre-pregnancy chose to
have expanded carrier screening, which was significantly higher
than the 35% choosing to have screening during pregnancy
(Larsen et al., 2019).

This wide range of interest and uptake observed in different
studies with different populations heightens the importance of
examining factors affecting interest if expanded carrier screening
were offered pre-pregnancy to a broad population. A few studies
have examined women’s reasons for choosing to have or declining
pre-pregnancy carrier screening. In one survey of the general
Dutch population, the primary motivation for receiving
expanded carrier screening was to spare a child from a life with
a severe hereditary disorder, while lack of a hereditary disorder in
the family was identified as a reason to decline screening (Nijmeijer
et al,, 2019). Another survey identified the desire for reassurance
and making informed decisions about future pregnancies as drivers
of interest in expanded carrier screening (Rabkina et al., 2021).
Interestingly, in one study, women who declined offers of
preconception genomic carrier screening did so for logistical
issues (e.g., time) rather than the rationale for testing (Gilmore
et al,, 2017). Limited prior research has examined psychological
predictors of interest in preconception carrier screening, although
one study in Western Australia found that higher genetic
knowledge and more positive attitudes were correlated with
screening interest (Ong et al., 2018).
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Use of sequencing technologies for expanded carrier screening
could allow for informing risks for other health conditions among
those receiving genetic testing (Lindor et al., 2017; Machini et al.,
2019). Routine gynecology visits may be an ideal time for women
to consider both expanded carrier screening and genetic testing
for cancer predisposition, as these are both clinical genetic tests
that are highly relevant to women of reproductive age. ACOG
recommends that assessing for hereditary cancer risk and offering
carrier screening are within the roles of obstetrics/gynecology
providers (American College of Obstetrics and Gynecology,
2017¢; American College of Obstetrics and Gynecology, 2019a;
American College of Obstetrics and Gynecology, 2019b), and that
familial cancer risk assessment be part of routine gynecological
visits (Gavin et al, 2014). Returning multiple types of genetic
information may bring substantial communication challenges
due to greater information volume and complexity but
returning multiple results may also increase the perceived
value of genetic testing to individuals (Lindor et al., 2017;
Kaphingst et al., 2018; Sapp et al,, 2018; Delanne et al., 2019;
Horowitz et al., 2019; Bartley et al., 2020). While studies have
begun to explore interest in offers of pre-pregnancy genomic
carrier screening (Kauffman et al., 2017b; van Steijvoort et al,
2020), research is needed to assess women’s interest in receiving
additional genetic tests that would provide information about
their own health at the same time and whether predictors of
interest are the same between different types of genetic tests. One
prior study related to participating in genome sequencing for
carrier status showed that a primary motivating factor was to
obtain general health information for oneself (Kauffman et al,
2017a). Additional research is needed to examine whether
interest in both of these types of genetic tests would be high
in a routine clinical setting as well.

Prior related research conducted outside of the pre-pregnancy
and carrier status context has shown that patients are often
interested in receiving multiple types of genetic information from
genome sequencing, including cancer risk information (Kaphingst
et al,, 2016a; Kaphingst et al., 2018; Delanne et al., 2019; Hoell et al.,
2020). Many of these studies have been conducted in the context of
genome sequencing research rather than routine clinical contexts,
finding high levels of interest in secondary findings related to various
health conditions among the general public and patient populations
(Kaphingst et al,, 2019). Studies have found strong interest in
receiving secondary findings among cancer patients, with the
strongest interest in actionable findings and those with
reproductive significance (Kaphingst et al, 2016a; Kaphingst
et al,, 2018; Bijlsma et al,, 2020). Members of the general public
have also perceived genome sequencing results as having high
personal utility (Goranitis et al., 2020). A number of different
factors affecting interest in various types of sequencing results
have been identified (Mighton et al, 2019), including
understanding and impact on quality of life (Bollinger et al,
2012; Mighton et al., 2020). Early adopters of genome sequencing
have expressed various health-related and non-health-related
motivations (Sanderson et al, 2016), and participants in genetic
research have highlighted the importance of offers of personal
genomic risk information being based on individual preferences
(Smit et al., 2020).

Interest in Multiple Genetic Tests

Our prior work has examined possible predictors of interest in
various types of findings from genome sequencing informed by a
model of risk information and processing (Griffin et al., 1999),
examining both genetic-related and general health-related
predictors. In one study with 1,080 women who had been
diagnosed with breast cancer at a young age, we found that
the same psychological factors (ie., higher knowledge about
sequencing benefits, greater worry about genetic risks, and
stronger orientation toward health information) predicted a
high level of interest in learning about six different types of
genome sequencing findings, including carrier status (Kaphingst
et al, 2018). In other research conducted with primary care
patients offered genetic susceptibility testing for multiple
health conditions, we found that social influence from family
and friends impacted interest in seeking information about genes
(Hay et al., 2012). Additional possible predictors of interest in
different types of genetic testing are suggested by related theories
of how individuals cope with the uncertainty inherent in risk
information (Brashers, 2001; Hillen et al., 2017), particularly the
importance of examining individuals’ tolerance for uncertainty
information (Carleton et al., 2007; Hillen et al., 2017).

Issues of equity must be considered when assessing interest in
population screening, as well as predictors of interest, so that
these technologies do not further exacerbate health disparities
(Institute of Medicine, 2002; Halbert and Harrison, 2018; Pierle
and Mahon, 2019; Murray et al., 2021). There has been limited
research on the access and use of genetic technologies among
diverse patients (Canedo et al., 2019; Kaphingst et al., 2019),
particularly with Latinx patients (Canedo et al., 2020; Chavez-
yenter et al., 2021a). For example, people from racial and ethnic
minority groups are often interested in testing (Kaphingst et al.,
2015; Hay et al., 2019; Turbitt et al., 2019), but have lower access
to and use of cancer genetic services in the US (Hall and Olopade,
2005; Hall and Olopade, 2006; Fisher et al., 2019), even when cost
barriers are minimized (Alford et al, 2011). These disparities
have been linked to both individual-level (e.g., lower knowledge)
(Singer et al., 2004; Pagan et al., 2009; Kinney et al., 2010; Bloss
et al,, 2018; Canedo et al., 2019) and system-level factors (e.g.,
unmet needs for discussion of testing with providers) (Peters
et al., 2004; Singer et al., 2004; Jagsi et al., 2015; Kaphingst and
Goodman, 2016; Roberts et al., 2019; Southwick et al., 2020).
However, these critical issues need to be examined within the
context of population screening approaches.

Prior related research has indicated that a broad population
sample may be interested in receiving genetic testing for multiple
health conditions, including cancer predisposition testing and carrier
status, with at least some support for expanded cancer screening
offered pre-pregnancy. However, these studies have not generally
been conducted in a clinical setting and little is known about
individuals’™ interest in genetic testing offered as part of routine
healthcare. In addition, research examining predictors of interest in
different types of genetic testing among racially and ethnically
diverse populations is limited. To address these identified
research gaps, this study examined interest, and predictors of
interest, in population-based carrier screening and cancer
predisposition testing offered as part of routine gynecologic care
among an ethnically diverse sample of women aged 20-35.
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2 METHODS
2.1 Participants

We conducted an online English-language survey in order to
investigate these research questions (see Supplemental File).
A convenience sample of US adults was recruited by Qualtrics
Panel Services in June 2021 to participate in the survey.
Because of our focus on genetic testing pre-pregnancy, we
recruited respondents who identified as female and were
between the ages of 20-35years. Because of the limited
prior data for Latinx individuals related to use of genetic
technologies, as described above, and because of the
substantial and growing Latinx community in the
catchment area for our healthcare system, we also set an a
priori threshold of at least 25% of respondents identifying as
Latina so that we could examine the effect of ethnicity on
interest. The minimum survey sample size was set at 425
respondents in order to examine the effect of ethnicity on
interest in genetic testing. Individuals were removed if they did
not meet the gender (n = 41) or age (n = 34) criteria in the pre-
screener questions, did not complete the consent acceptance
question at the beginning of the survey (n = 51), or were below
the 6-min speed threshold pre-set for time to complete the
survey (n = 52). This resulted in a final sample of 450
respondents. The survey was approved as an
exempt protocol by the University of Utah Institutional
Review Board.

2.2 Measures

2.2.1 Interest Outcome Variables

We began the survey with an educational component that
described different types of genetic testing and then asked
participants a series of questions about their interest in the
different types. Because of our prior work showing that
predictors of interest may vary depending upon item wording
(Guo et al., 2020), we assessed interest in genetic testing with two
different item formats. Five items assessed respondents’ level of
interest in genetic testing for cancer predisposition testing
(i.e, “How interested would you be in doing genetic testing to
learn about your risk of developing a cancer that may be able to be
prevented or treated”) and carrier status information (i.e., “How
interested would you be in doing genetic testing to learn about a
gene variation that does not affect your health but might affect the
health of your children”), as well as testing to learn about the risk
of a preventable/treatable disease, risk of an unpreventable/
untreatable disease, and medication response. To assess
delivery preferences, we also had two items assessing the level
of interest in genetic testing as part of a general check-up either
“with a health care provider” or “through your gynecologist’s
office.” These items were scored on a seven-point Likert scale
from “not at all” to “very” interested. The responses were
dichotomized as “very” interested vs. all other categories in
order to characterize a high level of interest (Kaphingst et al.,
2018). A second set of interest items assessed interest in the next
year in having the same five types of genetic testing if offered (“If
it were offered, would you be interested in having the following
types of genetic testing in the next year”). Respondents answered

Interest in Multiple Genetic Tests

yes, no, or not sure to each item. Responses were dichotomized as
yes vs. no/not sure for analysis.

2.2.2 Predictor Variables

Selection of hypothesized predictors was informed by a
conceptual framework based on the model of Risk
Information and Processing and Uncertainty Management
Theory (Griffin et al., 1999; Brashers, 2001).

2.2.2.1 Worry About Genetic Risks

We assessed genetic worry with three items (e.g., “On a scale from
1 to 7 where 1 is not at all worried, and 7 is extremely worried,
please describe how worried you are about the following: your
genes put you at increased risk for developing a common disease,
like heart disease or diabetes”) (Biesecker et al., 2009). Response
options were on a seven-point Likert-type scale from “not at all”
to “extremely” worried. We calculated an average genetic worry
score (Cronbach’s « of 0.83), which was treated continuously in
analysis.

2.2.2.2 Genetic Self-Efficacy

We assessed genetic self-efficacy (i.e., individuals’ confidence in
their ability to use genetic information) using a three-item
measure on which participants indicated the extent to which
they agreed with each item on a five-point Likert-type scale from
strongly disagree to strongly agree (i.e., “I can explain genetic
issues to people”) (Parrott et al., 2004). Scores on these items were
averaged (Cronbach’s « of 0.76) and modeled as a continuous
variable in analysis.

2.2.2.3 Genetic Knowledge

To assess general knowledge about genetics, we utilized an 18-
item (e.g., “Altered” (mutated) genes can cause disease”) measure
(Fitzgerald-Butt et al., 2016). Each item was answered as true,
false, or not sure. Correct answers were summed (Cronbach’s a of
0.81) and the sum score was treated as a continuous variable for
analysis.

2.2.2.4 Importance of Genetic Information

We used two items to assess the perceived importance of genetic
information, one focused on cancer predisposition testing
(ie, “Please mark how important it is to you to learn more
about how your genes may affect your chance of getting cancer”)
and one on carrier screening, adapted from our prior work (McBride
et al,, 2009; Kaphingst et al., 2016b). Both items were answered on a
seven-point scale from “not at all important” to “very important.”
Responses were dichotomized (Cronbach’s a of 0.69) as very
important vs. other categories for analysis.

2.2.2.5 Health Consciousness

Participants’ degree of health consciousness was assessed with
five items (e.g., “my health depends on how well I take care of
myself”), which were answered on a five-point Likert-type scale
from “strongly disagree” to “strongly agree” (Dutta-Bergman,
2003). The responses were averaged (Cronbach’s « of 0.83) and
treated continuously in analysis. Higher scores indicated a
stronger health consciousness.
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2.2.2.6 Health Information Orientation

The importance placed on health information was assessed
with eight items (e.g., “It is important to me to be informed
about health issues”), which were answered on a five-point
Likert-type scale from “strongly disagree” to “strongly agree”
(Dutta-Bergman, 2003). The responses averaged
(Cronbach’s « of 0.86) and treated continuously in analysis.
Higher scores indicated a stronger health information
orientation.

were

2.2.2.7 Health Information Seeking

One item was used to assessed health information seeking
(i.e, “In the past 30 days, how often would you say you have
looked for information about ways to stay healthy or to feel
better?®), which respondents answered on a four-point Likert-
type scale from “Not at all” to “Very often” (Kaphingst et al., 2012;
National Cancer Institute, 2015). Responses were treated as
categorical in analysis.

2.2.2.8 Risk Perceptions

We assessed relative risk perceptions for breast, ovarian, and
colon cancer with three items (e.g., “Based on this information,
compared to most people your age and sex, would you say that
you are. . .,)” which was answered on a five-point scale from “a lot
less likely” to “a lot more likely” to get the disease (Wertz et al.,
1986; Lipkus et al., 2000). Risk perceptions were treated
dichotomized as “somewhat” or “a lot” more likely vs. other
categories for analysis.

2.2.2.9 Social Influences

We assessed social influences on learning more about health
(i.e., normative beliefs) and motivation to comply using two items
from our prior research (Hay et al., 2012): “The people who mean
the most to me think I should learn more about ways I can keep
myself healthy” and “On a scale from 1 to 7 where 1 is not at all
motivated and 7 is very motivated, how motivated you would say
you are to do what these people want you to do?” These items
were answered on seven-point Likert-types scales from “strongly
agree” to “strongly disagree” and “not at all” to “very” motivated,
respectively. Responses (Cronbach’s « of 0.72)
dichotomized as strongly agree or very motivated vs. other
categories for analysis.

were

2.2.2.10 Intolerance for Uncertainty

We utilized the 12-item short version of the intolerance of
uncertainty scale (i.e., “I always want to know what the future
has in store for me”) (Carleton et al, 2007). Respondents
answered each item on a five-point Likert-type scale from
“Not at all” to “Entirely” characteristic of me. Following
scoring rules, we summed the responses (Cronbach’s a of
0.89) and treated as continuous in analysis.

2.2.2.11 Numeracy

We assessed numeracy using the Subjective Numeracy Scale, a
self-report measure with two four-item subscales: perceived
ability to perform mathematical tasks and preference for the
use of numeric versus verbal information (Fagerlin et al., 2007).

Interest in Multiple Genetic Tests

Each item was answered on a six-point Likert-type scale (e.g., “not
at all good” to “extremely good” and “always prefer words” to
“always prefer numbers/percentages”). Following standard
scoring, we averaged the responses (Cronbach’s & of 0.85), and
treated the average score as continuous in analysis. Higher scale
scores reflected greater perceived ability and stronger preference
for numeric information.

2.2.2.12 Health Literacy

Health literacy was assessed with a three-item screener (e.g.,
“How confident are you filling out medical forms by
yourself?”) (Chew et al, 2008). Each item was answered on
five-point Likert-type scales. Responses were summed and
treated as continuous in analysis.

2.2.3 Sociodemographic Characteristics

We also assessed the following characteristics as potential
covariates: age, race, ethnicity, Jewish ancestry, educational
attainment, marital status, having biological children, planning
to become pregnant in next year, urban vs. rural residence,
household income, health insurance status, personal history of
cancer, family history of cancer, and having had prior genetic
testing.

2.3 Analysis

Descriptive statistics were calculated for each variable. We used
chi-squared tests to evaluate whether Latina women differed
from non-Latina women in their level of interest in various types
of genetic testing. Because of sociodemographic differences by
ethnicity, we also examined the effect of Latina ethnicity in
multivariable logistic regression models. To identify potential
predictors of interest in cancer predisposition testing and carrier
status testing, which were the areas of focus for this analysis, we
used chi-squared tests for associations with categorical
variables, t-tests for continuous variables, and the Wilcoxon
Rank Sum Test for non-normal continuous variables. Of these
predictors, those with a bivariate association of p < 0.10 were
included in multivariable logistic regression models (Hildalgo
and Goodman, 2013). Sociodemographic covariates (i.e., age,
race, Jewish ancestry, educational attainment, marital status,
having biological children, planning to become pregnant in the
next year, urban vs. rural residence, household income, health
insurance status, personal history of cancer, family history of
cancer, having had prior genetic testing) were also assessed in
these models, and those covariates with a p < 0.10 were retained
in final multivariable logistic regression models. An interaction
variable between ethnicity and intolerance for uncertainty was
also tested for entry in these models. However, since the
interaction term was not significant in any of the models we
present the final models without the interaction term. We re-fit
the final multivariable models on samples stratified by ethnicity
to examine whether predictors of the interest outcome variables
were the same for Latina vs. non-Latina women. For final
models, we present odds ratios along with their
corresponding 95% confidence intervals. R was used for all
analyses (R Core Team, 2019). The statistical significance
level was set at p < 0.05.
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TABLE 1 | Sociodemographic characteristics of 450 female respondents by ethnicity.

Interest in Multiple Genetic Tests

Characteristics Latina/Hispanic (n = 176) Non-Hispanic/non- p-value
Latina/other (n = 274)
N % N %
Educational attainment 0.29
High school degree/junior high 44 25.1 86 31.5
Some college/associate degree 76 43.4 102 37.4
College degree or higher 55 31.4 85 31.1
Married/living as married 72 411 104 38.4 0.63
Have biological children 94 53.7 114 41.9 0.019
Race <0.001
White/Caucasian 77 44.0 147 53.8
Black/African-American 26 14.9 83 30.4
Asian/Pacific Islander/Native Hawaiian 16 9.1 23 8.4
Multi-racial 22 12.6 19 7.0
Other 34 19.4 1 0.4
Have Ashkenazi (Eastern European) Jewish ancestry 46 26.3 30 1.1 <0.001
Planning to become pregnant in the next year 0.048
Yes 60 34.5 65 23.8
No 85 48.9 158 57.9
Not sure 29 16.7 50 18.3
Geographic location <0.001
Urban 11 6.4 56 21.1
Rural/Frontier 161 93.6 210 78.9
Household income 0.067
<$25,000 38 21.7 82 29.9
$25,000-$49,999 44 25.1 62 22.6
$50,000-$74,999 43 24.6 57 20.8
>$74,999 46 26.3 56 20.4
Prefer not to answer 4 2.3 17 6.2
Health insurance 0.17
Private insurance 89 50.9 126 46.2
Public insurance 66 37.7 98 35.9
No 20 1.4 49 17.9
Have had genetic testing 60 37.7 63 26.2 0.02
Have personal history of cancer 27 15.3 19 7.0 0.007
Have family history of cancer 90 57.0 141 58.0 0.915
Mean SD Mean SD
Current age 25.0 4.5 26.1 5.0 0.02

SD, standard deviation.

3 RESULTS

3.1 Participant Characteristics

The mean age of respondents was 25.7 years (SD = 4.8). About
50% of respondents identified as white/Caucasian, 39% as Latina/
Hispanic, and 24% as Black/African-American. The majority had
not completed college; 29% had a high school degree or less and
40% had some college education. Respondents had a moderate
level of self-reported numeracy ability (M = 3.9; SD = 1.2) and
health literacy (M = 9.5; SD = 1.8). About half (50%) had a
household income of <$50,000. Less than half were married or
living as married (40%). About 47% had biological children, and
28% reported that they were planning to become pregnant in the
next year. Few respondents (10%) reported a personal history of
cancer, although 58% had a family history of cancer. Less than
half (31%) reported having had prior genetic testing. As shown in
Table 1, having had biological children, race, having Ashkenazi
Jewish ancestry, planning to become pregnant in the next year,
rural vs. urban residence, having had genetic testing, having a

personal history of cancer, and age differed significantly between
Latina and non-Latina respondents.

In terms of possible psychosocial predictors of interest in
genetic testing (Table 2), approximately 27% of participants
reported that cancer genetic information was very important
to them and 35% thought that carrier status information was
very important. Most (65%) sought health information either
somewhat often or very often. About half of respondents
believed that important others strongly valued keeping
oneself healthy (48%). Respondents had a moderate level of
health consciousness (M = 3.7; SD = 0.9), health information
orientation (M = 3.6; SD = 0.8), and intolerance for
uncertainty (M = 39.8; SD = 10.1). Less than one-third
perceived themselves as more likely to develop breast
(24%), ovarian (32%), or colon (31%) cancer than the
average woman of their race. They had moderate worry
about their genetic risks (M = 4.3; SD = 1.6), and a
moderate degree of genetic self-efficacy (M = 9.5; SD = 3.1)
and genetic knowledge (M = 9.1; SD = 4.3).
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TABLE 2 | Psychosocial characteristics of 450 female respondents.

Interest in Multiple Genetic Tests

Characteristics N %
High importance of cancer genetic information (n = 449) 121 26.9
High importance of carrier status information (n = 449) 165 34.5
Health information seeking (n = 447)
Very often 104 23.3
Somewhat often 186 41.6
Not very often 126 28.2
Not at all 31 6.9
Risk perception (Somewhat more likely/a lot more likely)
Breast cancer (n = 445) 108 24.3
Ovarian cancer (n = 446) 142 31.8
Colon cancer (n = 446) 139 31.2
Strongly agree that the people who mean the most to me think | should learn more about ways | can keep myself healthy. (n 214 47.9
= 447)
Very motivated to do what these people want you to do. (n = 447) 194 43.4
Mean (SD) Range
Numeracy Ability subscale (n = 446) 3.9 (1.2 1-6
Numeracy Preference subscale (n = 447) 3.9(1.1) 1-6
Health Literacy (n = 450) 9.5(1.8) 0-13
Worry about genetic risks (n = 450) 4.3 (1.6) 1-7
Genetic self-efficacy (n = 450) 9.5 (8.1) 0-15
Genetic knowledge (n = 450) 9.1 4.3 0-18
Health consciousness (n = 448) 3.7 (0.9 1-5
Health information orientation (n = 448) 3.6 (0.8) 1-6
Intolerance for uncertainty (n = 450) 39.8 (10.1) 0-60
SD, standard deviation.
TABLE 3 | Interest in cancer predisposition testing and carrier screening among respondents (n = 450).
Outcome N %
Very interested in genetic testing as part of a general check-up
With your health care provider (n = 450) 110 24.4
Through your gynecologist’s office (n = 450) 103 22.9
Very interested in genetic testing to learn about
Your risk of developing a disease that may be able to be prevented or treated (n = 447) 110 24.6
Your risk of developing a cancer that may be able to be prevented or treated (n = 447) 116 26.0
Your risk of developing a disease that cannot be prevented or treated (n = 447) 87 19.5
How you would respond to a medication for a disease (n = 447) 95 21.3
A gene variation that does not affect your health but might affect the health of your children (n = 447) 119 26.6
Yes, Interested in having the following types of genetic testing in the next year
Your risk of developing a disease that may be able to be prevented or treated (n = 450) 246 54.7
Your risk of developing a cancer that may be able to be prevented or treated (n = 449) 222 49.4
Your risk of developing a disease that cannot be prevented or treated (n = 450) 203 451
How you would respond to a medication for a disease (n = 449) 239 53.2
A gene variation that does not affect your health but might affect the health of your children (n = 449) 249 55.5

SD, standard deviation.

3.2 Interest in Different Types of Genetic
Testing

We assessed how interested respondents would be in having each
type of genetic testing in the next year if it were offered (Table 3).
More than half reported that they would be interested in receiving
genetic testing in the next year to learn information about carrier
status (56%), risk of a preventable or treatable disease (55%), and
medication response (53%). A slightly lower proportion reported
that they would be interested in receiving genetic testing to learn
about their risk of a preventable or treatable cancer (49%), and the

lowest level of interest was in having genetic testing to learn about
the risk of an unpreventable or untreatable disease (45%).

To further investigate women’s level of interest in genetic testing,
we also examined the proportion of respondents having a high level
of interest (i.e., reporting being “very interested”). When asked about
genetic testing as part of a general check-up, 24% were very
interested in receiving testing with their healthcare provider and
23% through a gynecologist. For different types of testing, we found
the highest proportions were very interested in genetic testing to
learn about their risk of developing a preventable or treatable cancer
(26%) and learn about carrier status (27%). Similarly, about 25%
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TABLE 4 | Bivariate associations between genetic testing interest and ethnicity (0 = 450).

Interest in genetic testing to learn about
Your risk of developing a disease that may be able to be prevented or treated

Your risk of developing a cancer that may be able to be prevented or treated
Your risk of developing a disease that cannot be prevented or treated

How you would respond to a medication for a disease

A gene variation that does not affect your health but might affect the health of your children

Interest in genetic testing as part of a general check-up
With your health care provider

Through your gynecologist’s office

Interested in having the following types of genetic testing in the next year
Your risk of developing a disease that may be able to be prevented or treated

Your risk of developing a cancer that may be able to be prevented or treated
Your risk of developing a disease that cannot be prevented or treated

How you would respond to a medication for a disease

A gene variation that does not affect your health but might affect the health of your children

p-value by Chi-square Test; Significant results are bolded.

were very interested in learning about their risk of preventable or
treatable diseases more generally. A slightly lower proportion
reported being very interested in genetic testing to learn about
pharmacogenomic variants (21%) or risk of an unpreventable or
untreatable disease (20%).

3.3 Differences in Interest in Testing by
Ethnicity

Interest in different types of testing was generally similar between
Latina respondents and non-Latina respondents, as was interest
in genetic testing as part of a general check-up (Table 4).
However, for interest in having genetic testing in the next year
if offered, we found that Latina respondents (60.8%) were more
likely to say that they would be interested in testing for risk of a
preventable or treatable disease than non-Latina respondents
(51%; p = 0.046). For level of interest in different types of
genetic testing, we found that Latina respondents (32.0%) were
more likely to be very interested in learning about their risk of a
preventable or treatable cancer compared with non-Latina
respondents (22.1%; p 0.03). Latina respondents (25.7%)
were also more likely to be very interested in learning about
their risk of an unpreventable or untreatable disease compared
with non-Latina respondents (15.4%; p = 0.01). There was a trend
toward a greater proportion being very interested in carrier status
information (32.0% among Latina participants vs. 23.2% among
non-Latina participants, p = 0.051).

Latina Non-Latina p-value

n =176 n =274
Very interested 51 (29.1) 59 (21.7) 0.094
Other categories 124 (70.9) 213 (78.3)
Very interested 56 (32.0) 60 (22.1) 0.026
Other categories 119 (68.0) 212 (77.9)
Very interested 45 (25.7) 42 (15.4) 0.011
Other categories 130 (74.9) 230 (84.6)
Very interested 41 (23.4) 54 (19.9) 0.43
Other categories 134 (76.6) 218 (80.1)
Very interested 56 (32.0) 63 (23.2) 0.051
Other categories 119 (68.0) 209 (76.8)
Very Interested 47 (26.7) 63 (23.0) 0.43
Other categories 129 (73.9) 211 (77.0)
Very Interested 48 (27.3) 55 (20.1) 0.097
Other categories 128 (72.7) 219 (79.9)
Yes 107 (60.8) 139 (50.7) 0.046
No/Not sure 69 (39.2) 135 (49.3)
Yes 89 (50.6) 133 (48.7) 0.78
No/Not sure 87 (49.4) 140 (51.3)
Yes 87 (49.4) 116 (42.3) 0.17
No/Not sure 89 (50.6) 158 (57.7)
Yes 99 (56.6) 140 (561.1) 0.30
No/Not sure 76 (43.4) 134 (48.9)
Yes 103 (58.9) 146 (53.3) 0.29
No/Not sure 72 (41.1) 128 (46.7)

3.4 Bivariate Predictors of Interest in

Genetic Testing

We next examined the bivariate relationships of hypothesized
predictors and ethnicity with interest in genetic testing for cancer
predisposition and carrier status. As shown in Table 5, being
interested in both types of genetic testing in the next year if it were
offered was associated with higher worry about genetic risks (both
p < 0.001), higher genetic self-efficacy (both p < 0.05), higher
genetic knowledge (both p < 0.001), greater perceived importance
of cancer genetic information (both p < 0.001) and carrier status
information (both p < 0.001), greater health consciousness (both
p < 0.001), stronger health orientation (both p < 0.001), greater
health information seeking (both p < 0.05), stronger social
influence (both p < 0.001), higher intolerance for uncertainty
(both p < 0.001), and higher subjective numeracy (both p <
0.001). Higher breast cancer risk perceptions were significantly
associated with interest in cancer predisposition testing (p < 0.05)
but not carrier status testing, and ovarian and colorectal cancer
risk perceptions were not significantly related with interest in
either type of genetic testing in the next year.

We found similar patterns of bivariate associations for the
outcome of being very interested in genetic testing, with the
exception of risk perceptions. Being very interested in both types
of genetic testing was associated with higher worry about genetic
risks (both p < 0.001), higher genetic self-efficacy (both p < 0.001),
higher genetic knowledge (both p < 0.001), greater perceived
importance of cancer genetic information (both p < 0.001) and

Frontiers in Genetics | www.frontiersin.org

25

April 2022 | Volume 13 | Article 866062


https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Kaphingst et al.

Interest in Multiple Genetic Tests

TABLE 5 | Bivariate predictors of interest in receiving cancer predisposition testing and carrier screening (n = 450).

Predictor

Cancer predisposition testing

Carrier status

Very interested®

Yes, interested in next

Very interested® Yes, interested in next

year® year®
n=116 n =222 n=119 n =249
Worry about genetic risks, median [IQR] 6.0 [4.0-7.0] 5.0 [3.8-6.3] 5.7 [4.0-7.0] 5.0 [3.7-6.3]
Genetic self-efficacy, mean (SD) 10.4 (3.9) 9.8 (3.3) 10.3 (3.8) 9.8 (3.2)
Genetic knowledge, median [IQR] 11.0 [8.0-13.0] 11.0 [9.0-14.0] 11.0 [8.0-13.0] 11.0 [7.0-13.0]
Importance of cancer genetic information, n (%)
Very important 76 (65.5) 88 (39.6) 72 (60.5) 91 (36.5)
Other categories 40 (34.5) 134 (60.4) 47 (39.5) 158 (63.5)
Importance of carrier status information, n (%)
Very important 91 (78.4) 110 (49.5) 86 (72.3) 115 (46.2)
Other categories 25 (21.6) 112 (50.5) 33 (27.7) 134 (53.8)
Health consciousness, median [IQR] 4.4 [4.0-5.0] 4.0 [3.4-4.6] 4.2 [3.6-5.0] 3.8 [3.2-4.4]
Health orientation, median [IQR] 4.4 [3.8-4.9] 3.9 [3.3-4.5] 4.3 [3.6-4.9] 3.8 [3.1-4.4]
Health information seeking, n (%)
Very often 47 (40.5) 62 (27.9) 48 (40.3) 68 (27.4)
Somewhat often 46 (39.7) 93 (41.9) 47 (39.5) 104 (41.9)
Not very often 17 (14.7) 57 (25.7) 16 (13.4) 59 (23.8)
Not at all 6 (5.2) 10 (4.5) 8 (6.7) 17 (6.9)
Risk perceptions
Breast cancer, n (%)
Somewhat more likely/a lot more likely 45 (38.8) 65 (29.5) 48 (40.3) 69 (27.8)
About as likely 38 (32.8) 80 (36.4) 34 (28.6) 88 (35.5)
A lot less likely/somewhat less likely 33 (28.4) 75 (34.1) 37 (31.1) 91 (36.7)
Ovarian cancer, n (%)
Somewhat more likely/a lot more likely 50 (43.1) 73 (33.0) 51 (42.9) 80 (32.3)
About as likely 37 (31.9) 81 (36.7) 34 (28.6) 93 (37.5)
A lot less likely/somewhat less likely 29 (25.0) 67 (30.3) 34 (28.6) 75 (30.2)
Colon cancer, n (%)
Somewhat more likely/a lot more likely 35 (30.2) 61 (27.6) 32 (26.9) 72 (29.0)
About as likely 31 (26.7) 74 (33.5) 35 (29.4) 75 (30.2)
A lot less likely/somewhat less likely 50 (43.1) 86 (38.9) 52 (43.7) 101 (40.7)
Motivation
Normative beliefs, n (%)
Strongly Agree 91 (78.4) 141 (63.5) 89 (74.8) 141 (56.9)
Other categories 25 (21.6) 81 (36.5) 30 (25.2) 107 (43.1)
Motivation to comply, n (%)
Very motivated 79 (68.1) 118 (53.2) 79 (66.4) 125 (50.4)
Other categories 37 (31.9) 104 (46.8) 40 (33.6) 123 (49.6)
Intolerance for uncertainty, mean (SD) 45.1 (10.9) 41.6 (10.0) 44.4 (11.0) 41.5 (10.3)
Subjective numeracy, mean (SD) 4.5 (1.1) 4.2 (1.0) 4.4 (1.2 4.1 (1.1)

Bold indicates p < 0.05; SD: standard deviation; IQR: interquartile range; p-value by Wilcoxon Rank Sum Test for the following variables: Worry about genetic risks, Genetic knowledge,
Health consciousness, and Health orientation; p-value by T-test for Genetic self-efficacy, Intolerance for uncertainty, and Subjective numeracy; p-value by Chi-squared Test for:
Importance of cancer genetic information, Importance of carrier status information, Health information seeking, and Risk perceptions (breast, ovarian, and colon cancers).

AVery interested vs. other categories.
bYes vs. no/not sure.

carrier status information (both p < 0.001), greater health
consciousness (both p < 0.001), stronger health orientation (both
p < 0.001), greater health information seeking (both p < 0.001),
higher breast cancer risk perceptions (both p < 0.001), higher ovarian
cancer risk perceptions (both p < 0.01), stronger social influence
(both p < 0.001), higher intolerance for uncertainty (both p < 0.001),
and higher subjective numeracy (both p < 0.001).

3.5 Multivariable Predictors of Interest in

Genetic Testing
In multivariable logistic regression models, Latina ethnicity
was not associated with any interest outcome (Table 6). In

multivariable models, respondents who were interested in
being tested for cancer predisposition in the next year had
higher worry about genetic risks (OR = 1.44; 95% CIL
1.22-1.72) and higher genetic knowledge (OR = 1.26; 95%
CI: 1.18-1.35). They were also more likely to report that they
did not seek health information very often compared to those
who said not at all (OR 2.97; 95% CI: 1.05-8.93).
Respondents who were interested in receiving carrier
screening in the next year had also higher worry about
genetic risks (OR = 1.39; 95% CI: 1.17-1.64) and higher
genetic knowledge (OR = 1.11; 95% CI: 1.05-1.18). They
were also more likely to perceive carrier status information
as very important (OR = 2.46; 95% CI: 1.24-4.97), although
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TABLE 6 | Multivariable logistic regression models showing predictors of interest in receiving cancer predisposition testing and carrier screening.

Tested predictors

Cancer predisposition testing

Carrier status

Very
interested® (n = 440)

OR (95% CI)

Worry about genetic risks
Genetic self-efficacy
Genetic knowledge
Importance of cancer genetic information
Importance of carrier status information
Health consciousness
Health orientation
Health information seeking®
Not very often
Somewhat often
Very often
Breast Cancer Risk Perception®
About as likely
Somewhat more likely/a lot more likely
Ovarian Cancer Risk Perception®
About as likely

1.29 (1.06, 1.57)
0.95 (0.86, 1.05)
1.02 (0.94, 1.11)
2.71 (1.35, 5.46)
3.53 (1.69, 7.44)
1.89 (1.06, 3.42)
1.21 (0.65, 2.29)

0.64 (0.17, 2.58)
0.60 (0.17, 2.32)
0.60 (0.15, 2.49)

1.32 (0.54, 3.29)
1.53 (0.60, 3.92)

1.15 (0.46, 2.84
Somewhat more likely/a lot more likely 1.29 (0.48, 3.46)
Normative beliefs 1.34 (0.64, 2.78,
Motivation to comply 1.08 (0.50, 2.11
Intolerance for uncertainty 1.00 (0.96, 1.04
Subjective numeracy 1.32 (0.94, 1.86,
Covariates
Non-Hispanic/Non-Latina/Other®
Health Literacy
Educational attainment’
Some college/associate degree
College degree or higher
Household income?
$25,000-$49,999
$50,000-$74,999
>$74,999
Prefer not to answer
Geographic location: Urban"
Health Insurance'
Public insurance
Private insurance

)
)
)
)
)
)

0.56 (0.30, 1.04)
1.38 (1.13, 1.70)

Significant results are bolded.

AVery interested vs. other categories.

PYes vs. no/not sure.

“Compared with not at all.

9Compared with a lot less likely/somewhat less likely.
°Compared with Latina/Hispanic.

Compared with High school degree/junior high.
9Compared with <$25,000.

"Compared with Rural/Frontier.

'Compared with no insurance.

those with lower health consciousness were more interested in
genetic testing for carrier status (OR = 0.60; 95% CI:
0.39-0.91).

For the outcome of high level of interest, being very interested
in genetic testing for cancer predisposition was associated with
higher worry about genetic risks (OR = 1.29; 95% CI: 1.06-1.57),
higher perceived importance of cancer genetic information (OR =
2.71; 95% CI: 1.35-5.46), higher perceived importance of carrier
status information (OR = 3.53; 95% CI: 1.69-7.44), and higher
health literacy (OR = 1.38; 95% CI: 1.13-1.70). Being very

Yes, interested in
next year® (n =

Yes, interested in Very
next year® (n = interested” (n = 442)

442)

OR (95% Cl)

OR (95% CI)

431)
OR (95% CI)

1.44 (1.22, 1.72) 1.12 (0.93, 1.35) 1.39 (1.17, 1.64)
1.01 (0.92, 1.10) 0.98 (0.89, 1.08) 0.98 (0.90, 1.07)
1.26 (1.18, 1.35) 1.09 (1.00, 1.18) 1.11 (1.05, 1.18)
1.44 (0.72, 2.90) 2.58 (1.29, 5.15) 1.21 (0.61, 2.42)
1.53 (0.78, 3.02) 3.00 (1.44, 6.30) 2.46 (1.24, 4.97)
0.82 (0.54, 1.24) 0.95 (0.55, 1.63) 0.60 (0.39, 0.91)
1.47 (0.90, 2.42) 1.31(0.73, 2.41) 1.46 (0.91, 2.37)
2.97 (1.05, 8.93) 0.28 (0.08, 1.01) 0.68 (0.26, 1.75)
2.03 (0.73, 5.98) 0.40 (0.13, 1.33) 0.70 (0.27, 1.80)
1.78 (0.58, 5.67) 0.53 (0.15, 1.95) 0.72 (0.24, 2.08)
1.21 (0.71, 2.07) 0.98 (0.45, 2.17)
1.29 (0.70, 2.38) 1.95 (0.85, 4.51)

0.83 (0.37, 1.86)

1.17 (0.49, 2.80)
1.69 (0.99, 2.91) 1.48 (0.76, 2.89) 1.08 (0.63, 1.83)
0.80 (0.45, 1.40) 1.24 (0.64, 2.39) 1.08 (0.62, 1.86)
0.98 (0.95, 1.01) 1.00 (0.97, 1.04) 1.00 (0.97, 1.03)
1.18 (0.89, 1.58) 0.99 (0.71, 1.36) 1.13 (0.85, 1.50)
0.97 (0.60, 1.58) 0.64 (0.36, 1.14) 1.01 (0.63, 1.62)

0.46 (0.22, 0.96)

1.52 (0.87, 2.68)

1.20 (0.55, 2.63) 1.07 (0.56, 2.02)
0.69 (0.31, 1.52) 2.42 (1.30, 4.57)
2.02 (0.90, 4.58) 2.31 (1.19, 4.58)
1.09 (0.47, 2.54) 1.90 (0.96, 3.77)
0.15 (0.01, 0.94) 2.74 (0.91, 8.66)

2.02 (1.06, 3.88)

1.15 (0.58, 2.29)
1.59 (0.80, 3.19)

interested in genetic testing for carrier status was associated
with higher perceived importance of cancer genetic
information (OR = 2.57; 95% CIL 1.29-5.12) and higher
perceived importance of carrier status information (OR = 3.00;
95% CI: 1.44-6.29). In this model, respondents with some college
were less likely to report being very interested than those with a
high school degree (OR = 0.46; 95% CI: 0.22-0.95).

In models stratified by Latina ethnicity, predictors of interest
in having cancer predisposition genetic testing in the next year
were similar between strata (Table 7), although normative
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TABLE 7 | Multivariable logistic regression models, stratified by ethnicity, showing predictors of interest in receiving cancer predisposition testing and carrier screening in the

next year.

Tested predictors

Interest in receiving genetic testing for cancer
predisposition testing in next year®

Interest in receiving genetic testing for carrier status in
next year®

Latina/Hispanic

Non-Hispanic/non-/atina/other

Latina/hispanic Non-hispanic/non-latina/other

Worry about genetic risks
Genetic self-efficacy
Genetic knowledge
Importance of cancer genetic information
Importance of carrier status information
Health consciousness
Health orientation
Health information seeking®
Not very often
Somewhat often
Very often
Breast Cancer Risk Perception®
About as likely
Somewhat more likely/a lot more likely
Normative beliefs
Motivation to comply
Intolerance for uncertainty
Subjective numeracy
Educational attainment®
Some college/associate degree
College degree or higher
Household income®
$25,000-$49,999
$50,000-$74,999
>$74,999
Prefer not to answer
Geographic location: Urban'
Health Insurance?
Public insurance
Private insurance

(n = 170)

(n =272

(n = 168)

(n = 263)

OR (95% CI)

1.68 (1.22, 2.40)
1.03 (0.87, 1.23)
1.28 (1.13, 1.47)
1.46 (0.41, 5.02)
1.31 (0.38, 4.59)
1.00 (0.45, 2.19)
1.48 (0.61, 3.74)

3.93 (0.44, 88.71)
2.52 (0.28, 56.86)
2.38 (0.22, 58.06)

1.13
1.32
1.34
1.46
0.95
0.91

0.44, 2.92
0.46, 3.83
0.52, 3.43
0.58, 3.59
0.90, 1.01
0.48, 1.69

)
)
)
)
)
)

OR (95% CI)

1.34 (1.09, 1.66)
1.00 (0.89, 1.11)
1.25 (1.15, 1.36)
1.47 (0.61, 3.55)
1.41 (0.62, 3.27)
0.82 (0.49, 1.37)
1.50 (0.81, 2.81)

2.85 (0.86, 10.04)
1.96 (0.61, 6.69)
1.79 (0.49, 6.80)

1.26 (0.65, 2.44)
1.28 (0.58, 2.81)
2.02 (1.01, 4.07)
0.49 (0.22, 1.04)
0.99 (0.95, 1.03)
1.30 (0.93, 1.83)

OR (95% CI)

1.48 (1.08, 2.08)
1.05 (0.89, 1.23)
1.14 (1.02, 1.28)
0.69 (0.20, 2.27)
1.61 (0.45, 6.02)
0.80 (0.37, 1.67)
1.90 (0.81, 4.63)

0.08 (0.00, 0.82)
0.10 (0.00, 0.99)
0.09 (0.00, 1.02)

1.23 (0.52, 2.89)
0.84 (0.33, 2.04)
1.01 (0.96, 1.07)
0.99 (0.56, 1.69)

1.03 (0.38, 2.78)
0.74 (0.22, 2.42)

1.56 (0.52, 4.76)
2.56 (0.80, 8.48)
1.31 (0.41, 4.25)
3.24 (0.35, 52.01)
2.44 (0.57, 11.24)

1.69 (0.45, 6.75)
2.23 (0.60, 8.80)

OR (95% ClI)

1.35 (1.10, 1.67)
0.92 (0.83, 1.03)
1.07 (1.00, 1.15)
1.35 (0.56, 3.30)
3.06 (1.33, 7.38)
0.62 (0.36, 1.04)
1.32 (0.71, 2.48)

1.38 (0.46, 4.29)
1.29 (0.43, 3.97)
1.61 (0.4, 5.94)

1.03
1.08
0.99
1.15

0.52, 2.08)
0.52, 2.21)
0.95, 1.03)
0.82, 1.62)

1.74 (0.87, 3.56)
1.45 (0.66, 3.20)

2.82 (1.27, 6.45)
1.75 (0.74, 4.19)
2.18 (0.90, 5.36)
1.82 (0.50, 6.79)
2.04 (0.99, 4.26)

1.03 (0.45, 2.39)
1.42 (0.62, 3.29)

Significant results are bolded.

@Yes vs. no/not sure.

bCompared with not at all.

“Compared with a lot less likely/somewhat less likely.
9Compared with High school degree/junior high.
°Compared with <$25,000.

Compared with Rural/Frontier.

9Compared with no insurance.

beliefs were a predictor of interest only among non-Latina
respondents (OR = 2.02; 95% CI: 1.01-4.07). For predictors
of interest in testing to learn carrier status information, worry
about genetic risks was a significant predictor in both strata.
However, higher genetic knowledge was a predictor of interest
among Latina women (OR = 3.06; 95% CI: 1.33-7.38), and
greater importance of carrier status information and income
were predictors only among non-Latina respondents (OR =
2.82;95% CI: 1.27-6.45). For predictors of a high level of interest
in genetic testing (Table 8), higher worry about genetic risks was
a significant predictor of being very interested in cancer
predisposition testing only among non-Latina respondents
(OR = 138 95% CI: 1.06-1.79). Higher perceived
importance of cancer genetic information was a significant
predictor of being very interested in both cancer
predisposition testing (OR = 3.85; 95% CI: 1.24-11.88) and

carrier screening (OR = 3.60; 95% CI: 1.10-11.82) among Latina
respondents, while higher perceived importance of carrier status
information was related to these outcomes among non-Latina
respondents (OR =7.53; 95% CI: 2.64-21.46 and OR = 3.34; 95%
CI: 1.32-8.43, respectively).

4 DISCUSSION

In this study, we examined interest, and predictors of interest, in
carrier screening and cancer predisposition testing offered as part
of routine care among an ethnically diverse sample of 450 women
aged 20-35. We found substantial interest in both types of genetic
testing, with about half of respondents reporting that they would
have each type of testing in the next year if it were offered. The
proportion interested in testing for carrier status is consistent
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TABLE 8 | Multivariable logistic regression models, stratified by ethnicity, showing predictors of being very interested in cancer predisposition testing and carrier screening.

Tested predictors

Very interested in cancer predisposition testing®

Very interested in genetic testing for carrier status®

Latina/Hispanic

Non-Hispanic/non-/atina/other

Latina/hispanic Non-hispanic/non-latina/other

Worry about genetic risks
Genetic self-efficacy
Genetic knowledge
Importance of cancer genetic information
Importance of carrier status information
Health consciousness
Health orientation
Health information seeking®
Not very often
Somewhat often
Very often
Breast cancer risk perception®
About as likely
Somewhat more likely/a lot more likely
Ovarian cancer risk perception®
About as likely
Somewhat more likely/a lot more likely
Normative beliefs
Motivation to comply
Intolerance for uncertainty
Subjective numeracy
Health Literacy
Educational attainment®
Some college/associate degree
College degree or higher
Household income®
$25,000-$49,999
$50,000-$74,999
>$74,999

(n = 169)

(n = 271)

(n = 169)

(n = 270)

OR (95% CI)

1.18 (0.85, 1.66)
0.88 (0.75, 1.03)
1.00 (0.87, 1.13)

3.85 (1.25, 11.88)
1.41 (0.43, 4.64)
1.84 (0.78, 4.35)
1.02 (0.41, 2.51)

0.91 (0.04, 23.77)
1.57 (0.06, 38.90)
1.08 (0.04, 29.43)

1.72 (0.47, 6.23)
2.90 (0.82, 10.26)

1.16 (0.32, 4.19)
0.78 (0.21, 2.84)
1.42 (0.52, 3.85)
0.79 (0.29, 2.18)
1.01 (0.95, 1.07)
1.12 (0.64, 1.95)
1.36 (1.03, 1.79)

OR (95% CI)

1.38 (1.06, 1.79)
1.01 (0.88, 1.15)
1.09 (0.98, 1.23)
2.37 (0.92, 6.13)
7.53 (2.64, 21.46)

OR (95% CI)

1.03 (0.72, 1.47
0.98 (0.82, 1.16
1.10 (0.97, 1.25)

3.60 (1.10, 11.82)
2.03 (0.55, 7.41)

OR (95% ClI)

1.11 (0.89, 1.38)
0.98 (0.87, 1.10)
1.07 (0.97, 1.18)
1.82 (0.75, 4.39)
3.34 (1.32, 8.43)

)

)

Prefer not to answer

Significant results are bolded.

AVery interested vs. other categories.

PCompared with not at all.

“Compared with a lot less likely/somewhat less likely.
9Compared with High school degree/junior high.
°Compared with <$25,000.

with the proportions found to be interested in a hypothetical
expanded carrier screening test in prior studies (van Steijvoort
et al., 2020; Nijmeijer et al., 2019). The findings also add to our
knowledge about interest in cancer predisposition testing in this
population if conducted as part of routine clinical care, indicating
support from survey respondents for offering genetic testing as
part of routine clinical care. Little prior research has examined
interest in population-based genetic testing as part of routine
care, although in one prior survey conducted in the Netherlands
about half of respondents preferred that pre-pregnancy cancer
screening be offered via a general practitioner (Plantinga et al.,
2016) and another survey found that participants felt that offering
personal genomic risk information to the general population to
inform prevention and early detection recommendations is
acceptable (Smit et al., 2020).

Of note, however, about half of respondents were not
interested in testing in the next year, or were not sure, and
many did not indicate the highest level of interest in either type of
genetic test. It is therefore critical to develop effective decision

1.52 (0.63, 3.67) 0.77 (0.32, 1.87) 1.17 (0.59, 2.35
1.47 (0.57, 3.79) 1.20 (0.46, 3.11) 1.12 (0.52, 2.39
0.70 (0.14, 3.59) 0.58 (0.02, 15.59) 0.29 (0.08, 1.15)
0.33 (0.07, 1.63) 1.46 (0.06, 37.76) 0.35 (0.10, 1.23)
0.38 (0.06, 2.23) 2.06 (0.07, 57.66) 0.43 (0.10, 1.81)
0.87 (0.25, 3.00) 1.62 (0.45, 5.81) 0.82 (0.32, 2.11)
0.71 (0.17, 2.93) 3.99 (1.11, 14.40) 0.86 (0.29, 2.60)
0.98 (0.27, 3.58) 0.32 (0.09, 1.15) 1.63 (0.57, 4.64)
2.45 (0.57, 10.57) 0.51 (0.15, 1.75) 2.61 (0.82, 8.30)
0.92 (0.31, 2.75) 0.83 (0.29, 2.39) 1.96 (0.85, 4.50)
1.80 (0.61, 5.28) 1.03 (0.37, 2.89) 1.37 (0.57, 3.27)
1.00 (0.95, 1.05) 1.04 (0.97, 1.10) 0.99 (0.95, 1.03)
1.23 (0.79, 1.94) 0.83 (0.46, 1.47) 1.01 (0.69, 1.48)
1.29 (0.97, 1.73)
0.41 (0.13, 1.26) 0.73 (0.29, 1.82)
1.38 (0.38, 5.00) 1.11 (0.42, 2.98)
0.72 (0.20, 2.61) 0.74 (0.27, 2.02)
1.50 (0.42, 5.40) 1.88 (0.65, 5.46)
0.97 (0.27, 3.54) 1.22 (0.41, 3.65)
0.14 (0.00, 8.28) 0.43 (0.06, 2.90)

support tools so that women can make informed decisions about
testing if population-based genetic testing efforts are initiated.
Better understanding of the predictors of interest is essential to
developing effective decision support tools. Consistent with our
prior research conducted with women who had been diagnosed
with breast cancer at a young age, we found that women’s worry
about their broader genetic risks was an important predictor of
interest in genetic testing. Notably, worry about genetic risks was
predictive, while risk perceptions for breast, ovarian, and
colorectal cancer were not predictive of interest in either type
of genetic testing in multivariable models. This finding suggests
the importance of focusing on information that could be provided
about inherited risks, rather than disease risks more generally, in
approaches to informed decision making. Also consistent with
our prior work, as well as other studies (Kaphingst et al., 2018;
Ong et al., 2018), those with higher genetic knowledge were more
likely to be interested in both types of testing in the next year.
These findings indicate determining key components of genetic
knowledge and providing information about these topics is also
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important in decisional support so that individuals can make
informed decisions about genetic testing.

Unlike the findings from our prior work with women who had
been diagnosed with breast cancer at a young age (Kaphingst
et al., 2018), in this population health information orientation
was not predictive of any interest outcomes. Instead, perceived
importance of genetic information, either for cancer
predisposition testing or carrier status, was related to a
number of the interest outcomes. This finding suggests that
this general population, which was unselected for personal or
family history of disease, may distinguish to a greater extent
between genetic information and other types of health
information. This hypothesis is also supported by the lack of
relationship between health information seeking and interest in
genetic testing, suggesting that genetic testing may not be seen as
a way to learn more about one’s health and manage health risks,
as has been suggested by prior studies conducted in cancer genetic
counseling (Rauscher, 2017; Campbell-Salome et al., 2021). In
supporting informed decisions about genetic testing as part of
routine care, therefore, educational approaches should clearly
state what the testing would—and would not—provide in terms
of genetic and health risk information.

Neither social influences nor intolerance for uncertainty was
predictive of interest in genetic testing for cancer predisposition
or carrier status in this population. Our prior research conducted
with primary care patients offered genetic susceptibility testing
for multiple health conditions had found that social influence
from family and friends impacted interest in seeking information
about genes (Hay et al., 2012). To explore the importance of social
influences further, future research may want to examine different
social influences separately. For example, it is possible that
interest in genetic testing for carrier status may be more
influenced by the normative beliefs of a reproductive partner
while interest in testing for cancer predisposition may be more
influenced by biological relatives’ beliefs or healthcare providers’
recommendations. Future research may also want to examine
whether a measure of how individuals cope with uncertainty
about genetic risks specifically is predictive of interest in genetic
testing (Biesecker et al., 2017), given the importance of worry
about genetic risks observed among our respondents.

Our findings also add to what is known about interest in
genetic testing among young Latina women. We generally found
similar interest between Latina and non-Latina women in
receiving different types of genetic testing in the next year,
although a higher proportion of Latina women reported being
interested receiving cancer predisposition testing in the next year
and being very interested in this type of testing. However,
ethnicity was not a significant predictor of interest in
multivariable models, suggesting that younger Latina women
are just as interested in testing as non-Latina women. We also
found many similarities in predictors of interest, such as the
importance of worry about genetic risks and genetic knowledge in
both strata. These findings suggest the importance of addressing
provider- and system-level barriers that may be driving lack of
access to and uptake of genetic testing among interested Latina
women (Kaphingst et al., 2015; Hay et al,, 2019; Turbitt et al.,
2019). We also found that perceived importance of different types

Interest in Multiple Genetic Tests

of genetic information varied by ethnicity. These findings
highlight that culturally appropriate approaches to offering
genetic services and supporting informed decisions are
strongly needed (Gutierrez et al, 2017; French et al, 2018;
Shaibi et al, 2018; Srinivasan et al, 2021), particularly if
genetic testing were offered to a broad population.

These findings from this study should be considered in light of
its limitations. Because population-based genetic testing is not
being offered to this population, we asked about interest in
hypothetical testing and actual testing uptake is likely to be
lower (Persky et al, 2007; Kaphingst et al., 2019). However,
predictors of interest are important to developing educational
and decision support efforts. We did not specify the cost of testing
in the survey items, which could affect responses. The item
wording was based on “genetic testing,” but using other terms
such as “sequencing” or “screening” could affect level of interest.
In addition, we examined interest among potential patients but
not providers’ attitudes toward offering genetic testing as part of
routine healthcare, and this is an important area for future
research. Prior research has indicated that provider support
for population-based genetic testing may be more limited
(Hann et al, 2017). The sample was a convenience sample
and a nationally representative sample would be useful in
extrapolating interest to the US population. In addition, the
survey was only offered in English, and it will be critical for
future studies to examine differences among Spanish-speaking
Latina women. Examining the importance of variables such as
subethnicity and acculturation will also be important for a fuller
understanding of the influence of ethnicity on interest and
acceptance of genetic testing (Chavez-Yenter et al, 2021a;
Chavez-Yenter et al., 2021b).

5 CONCLUSION

Our findings show substantial interest in both cancer
predisposition testing and carrier screening among young
women if offered as part of routine healthcare. We found
similar interest between Latina and non-Latina women in
receiving genetic testing, and worry about genetic risks and
genetic knowledge were predictors of interest in both of these
groups. The findings showed that women who were more
concerned about their genetic risks, had higher knowledge
about genetics, and perceived genetic information to be more
important were more likely to be interested in both types of
genetic testing. These findings therefore indicate support from
the survey respondents for offering genetic testing for multiple,
clinically indicated genetic tests as part of routine health visits.
Such efforts will be important in improving access to genetic
information among a broader population of patients than has
been reached by many genetic testing initiatives to date. However,
it will be critical to develop strategies to standardize outreach to
all patients, to develop tools to help healthcare providers offer and
communicate about genetic testing, and to address the needs of
those who have less prior knowledge about genetics and lower
health literacy in order to support informed decision making
about genetic testing.
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To realize the promise of genomic medicine, harness the power of genomic technologies,
and capitalize on the extraordinary pace of research linking genomic variation to disease
risks, healthcare systems must embrace and integrate genomics into routine healthcare.
We have implemented an innovative pilot program for genomic population health
screening for any-health-status adults within the largest health system in Vermont,
United States. This program draws on key research and technological advances to
safely extract clinical value for genomics in routine health care. The program offers no-
cost, non-research DNA sequencing to patients by their primary care providers as a
preventive health tool. We partnered with a commercial clinical testing company for two
next generation sequencing gene panels comprising 431 genes related to both high and
low-penetrance common health risks and carrier status for recessive disorders. Only
pathogenic or likely pathogenic variants are reported. Routine written clinical consultation
is provided with a concise, clinical “action plan” that presents core messages for primary
care provider and patient use and supports clinical management and health education
beyond the testing laboratory’s reports. Access to genetic counseling is free in most
cases. Predefined care pathways and access to genetics experts facilitates the
appropriate use of results. This pilot tests the feasibility of routine, ethical, and scalable
use of population genomic screening in healthcare despite generally imperfect genomic
competency among both the public and health care providers. This article describes the
program design, implementation process, guiding philosophies, and insights from 2 years
of experience offering testing and returning results in primary care settings. To aid others
planning similar programs, we review our barriers, solutions, and perceived gaps in the
context of an implementation research framework.

Keywords: genomic medicine, population health, primary care, pilot implementation, screening, implementation
research framework, real-world, clinical pilot
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1 INTRODUCTION

We exist at the intersection of advances in genomics technology
and quality, rapidly growing knowledge of the genetic
underpinnings of human disease and susceptibilities, systems
to support quality, and trending emphasis on maximizing
preventive care opportunities. This frames an opportunity to
realize a research-enlightened model of genomics-informed
preventive healthcare.

Efforts to implement healthcare innovations often fail in
the real world, even when research data supports their
widespread use (Damschroder et al., 2009). Demonstrating
feasibility of implementing genomic population health
screening in a healthcare setting is a core challenge (Murray
et al., 2018; Murray et al., 2021). Failures may occur for many
reasons. Since many implementation barriers may be
anticipated, frameworks for planning and evaluating
implementations have been developed to facilitate informed
planning and stimulate more implementation successes
(Ginsburg et al., 2019; King et al., 2020). Implementation
frameworks may be used during planning and executing
implementations and when evaluating outcomes. Different
frameworks have unique strengths (Roberts et al., 2019;
King et al., 2020).

The Consolidated Framework for Implementation Research
(CFIR) is a flexible option, whose creators derived five major
domains from earlier healthcare implementation frameworks
and theories: inner and outer settings, the individuals
involved, the process, and the intervention (Damschroder
et al, 2009). It defines within each domain distinct
theoretical constructs that correspond to key success
ingredients for each domain. CFIR’s inner and outer
settings and the individuals involved domains constitute the
implementation context. Constructs probing the motivations
and rationale reside in the outer setting, while the
characteristics of an organization, like culture, structure,
readiness, and priority, comprise the constructs of the inner
setting. CFIR refinements for implementing genomic medicine
have been proposed (Orlando et al., 2018).

We report here the successful implementation of clinical
genomic population health screening in primary care
outpatient settings affiliated with a regional academic medical
center in a rural US state. Key goals of the pilot intervention are
listed in Table 1. To assist others considering similar efforts, our
implementation is described here using a CFIR-based
implementation science framework.

2 CONTEXT

The context of an implementation has great bearing on its
likelihood  of  success. This report describes our
implementation using CFIR domains. We are guided by each
domain’s CFIR constructs (Damschroder et al., 2009; Orlando
et al,, 2018; King et al., 2020) without explicitly decomposing
to them.

Implementing Primary Care Genomic Screening

TABLE 1 | Key goals of the genomic population health pilot implementation
program.

Demonstrate the Feasibility of a Real-world genomic population health program with
primary care at the center and genomics expertise in the background

Provide adult primary care patients of any health status and their providers with
information about and access to a novel healthcare intervention built on prior
genomics and genomic medicine research

Formulate and put into practice an accessible, one-page clinical informed consent
form for genomic population health screening

Mimic conditions of recommended population health screening programs including
no cost to patients for testing

Reduce or eliminate cost barriers for related genetic counseling (in-person or
telemedicine), family member “cascade” testing for the health risks, and for
reproductive partners of those with identified recessive carrier status

Incorporate scalability and existing workflows into the design, where possible, and
identify opportunities and strategies for future improvements

Primary testing occurs in a Clinical Laboratory Improvement Amendments (CLIA)
regulated laboratory using validated gene sequencing and confirmation methods

Define recommended responses to positive results in advance in the form of
evidence-based Care Pathways designed by clinical specialists, communicated by
written action plans, and activated by primary care providers

Provide patients and their providers with likely pathogenic and pathogenic germline
variants in the context of information and suggested actions to address health and
reproductive risks, using appropriate language

Clinical genomic population health test reports are treated like any other health
information, placed in the patient’s secure electronic health record, and provided to
patients

Patients and their primary care providers can work together to incorporate personal,
social, and other health context into a responsive care plan

Provide updated reports and clinical updates whenever variant pathogenicity is
reclassified

2.1 CFIR Outer Setting

The screening pilot occurs in Vermont, United States. Vermont is
among the few states making strides toward healthcare reform
with emphasis on value-based care (Grembowski and Marcus-
Smith, 2018; Kissam et al., 2019). The focus signals openness to
investment in innovative health prevention activities. Vermont’s
accountable care organization (ACO), OneCare Vermont, is
facilitating the transition to value-based care models. Federal,
state, and private health insurers contract with the ACO and
enrolled providers for a risk-adjusted, quality-focused, single
annual payment for healthcare services. Alignment with the
ACO allows better visibility into the real-world health impacts
of innovations in population health screening.

Research involving return of actionable genomic sequencing
results to patients for clinical use (Duow and Marjanovic, 2016;
Linderman et al., 2016; Sanderson et al., 2016; Suckiel et al., 2016;
Ryan et al.,, 2017; Murray et al., 2018; Rego et al., 2018; Reuter
et al,, 2018; Sapp et al., 2018; Schwartz et al., 2018; David et al,,
2019; Nussbaum et al., 2019; Williams, 2019; Zoltick et al., 2019;
Walton et al., 2020; David et al., 2021; Kelly et al., 2021; Khoury
and Dotson, 2021; Lemke et al., 2021; Miller et al., 2021), potential
harms of proactive testing, quality of next generation sequencing
technology, and implementation of genomic medicine (Weitzel

Frontiers in Genetics | www.frontiersin.org

36

April 2022 | Volume 13 | Article 867334


https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Wildin et al.

Implementing Primary Care Genomic Screening

ACO Waiver allows free testing

Patient Start

Primary Care Provider

Accountable Care

Eligible Patients Geneticist, Mol. Pathologist

o
Organization (ACO) 3 | Care Pathways Adult - One “Action Plan”
Lare Fathways
ﬁ Pathology & Lab. 9_,? Engagement IL\“M preAngant_ (GMAP)
Specialists % S Medicine g Consent PC)ACI(S)part{Elpat(ljng A brief messaging tool for
Care Pathways | © | Genomic Medicine | < Testing -attribute patients and PCPs containing
v 88 2 | R ti Any health status actions and risk education
Consultation | 7. 5 Resource Center S eporting
S X
Management | 8 § Geneticist ~ Coun.selmg ‘ +
g ©| Molecular Pathologist | g Specialty Care Cost-free
c X X c
o Genetic Counseling ° The Test Two Lab Reports
Pri C Answers
rimary Care Genetic Counseling 3 to 4 weeks >
PCP [ ]
Patient engagement Sample Contract Testing Laboratory

Order test
Return results

Two CLIA NGS Panels

Blood or Saliva

Refer
Manage care

FIGURE 1 | Genomic Population Health Pilot Program: Organization and Testing Process. (A) The multi-disciplinary team, its interfaces, and team member
activities. The Genomic Medicine Resource Center provides support for primary care providers (PCP) and patients and coordinates the team. (B) The testing process
and test details. Patients engage first with their primary care provider (PCP). Arrows indicate steps in the process. Abbreviations: Electronic health record (EHR),
accountable care organization (ACO), Clinical Laboratory Improvement Amendments (CLIA), next generation sequencing (NGS), likely pathogenic (LP), pathogenic

(P), variant of uncertain significance (VUS), and Genomic Medicine Action Plan (GMAP).
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et al., 2016; Ginsburg et al., 2019; Williams, 2019) strongly
informed our design.

Primary care is not a traditional setting for genetic testing or
screening. Primary care providers do order pre-conception and
prenatal screens and sample for newborn screening. Genomic
literacy and competency among primary care providers is limited
outside those areas. Upon receiving a positive genetic screening
result, primary care providers’ responsive actions may be limited
to patient notification and referral to a relevant specialist, or to
following scripts, such as those provided by newborn screening
laboratories. In general, time is the most limited resource for
primary care providers and their staff. At the same time, risk
assessment and directing and managing preventive care, the main
objectives of genomic population health, occurs principally in the
primary care setting.

Professional guidelines and resources for actionability of
results, including the ACMG secondary findings guidance
(American College of Medical Genetics and Genomics, 2019;
Directors of the American College of Medical Genetics and
Genomics, 2019; Nussbaum et al, 2019), ClinGen expert
assessments (Rivera-Munoz et al, 2018), and locally sourced
specialty specific guidance, served as anchors for the design.
However, updated non-genetics specialty practice guidelines
are scarce for many of the health risk genes or are based on
data from patients screened because of affected family members,
often after an affected member had a positive indication-based
test result. Current breast cancer genetic testing guidelines fail to
identify almost half of individuals with a breast cancer risk gene
pathogenic or likely pathogenic variant (Beitsch et al., 2019).

Clinical genetics laboratories now have extensive experience
classifying the pathogenicity of gene sequence variations
according to standardized systems (Richards et al, 2015;
Nykamp et al, 2017) and linking variants to peer-reviewed
literature supporting clinical validity. New variant and clinical

validity/utility information evolves and justifies re-classification
of variants with a necessity to update clinical reports.
Nonetheless, evidence is lacking to accurately classify much of
the human genomic sequence variation as pathogenic, benign, or
likely so. For these variants of unknown/uncertain clinical
significance (VUSs), it is not currently known whether they
impact health.

Anecdotal reports describe missed, inappropriate, and or
unnecessary medical responses after genetic or health-risk testing.
These have been used to warn against broad-based genomic screening
at population scale (Murray et al, 2018). Restricted genetic
competency among non-geneticists tasked with interpreting genetic
test results may facilitate insufficient responses even when preventive
opportunities exist. Genetic disease expertise clearly has a role in
population genomic screening (Lemke et al,, 2021).

The popularity of consumer-oriented genomic testing and
concerted efforts to increase the genomic literacy of
Americans has fostered growing public awareness of links
between heritable genetic variation and disease. Programs that
performed health-related genomic screening tests for physicians
and health administrators have helped them personally identify
with the potential for routine genomic risk screening and raised
awareness and interest among non-genetic specialists and
primary care leaders (Briggs, 2016; Masterson, 2016).

At the same time, widespread testing has raised concern
regarding the privacy of genetic information, genetic
discrimination, as well as the commoditization of genetic data.
Many people are unaware that a genetic result obtained outside of
a healthcare setting is not subject to HIPAA privacy law
protections nor CLIA laboratory quality certification, and
many lack clarity about the extent of protections against
genetic discrimination provided by federal and state laws.

Information relevant to a patient’s health is recorded in the
health record. Yet electronic health records (EHRs) generally lack
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robust, expansible, accessible, and readily implementable
functions to store, annotate, retrieve, and update germline
genetic information and annotations that may remain
clinically relevant for many decades (Walton et al., 2020).

While large cohorts of research participants have received
exome or genome sequencing results, fully clinical programs
screening large numbers of health risk genes have until
recently been offered only in clinics catering to self-pay
clients. Research screening programs are being adapted to a
clinical model.

2.2 CFIR Inner Setting

The University of Vermont Medical Center (UVMMC) is a
regional academic tertiary care center serving a largely rural
population in Vermont and northern New York, where
Northern-European ancestry and white race are claimed by
most of the population. UVMMC is the academic teaching
hospital of the UVM Health Network that includes five other
rural hospitals, home health and hospice, a physician
organization, and collaboration with a Federally Qualified
Health Center. By the end of 2022, all will operate on
UVMMC’s Epic Systems EHR instance. UVMMC and
Network partner Porter Hospital have multiple community
primary care clinics in Chittenden and Addison counties, VT.

Traditional models of genetic disease detection and prevention
are practiced, including mandated newborn screening, variable
documentation of family health history, genetic specialist
evaluation, genetic counseling, and genetic testing of
individuals and families at risk or manifesting genetic
conditions. No DNA-based primary screening of people
without risk factors occurs. Individuals at higher risk of
genetic predisposition due to a diagnosis of colon or
endometrial cancer are screened for Lynch Syndrome using
immunohistochemistry. Individuals with a family history
suggesting predisposition to cancer may be referred to the
Familial Cancer Program of genetic oncologists and genetic
counselors.

An on-site Genomic Medicine Laboratory, directed by
molecular pathologists, two Ph.D. molecular biologists, and a
clinical and laboratory geneticist, performs NGS sequencing of
tumor DNA and RNA for precision oncology therapy. All clinical
germline testing is sent to referral laboratories.

UVMMC has a robust Patient and Family Advisors (PFA)
program (Celenza et al., 2017; Wahlberg et al., 2021). PFAs are
volunteers invited to provide patient- and family-centered
perspectives to implementation teams during project planning.

UVMMC health information technology (HIT) resources are
extensive yet principally focused on business operations and
dissemination of Epic Systems products throughout the health
system.

2.3 CFIR Characteristics of Individuals and

Implementation Roles
The pilot was envisioned, designed and supported by the Chair of
the Department of Pathology and Laboratory Medicine (DGBL),

Implementing Primary Care Genomic Screening

a molecular pathologist who founded the Genomic Medicine
Program. The Genomic Population Screening Program
implementation was led by an ABMG Clinical Geneticist
(RSW) with both laboratory and patient care expertise. Both
(DGBL and RSW) have been involved in national efforts to
promote realization of the genomic medicine potential in
health care. The geneticist has broad experience in genetic and
genomic medicine, including solo genetics practice in rural and
suburban areas, academic and non-academic settings, workforce
training, education, policy, clinical molecular genetics, and rare
disease research. The Chair of Family Medicine (TCP) and the
Family Medicine champion provider (AWR) both had
professional  experiences arising from the Illumina
“Understanding Your Genome” (UYG) program performed
locally in 2017 that informed their participation and
commitment (Briggs, 2016; Masterson, 2016). Both Chairs are
leaders at the UVMMC and the UVM Health Network with
access to health system leaders.

An experienced clinical and laboratory certified genetic
counselor (CAG) helped plan and execute the pilot, she
provided the genetic counselor’s perspective and performed
genetic counseling. A second genetic counselor provided
temporary, part-time support.

Three retired non-medical professionals from the community
who volunteer as PFAs provide input during both planning and
execution phases. Ten PFA volunteers contributed as a group to
develop a new written clinical consent form, as well as a brief
animated video providing a patient-oriented overview of the
program.

Participating PCPs largely belong to two multi-site family
medicine practice groups of the UVM Health Network Medical
Group. Most were recruited informally by the PCP champion and
other participating PCPs, while a few were approached by
knowledgeable patients. Most are physicians, but nurse
practitioners and physician assistants also participate. None
received participation incentives.

Patients offered the test must meet these eligibility criteria: at
least 18 years old, they and their partner are not pregnant, their
PCP participates in the pilot and received program training, and
the patient is attributed to Vermont’s ACO. There are no
restrictions based on health status, family history, or other
health risk factors.

2.4 CFIR Implementation Process
2.4.1 Planning for Implementation
An approximately 1 year long planning process occurred prior to
offering the first test. Test information, engagement materials,
and a mandatory consent form were developed, implementation
partners were engaged and contracted, and care pathways were
designed for those conditions having the highest expected follow-
up need after a positive test. For most providers and staff
contributing to the planning and early implementation phases,
a portion of usual salary was paid.

Planning culminated in a business plan approved by UVMMC
leaders. It communicated the project’s scope, model,
justifications, and expected or potential impacts on the
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institution’s operations and employees as well as patients. No
UVMMC funding was requested.

2.4.2 Legal, Compliance, and Ethics

Legal and compliance considerations arise from making this an
extension of clinical care. Using a CLIA-certified laboratory
and working within HIPAA and other health statutes and
regulations is essential. The protections and limitations of the
Genetic Information Nondiscrimination Act and Vermont’s
additional non-discrimination statutes are emphasized when
educating patients about potential testing risks. An M.D.
medical ethicist and the health system’s legal counsel
guided our decisions regarding ethically and legally
important issues. ACOs are permitted to issue waivers for
innovative care programs. We obtained such a waiver to
permit us to legally offer the screening test and associated
genetic counseling at no cost.

2.5 CFIR Intervention Characteristics

2.5.1 Guiding Principles

We developed a set of principles that guided us as we
designed and modified the program. These included
implementation as a clinical pilot program, taking pains to
avoid mischaracterization as a research study. The need for
simplicity and practicality in a contemporary clinical
environment was essential. Like other preventive health
testing, patient participation is voluntary and with clinical
informed consent and results are placed in the EHR. Health
condition and risk information need to be available to
providers. Genetic test reports convert genetic testing
results into health preserving actions. Patients and
providers have varying capacities and tolerances for
information complexity and benefit from ready access to
experts.

We placed primary care at the center of the patient activity
because that is where most preventive health screening and day-
to-day health risk management occurs. In addition, patients
generally have a trusting relationship with their primary care
provider. Specialists are included in the program for referral of
patients with actionable results best managed by the most expert
healthcare available. Because we envision the program as a pilot
for widespread genomic population health screening, we strive for
scalability in the program’s elements, communications, and
workflows.

We support testing and general genetic counseling at no cost
so that lack of financial resources does not prohibit access. We
wish to demonstrate the feasibility and character of population-
based screening that will eventually be included in value-based
insurance benefits, and include Vermonters who are not
necessarily healthy, wealthy, or employed. Lack of need for
billing also simplified implementation.

2.5.2 Genetics Practice, Laboratory Experience, and
Administrative Location

The participation of a clinical geneticist and genetic counselor,
both with molecular laboratory experience, and a molecular
pathologist and laboratory founder, provided perspective on
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how the design interfaced with traditional medicine, medical
genetics, and external partners. Locating the program
administration in the clinical Genomic Medicine Laboratory
leveraged the broad multi-specialty and primary-care
connections of the hospital laboratory as well as infrastructure
for contracting with reference laboratories.

2.5.3 Care Pathways
To address concerns about inappropriate use and shortage of
definitive guidelines for genes in our panel, we worked with
physician specialists in cardiology and hereditary cancer to design
evidence-informed care pathways. A Care Pathway Work Group
chaired by the geneticist was established for this purpose. As the
testing workflows and care provided after positive test results
impacts patients, PCPs, and staff, each contributed
representatives to the Care Pathway Work Group in addition
to specialty members. Three PFAs joined this group and were
instrumental in the development of pre-test Care Pathways for
introducing the test to patients and to inform and educate them
prior to deciding whether to test, as well as discussing the post-
test results disclosure pathways.

Other members of the work group include the PCP champion,
a nurse-administrator champion, and the genetic counselor.
During the planning phase, a family medicine practice
director, a cardiologist specializing in electrophysiology, a
genetic oncologist, and an M.D. medical ethicist participated.

Specialty Care Pathways describe specific steps for responding
to positive test results in certain genes, including which clinical
correlation tests the PCP may order, the specialty referral criteria,
and anticipated tests that may be done for staging and screening
during evaluation by a specialist. Evidence-informed Care
Pathways for genes in other specialty areas are designed by the
clinical geneticist in consultation with published literature and
local specialists as relevant test results occur.

2.5.4 Use of Existing Systems

Implementation is easier when existing systems can be
incorporated in the design. We leveraged primary care’s
models of annual wellness visits and continuity of care to
place novel testing in an existing practice framework. A well-
established laboratory send-out workflow facilitated partnering
with a commercial laboratory instead of onsite testing and
germline variant interpretation. Patients with results suggesting
cancer predisposition are referred to the existing Familial Cancer
Program. Our model for providing free, test-related general
genetic counseling evolved. The pragmatic solution was
contracting with our Clinical Genetics service for patient- and
provider-driven genetic counseling requests. We did not leverage
any potential EHR functionality that required customization or a
“build,” as we lacked access to the necessary HIT resources during
the reported-on period.

2.5.5 Avoiding Confusion With Traditional Genetic
Screening and Evaluation Paradigms

We characterize this program as genomic population health
screening. Pains are taken to emphasize that this new test
should not replace existing indication-based genetic evaluation
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FIGURE 2 | Monthly Test Volumes and Key Events. Monthly test volumes during the first 23 months of testing, starting November 2019. Disruptive events included
major upgrades to the electronic health record (EHR), replacement of the hospital’s laboratory information system (LIMS), the onset of the COVID-19 pandemic, an EHR
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and testing. Nor should it replace existing genetic disease or risks
screenings, like newborn screening and pre-conception/pre-natal
carrier testing. Patients with personal or family history
indications for medical genetic evaluation are asked to utilize
existing specialty care services for those needs. However,
because this screening test has the potential to identify
unrelated hidden health risks, patients are not excluded for
having a genetic testing indication, an existing genetic diagnosis,
nor any other diagnosis.

An important distinction from indication-based genetic testing is
that variants of unknown significance (VUSs) are not reported in the
program’s screening test. This is because the prior probability of
many screened-for conditions is assumed to be zero in the tested
population because they are not selected for any phenotype (Murray
et al,, 2018). This is an important educational topic for PCPs.

3 DETAIL

3.1 The Testing Process (The Intervention)
3.1.1 Test Information and Offering the Test
During pre-visit planning meetings, PCPs, and staff identify
eligible patients. Testing is offered to those by their primary
care provider during usual care. This may occur at an annual
wellness visit, or at any other visit where discussing the test does
not interfere with the visit’s primary focus. Non-physician staff
may inform patients that a new screening test is available. They
may play the 1-min and 46-second-long animated overview
video. PCPs develop brief scripts which they feel help
introduce the test to patients.

A folder given to the patient contains written information
about the test at multiple levels of depth as well as key forms. This

“patient packet” contains a tri-fold brochure, a 6-page
“Frequently asked Questions (FAQ)” document, a list of genes
covered by the test, the hospital-approved one-page clinical
consent form, and “next-steps” instructions describing sample
collection options and logistics. Each of these contains contact
information for the Genomic Medicine Resource Center (GMRC)
(Figure 1A), where questions are answered by a geneticist or
genetic counselor for free, and where formal pre-test genetic
counseling is arranged on request. For the PCP’s convenience, the
required send-out test order forms, customized for the test, are
also included in the patient packet. The public web page offers the
video and downloadable patient packet materials
(Supplementary Materials).

Patients review the information and ask questions of the PCP.
PCPs refer patients with genetic or logistical questions, or those
taking more time, to the GMRC. Patients may decide to proceed
with the test immediately or take time to review and decide. Those
deciding to test must sign the consent form which is scanned into
the EHR before an order can be entered. A blood or saliva sample
is obtained and shipped to the testing laboratory by the UVMMC
clinical laboratory along with the testing laboratory’s requisition
completed by the PCP.

3.1.2 Performing the Test

The testing laboratory accessions requisitions and samples.
Orders are tracked locally by the GMRC staff using the testing
laboratory’s secure online portal account dedicated to the
program. We portray to patients a single test that may detect
potential health risks for themselves and their family members. At
the testing laboratory, this consists of two standard NGS gene
panels. The first 147 gene panel is a “Pro-active” health screen for
monogenic cancer and cardiovascular risks as well as some
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TABLE 2 | Notable Events. Ongoing quality surveillance identified refinement opportunities.

Event

The test was ordered in error. Quality surveillance identified lack of a signed
consent. Testing was halted, the order was cancelled, and results were neither
recorded nor released

A patient complained because they received a bill for indicated professional
services for an identified health risk

A patient with an anxiety disorder complained to their PCP of increased
symptoms during testing and immediately after result delivery. The PCP
successfully managed the transient exacerbation

Report made to the health system’s risk reporting system

Signature or manual data entry errors involving paper test requisitions or paper
consent forms

relatively common recessive risks (Haverfield et al., 2021). The
second, 302-gene panel is a “Comprehensive Carrier” screen for
monogenic recessive disorders. The panels overlap, so the union
of genes sequenced is 431 (Wildin, 2019). Turnaround time is
three to 4 weeks.

3.1.3 Preparing and Augmenting the Results for Action
The testing laboratory’s results are reported in multipage PDF
documents, one for each gene panel. GMRC staff download
reports from the secure portal. The reports contain
information about the variants found, the diseases they are
linked to, inheritance patterns, and, in some cases, notations
regarding reduced penetrance. The basis for variant classification
as Likely Pathogenic (LP) or Pathogenic (P) using the testing
laboratory’s variant classification system (Nykamp et al., 2017) is
included. Variants of uncertain significance (VUSs) are not
reported. If VUSs are subsequently reclassified as LP or P, the
testing laboratory issues an amended report with the new or
classification-altered variants.

The GMRC staff reviews the testing laboratory’s reports and
produces a templated “Genomic Medicine Action Plan” (GMAP)
messaging document (manuscript in preparation). Briefly, the
one-to three-page GMAP is designed to focus provider and
patient attention on the actionability of the results. Another
function is to limit inappropriate responses to the results. The
GMAP suggests PCP and patient actions and education and notes
appropriate care pathways. The GMAP is pre-pended to the two
report PDFs and the three documents merged. This augmented
report is placed in the EHR as the original test order is finalized
and PCPs are notified.

3.1.4 Returning Results to Patients and Genetic
Counseling

PCPs receive guidance from the GMRC on how to return results
and discuss them with patients; however, they develop their own
protocols for how this is done in their practice. PCPs may
perform clinical correlations to refine the risk for any positive
results guided by the GMAP, such as reviewing personal and
family health histories and ordering additional testing,
procedures, and or referrals.

Count

1

None

~5%

Response

PCPs were instructed not to “pend” orders while a patient considers whether to
test

Although the limits of cost-free test-related services are delineated in the pre-test
patient information, the importance of timely reminders during the patient journey
is now emphasized

Onboarding education cautions about timing of testing for patients with active
mental health concemns are further emphasized

None

Communications to correct each. Provider and staff re-education, and continued
pressure for EHR integration resources

Post-test general genetic counseling is offered at no cost and is
encouraged to discuss any results, especially in complex
scenarios. Patients referred to the Familial Cancer Program
receive genetic counseling during that billed specialty visit. For
referral to other specialties lacking their own genetic counselors, a
no-cost genetic counseling visit is strongly encouraged before the
specialty visit. Genetic counseling is available in person or via
tele video.

3.1.5 Family Member and Partner Testing

The information resulting from individual screening is useful to
family members and to couples who may become pregnant. The
GMAP messaging urges patients to review the full test reports
that contain information about recessive disease risk, inheritance
patterns, family member testing, and partner testing. It
encourages patients to share the results with family members
and briefly summarizes inheritance risks. The testing laboratory
offers no-cost testing of blood relatives within 90 days of the
report for any positive result on the “Pro-active” panel. The
GMAP also suggests reproductive partner testing where
appropriate and highlights low-cost partner testing offered by
the testing laboratory. Genetic counseling is recommended in
conjunction with both family member and partner testing.
However, this pilot program does not manage family member
or partner testing.

3.2 Summary of Testing Experience
Testing began 1 November 2019, in one Family Medicine
practice with one PCP champion. Additional PCPs and
practices joined as roll-out issues were resolved and as
clinic workloads permitted. By March 2020, four additional
PCPs and one additional clinic site were offering testing.
Nearly all patients were tested by a Family Medicine PCP.
The remainder were Internal Medicine patients who heard
about and requested the test. Since patients are offered testing
in the context of primary care visits, they reflect the
demographics and health status of individuals frequenting
primary care offices.

Two years after testing began, twenty different PCPs had
ordered at least one test. One quarter of the providers ordered
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three quarters of the tests. 186 patients between 18 and 92 years
old had been tested. Median age was 58. Thirteen percent of tests
had no reportable variants. The rest reported one or more
dominant or recessive likely pathogenic or pathogenic variants.

3.3 Adapting to Changes in Outer Setting
Figure 2 shows monthly tests and the sources and timing of
unanticipated inner setting demands on primary care and
Genomic Medicine. Operational disruptions from the COVID-
19 pandemic interrupted testing for about 2 months. Staffing
issues quieted hoped-for expansion of the perceived optional
activity to more primary care providers. We built a public web
page where patients engaged through telemedicine visits can view
the animated educational video, and download test information,
educational resource documents, and the consent form, including
contact information for the GMRC (Wildin, 2020). A home saliva
sampling kit option was also added.

In response to laboratory wide needs, an HIT systems architect was
engaged. This experienced professional performs a critical adaptor
function to the HIT operations and prevailing culture of our setting.

3.4 Quality Assessment

To assess early patients’ perceptions of the program’s
implementation  effectiveness and to focus  quality
improvement efforts, in June 2020 we mailed a two-page
survey to the first 61 patients tested along with a postage-paid
return envelope. After two reminder letters, 19 surveys were
returned. One was blank and excluded from tabulation. The
Supplementary Material shows 18 tabulated responses in the
survey instrument format. Aside from logistical challenges like
receiving printed results in the mail, which we worked to
improve, the survey indicated general satisfaction or
enthusiasm about the testing design and process, and for the
value proposition. Of note, patients strongly endorsed that the
PCP’s office is the right place to offer this testing.

Table 2 describes events captured by our quality surveillance
processes and how we responded. Most resemble those
occasionally encountered in health care and none affected
patient health. While data about the rate of patients choosing
to test when offered testing, and why patients declined testing, are
potentially informative, their collection was not practical during
this pilot implementation.

4 DISCUSSION

4.1 Conclusion

The key goals of this pilot implementation of clinical genomic
population health screening of any-health-status adults were
accomplished (Table 1). This demonstrates the feasibility of
translating lessons from prior population sequencing and return
of results research into clinical practice, which was the primary goal.
Key differentiators of our implementation include placing primary
care at the center, using a large, pre-defined clinically relevant target
gene panel performed in a clinical laboratory, offering testing as part
of usual preventive care at no cost, providing a written action plan
with the test reports, and not being a research protocol.

Implementing Primary Care Genomic Screening

The implementation we describe here leveraged all the
opportunities and overcame most of the challenges cited for
“non-traditional genetic testing” in the American College of
Medical Genetics and Genomics’ “Points to Consider” analyses,
including the important roles primary care providers contribute
(Bean et al, 2021; Murray et al, 2021). Strengths included
leadership engagement with tools like a personal genomics test
that occurred years prior to beginning the pilot, getting formal buy
in from medical center administration with a non-financial
business plan, involving diverse stakeholders in the design and
implementation process and making it worth their time, and
leveraging existing workflows wherever possible.

We contracted for existing validated tests and primary reporting
with a commercial laboratory. This allowed us to move forward
sooner and with less expense than if we had to implement germline
testing, variant interpretation, and reporting ourselves.

Indirect measures of success include that new PCPs continue
volunteering, most PCPs involved have continued to offer the
test, and patients continue to get tested. Notably, no participation
incentives are provided to the PCPs. Recruiting new PCPs was
actively limited due to unrelated staft shortages and suspended
during the COVID-19 public health crisis, redemonstrating the
susceptibility of new prevention-oriented programs to externally
imposed prioritization.

Patient complaints are few, are related to process and
communication, and are easily addressed. Unanticipated
resource demands have not surfaced, and no critical element of
the complex multi-disciplinary design has failed or had to be
withdrawn. Our patient quality survey is a direct measure
addressing some of the same data types as the survey by
Orlando et al. (2018). The results are generally positive and
support the assertion that the process is sufficiently patient-centric.

Barriers to scaling up are common in new interventions. We
underestimated the need for leadership engagement in HIT
and the relative priority for planned system-wide HIT
transformation, where tension for change was far higher. HIT
resources were unavailable to build consent, order, and resulting
experiences familiar to the PCPs. The EHR-plus-paper order process
we used instead burdens clinic staff and dissuaded some PCPs from
participating. This adaptation is also the principal source of tracked
process errors. EHR-based improvements will be prioritized once the
system-wide Epic implementation is completed in April 2022. A
separate, secure data system was built internally to track the multiple
process steps. The solution allows oversight but is neither interfaced
nor scalable. The criterion that tested patients are attributable in
Vermont’s ACO was similarly challenging because ACO status is not
reliably reflected in our EHR. It requires a manual inter-institutional
lookup process.

The strong knowledge and experience of the principal
implementers and of the primary care and other key partners, and
the continued involvement of the PFAs, all contributed to resilience in
the face of disruptive shifts in the setting that eluded anticipation, such
as the COVID-19 pandemic and a UVMMC cyberattack.

4.2 Generalizability
The implementation of genomic population health screening
in primary care at our institution benefited from elements in
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the outer setting, like the ACO, and in the inner setting, like
engaged leaders who embrace innovation, champion
providers, a highly collaborative team with broad expertise
and capabilities, and availability of non-research funding of the
pilot. While not unique, these advantages are not universal.
Our guiding design principles may not be shared in every
instance, and situations calling for pragmatism may also
diverge. Presenting our implementation openly and in a
recognized framework may help others identify their unique
paths to success.

4.3 Future Directions

While not a goal of the pilot, we recognize that the patients’
clinical results combined with their personal and family health
histories represent data types underlying a key phase of
learning healthcare systems (LHS) (Schwartz et al, 2018;
Williams et al, 2018). Having met our goal of
demonstrating feasibility, we anticipate building a real-
world LHS with related implementation, outcomes, return
on investment, personal, educational, and health system
research that can be combined or compared with similar
data from other genomic population health screening
programs.

We wish to increase testing for younger and healthy adults, who
visit their PCP less often, by engaging them through EHR patient
portal messages (Christensen et al., 2021) and by expanding testing
to women’s health clinics. To accomplish enhanced risk assessment
for genetic disease risks, family health history and genomic
population health risk information should be co-analyzed
(Wildin et al., 2021). This adds complexity but could propel
family member (“cascade”) testing, an important added value
for genomic population health screening.

Finally, since our pilot’s funding is finite, there is a need for
both stable and scalable investment in this and similar programs
that support the enhanced prevention focus of value-based care.
We envision genomic population screening as a future benefit in
value-based care payment contracts, supporting the preservation
of a healthy state in both individuals and populations.
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A Polygenic Score for Type 2 Diabetes
Improves Risk Stratification Beyond
Current Clinical Screening Factors in
an Ancestrally Diverse Sample

James R. Ashenhurst*, Olga V. Sazonova, Olivia Svrchek, Stacey Detweiler, Ryosuke Kita,
Liz Babalola, Matthew Mclintyre, Stella Aslibekyan, Pierre Fontanillas Suyash Shringarpure,
23andMe Research Team, Jeffrey D. Pollard and Bertram L. Koelsch

23andMe, Inc., Sunnyvale, CA, United States

A substantial proportion of the adult United States population with type 2 diabetes (T2D)
are undiagnosed, calling into question the comprehensiveness of current screening
practices, which primarily rely on age, family history, and body mass index (BMI). We
hypothesized that a polygenic score (PGS) may serve as a complementary tool to identify
high-risk individuals. The T2D polygenic score maintained predictive utility after adjusting
for family history and combining genetics with family history led to even more improved
disease risk prediction. We observed that the PGS was meaningfully related to age of
onset with implications for screening practices: there was a linear and statistically
significant relationship between the PGS and T2D onset (—1.3years per standard
deviation of the PGS). Evaluation of U.S. Preventive Task Force and a simplified
version of American Diabetes Association screening guidelines showed that addition of
a screening criterion for those above the 90th percentile of the PGS provided a small
increase the sensitivity of the screening algorithm. Among T2D-negative individuals, the
T2D PGS was associated with prediabetes, where each standard deviation increase of the
PGS was associated with a 23% increase in the odds of prediabetes diagnosis.
Additionally, each standard deviation increase in the PGS corresponded to a 43%
increase in the odds of incident T2D at one-year follow-up. Using complications and
forms of clinical intervention (i.e., lifestyle modification, metformin treatment, or insulin
treatment) as proxies for advanced illness we also found statistically significant
associations between the T2D PGS and insulin treatment and diabetic neuropathy.
Importantly, we were able to replicate many findings in a Hispanic/Latino cohort from
our database, highlighting the value of the T2D PGS as a clinical tool for individuals with
ancestry other than European. In this group, the T2D PGS provided additional disease risk
information beyond that offered by traditional screening methodologies. The T2D PGS also
had predictive value for the age of onset and for prediabetes among T2D-negative
Hispanic/Latino participants. These findings strengthen the notion that a T2D PGS
could play a role in the clinical setting across multiple ancestries, potentially improving
T2D screening practices, risk stratification, and disease management.
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1 INTRODUCTION

The United States and other Western countries face an epidemic
of type 2 diabetes mellitus (T2D). Population-wide screening is
critical for identifying T2D-positive and prediabetic individuals
in order to prevent severe pathology associated with more severe
or protracted disease. Despite detailed screening guidelines
developed by The U.S. Preventive Services Task Force and the
American Diabetes Association (ADA), diagnostic delay in
prediabetes and T2D continues to hamper timely and effective
treatment (Samuels et al., 2006). In 2020, the Centers for Disease
Control (CDC) estimated that over 7 million undiagnosed T2D
cases exist among current U.S. residents, and a diagnostic rate of
only 15.3% for the 80 + million individuals living with prediabetes
(Centers for Disease Control and Prevention, 2020). By 2050, the
number of undiagnosed cases could be over 13 million, as T2D
prevalence is projected to increase to 25-28% of the U.S.
population (Boyle et al., 2010).

This high rate of progression can be mitigated with improved
screening and risk stratification methods. The T2D epidemic
described above is not only a case identification problem but a
resource allocation problem. Novel methods are needed to
improve screening and risk stratification in order to most
effectively allocate resources to healthcare providers managing
the prevention and treatment of the disease.

The heritability of T2D has been estimated at 25-72%
(Almgren et al, 2011; Florez et al, 2018), and genome-wide
association studies (GWAS) have shown a highly polygenic
architecture to be associated with risk for the disease (Xue
et al., 2018). Thus, predictive genetic models that produce a
polygenic score (PGS) containing many thousands of genetic
variants have been increasingly investigated (Reisberg et al., 2017;
Khera et al, 2018). Indeed, systematic reviews and an online
depository of PGS together provide information about dozens of
published distinct PGS for T2D, comprised of only three variants,
to nearly 7 million variants (Padilla-Martinez et al., 2020;
Lambert et al., 2021).

We hypothesized that a T2D PGS developed from a large-scale
database and consisting of over 11,000 T2D-associated genetic
variants would complement existing screening methods and
improve individuals’ stratification across the T2D risk
spectrum. First, we developed a novel PGS derived from a
very large multi-ancestry sample in the 23andMe database; the
PGS under study in this manuscript is not the one included in the
23andMe Personal Genome Service as of March 2022. Next, we
hypothesized that the PGS would add unique predictive value
over and above traditional factors that inform T2D screening
decisions in the clinic: family history, age, and body mass index
(BMI; Pippitt et al., 2016; American Diabetes Association, 2018;
USPSTF, 2021). We also hypothesized that the T2D PGS would
be associated with earlier age of onset of T2D, prevalence of
prediabetes among those without a T2D diagnosis, T2D incidence
after one year, and manifestations of severity including
differences in T2D treatments and complications of T2D.
Finally, given that PGS derived from samples of primarily
European descent have exhibited limited transferability when
assessed in other populations (Martin et al., 2019), we evaluated
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the T2D PGS in a second 23andMe cohort consisting of
individuals with Hispanic/Latino ancestry to underscore the
value of the T2D PGS as a clinical tool applied to those with
ancestry other than European.

2 MATERIALS AND METHODS

2.1 Study Participants and Survey

Methodology

We recruited study participants from all genotyped 23andMe
customers who opted to participate in research with 23andMe.
All participants provided informed consent under a protocol
approved by the external AAHRPP-accredited IRB, Ethical &
Independent Review Services. Individual-level data from this
study are not publicly available per the IRB-approved study
protocol. Participants were included in the analysis on the
basis of consent status as checked at the time data analyses
were initiated.

A series of questions asked if a participant had ever been
diagnosed with T2D by a physician. Those who answered
affirmatively were considered cases, whereas those who
indicated no personal history of T2D were considered
controls. Participants who reported latent autoimmune
diabetes in adults (LADA), maturity onset diabetes of the
young (MODY), or only history of gestational diabetes were
not counted as T2D cases. Participants without history of T2D
diagnosis who reported any history of diagnosis of “high blood
sugar or prediabetes” were counted as cases of prediabetes.

Those who reported a history of T2D diagnosis were asked
follow-up questions about history of prescription treatment
(metformin, insulin) and physician-directed lifestyle
modifications. These participants were also asked about
history of diagnosis of diabetes microvascular complications:
neuropathy, nephropathy, and retinopathy.

Follow up surveys were made available oneyear later to
ascertain if any participants had received a new diagnosis of
T2D in the past 12 months. Incident cases were defined as those
who had no existing diagnosis of type 2 diabetes at the baseline
measurement at the time of enrollment, but who indicated a new
diagnosis that occurred at least one but no more than two years
after the initial question was answered. Additional questions
asked about age of diagnosis of T2D, height and weight, and
birth year. Ancestry category (European, Hispanic/Latino) was
self-reported. Participants were required to have a minimum age
of 20 and maximum age of 79 years old. Additional exclusions
were: providing conceptually inconsistent responses like an age of
T2D onset older than a currently reported age, reporting age of
onset younger than age 20, reporting underweight or extreme
obese BMI (BMI <18.5 or >69), or reporting a duration of time
between initial diagnosis and current age greater than three
standard deviations from the mean of this metric (>40 years).
Individuals who were in the sample used for the GWAS or to train
the PGS were excluded from the study.

Because a question from a separate survey was used to assess
family history of T2D among first degree relatives, there were
fewer available responses to this question relative to others,
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Participant recruitment

%  General survey targeting to all research participants on 23andMe’s research platform

I

genotyped on the V5 platform (n = 5,593,939)

Consented participants who answered questions about ever receiving a T2D diagnosis and

. Excluded (n = 3,908,641)

e  Part of the source GWAS or PGS training set (n = 2,248,836)

e  Missing BMI, sex, or ethnicity information (n = 1,035,670)

e  Not of European or Hispanic/Latino descent (n = 384,367)

e Younger than 20 or older than 79 (n = 212,646) :
e  Claimed to be currently younger than a stated age of diagnosis of T2D (n = 56)
e Reported age of diagnosis of T2D younger than 20 years (n = 846) :
e BMI<18.50r>69 (n=26,220)

e  Years since T2D diagnosis greater than 40 years (n = 356)

Missing follow-up data or not

: self-reported European
: descent (n = 1,365,139)

© Excluded for missing family history
: of T2D data (n = 1,564,200)

Incident Diagnosis Sample (n = 319,803)

Analytical Sample (n = 120,742)

FIGURE 1 | Participant recruitment and analysis flow diagram. Three data sets were used for components of this analysis. The Descriptive Sample was used to
generate plots, to estimate raw prevalences, or to estimate unadjusted odds ratios. The Incident Diagnosis Sample was used to assess the association between the
polygenic score (PGS) and incident diagnosis over time. The Analytical Sample was used for regression models that included family history as a predictor. Sub-sampling
was required due to missing data in key survey questions required for analysis, and participant attrition over time.

reflected in the participant flow diagram (Figure 1). To maximize
sample size, descriptive analyses of the data (i.e., prevalence of
T2D along the spectrum of the PGS) and unadjusted odds ratios
between factors like the PGS and T2D prevalence include all
available data (the Descriptive Sample), whereas regression
analysis involving family history were performed in a subset of
the full data set with family history data (Analytical Sample).
Lastly, due to loss of participation with time, the sample used to
assess incidence of T2D (Incidence Sample) also represents a
subset of the full data, and there was only sufficient data to
perform the analysis among those of self-reported European
descent (Figure 1).

2.2 Genotyping and Polygenic Score

Development

DNA extracted from saliva samples was assayed on the Illumina
Infinjum Global Screening Array (Illumina, San Diego, CA),
consisting of approximately 640,000 common variants
supplemented with ~50,000 custom probes. This platform is
referred to as 23andMe platform V5, and underwent quality
controls as described previously (Nakka et al, 2019). Only
participants genotyped on this platform are included in this
analysis. A polygenic score associated with the likelihood of

having T2D was developed using the methods described in
23andMe White Paper 23-21 (Ashenhurst et al., 2020). In
brief, single nucleotide polymorphisms (SNPs) were selected
from a meta-analysis of three GWAS conducted in individuals
of European, Black/African American, and Hispanic/Latino
descent. Candidate models based on nine variant sets
determined by varying p-value and window distances were
evaluated in tuning sets that were not included in the GWAS.
Finally, based on best performance in the tuning cohorts, one
variant set was chosen for final assessment in the European and
Hispanic/Latino test cohorts, which were not included in the
GWAS or model training.

The final model containing 11,999 SNPs showed a significant
association with the likelihood of having T2D among participants
of European descent [area under the receiver operator curve,
AUC = 0.656, CI (0.654,0.659), Supplementary Table S2] as well
as Hispanic/Latino individuals [AUC = 0.635, CI (0.628,0.642)].
Age and sex variables provided more information than the PGS

alone in both the European descent [AUC = 0.774, CI
(0.773,0.776)] and Hispanic/Latino [AUC = 0.811, CI
(0.806,0.816)] subsamples. The combined model with

demographic features and the PGS were the most predictive
[European AUC = 0.814, CI (0.812,0.816), Hispanic/Latino
AUC = 0.841, CI (0.837,0.845)]. The discriminative
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TABLE 1 | Sample descriptives.

Self-reported Ancestry N
European 1,528,668
Hispanic/Latino 156,274
European sub-sample with family history data 113,126
Hispanic/Latino subsample with family history data 7,616
European sub-sample with one-year incidence data 319,803

Age mean (SD)

Type 2 Diabetes Polygenic Score

Sex (%) (Female) T2D Prevalence (%)

47.6 (15.8) 60.4 3.2
41.0 (14.2) 60.6 2.6
53.3 (15.8) 66.5 4.6
452 (14.9) 64.2 3.7
50.5 (16.0) 68.3 0.9

The incidence sub-sample was composed of those who were T2D-negative at baseline and provided one year follow-up data.

performance of this model ranks it among the leading models
cited in the PGS Catalog as of March 2022 (Lambert et al., 2021).
For complete detail about the PGS, see information in
Supplemental Materials.

2.3 Statistical Analyses

Statistical analyses were conducted in statsmodels (v0.12.1) in
Python (Seabold and Perktold, 2010). A study-wise significance
threshold was defined as p < 0.0018 based on 28 independent
comparisons and a Bonferroni correction. Reported odds ratios
and linear model betas are adjusted for age, BMI (log transformed
and standardized), sex, and first-degree relative family history of
T2D unless otherwise described. All confidence intervals (CIs)
provided are 95% Cls. To maintain participant privacy, counts or
statistics that could uniquely identify fewer than five people are
not provided in this manuscript.

3 RESULTS

3.1 Participant Characteristics

The final Descriptive Analysis sample consisted of N = 1,528,668
individuals of European descent and N = 156,4274 of Hispanic/
Latino descent. The subsample with available family history data
(the European Analytical Sample, N = 113,126, Hispanic/Latino
N =7,616) was smaller, as was the sample with available repeated
measures (European Incidence Sample, N = 319,803). Full sample
descriptives are provided in Table 1, and participant exclusions
are shown with a flowchart in Figure 1. The prevalence of self-
reported T2D within each sex and decade of age in the multi-
ancestry sample used to train the PGS are shown in
Supplementary Figure S1. The median age of T2D diagnosis
was 50 (mean = 48.3, SD = 11.2), and 43 (mean =42.9,SD = 11.4)
in the European-descent and Latino sub-samples, respectively.

3.2 The Polygenic Score Provides
Information Not Captured by Family History

Current clinical practices rely heavily on family history of disease
(FH) to identify patients at increased risk of developing
conditions. But the full scope of heritability cannot be
captured by FH alone, and not all individuals know their
family history (e.g., those who were adopted), leaving open the
possibility of under-identifying disease risk. We hypothesized
that the T2D PGS combined with FH would improve the
prediction of disease development more than either factor

alone. This analysis was performed in the Analytical Sample
(Figure 1).

Among those in the lowest genetic risk ventile, 20.8% of
controls and 65.2% of cases reported positive FH. Among
those in the highest risk ventile, positive FH prevalence was
42.9% for controls and 73.1% for cases (Figure 2A). There was a
significant relationship between family history status and the PGS
across the Analytical Sample as estimated in a logistic regression
model; each standard deviation in the PGS was associated with
32% greater odds of reporting family history of the condition [p =
0.27, p < 0.0018, OR = 1.32, CI (1.30,1.33)]

We next assessed several logistic regression models of T2D
diagnosis as a function of the T2D PGS, positive FH, and the
common T2D screening factors of age and BMI (Pippitt et al.,
2016; Zheng et al,, 2018) in a training sample, comprised of 75%
of the analytic sample; a test set of 25% was reserved for model
evaluation. Both FH and the PGS were statistically significant as
predictors in separate models (Table 2) as well as in a model
including both FH and PGS as predictors. The combined model
had the best predictive performance [as assessed by Cox-Snell’s
pseudo R2 statistic = 0.21, and by AUC in the out-of-sample test
set, AUC = 0.85 (0.85,0.86)], compared to models with only FH
[R2 = 0.19, AUC = 0.83 (0.83,0.84)] or only the PGS [R2 = 0.17,
AUC = 0.83 (0.82,0.84)], showing that FH and PGS contribute
unique information as predictors in each other’s presence.

3.3 Potential Contribution of the Polygenic

Score to Screening Practices

Although individual health care systems may use their own
criteria, current screening guidelines often use two main
sources: The U.S. Preventive Services Task Force (USPSTF,
2021) and the American Diabetes Association (ADA, 2018).
The USPSTF currently recommends screening for abnormal
blood glucose and T2D in adults 35-70 years of age who are
overweight or obese and repeating blood glucose testing every
3 years if results are typical. Individuals from populations with
higher prevalence of diabetes (American Indian/Alaska Native,
Black, Hawaiian/Pacific Islander, Hispanic/Latino) should be
considered for earlier screening (USPSTF). The ADA proposes
screening for T2D beginning at age 45 for all people. Screening for
prediabetes and onset of future T2D in asymptomatic people
should be considered in adults of any age who are overweight and
have one or more additional risk factors for diabetes (ADA).
These risk factors include overweight and obesity, physical
inactivity, abnormal lipid levels, high blood pressure, and
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TABLE 2 | Logistic regression between prevalent T2D, family history, and the PGS among those of European descent.

Model Base model
Intercept -6.34
Family History -
Standardized Polygenic Score -
Female Sex -0.46
Decade of Age 0.06
Standardized Log Body Mass Index 0.72
Cox-Snell’s Pseudo R2 0.14

Test Set AUC (95% Cls) 0.80 (0.79, 0.80)

Family history only

0.83 (0.83, 0.84)

Polygenic score only Combined model

-6.82 -6.7 -7.13
1.34 - 1.23
- 0.48 0.43
-0.57 -0.50 -0.60
0.05 0.07 0.06
0.66 0.68 0.64
0.18 0.18 0.21

0.83 (0.82, 0.84) 0.85 (0.85, 0.86)

All coefficients derived from logistic regression were significant p <0.0018 in all models. N = 84,844 for all models. The model that included both family history and the PGS was the most

predictive in terms of both pseudo R2 and out-of-sample AUC.

smoking. Despite both screening recommendations, many at-risk
individuals, as well as prediabetic and T2D cases, are being missed
annually. We hypothesized that the T2D PGS could identify
individuals who would benefit from earlier screening for T2D
solely based on their genetic risk.

3.3.1 Univariate and Multivariate Associations
Between T2D Prevalence and Screening Factors
Using the T2D PGS in the Descriptive Sample, we calculated the
unadjusted odds ratio (OR) of having T2D for a given PGS
percentile range relative to the total population. We compared
this outcome to the OR of the risk factors highlighted in both
guidelines, age and BMI (Figure 2B), which were also calculated
relative to the total study population. Age was scored as age of
diagnosis for cases, and current age for controls. We observed

substantial overlap in the unadjusted OR magnitudes associated
with the three variables: The range of risk associated with the
PGS, OR = 0.41 [CI (0.38,0.44)] at the 1st-5th percentile to OR =
3.25 [CI (3.16,3.35)] at the 95th-99th percentile, was comparable
to the range associated with BMI, OR = 0.22 [CI (0.21,0.23)] at
BMI 18.5-24.9 to OR = 3.19 [CI (3.11,3.28)] at BMI 40-50. Risk
of prevalent T2D was highest for ages 50-59 [OR = 1.49, CI
(1.45,1.52)] and lowest for ages 70-79 [OR = 0.11, CI (0.10,0.12)].

Age, BMI, and the PGS were statistically significant and
independent predictors of T2D prevalence in a multivariate
logistic regression model described in the prior section
comparing competing models (Table 2). The jointly estimated
odds were as follows: decade of age [OR = 1.07, CI (1.06,1.07)],
log-transformed standardized BMI [OR = 1.90, CI (1.84,1.96)], and
the standardized PGS [OR = 1.54, CI (1.50,1.58)], all ps <0.0018.
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3.3.2 Adding the Polygenic Score to Screening criterion to screen adults (age 18 or older) with normal range BMI
Guidelines who have a PGS at or greater than the 90th percentile. This
Another way to understand the utility of the application of  addition provided a small increase to sensitivity (0.97) and a slight
specific screening guidelines is to estimate the sensitivity and  decrease in specificity (0.28).
specificity of those decision trees. We evaluated the application of
USPSTF and ADA guidelines in our data with and without
including the PGS irglu screening decisions. For these analyses, 3.4 The Polygenic Score is Associated With
age of diagnosis was used for cases, and current age for controls. ~ Age of Diagnosis
Hypothetical updated guidelines divide the PGS at those at or ~ Earlier age of disease onset has been correlated with genetic risk
above the 90th percentile, versus those below. for various conditions (Seibert et al., 2018; Mars et al., 2020). We
The USPSTF criteria focus primarily on age and BMI. In our ~ examined the relationship between the T2D PGS and self-
sample, the sensitivity of those criteria was 0.79, and the  reported T2D age of diagnosis (AOD) to assess how well the
specificity was 0.58. To the USPSTF we added an additional ~ model predicts disease development timing. In the Descriptive
criterion to screen individuals who are 35 or older, have normal Sample, individuals in the lowest ventile of the PGS reported a
BMI, but have a PGS at or greater than the 90th percentile. This ~ mean AOD of 53.0 years compared to 45.2 years for those in the
resulted in an incremental increase in sensitivity (0.81) as well as a highest ventile, a difference of 7.8years (Figure 3A).
small decrease is specificity (0.56). Furthermore, the T2D PGS was a statistically significant
The ADA criteria include risk factors beyond the scope of this ~ predictor for T2D AOD in a linear regression model that
analysis (e.g., physical inactivity, history of cardiovascular disease, ~ included BMI and family history of T2D in a subset of
women with polycystic ovary syndrome, etc. (ADA, 2018). We  Analytic Sample who were T2D-positive and reported age of
chose to evaluate a simpler model that includes only age, BMI,  diagnosis (N = 4,663). Each standard deviation increase in the
and family history of T2D. Here, given the liberal criterion of =~ PGS was associated with a 1.37-year decrease in AOD [CI (~1.60,
screening all individuals 45 or older, the sensitivity was high -1.16), p <0.0018], a relationship similar to that of standardized
(0.96) and the specificity was low (0.30). We added the additional log of BMI [B = -1.73, CI (-2.04, —1.43), p < 0.0018]. Positive
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family history of T2D was not a significant predictor of AOD [p =
-1.06, CI (-1.71, —0.41), p = 0.001, total model R2 = 0.07].

3.5 Prediabetes in Type

2 Diabetes-Negative Individuals

We hypothesized that the PGS model could also be used to
predict the risk of prediabetes among those who were T2D-
negative. Stratified by the T2D PGS, the prevalence of prediabetes
in the highest PGS ventile in the Descriptive Sample was over 3-
times the prevalence in the lowest PGS ventile, 1.3 vs. 3.9%,
respectively (Figure 3B). We evaluated a logistic regression
model of prediabetes diagnosis using age, BMI, T2D family
history, and the T2D PGS as predictors among T2D-negative
individuals in the Analytic Sample (n = 107,923). Each standard
deviation increase of the PGS was associated with a 23% increase
in the odds of prediabetes diagnosis [OR = 1.23, CI (1.19, 1.26),
p <0.0018]. Prediabetes was also strongly associated with
standardized log of BMI, [OR = 1.60, CI (1.55, 1.65), p <
0.0018] and family history of T2D, [OR = 2.03, CI (1.89,2.18),
p < 0.0018], but not with female sex [OR = 1.05, CI
(0.97,1.13), p = 0.2].

3.6 Incident Cases

In the subset of data with responses to annual follow-up
surveys (Figure 1; Incident Diagnosis Sample), the mean
time difference between the baseline response and the
follow-up response was 446 days (SD = 102days). The
overall one-year incidence proportion, 4.86 per
1,000 person-years, is lower than but comparable to the 6.9
per 1,000 person-years statistic reported by the CDC for 2018
(Centers for Disease Control and Prevention, 2020). The
incidence in the 23andMe database increased with decade of
age, BMI, and PGS (Figure 3C). Stratified by PGS, the one-year
incidence of T2D in the highest genetic risk ventile was over six
times that of individuals in the lowest ventile (1.97 vs. 11.97
cases per 1,000), and roughly three times of individuals in the
40th-60th percentile (3.80 vs. 11.97 cases per 1,000). This rate
of incidence among those with the greatest genetic risk was
higher than those with obese BMI (10.64 cases per 1,000
person-years).

We evaluated a logistic regression model with incident case
status as the outcome and age, standardized log BMI, T2D
family history, and the PGS as predictors. The PGS proved to
be a statistically significant predictor, where each standard
deviation increase in PGS corresponded to a 43% increase in
the odds of T2D incidence [OR = 1.43, CI (1.33,1.53), p <
0.0018], which was about half the incident risk associated with
family history [OR = 3.02, CI (2.41,3.78), p < 0.0018], but was
comparable to BMI [OR = 1.82, CI (1.67,1.99), p < 0.0018].

3.7 The Polygenic Score Informs Disease

Progression

We hypothesized that genetic risk for developing T2D as
determined by the T2D PRS would also be associated with the
risk of a more severe disease phenotype, as measured by the

Type 2 Diabetes Polygenic Score

escalation of treatment strategy and by the rate of the
development of T2D microvascular complications in a cohort
of T2D-positive individuals in the Analytic Sample (Figure 1).
We found that individuals with higher PGS values were more
likely to be prescribed insulin (Figure 4A). We evaluated logistic
regression models with the PGS, age, sex, and BMI to predict
prevalence of prescribed treatment. Each standard deviation
increase in the PGS was associated with 14% higher odds of
being prescribed insulin [OR = 1.14, CI (1.09,1.19), p < 0.0018].
The PGS was not a statistically significant predictor of metformin
treatment [OR = 1.05, CI (0.99,1.11), p = 0.09], or following only
lifestyle modifications [OR = 0.89, CI (0.82,0.96), p = 0.004],
Family history was significantly associated with metformin
treatment [OR = 1.33, CI (1.14,1.55), p < 0.0018], but not
insulin [OR = 1.21, CI (1.03,1.36), p = 0.02] or only lifestyle
modifications [OR = 1.22, CI (1.00,1.48), p = 0.11].

We next assessed the utility of the PGS for predicting the rate
of development of diabetes microvascular complications
(Figure 4B). For this analysis, both current reported age and
years since initial T2D diagnosis were entered into the logistic
model in addition to the PGS, age, BMI, and sex. Each standard
deviation increase in the PGS was associated with 10% higher
odds of diabetic neuropathy [OR = 1.10, CI (1.04,1.16), p <
0.0018]. However, the PGS was not significantly associated with
higher odds of diabetic nephropathy [OR = 1.05, CI (0.96,1.16),
p = 0.25] or with diabetic retinopathy [OR = 1.07, CI (0.98,1.18),
p = 0.12]. Family history was not associated with any of these
three outcomes. Together, these data show the T2D PGS is
associated with some but not all forms of disease severity as
measured by prescribed treatment and prevalence of
complications over time.

3.8 Polygenic Score Associations are

Transferable to Hispanic/Latino Individuals
We hypothesized that the findings showing the relevance of the
T2D PGS would replicate in other ethnicities. We were able to
repeat many, but not all, of the specific analyses in the self-
reported 23andMe Hispanic/Latino cohort (N = 156,410, see
Methods and Materials and Figure 1 for participant recruitment
flowchart).

Among those who were T2D-negative at the time of the
survey, family history of T2D was more common among those
with higher genetic risk as indexed by the PGS than lower
(Figure 5A; data for T2D-positive cases not shown due to
smaller sample size and privacy requirements). As in the
European-descent sample, family history was associated but
not redundant with the PGS in a logistic model [OR = 1.42,
CI (1.35,1.49), p <0.0018]. We examined the PGS performance as
a predictor of T2D while controlling for T2D family history. This
analysis showed the PGS to be a statistically significant predictor
of T2D that provides unique information in a model containing
age, BMI, family history, and the PGS [OR = 1.51, CI (1.37,1.67),
p <0.0018; Table 3]. As in the sample of European descent, the
model containing both the PGS and family history had the
highest AUC in the Hispanic/Latino test set [AUC = 0.87, CI
(0.85,0.91)].
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We also examined the PGS’s ability to stratify Hispanic/
Latino individuals by an unadjusted odds ratio of having T2D
as compared to age and BMI (Figure 5B). Similar trends were
observed as reported in the European cohort; the range of risk
associated with the PGS, OR = 0.24 [CI (0.18,0.33)] at the 1st-
5th percentile to OR = 3.32 [CI (3.02,3.64)] at the 95th-99th
percentile, was comparable to the range associated with BMI,
OR =0.23 [CI (0.20,0.25)] at BMI 18.5 to 24.9 to OR = 3.01 [CI
(2.75,3.29)] at BMI 40-50. Risk of prevalent T2D was highest
for ages 40-49 [OR = 1.36, CI (1.26,1.47)] and lowest for ages
70-79 [OR = 0.07, CI (0.04,0.14)].

Addition of a hypothetical screening criterion at the 90th
percentile of the PGS (as described in Section 3.3.2) to both the
USPSTF and ADA criteria slightly increased sensitivity and reduced
sensitivity. Our estimation of the sensitivity of USPSTF increased
from 0.69 to 0.70 and reduced the specificity from 0.61 to 0.60. The
addition to the simplified ADA criteria increased the sensitivity from
0.93 to 0.95, and decreased the specificity from 0.43 to 0.40.

We observed a correlation between increasing PGS and
younger age of T2D diagnosis in the Hispanic/Latino cohort
Figure 5C). Mean AOD ranged from 48.8 to 40.4 years from
lowest to highest PGS ventile, a difference of 8.4 years. However,
this relationship was not statistically significant [ = —0.61, CI
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TABLE 3 | Logistic regression between prevalent T2D, family history, and the PGS in the Hispanic/Latino replication sample.

Model Base model
Intercept -5.82
Family History -
Standardized Polygenic Score -
Female Sex —-0.46
Decade of Age 0.06
Standardized Log Body Mass Index 0.74
Cox-Snell’s Pseudo R2 0.14

Test Set AUC (95% Cls) 0.83 (0.80, 0.87)

Family history only

0.86 (0.83, 0.90)

Polygenic score only Combined model

-6.58 -6.15 -6.83
1.72 - 1.58

- 0.48 0.42
-0.65 -0.48 -0.55
0.05 0.06 0.05
0.69 0.70 0.67
0.20 0.18 0.23

0.86 (0.82, 0.90) 0.88 (0.85, 0.91)

All coefficients derived from logistic regression were significant p <0.0018 in all models. N = 5,712 for all models. The model that included both family history and the PGS, was the most

predictive in terms of pseudo R2 and out-of-sample AUC.

(-1.62,0.40), p = 0.24] in a linear model trained to predict AOD
from BMI, family history of T2D, and genetics in a small subset of
the Hispanic/Latino cohort with complete data (N = 248).

Prediabetes in Hispanic/Latino T2D-negative participants was
nearly four times more prevalent in those in the highest PGS
ventile (3.9%) compared to the lowest ventile (1.0%; Figure 5D).
We evaluated a logistic regression model of prediabetes diagnosis
among T2D-negative individuals using age, BMI, T2D family
history, and the T2D PGS as predictors. One standard deviation
in the PGS was associated with a 36% increase in the odds of
prediabetes among those without T2D [OR = 1.36, CI (1.22,1.51),
p <0.0018], which was comparable to that of standardized log-
BMI [OR = 1.64, CI (1.46,1.86), p <0.0018] and family history of
T2D [OR = 1.60, CI (1.22,2.11), p < 0.0018].

Insufficient data were available in the Hispanic/Latino cohort
to evaluate the association between the T2D PGS and incident
diagnosis, treatment prevalences, or microvascular disease
complications.

4 DISCUSSION

Type 2 diabetes is a disease of metabolic dysregulation that begins
years before symptoms are evident and complications arise. An
estimated 1 in 3 American adults have prediabetes and 5-10% of
these individuals will receive a T2D diagnosis within one year
(Tabak et al, 2012). Lifestyle can be extremely successful in
reversing the course of the disease, mostly when initiated early
(Glechner et al., 2018). Thus, there is potential for polygenic
scores to identify additional people who may be overlooked by
traditional screening methods and who could benefit from earlier
lifestyle modifications and medical intervention. Although the
real-world impact of incorporating a T2D PGS in clinical practice
remains to be thoroughly studied, we demonstrate its utility in
identifying individuals with increased risk for prediabetes among
the T2D-negative population. Furthermore, the PGS is also highly
correlated with earlier age of T2D onset and can be used to predict
incident T2D cases from a population of susceptible individuals.
We also found the risk profile conferred by increasing PGS to be
comparable to risk associated with increasing age and BML
Taken together, these findings argue strongly for including a
T2D PGS in a clinical assessment of T2D risk and prophylactic
decision-making if available.

4.1 Incorporating Genetic Risk Into

Screening Tools

Studies are beginning to hint at the clinical utility of PGS. Still, the
combination of FH and PGS as a more robust method of
predicting the individual likelihood of developing a complex
disease has yet to be fully explored. Clinicians recognize that
at-risk individuals may be missed when relying on FH alone for
disease prediction and that gathering a FH is time-consuming
and often neglected. Furthermore, not all individuals have
knowledge of family history. A clinical tool encompassing FH
and PGS may improve disease prediction.

Previous publications have employed several methods to
assess whether polygenic scores add predictive utility when
used jointly with family history, including examining
predictive model performance (Sun et al., 2013; Helfand, 2016;
Hughes et al., 2021) and determining whether risk estimates for
PGS remained significant after adjustment for family history
(Tada et al., 2016). In the present study, we observed an
increasing relationship between both T2D genetic risk and
positive family history among European-descent and Hispanic/
Latino-descent T2D-negative individuals. We also found,
however, that family history is associated with but not
equivalent to genetic risk. Factors other than genetics, such as
common environment, may also contribute to the risk conferred
by family history, and polygenic inheritance results in more
generational  variability = than  monogenic  patterns
(i.e., Mendelian inheritance). Ultimately, a model including
both family history and the PGS proved better at predicting
T2D than each factor separately in terms of pseudo R2, out-of-
sample AUC, and sensitivity when added to both USPSTF and
ADA guidelines in both the European-descent and Hispanic/
Latino cohorts. These results indicate that information captured
in the PGS is not completely redundant with family history, and
that disease risk is most comprehensively assessed when genetic
analysis is combined with standard clinical risk factors.

Screening for prediabetes and T2D is often based on a set of
guidelines that determine eligibility based on well-documented
risk factors such as age, BMI, positive family history, membership
in a high-risk race or ethnic group, and environmental or
behavioral factors (Pippitt et al, 2016). In the present study,
we have demonstrated the validity of the T2D PGS as a risk factor
that contributes information over and above family history.
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Addition of the PGS to the USPSTF screening guidelines
incrementally improved sensitivity, with a corresponding small
decrease in specificity. We note that ADA guidelines, however,
have very high sensitivity with or without the PGS.

Optimization of the sensitivity and specificity of these
guidelines within medical systems could include the PGS as a
risk factor, considering that it does provide some information that
is independent of family history. It is beyond the scope of the
present study, but medical economic analysis could find that
screening younger people who may not have traditional risk
factors but do have a higher PGS, and perhaps delaying screening
for older people with no risk factors and a low PGS could balance
sensitivity, specificity, and screening costs. This optimization is
even more plausible as costs for genome-wide genotyping
continue to decrease. Indeed, a single genomic assay could be
used for multiple purposes beyond T2D screening throughout a
person’s life.

4.2 Genetic Risk and Disease Severity

In addition to identifying more cases of T2D, several studies have
suggested that genetic screening could be useful for predicting
disease severity (Paul et al., 2018; Oetjens et al., 2019; Chen et al.,
2020). T2D impacts individuals differently; some experience mild
symptoms, controlled relatively easily by lifestyle intervention
and minimal therapeutic intervention, while others experience
severe complications and have a difficult time with disease
management. Many patients progress from nonmedical,
lifestyle-only treatment to medications like metformin, and
some require insulin as their condition shifts from impaired
glucose tolerance to insulin insufficiency. T2D severity is also
closely associated with diabetic microvascular complications, the
most common of which are diabetic retinopathy, nephropathy,
and neuropathy.

In the present study, we found the T2D PGS to correlate with
treatment options where those at higher PGS were more likely to
be treated with insulin. Metformin treatment or lifestyle-only
interventions were not significantly associated with the PGS. Yet
for complications of T2D, the PGS was markedly related to the
rate of neuropathy diagnosis, but not to nephropathy and
retinopathy. Further work may identify sub-scales within a
T2D PGS that associate with specific biological pathways or
systems, illuminating specific causes of genetic risk and
complications (Udler et al., 2018; Tremblay et al, 2021).
Together, these findings are only an initial indication that the
T2D PGS may be indicative of specific forms of disease progress,
but further studies are needed to explore this thoroughly.

4.3 Assessing Genetic Risk in People of all
Ancestral Backgrounds

Type 2 diabetes is on the rise across the world and in the
United States its burden is disproportionately felt by Black/
African Americans and Hispanic/Latino individuals (Centers for
Disease Control and Prevention, 2020). Thus, the clinical utility of
the T2D PGS is especially relevant for non-European individuals.
Taken in the context of the massive Euro-centric bias in the field of
polygenic risk prediction (Martin et al., 2019), we considered it

Type 2 Diabetes Polygenic Score

important to evaluate the application of the PGS in a non-European
population with a sufficient sample size for most of this analysis. It is
critical that individuals from all backgrounds be provided the
opportunity to participate in genomic research, and that all
efforts are made to assess and calibrate PGS in diverse samples.
We selected the 23andMe Hispanic/Latino cohort because this
T2D PGS has roughly comparable performance in this group as
in European-descent individuals, as evidenced by the AUROC
(0.656 in European-descent and 0.635 in Hispanic/Latino-
descent individuals) and other risk stratification statistics, and
because we had sufficient family history data in this cohort for a
sufficiently powered study. Our analyses show that, as in the
European cohort, the PGS provides valuable information for
identifying at-risk Hispanic/Latino individuals, on par with
risk factors already used for clinical decision-making. These
findings serve as an important proof of principle for the
application of polygenic prediction to assessing risk in
underserved populations. 23andMe’s efforts to recruit a more
diverse pool of study participants (23andMe, 2019) will enable
additional follow-up studies with population-specific versions of
the T2D PGS in order to deliver better value to our customers and
provide more accurate tools for clinicians and their patients.

4.4 Limitations and Conclusions

The present study has several limitations that should be considered
when interpreting the results. All phenotypes were obtained through
participant self-report, although 23andMe’s previous work has
shown the accuracy and robustness of this form of data
collection at scale (Eriksson et al., 2010; Tung et al, 2011). We
expect the additional granularity into treatments, disease
complications, and biomarker/fasting glucose data obtained
through clinical health records would likely improve the ability of
the PGS to predict these phenotypes in T2D-positive individuals, as
well as more precision in the definition of a participant with
“prediabetes.” Missing data across survey instruments resulted in
smaller subsamples used for regression modeling compared to the
larger sample with T2D diagnostic and demographic information.
Models assumed linear relationships between the outcomes and age
or BMI, whereas non-linear relationships may better explain the
data. Additionally, due to limited family history and incident data,
we were unable to expand our analyses beyond those of European
and Hispanic/Latino descent.

Typically, PGS (including this one) do not include rare
variants with large effects, which, if present, would contribute
far more risk than the polygenic background of common variants;
nonetheless, being rare, most people do not carry these variants,
and a PGS based on common variants would be relevant for most
of the population. To maintain the scope of the present study, our
evaluation of the sensitivity and specificity of the ADA guidelines
did not include all risk factors included in the guidelines, and we
did not attempt optimization of screening decision thresholds,
including economic analyses. The analysis of microvascular
complications of diabetes did not account for individual
differences in treatment history, which would also affect the
rate of development of these complications. We did not have
data representing the age of onset of these complications,
precluding survival analysis.
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In this paper we present the possible clinical relevance of a
T2D PGS as a predictor of disease risk and severity that provides
some information that is independent of family history. Given
this, the PGS could be considered as an additional risk factor in
screening guidelines and could be used to help inform clinical
decision making. The replication of many findings in a Hispanic/
Latino cohort indicates the transferability across other
populations when datasets of sufficient size exist and PGS with
sufficient performance can be developed.
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Incomplete Penetrance of
Population-Based Genetic Screening
Results in Electronic Health Record

Gai Elhanan®, Daniel Kiser'?, lva Neveux', Shaun Dabe? Alexandre Bolze®,
William J. Metcalf’, James T. Lu® and Joseph J. Grzymski"?*

"Center for Genomic Medicine, Desert Research Institute, Reno, NV, United States, 2Renown Health, Reno, NV, United States,
SHelix, San Mateo, CA, United States

The clinical value of population-based genetic screening projects depends on the actions
taken on the findings. The Healthy Nevada Project (HNP) is an all-comer genetic screening and
research project based in northern Nevada. HNP participants with CDC Tier 1 findings of
hereditary breast and ovarian cancer syndrome (HBOC), Lynch syndrome (LS), or familial
hypercholesterolemia (FH) are notified and provided with genetic counseling. However, the
HNP subsequently takes a “hands-off” approach: it is the responsibility of notified participants
to share their findings with their healthcare providers, and providers are expected to implement
the recommended action plans. Thus, the HNP presents an opportunity to evaluate the
efficiency of participant and provider responses to naotification of important genetic findings,
using electronic health records (EHRs) at Renown Health (a large regional hospital in northern
Nevada). Out of 520 HNP participants with findings, we identified 250 participants who were
notified of their findings and who had an EHR. 107 of these participants responded to a survey,
with 76 (71%) indicating that they had shared their findings with their healthcare providers.
However, a sufficiently specific genetic diagnosis appeared in the EHRs and problem lists of
only 22 and 10%, respectively, of participants without prior knowledge. Furthermore, review of
participant EHRs provided evidence of possible relevant changes in clinical care for only a
handful of participants. Up to 19% of participants would have benefited from earlier screening
due to prior presentation of their condition. These results suggest that continuous support for
both participants and their providers is necessary to maximize the benefit of population-based
genetic screening. We recommend that genetic screening projects require participants’
consent to directly document their genetic findings in their EHRs. Additionally, we
recommend that they provide healthcare providers with ongoing training regarding
documentation of findings and with clinical decision support regarding subsequent care.

Keywords: CDC Tier 1, HBOC, BRCA, EHR, Lynch, familial hypercholesterolemia, genetic screening, population
health

INTRODUCTION

Population-based genetic screening (PbGS) can be a valuable risk assessment tool for relatively
common genetic conditions with high penetrance such as hereditary breast and ovarian cancer
(HBOC), Lynch syndrome (LS) and familial hypercholesterolemia (FH) (Tafe, 2015; Lambert et al.,
2019; Evans et al., 2020; Manchanda et al., 2020; Patel et al., 2020; Ficarazzi et al., 2021). Many

Frontiers in Genetics | www.frontiersin.org

59 April 2022 | Volume 13 | Article 866169


http://crossmark.crossref.org/dialog/?doi=10.3389/fgene.2022.866169&domain=pdf&date_stamp=2022-04-27
https://www.frontiersin.org/articles/10.3389/fgene.2022.866169/full
https://www.frontiersin.org/articles/10.3389/fgene.2022.866169/full
https://www.frontiersin.org/articles/10.3389/fgene.2022.866169/full
http://creativecommons.org/licenses/by/4.0/
mailto:joe.grzymski@dri.edu
https://doi.org/10.3389/fgene.2022.866169
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/journals/genetics#editorial-board
https://doi.org/10.3389/fgene.2022.866169

Elhanan et al.

individuals at-risk for these conditions are not identified by current
medical practices (Manickam et al., 2018; Grzymski et al., 2020;
Murray et al., 2020; Patel et al., 2020) and their family members
may benefit from cascade genetic screening (George et al., 2015;
Patel et al., 2020). However, screening the general population can
only be effective if genetic findings are successfully disseminated to
project participants and if a significant portion of the screened
individuals follow recommended actions. However, this may not
necessarily be the case as it has been shown that the uptake of
genetic testing and their results may be sub-optimal and that
primary care providers are still not comfortable with genetic
testing (Press et al.,, 2000; Binetti et al., 2006; Finlay et al., 2008;
George et al,, 2015; Godino et al., 2016; Bijlsma et al., 2018; Menko
et al., 2019; Actkins et al.,, 2021; David et al., 2021).

Not all PbGS projects are alike, and their underlying design may
affect the dissemination and uptake of the genetic findings. The
Healthy Nevada Project (HNP) (Grzymski et al., 2020; Read et al,
2021) is an all-comer health determinants PbGS research project
based in northern Nevada. The second phase of the HNP provides
clinical exome sequencing (Helix, 2017) for all participants, of
which there are currently 45,000 (roughly 5 percent of the regional
population). HNP participants are asked for three levels of consent:
consent to 1) provide a saliva sample, 2) receive notification of
positive findings and genetic consultation and 3) participate in
further research. Only the first consent is required to participate in
the HNP. As previously described (Grzymski et al., 2020), more
than 99 percent of participants consented to receive notification of
positive findings and consultations by licensed genetic counselors
(LGCs) for three CDC Tier 1 conditions (Centers for Disease
Control and Prevention, 2021; Miller et al., 2021) (T1pos) with a
potential for individual and population health benefit: HBOC, LS
and FH. LGCs attempt to contact each T1pos participant up to six
times based on the preferred contact method(s) provided at the
time of consent. Once T1pos participants have been successfully
contacted, the LGCs explain the significance of each participant’s
finding and outline what the participant should do next. Next steps
include obtaining confirmatory testing, notifying the participant’s
primary care physician (PCP) of the findings, and formulating an
appropriate action plan with their PCP. Other than direct contact
with the LGCs, no alternative notification methods were employed,
and for the results presented in this study, the HNP did not directly
update the participant’s electronic health record (EHR) with their
genetic findings and results were not directly accessible to
physicians or other healthcare personnel. The HNP does not
notify participants regarding absence of findings. While
sequencing was performed by a CLIA-certified lab,
interpretations were performed by HNP personnel (Grzymski
et al, 2020) during the initial phase of the HNP. Therefore,
confirmatory testing was required as part of the project
protocol. Later, interpretations were provided by a CLIA-
certified lab, but the requirement for confirmatory testing
remained as part of the protocol.

The HNP is supported by Renown Health' (Renown), the
largest healthcare provider in northern Nevada. Since Renown

'Renown Health, Reno, NV, United States https://www.renown.org/about/.
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provides nearly 70 percent of the inpatient care and about 50
percent of primary care in the region, its EHR offers an
opportunity to examine the effect of returning actionable
genetic findings on the diagnoses recorded and the clinical
actions subsequently taken by the participants and their
healthcare providers.

We report here the effect of returning genetic findings on
diagnoses and clinical actions recorded in the Renown EHR for
HBOC, LS and FH Tlpos participants in the HNP.

METHODS

For details of the HNP and definitions of pathogenic and likely
pathogenic T1pos findings please see (Grzymski et al., 2020).

We conducted a comprehensive electronic review of extracted
data from T1pos participants’ Renown’s EHRs (including clinical
notes). We also reviewed responses from a survey sent to all
T1pos consenting participants regarding delivery of findings and
follow-up actions.

EHR Review

EHR data were available from Renown via the Epic> Clarity
database, a large subset of the data in the Epic EHR application.
EHR data were available from 2006 to 23 August 2021, although
the EHR wasn’t fully implemented until 2011. The patient
diagnosis data review was conducted in June 2021 and
participants were included for EHR review if at least 3 months
passed since the T1pos notification to ensure that participants
had time to respond to their findings.

Diagnoses were retrieved using native application diagnosis
codes (nDx) found in more than forty clinical and administrative/
billing tables. Each nDx was associated with an entry date as well
as a native diagnosis description and mapping (if available) to
ICD-9-CM? and/or ICD-10-CM* codes. In general, nDxs map to
one or more ICD codes and are often more specific than ICD
codes. Because of their greater specificity, we used nDxs for our
analysis rather than ICD codes.

All retrieved nDxs were initially reviewed based on their
description and only diagnoses deemed relevant to the T1lpos
finding of an individual were retained (Supplementary Material
S1). A detailed review of the remaining nDxs was conducted to
determine relevance to each specific T1pos condition. All nDxs
reviews were conducted by a physician (GE) with an Internal
Medicine background. Prior knowledge of T1pos conditions was
defined as a genetic diagnosis appearing in the EHR prior to the
notification date.

For ancillary procedures, focused on retrieving
representative screenings for each condition: mammograms
and other types of screening breast imaging procedures for

we

?Epic, Verona, WI, United States https://www.epic.com/.

*International Classification of Diseases, Ninth Revision, Clinical Modification
(ICD-9-CM).https://www.cdc.gov/nchs/icd/icd9cm.htm.

“International Classification of Diseases, 10th Revision, Clinical Modification
(ICD-10-CM).https://www.cdc.gov/nchs/icd/icd10cm.htm.
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HBOC (Winters et al., 2017; Lee et al., 2020), colonoscopies for LS
(Jasperson et al., 2010; Peterse et al., 2020) and LDL tests for FH
(Youngblom et al., 2014; Jellinger et al., 2017). LDL laboratory
results were retrieved directly from the results table in Clarity
based on native component codes, whereas imaging and other
procedures were collected based on orders, results, and mentions
in the clinical notes. We also retrieved indications that a
mastectomy or oophorectomy was performed from diagnosis
tables, clinical notes, and surgery log tables.

Clinical notes for all participants with medical records were
retrieved based on a comprehensive keyword search using terms
related to each individual condition (HBOC, LS, FH); to genetic
testing, findings, or consultations; and to the HNP. Several
iterations of the keyword search term collection were
performed until no missed terms were found in two repetitive
random samples of 100 notes from the entire collection of T1pos
participants’ notes. All selected notes were then manually
reviewed by a single reviewer (GE) for any references
pertinent to T1pos findings.

To determine whether participants and their physicians
possibly enacted changes to clinical care after notification, we
visually examined patient timelines. Changes in care were
suspected under the following conditions: if there was an
increase in the frequency of mammographies or if
prophylactic mastectomies or oophorectomies were performed
(HBOC), if a new colonoscopy was ordered without prior history
of screening colonoscopy or outside of the recommended
timeframe of repeat colonoscopy (LS), for FH we used change
in LDL levels as an overall indicator of lifestyle changes and
outcome of possible prescribing of effective lipid lowering
medications.

Explicit referrals for confirmatory genetic testing were not
visible from the Renown EHR. However, we examined recorded
referrals for LGCs within the Renown EHR as well as available
data from the third-party vendor’ that conducted genetic
consultations on behalf of the HNP and was responsible for
such recommendations for confirmatory testing.

Survey

Surveys were sent in January 2020 and October 2021 to 462 T1pos
participants that had consented to further research participation
(not all were included in our study due to a cutoff point of May
2021 for Tlpos results). The survey (Supplementary Material
§2) was electronic, and participants answered up to 24 questions,
depending on their responses. Several reminders were sent within
2 weeks to participants who had not yet responded to the survey.
Survey responses were then aggregated and analyzed, and the
responses of participants who were also Renown patients were
matched with their EHR.

Statistical Analysis
Most results reported in this study were descriptive and did not
require the use of statistical tests. However, Fisher’s Exact Tests

*Genome Medical, South San Francisco, CA, United States https://www.
genomemedical.com/.
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were used to test whether the likelihood that a participant was
T1pos, was notified, or had an EHR record differed due to sex or
race, and Wilcoxon Rank Sum Tests were used to test whether
there were differences due to age. Pearson’s Chi-squared Tests
were used to test whether survey responses differed between
T1pos conditions. A Bonferroni correction was used to adjust for
multiple testing where appropriate.

RESULTS

Description of Study Participants

On May 2021 there were 520 HNP participants (out of 41,835)
that were Tlpos for HBOC (268 participants), LS (102
participants) and/or FH (153 participants) (Figure 1). There
were two participants with both HBOC and FH and one
participant with both HBOC and LS. Participants in this
study were notified between September 2018 and September
2020. Notification and counseling were completed for 293
(56.3%) of the 520 Tlpos participants, and notification
success was significantly higher for white participants
(Table 1).

Out of the 520 T1pos participants, 417 had reviewable EHRs.
After filtering out diagnoses clearly unrelated to HBOC, LS or FH,
14,584 nDXs were collected for those 417 participants
(corresponding to an average of 35 unique native diagnoses
per participant). 250 (60%) of the 417 participants with
Renown EHR were successfully notified. Their mean age was
47.5, they were 33.2% male, and they had a total of 9,034 nDXs, or
an average of 36 unique nDXs per individual. All notified
participants with EHR record met the minimum required
3 months time span between notification and EHR review
(mean 2.2 years, minimum 0.9 years, maximum 2.9 years). 41
of these participants had EHR records with 20 or less nDXs, while
mean time span for nDXs was 8.6 years (standard deviation: 6.0
years). Therefore, none of these participants were excluded due to
lack of follow-up.

Among T1pos participants with reviewable EHRs, there were
72 out of 417 individuals with malignancies typically associated
with HBOC or LS. Fifty such malignancies occurred prior to the
initiation of the HNP in 2018 and only five individuals were
referred to genetic consultation. Three of the five had meaningful
related family history documented in the EHR prior or around
the time of the diagnosis of malignancy. Sixteen participants were
diagnosed with HBOC/LS typical malignancies after 2017 and
prior to notification by the HNP of their T1pos findings. Five of
them were referred to a LGC, three of them with strong family
history documented at the time of or prior to the cancer
diagnosis.

Genetic Diagnoses in the EHR

Based on review of genetic diagnoses among the 250 notified
participants with EHR, 38 (15%) had EHR evidence that
knowledge of their condition preceded notification, while
212 had no evidence of prior knowledge in their EHR
(Figure 1). 47 (19%) could have benefited from earlier
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FIGURE 1 | Bar graph depicting counts of participants who meet increasingly restrictive criteria. From bottom to top, participants are limited to (1) those who had a
positive finding for HBOC, LS, and/or FH; (2) those who were also notified of their finding and had a genetic consultation; (3) those who also had an EHR record at
Renown; (4) those who also had no knowledge of their finding documented in their EHR prior to notification; (5) those who also had a relevant genetic diagnosis
documented in their EHR after notification; (6) those whose diagnosis was specific to their condition; and (7) those whose diagnosis appeared in their problem list.
Total participant counts for each additional criterion appear on the x-axis, while counts for each distinct condition (or set of conditions) are superimposed on each bar.

notification due to prior presentation of disease (27 HBOC, 9
LS, and 11 CVD before the age of 50 years).

Many of the genetic nDxs were non-specific even though
specific nDxs, including some mentioning specific variants, exist
in the system (Table 2). The four most frequent nDxs were non-
specific and map directly to correspondingly non-specific ICD-
10-CM codes. For HBOC, the nDx often indicated only breast or
ovarian cancer susceptibility rather than susceptibility to all
cancers associated with HBOC. Of the 212 participants who
were notified, had an EHR, and did not have prior knowledge,
63 (30%) had at least a non-specific genetic diagnosis in their
EHR, 55 (26%) had a specific genetic diagnosis in their EHR, and
25 (12%) had a specific genetic diagnosis listed in their problem
list (PL) (Figure 1). We also noted that among more than 35,000
HNP participants with EHR records, 354 have a diagnosis of
“Familial Hypercholesterolemia”. However, 316 of these
participants were not Tlpos. Also, only 11 (19%) of the
59 FH-notified participants without prior knowledge had a
specific FH diagnosis, and only one of these diagnoses
appeared in the PL. Review of the clinical notes of the 354
HNP participants with an FH diagnosis found only a single
case where the clinical FH diagnosis was supported by a
documented Dutch Lipid Clinic Network Criteria (DLCN). No
evidence of use of the Simon Broome or the Making Early
Diagnosis Prevents Early Death (MEDPED) clinical criteria
was found.

Changes in Care due to Notification

Visually examining patient timelines for the 85 female HBOC
patients (Figure 2A), we found 10 patients (12%) who
appeared to have a change in care. Seventy-five female
HBOC patients (88%) exhibited no change in care, of which
40 either had prior cancer or prior knowledge of their HBOC
status. Among the 49 LS patients (Figure 2B), four (8%) did
not have prior colon cancer and appeared to have received a
colonoscopy related to their notification. Forty-five LS patients
(92%) exhibited no change in care, of which 10 had prior
cancer or prior knowledge of their LS status. Among the 66 FH
patients (Figure 2C), LDL levels improved (at least
temporarily) for six (9%) of the patients. Sixty (91%) of the
patients positive for FH variants exhibited no change in care,

of which 10 had CVD prior to both the notification of their FH
status and the age of 50 years.

The survey sent to T1Pos-notified (Supplementary Material
§2) had an overall response rate of 39.6% and a 42.8% response
rate among individuals with an EHR, for a total of 107
respondents with an EHR (Figure 3). Among these 107
respondents, 18 (17%) indicated that they did not recall being
notified, and 76 (71%) indicated that they reported their findings
to their healthcare providers. Of the 76 who reported their
findings, 42 indicated that an action plan was formulated for
them with 40 of those indicating that they were following their
plan. Nine indicated they were not sure whether a plan was
formulated for them; however, seven of those indicated they were
following their plan. Altogether, 62% indicated that they were
following their plan. 26 (34%) indicated that they had prior
knowledge of their T1pos status (but only 11 of these had
prior EHR documentation), and at least 45 (59%) indicated
that they reported their findings to a Renown-affiliated
provider. Of these 45, 18 (40%) had a diagnosis in the PL. Of
the 59 participants that indicated no prior knowledge of their
T1pos status, three (5%) had EHR documentation of their finding
that preceded notification and 50 (85%) indicated that they
reported their findings; none of the nine participants who did
not report their findings (15%) had documentation in their EHRs
(p = 0.02, Fisher exact, 2-tail). 22 (44%) of the 50 without prior
knowledge and who reported their findings had a relevant nDx in
their EHR, but only 13 (26%) had a relevant nDx in their PL. 81
(91%) of 89 respondents who recalled being notified indicated
that they had shared or planned to share their T1pos results with
their family members. Differences in responses to the survey
between the three Tlpos conditions were not statistically
significant.

Additional Results
The review of the clinical notes indicated that one participant
notified their provider of their finding but specifically requested
for it not to be documented. Their finding subsequently does not
appear in their EHR.

According to data from HNP’s third-party vendor for 94 of
the participants, only 18 participants (19%) sought
confirmatory  testing while 48 (51.1%) declined
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TABLE 1 | Demographic statistics associated with Tier 1 status, notification status, and whether a participant had an EHR record. Comparisons of age, sex, and ethnicity
were made for all Tier 1 conditions combined, and for HBOC, LS, and FH participants separately.

N (%)
HNP 41835 (100.0%)
All Tier 1 conditions
HNP
Tier 1 positive 520 (1.2%)
Tier 1 negative 41315 (98.8%)
p-values
Tier 1 positive
notified 293 (56.3%)
not notified 227 (43.7%)
p-values
Tier 1 positive + notified
EHR 250 (85.3%)
no EHR 43 (14.7%)
p-values

Hereditary Breast and Ovarian Cancer Syndrome

HNP

HBOC positive 268 (0.6%)
HBOC negative 41567 (99.4%)
p-values

HBOC positive
notified 166 (61.7%)
not notified 102 (37.9%)
p-values

HBOC positive + notified
EHR 137 (82.5%)
no EHR 29 (17.5%)
p-values

Lynch Syndrome

HNP
LS positive 102 (0.2%)
LS negative 41733 (99.8%)
p-values

LS positive
notified 57 (55.3%)
not notified 45 (43.7%)
p-values

LS positive + notified

EHR 49 (86.0%)
no EHR 8 (14.0%)
p-values

Familial Hypercholesterolemia

HNP

FH positive 153 (0.4%)
FH negative 41682 (99.6%)
p-values

FH positive

notified 73 (47.4%)
not notified 80 (51.9%)
p-values

FH positive + notified

EHR 66 (90.4%)
no EHR 7 (9.6%)
p-values

*Test of statistical difference was Wilcoxon Rank Sum Test.
**Test of statistical difference was Fisher’'s Exact Test.
tStatistically significant after Bonferroni correction, p < 0.0014.

Age, Mean
(SD)*

51.7 (17.2)

50.1 (17.2)
51.7 (17.2)
0.0458

50.1 (17.7)
50.1 (16.6)
0.9025

50.5 (17.9)
475 (17.0)
0.3294

49.1 (17.1)
51.7 (17.2)
0.0183

49.0 (17.2)
49.3 (17.0)
0.7518

50.0 (17.1)
44.1 (17.3)
0.093

52.1 (17.9)
51.7 (17.2)
0.8365

51.6 (18.7)
52.7 (17.0)
0.8031

51.2 (19.1)
54.1 (16.6)
0.8094

50.4 (16.9)
51.7 (17.2)
0.3932

51.2 (18.1)
49.7 (15.8)
0.6323

50.7 (18.6)
55.3 (11.5)
0.4593

Female, n
(OA,)**

27836 (66.6%)

343 (66.1%)
27493 (66.6%)
0.8149

194 (66.2%)
149 (65.9%)
1.0000

166 (66.4%)
28 (65.1%)
0.863

166 (62.2%)
27670 (66.6%)
0.1342

102 (61.4%)
64 (63.4%)
0.7955

85 (62.0%)
17 (58.6%)
0.8341

72 (70.6%)
27764 (66.6%)
0.4619

41 (71.9%)
31 (68.9%)
0.8278

36 (73.5%)
5 (62.5%)
0.6735

106 (69.3%)
27730 (66.6%)
0.5478

52 (71.2%)
54 (67.5%)
0.726

46 (69.7%)
6 (85.7%)
0.665

White, n
(%)

33958 (81.3%)

429 (82.7%)
33529 (81.2%)
0.4287

261 (89.1%)
168 (74.3%)
0.0000"

228 (91.2%)
33 (76.7%)
0.0136

225 (84.3%)
33733 (81.2%)
0.2376

144 (86.7%)
81 (80.2%)
0.1681

123 (89.8%)
21 (72.4%)
0.0293

85 (83.3%)
33873 (81.3%)
0.7031

52 (91.2%)
33 (73.3%)
0.0301

45 (91.8%)
7 (87.5%)
0.5446

121 (79.1%)
33837 (81.3%)
0.4686

67 (91.8%)
54 (67.5%)
0.0003"

61 (92.4%)
6 (85.7%)
0.4663

Missing Demographic
Data, n
(%)

47 (0.1%)

1 (0.2%)
46 (0.1%)

0 (0.0%)
1 (0.4%)

0 (0.0%)
0 (0.0%)

1 (0.4%)
46 (0.1%)

0 (0.0%)
1 (1.0%)

0 (0.0%)
0 (0.0%)

0 (0.0%)
47 (0.1%)

0 (0.0%)
0 (0.0%)

0 (0.0%)
0 (0.0%)

0 (0.0%)
47 (0.1%)

0 (0.0%)
0 (0.0%)

0 (0.0%)
0 (0.0%)
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TABLE 2 | Relative abundance of unique diagnoses appearing in participant EHRs. Shaded diagnoses are considered to be sufficiently specific for clinical purposes.

Diagnoses

Genetic susceptibility to malignant neoplasm of breast
Genetic susceptibility to other malignant neoplasm
Genetic susceptibility to malignant neoplasm of ovary
Genetic susceptibility to malignant neoplasm of breast
BRCA2 gene mutation positive in female

Familial hypercholesterolemia

BRCA2 positive

Familial hypercholesterolemia

Lynch syndrome

Genetic susceptibility to malignant neoplasm of ovary
BRCAT1 positive

Breast cancer genetic susceptibility

BRCA gene mutation positive in female

BRCA gene mutation positive

BRCA positive

BRCA2 genetic carrier

BRCA2 gene mutation positive

BRCA gene positive

Genetic susceptibility to other malignant neoplasm
BRCA1 gene mutation positive

Genetic susceptibility to malignant neoplasm of prostate
Genetic susceptibility to breast cancer

Genetic carrier of other disease

PMS2-related Lynch syndrome (HNPCC4)

BRCA gene mutation positive in male

BRCA1 gene mutation positive in female

BRCA2 gene mutation positive in male

Other genetic carrier status (V83.89)

Genetic predisposition to breast cancer

Abnormal genetic test

Carrier of gene for Lynch syndrome

BRCA1 gene mutation positive in male

Genetic predisposition to malignant neoplasm of breast
Genetic susceptibility to ovarian cancer

Genetic predisposition to ovarian cancer

Genetic predisposition to disease

BRCAT1 genetic carrier

Genetic susceptibility to other disease

Breast cancer, BRCA2 positive, unspecified laterality (HCC)
Other genetic carrier status

Monoallelic mutation of PMS2 gene

PMS2 deficiency

MSH®6-related endometrial cancer (HCC)
MSH6-related Lynch syndrome (HNPCC5)

BRCA gene mutation test positive

Familial hypercholesterolemia due to heterozygous low density lipoprotein (LDL) receptor mutation
Familial hypercholesterolemia due to homozygous low density lipoprotein (LDL) receptor mutation

Summary
specific diagnoses (grey highlighted)
non-specific diagnoses

confirmatory testing during the initial counseling session.
One confirmatory test resulted in no finding. However,
among all notified participants with EHRs, 49 (19.6%) had
a referral for a LGC and 32 (15.1% of those without prior
knowledge) had a referral after notification.

Since our study period coincided with the COVID-19 pandemic,
we also reviewed the frequency of encounters and procedures for the
250 notified participants with EHR to ensure that our findings were
not affected by a persistent decline in healthcare services.
Supplementary Figure S1 shows that other than a temporary

N % ICD-9-CM ICD-10-CM
59  15.3 715.01
54 14.0 Z15.09
39 10.1 715.02
29 75 V84.01 715.01
16 4.2 V84.01,V84.02,V84.09  Z15.01, Z15.02, Z15.09
14 36 E78.01
13 34 V84.01 715.01, Z15.09
11 29 272 E78.01
11 29 V84.09 Z15.09
10 26 Vv84.02 715.02
10 26 V84.01 Z15.01, Z15.09
9 23 V84.01 Z15.01
9 2.3 V84.01,V84.02,V84.09 Z15.01, Z15.02, Z15.09
9 23 V84.01, V84.02 715.01, Z15.09
8 241 V84.01, V84.02 715.01, Z15.09
8 21 V84.01 715.01, Z15.09
8 241 V84.01 715.01, Z15.09
7 18 V84.01, V84.02 715.01, Z15.09
6 16 V84.09 715.09
6 16 V84.01 715.01, Z15.09
5 13 715.03
4 10 V84.01 715.01
3 08 7148
3 08 V84.09 715.09
3 08 V8401,V84.09,V84.03 Z15.01, Z15.03, Z15.09
3 0.8 V8401,V84.02,V84.09 Z15.01, Z15.02, Z15.09
3 0.8 V84.01,V84.03 V84.09 Z15.01, Z15.03, Z15.09
2 05 Vv83.89 7148
2 05 V84.01 715.01
2 05 795.2 R89.8
2 05 V83.89 7148
2 05 V84.01,V84.03 V84.09 Z15.01, Z15.09, Z15.03
1 03 V84.01 715.01
103 V84.02 715.02
1 03 V84.02 715.02
1 08 V84.89 Z15.89
1 03 V84.01 715.01, Z15.09
1 08 Z15.89
1 083 174.9, V84.01 ©50.919, 715.02, Z15.09
1 03 V83.89 7148
1 083 V84.09 Z15.09
1 03 758.5 Q99.8
1 08 182 C54.1
1 083 V84.09 715.09
103 V84.01 715.01, Z15.09
1 083 272 E78.01
1 03 272 E78.01
93 242 NA NA
202 7558 NA NA

decline in procedures and encounters at the beginning of the
pandemic, healthcare utilization levels for participants in this
study rebounded after several months to pre-pandemic levels.

DISCUSSION

The initial HNP model of returning CDC Tier 1 results was to
empower the participants with their results. This “hands-off”
approach relied on participants to act after notification and
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FIGURE 2| (A) (B) (C)—EHR timelines and survey responses for participants notified of findings. Each solid horizontal line represents a distinct participant medical

record, with the duration of the medical record relative to the participant’s notification date indicated by the span of the line. A patient’s medical record is defined to begin

with patient’s first record (procedure, diagnosis, or clinical encounter) and to end at the maximum date of the database (8/23/2021) or 1.5 years after the patient’s last

record, whichever comes first. If an event recorded in the notes occurs outside of this timespan, it is linked to the remainder of the patient record with a dotted line.

To preserve space, any event in the notes occurring at least 21 years prior to notification is marked on the x-axis as occurring “21 or more years prior”. The “first genetic
(Continued)
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FIGURE 2 | dx” is the first time that a diagnosis indicating a variant associated with a given

events, cerebrovascular events, or peripheral vascular disease) or cancer (breast, ovarian,

recorded. Since some diagnoses indicate a history of CVD or cancer, the disease may have

in years of a patient at the first event related to a patient’s finding, which is defined as a genetic diagnosis (all conditions); mammography, breast or ovarian cancer, or
mastectomy (HBOC, panel (A); colonoscopy, or colorectal or endometrial cancer (LS, panel (B); CVD diagnosis or LDL test (FH, panel (C). For FH (panel C), LDL test
colors indicate the concentration of LDL in mg/dL. If available, survey responses are displayed to the right of each patient’s timeline. Questions answered affirmatively
", while survey questions answered negatively (“No”) are marked with an empty box. Questions
not answered are left blank. From the left column to the right column, the questions are as follows: (1) “Did you receive positive genetic findings from the Healthy Nevada
Project?”, (2) “Were you aware of your genetic variant prior to participating in the Healthy Nevada Project?”, (3) “Have you shared your results with any of your healthcare

(“Yes”) or ambivalently (“Not sure” or “l don’t know”) are marked with an “x

providers?”, (4) “Are any of the providers you shared your results with a Renown/Hometown
you to follow?”, (6) “Are you currently following the action plan suggested by your provider?”.
notification in their EHR. For HBOC (panel A), records are considered to exhibit a possible

mammographies, or if there was a mastectomy/oophorectomy not preceded by cancer. For LS (panel B), records are considered to exhibit a possible change in care if
there was an increase in the frequency of colonoscopies. For FH (panel C), records are considered to exhibit a change in care if LDL levels decreased (at least temporarily)

to target levels (<100 mg/dl) after notification. For all conditions, participants with no change
knowledge were grouped according to whichever came first.

condition appears in a patient record. Points indicating CVD (ischemic heart
colorectal, or endometrial) are plotted at the earliest date a diagnosis was
been present earlier in the patient timeline. The red numbers indicate the age

Health associated provider?”, (5) “Did your provider design an action plan for
Patient records are grouped according to apparent participant responses to
change in care after notification if there was an increase in the frequency of

in care who had both prior presentation of disease (cancer or CVD) and prior
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counseling. This approach provides an opportunity to examine
how Tlpos participants respond to notification and how
efficiently those responses are recorded in the EHR and acted
upon. Thus, the results of this analysis could provide a guide to
other projects that are returning genetic results, and thereby
enhance the effectiveness of population-based genetic screening
(PbGS) in general.

Many studies that examine the outcomes of delivering
actionable genetic findings to previously undiagnosed
individuals do so in a clinical setting, and the clinical
documentation of the finding is a given (Godino et al., 2016;
Menko et al., 2019; David et al., 2021). It cannot be assumed that
participants will act upon the information entrusted to them,
even when the information is potentially life altering (as clearly
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shared results
recalled with provider?

notification?

Yes (1 missing)

107
respondents

89
83%

No No
had prior
18 (17%) knowledge?
13 (15%)
No
30 (34%) e
(1 missing)

59
55%

No

9 (15%)

All survey respondents with EHRs

76
71%

50
47%/85%

Subset of respondents without prior knowledge of condition

FIGURE 3 | Flow chart of participant survey responses for participants with a finding, who were notified of their finding, and who had an electronic health record.

The lower branch of the flow chart examines participants who did not have prior knowledge of their findings, while the upper branch examines all participants.
Percentages in blue text are calculated out of the total number of respondents, percentages in red text are calculated out of the number of respondents who reported no
prior knowledge (or whose response was missing for that question), and percentages in black are calculated out of the number of respondents in the previous box.

From the left to right, the survey questions are as follows: (1) “Did you receive positive genetic findings from the Healthy Nevada Project?”, (2) “Were you aware of your
genetic variant prior to participating in the Healthy Nevada Project?”, (3) “Have you shared your results with any of your healthcare providers?”, (4) “Did your provider
design an action plan for you to follow?”, (5) “Are you currently following the action plan suggested by your provider?”.

received action following
plan from action plan?
provider?

Yes /1am not
sure

Yes
51

48%

47
44%
No

25 (33%) 4 (8%)

Yes /1 am not
sure

32
30%/54%

30
28%/51%

18 (36%) 2 (6%)

indicated in their initial informed consent) and the individual is
provided with professional advice regarding recommended
action. This is especially true when testing was unsolicited as
part of a research project, but even when testing was solicited,
responses to pathogenic genetic findings may be influenced by an
individual’s culture, family interactions, and life philosophy
(Press et al., 2000; Binetti et al., 2006; Godino et al., 2016;
Bijlsma et al, 2018). For instance, an individual’s balance
between desire for control versus belief in fate may play a
significant role in their response (Zimmermann et al., 2020).
Additional factors such as age or prior presentation of T1pos
related disease (such as breast cancer for an individual with
HBOC) play a role as well. For these and other reasons, it has
been shown that the uptake of pre-symptomatic genetic testing is
considerably lower than 100% even for at-risk individuals (Finlay
et al., 2008; George et al., 2015; Menko et al., 2019; Actkins et al.,
2021; David et al., 2021). Considering that 9.1% of surveyed
Tlpos participants with an EHR record had prior, EHR-
documented knowledge of their condition and additional
participants  already had interventions due to prior
presentation of their underlying risk, it is perhaps not
surprising that just 71% of Tlpos Participants with EHR
record indicated that they shared their results with their
healthcare providers (Figure 3).

Shortcomings of Documentation in the EHR
Although most participants shared their pathogenic genetic screening
T1pos results with their healthcare providers, we observed a much
lower rate of documentation of those results in their EHR (Figure 1).
Survey results indicate that participants’ sharing their previously
unknown genetic finding with their provider increases the

likelihood of its documentation in the medical record. However,
even when a participant says they have shared their results, less than
11% of such participants had a sufficiently specific diagnosis in their
PLs. Since the PL is the primary method for indicating and sharing a
patient’s active health problems between providers, these low
documentation rates in the PL are especially worrisome. The
discordance between sharing the results with providers and
recording the finding in the EHR was not due to participants’
reluctance to have the finding documented and thus argues that
the “hands-oft” approach is not necessarily problematic but would
benefit from overcoming some of the gaps in knowledge providers
have with genetic testing and clinical decision support of genetic
testing positive findings. The low EHR documentation rate does not
appear to be due to participants’ reluctance to have the finding
documented. It occurs despite significant promotional efforts within
Renown in support of the HNP.

Even when findings were recorded, quite often diagnoses were
not as specific as they could have been, considering the available
nDxs in the EHR system. A diagnosis of “Genetic susceptibility to
other malignant neoplasm” (Z15.09, 54 instances, Table 2) is too
vague to inform clinical action. Similarly, recording “Genetic
susceptibility to malignant neoplasm of ovary” (Z15.01) as a
single code to document a finding of BRCAI or BRCA2 does
not convey the scope of the risk (as BRCAI and BRCA2 also
increase the risk of cancer of the breasts and other organs). Such
non-specific coding may prevent appropriate risk-reduction
interventions from being implemented. However, codes
documenting specific variants were occasionally used (Table 2),
indicating that more specific nDxs are available to providers.

We also observe cases where specific codes were used for
documenting FH without the support of required clinical criteria.
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“Familial hypercholesterolemia” diagnosis (ICD-10-CM E78.01)
is mostly used for patients without documented genetic findings
of FH or evidence that a clinical criteria such as the DLCN was
applied, thus reducing its significance, and necessitating the
recording of a genetic variant for a provider to be certain that
a patient was FH-T1pos. However, we could only find two such
records for T1pos participants with FH.

The frequent use of non-specific diagnoses may simply reflect the
widespread use of ICD-10-CM codes for clinical documentation and
their relative inappropriateness for documenting genetic findings
(Topaz et al, 2013; DeAlmeida et al., 2014; Fung et al,, 2014). In
contrast to ICD-10-CM, SNOMED CT® has specific codes for
BRCA1 or BRCA2 variants (SNOMED CD IDs 412734009/
412738007 respectively). The use of non-specific diagnoses may
also reflect documented issues in current EHRs with effective
integration of genetic data with patient medical records (Kho
et al, 2013) as well as issues with template designs, such as
having to select codes from exhaustive lists.

However, another possibility may be that healthcare personnel
are uncomfortable dealing with genetic testing and the resulting
findings. Numerous studies have shown that healthcare
personnel, especially in the primary care setting, do not feel
adequately equipped to order genetic tests or interpret,
communicate, and follow up on such results (Overby et al,
2014; George et al, 2015; Hamilton et al., 2017; Hann et al,
2017; Briggs et al., 2018; Hauser et al., 2018; Laforest et al., 2019;
Menko et al., 2019; Demeshko et al., 2020). Reservations
regarding insurance discrimination and the social impact the
findings might have for the patient play a role as well, although we
note that only one person in the results herein asked to have no
mention of the finding in the medical record. Additionally,
physicians may not pay attention to unsolicited genetic results
within EHRs (eMERGE (Gottesman et al., 2013; Williams et al.,
2019; Nestor et al., 2021)) and it may be unclear to healthcare
personnel who is responsible for positive genetic testing results
(Pet et al., 2019). Ours was not a usability study and we cannot
attribute the relative weight of the factors that may contribute to
the observed poor documentation. Nevertheless, it is likely that if
integrated clinical decision support tools were available for the
PCPs seeing patients with CDCT1 findings, better documentation
rates would follow. Such tools might suggest the appropriate
diagnostic codes for the condition, the risk and the genetic variant
detected, as well as recommended follow up steps and intervals.

Importance of Testing Early

Although we could not demonstrate improved practice patterns
following T1Pos-finding notification for most participants
(Figures 2A-C), many of the participants failed to benefit due
to their old age, prior knowledge of their condition, prior
presentation of outcomes, and prior interventions related to
their findings. It is also possible that, because of the voluntary
nature of the HNP, participants tend to be more health conscious
than the general population and that this paradoxically
contributed to our inability to detect improved practice

°SNOMED International. https://www.snomed.org/.
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patterns. Nevertheless, our results suggests that the timing of
the genetic testing was a key factor. Had genetic screening been
conducted earlier in life, many more participants would have
benefited from T1Pos notification. Other studies (including our
previous HNP publication) have reported similar findings
(Grzymski et al., 2020; Guzauskas et al., 2020; Patel et al., 2020).

Since genetic testing after the presentation of a disease is clearly
suboptimal, mandated testing in younger adult populations should be
considered as a possible solution. In Nevada, a recently signed bill
(SB251 (Nevada Legislature, 2021)), based on 42 U.S.C. 300gg-13
(GOVINFO, 2010), requires PCPs to obtain genetic counseling in
compliance with the USPSTF recommendation (US Preventive
Services Task Force, Owens et al., 2019) for risk assessment and
possible genetic counseling and testing for all women with “a personal
or family history of breast, ovarian, tubal, or peritoneal cancer or who
have an ancestry associated with breast cancer susceptibility”. Even
though the USPSTF recommendations were published in 2019, our
review of the EHR indicates that widespread genetic screening under
those circumstances is not yet common practice, especially if there
was no evidence of relevant family history. Others have reported
similarly low rates (Cham et al., 2022). Mandates such as Nevada’s
may help identify many individuals at a younger age, prevent
additional malignancies, and expand the scope of prevention by
cascade testing. However, without sustained educational efforts
within the general and medical communities, these types of efforts
are more likely to increase screening after the presentation of
symptoms rather than improve the ascertainment of family
history in the medical record that will yield much earlier detection
and risk reduction.

Similar Studies

We are not aware of directly comparable studies attempting to
measure the clinical outcomes of a “hands-off” return of results
approach. The most similar study is probably Buchanan et al.
(2020), which reported on the clinical outcomes of Geisinger’s
genomic medicine experience (Williams et al., 2018), and their
clinical data extraction and evaluation methods were similar.
They provide similar information concerning diagnostic
documentation and risk management, but in a different
clinical setting and initiative design. In their report, post-
disclosure diagnoses were evident in the EHRs of 13.4% of
participants without prior knowledge, a rate comparable to the
rate we observed in the PL. However, Buchanan et al. reported a
much higher rate of post-disclosure risk management activities
(70.2%) than we observed in our study. This may be because the
definition of risk management activities used by Buchanan et al.
for the T1lpos conditions was significantly more encompassing
(especially for FH) than our definition of behavior change.
Nevertheless, the most likely cause of the difference in
outcomes between our study and Buchanan et al. is the more
integrative and proactive design of the Geisinger initiative.

Limitations

A limitation of our study was the structure of healthcare in
northern Nevada, where some subspecialties are predominantly
private practice groups that have not provided us with access to
their medical records. However, our review of the clinical notes
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indicated that procedures outside the reach of Renown’s Epic
EHR are often documented in clinical notes during subsequent
visits at Renown. Thus, even if a participant’s PCP was not an
affiliated Renown physician and user of Renown’s Epic EHR
system, it is reasonable that a significant genetic finding would
eventually appear in the EHR record, given the typical rate of
encounters at Renown and follow up time. We believe that the
partial availability of clinical data due to the gradual
implementation of Renown’s EHR from 2006 to 2011 had a
minimal effect with regards to the recorded date of the finding but
no effect on its actual documentation. When possible, additional
specific dates were incorporated upon review of clinical notes.

Our review of EHR data was conducted at least 10 months
after T1pos notification by the HNP. This was deemed sufficient
time to allow T1pos participants to share their results with their
physicians and for the findings to appear in the medical record.
The existence of private practice groups was also the reason that
for procedures such as colonoscopies, we considered orders as
well as completed procedures. Although Renown’s coverage of
primary care is roughly 50% in northern Nevada, at least 59% of
survey respondents who shared their results shared with a
Renown provider, suggesting a higher capture rate in our
population. Although this was a single center study, the
training and practice of medicine are comparable to other
integrated networks and medical centers and our results
should be considered in that broader context.

Additional Observations

While our survey was not designed to evaluate how likely
participants were to share their results with different types of
family members, more than 90% of respondents indicated that
they shared their finding with family. This level of uptake is
comparable to the highest levels reported by others (Menko et al.,
2019).

From the limited data set obtained from the third-party
vendor that provides the genetic counseling, it is worth noting
that more than half declined confirmatory testing and only 19%
completed confirmatory testing. Thus, it seems that there is little
value in recommending confirmatory testing. Financial or
insurance considerations did not appear to be a significant
contributing factor to the low rate of confirmatory testing. It
may have been that HNP assurances regarding the robustness of
the genetic testing results negated the importance of seeking
confirmation for some participants.

The COVID-19 pandemic overlapped with our study
period. We examined the possibility that this might have
reduced participant utilization of healthcare, and thus
affected our ability to detect responses to notification in
the EHR. However, after a 2-4-month period of decreased
utilization at the beginning of the pandemic, utilization
rebounded to pre-pandemic levels (Supplementary Figure
S1). Given that the minimum observation time was at least 10
months, we believe the pandemic had a minimal effect on our
ability to detect responses to T1pos notification.

Only 60% of Tlpos consenting participants with EHR were
successfully notified and counselled, but the HNP has observed
that the notification success rate was significantly higher when

Incomplete Penetrance of Findings in EHR

participants were contacted by Renown physicians than when
they were contacted by the third-party vendor. This is likely due
to Renown’s name recognition by participants. However, the
third-party vendor success rate appears to be comparable to the
rest of the industry. This highlights the need to find much more
effective ways of reaching out to Tlpos participants. Lack of
notification was also associated with being non-white, who are
underrepresented in the HNP (Table 1). This is likely a reflection
on the socioeconomic disparities of certain non-white ethnic
groups in northern Nevada’, negatively affecting their
communication means and access to healthcare. Modifications
to the HNP protocol including integration of the study into the
EHR and improvements to the clinical decision support available
to Renown Health providers will help address these disparity gaps
moving forward.

Conclusion
As a result of these findings and in conjunction with the new
state law, SB251, Renown and the HNP have made significant
changes including obtaining informed consent to report
positive findings directly into the medical record of the
consented patient. We have expanded physician and other
provider education, created order sets within the EHR
specific to the CDC Tier 1 conditions, as well as study-
and CDC Tier 1-specific tip sheets for providers.
Altogether, our findings indicate significant missed
opportunity to maximize the benefit of the HNP voluntary
population-based genetic screening and suggests that a
change of design is required when it comes to the
integration of the results into the participants’ medical
record. Relying on participants to share their Tlpos status
with their healthcare providers appears to be inefficient,
suggesting that a much more proactive approach should be
taken. To improve results, we propose that participants’
consent be obtained at the time of recruitment for the
study to automatically integrate Tlpos findings with their
EHR and to directly contact the participants’ healthcare
providers. Persistent training of medical staff regarding
CDC Tier 1 conditions is also needed to maintain a high
level of awareness of the significance of such results and
ensure appropriate documentation. Medical staff should use
the most specific available codes and should document the
findings in the PL. Failing to document findings in the PL
could result in a loss of knowledge regarding the patients’ at-
risk status for years to come. However, as Nestor et al. (2021)
showed, even documented findings can often be ignored. This
highlights the need for continued outreach to Tlpos
participants and especially their healthcare providers on
follow-up steps and documentation that needs to be taken
to effectively manage disease risk and to ensure optimal
outcomes of PbGS.

’United states Census Bureau. https://data.census.gov/cedsci/. Washoe County,
NV Tables: Personal Income—B19301A-G,I, Household Tenure—B25003A-G, 1,
Geographic Mobility—S0701, Educational Attainment—S1501,
Uninsured—S2702, Internet by Household Income—S2801.
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Introduction: With increasing utility and decreasing cost of genomic sequencing,
augmentation of standard newborn screening (NBS) programs with newborn genomic
sequencing (NGS) has been proposed. Before nGS can be integrated into newborn
screening, parents’ perspectives must be better understood.

Objective: Using data from surveys administered to parents of healthy newborns who
were enrolled in the BabySeq Project, a randomized clinical trial of nGS alongside NBS, this
paper reports parents’ attitudes regarding population-based NBS and nGS assessed
3 months after results disclosure.

Methods: Parental attitudes regarding whether all newborns should receive, and whether
informed consent should be required for, NBS and nGS, as well as whether nGS should be
mandated were assessed using 5-point scales from strongly disagree (=1) to strongly
agree (=5). Parents’ interest in receiving types of results from nGS was assessed on a 5-
point scale from not at all interested (=1) to very interested (=5). Survey responses were
analyzed using Fisher’s exact tests, paired t-tests, and repeated measures ANOVA.

Results: At 3 months post-disclosure, 248 parents of 174 healthy newborns submitted a
survey. Support for every newborn receiving standard NBS (mean 4.67) was higher than
that for every newborn receiving nGS (mean 3.60; p < 0.001). Support for required
informed consent for NBS (mean 3.44) was lower than that for nGS (mean 4.27, p < 0.001).
Parents’ attitudes toward NBS and nGS were not significantly associated with self-
reported political orientation. If hypothetically receiving nGS outside of the BabySeq
Project, most parents reported being very interested in receiving information on their
baby’s risk of developing a disease in childhood that can be prevented, treated, or cured
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(86.8%) and their risk of developing a disease during adulthood that can be prevented,

treated, or cured (84.6%).

Discussion: Parents’ opinions are crucial to inform design and delivery of public health
programs, as the success of the program hinges on parents’ trust and participation. To
accommodate parents’ preferences without affecting the current high participation rates in
NBS, an optional add-on consent to nGS in addition to NBS may be a feasible approach.
Trial Registration ClinicalTrials.gov Identifier: NCT02422511.

Keywords: newborn screening (NBS), newborn sequencing, genomic sequencing, ELSI, ethics, exome sequencing,

newborn genomic sequencing

INTRODUCTION

Since starting in the 1960s as a single screening test for
phenylketonuria (PKU), developed by Dr. Robert Guthrie,
newborn screening (NBS) has expanded in the United States
into an extremely successful mandated public health program
(Koppaka 2011; CDC 2020; Baby’s First Test 2021). While there
are differences between states on the number and types of
conditions that are screened, most states use a similar
approach to mandating newborn screening, including an opt-
out policy that does not require parental informed consent (Lewis
and Botkin 2019). Current state-based programs can use tandem
mass spectrometry to screen for over 50 different conditions to
allow for presymptomatic detection, diagnosis, and treatment of
conditions for which early intervention can reduce morbidity,
mortality, and the social burden of disease (Cipriano et al., 2007;
Therrell et al., 2015; Johnson and Wile 2017).

Building on the established success of NBS programs, some
have proposed that there could be even greater public health
impact if genomic sequencing (GS) were incorporated
alongside current screening modalities (Genetic Alliance
and District of Columbia Department of Helath 2010; Groft
etal., 2017). Increases in the speed and affordability of GS have
rendered it a feasible option for consideration as a population-
based screening tool (Groft et al., 2017). The addition of
newborn GS (nGS) to NBS programs would enable
screening for more conditions than current methods alone,
with the potential to benefit more families (Berg and Powell
2015; Wojcik et al., 2021). A study comparing screening results
between nGS by exome sequencing and standard public health
dried blood spot NBS found that the two modalities provided
complementary information, with sequencing
identifying genetic risk for conditions not detected through
standard NBS in 9.4% of sequenced newborns (Wojcik et al.,
2021). Additionally, although genomic sequencing has not
been found to be adequately sensitive or specific to be an
appropriate stand-alone screening test, combining standard
NBS with nGS could increase the specificity of NBS and reduce
the rates of false positives.(Bodian et al., 2016; Adhikari et al.,
2020; Wojcik et al., 2021). In the same study comparing nGS
and standard NBS results, nine infants were standard NBS
positive but negative on exome sequencing. Seven of these
infants were determined to be falsely positive on standard NBS
(Wojcik et al., 2021).

exome

Despite its potential, nGS raises both ethical concerns and
implementation challenges that would need to be addressed
before the integration of GS into existing NBS programs could
be seriously considered (Pereira et al., 2021; Tarini 2021). In order
to define and understand all relevant features of implementation,
policy makers must consider input from many stakeholders,
including parents. Consideration of parent perspectives is
crucial in the development of ethical policies regarding the
inclusion of nGS into NBS. Hypothetical parental interest in
GS as a newborn screening tool has been reported (Goldenberg
et al., 2014; Waisbren et al., 2015). However, opinions on many
policy-relevant questions, such as whether all newborns should
receive nGS, whether informed consent should be required
(unlike most current NBS programs), and which types of
results should be returned, have only recently started to be
explored (Goldenberg et al., 2014; Lewis et al., 2018; Moultrie
et al,, 2020). In this paper, we present findings from surveys
conducted with parents of healthy newborns who were enrolled
in the BabySeq Project, a randomized clinical trial of nGS. We
examine parental opinions regarding NBS and nGS universal
application, parental informed consent, and types of nGS results
to be disclosed that can inform discourse and policymaking
regarding the addition of nGS to NBS.

MATERIALS AND METHODS
Study Participants and Design

The BabySeq Project is a series of randomized clinical trials
designed to assess the medical, behavioral, and economic
impact of nGS on infant care. The full study design of the first
trial, from which we report results here, has been previously
published (Holm et al., 2018). In the initial trial, two cohorts of
parents and newborns were recruited to participate: parents with
newborns admitted to the intensive care units (ICUs) at Brigham
and Women’s Hospital (BWH), Massachusetts General Hospital,
and Boston’s Children’s Hospital; and parents with apparently
healthy newborns admitted to the BWH Well Baby Nursery. Each
family was randomly assigned to receive either the standard NBS
and a detailed family history report only (control group), or the
same plus their infant’s exome sequencing report (nGS group).
The exome sequencing report included monogenic disease risk
results, ie., pathogenic or likely pathogenic variants in
approximately 1000 genes associated with actionable or non-
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actionable childhood-onset conditions. Carrier status for
recessive conditions was also returned. Monogenic disease risk
results on highly actionable adult-onset conditions with available
prevention strategies or treatment options that could impact
outcome (as per the ACMG SF v2.0 list), as well as
pharmacogenomic variants relevant during childhood, were
also returned (Kalia et al., 2017). Adult-onset conditions were
not included in the original study protocol but were later added in
response to ethical concerns that arose around withholding
actionable findings that may benefit the child by benefitting
the parents or other family members (Holm et al., 2019). For
participants enrolled after the protocol change, accepting results
on actionable adult-onset conditions was a condition for
enrollment. Participants who were enrolled prior to the change
were contacted and given the option to consent to receive results
related to adult-onset conditions (Holm et al., 2019). Reports
were disclosed to families by a genetic counselor associated with
the study before the reports were integrated into the electronic
medical record and sent to pediatricians. Throughout the study,
parents were surveyed on their experiences and their perspectives
on the value of nGS. Surveys were administered at baseline,
immediately post-disclosure, 3 months post-disclosure, and
10 months post-disclosure.

While the initial protocol involved limited recruitment of
parents whose infants were in the ICUs, here we present
findings only from surveys administered to parents enrolled
from the healthy baby cohort, as this group is likely to be
most representative of the general population of parents for
whom population-based screening via nGS, to augment NBS,
would be relevant. At baseline and 3 months post-disclosure, we
assessed parental attitudes regarding whether every baby should
receive NBS and GS at birth, whether informed consent should be
required for these tests, and whether the state should require all
newborns to receive GS at birth. We focus here on post-disclosure
responses, as baseline survey results have been reported
elsewhere, and this allows parents’ responses to be informed
by their participation in the study (Pereira et al., 2019). Further,
we examine attitudes assessed at 3 months post-disclosure
regarding the types of results parents would want to receive
from GS.

Available data from both parents of a newborn from the first
trial were included in the analytic data set, and missing values
were not imputed. Baylor College of Medicine’s Institutional
Review Board (IRB), The Partners (now Mass General
Brigham) Human Research Committee, and Boston Children’s
IRB approved all aspects of the BabySeq Project. This trial is
registered at ClinicalTrials.gov (NCT02422511). The data
supporting the assertions of this article will be made available
by the authors upon request.

Measures

Parental attitudes regarding whether all newborns should receive,
and whether informed consent should be required for, NBS and
nGS, as well as whether nGS should be mandated, were assessed
using five items in both the baseline and the 3-month post-
disclosure surveys. This section of each survey began with a
description of NBS and nGS. Novel survey items were designed to

Parents Attitudes Toward Newborn Sequencing

assess whether parents’ agreed or disagreed with the following
statements: 1) every newborn should receive standard NBS, 2)
parental informed consent should be required for standard NBS,
3) every newborn should receive genomic sequencing, 4) parental
informed consent should be required for genomic sequencing of a
newborn, and 5) the state should require that all newborns receive
genomic sequencing. Responses were collected on a 5-point
Likert-type scale (“agreement scale”) from strongly disagree
(=1) to strongly agree (=5).

Additionally, all parents were asked at 3 months post-
disclosure how interested they would be in receiving the
following types of information about their baby outside of the
BabySeq Project, for example with their doctor or via a third-
party service as a non-research participant. Options included: I)
diseases that develop during childhood that can be prevented,
treated or cured (i.e., actionable); 2) diseases that develop during
childhood that can NOT be prevented, treated, or cured, (i.e., non-
actionable); 3) diseases that develop during adulthood that can be
prevented, treated, or cured; 4) diseases that develop during
adulthood that can NOT be prevented, treated, or cured; 5)
carrier status, and 6) variants of uncertain significance (VUSs).
Carrier status was defined for parents as “information about
genetic changes that my baby may have that would not cause
disease in my baby but that he/she could potentially pass on to his
or her own future children, or that could affect my other
children.” A VUS was defined for parents as “information that
the researchers or doctors have not seen before or do not fully
understand.” For each type of information, parents were asked to
indicate their interest on a 5-point Likert-type scale (“interest
scale”) from not at all interested (=1) to very interested (=5).

If a parent agreed or strongly agreed that every newborn
should receive GS at 3 months post-disclosure, they were asked to
indicate whether results in each of the categories described above
(actionable and non-actionable childhood onset conditions,
actionable and non-actionable adult-onset conditions, carrier
status, and VUS) should be returned to parents, with multiple
selections possible. This question was designed to assess parents’
views on which results they felt were appropriate to include in
screening reports to all newborn parents after mandated nGS
screening, as this may differ from the types of results they would
want for their own child (asked of all parents, as described in the
previous paragraph).

We collected information about parents’ demographic
characteristics at baseline. Parents’ political orientation was
measured at 3 months post-disclosure using the 11-point
political orientation scale from 0 to 10 with labels of Liberal
(=0), Moderate (=5), and Conservative (=10) (Kroh 2007).

Data Analysis

Descriptive statistics were calculated for parents’ demographic
characteristics (at baseline and 3 months post-disclosure) and
survey responses at 3 months post-disclosure. Responses to the 5-
point agreement and interest scales were analyzed using
Wilcoxon rank sum tests to compare parents level of
agreement with statements or interest in receiving various
types of information from genomic sequencing between
parents of families who were randomized to the control and
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TABLE 1 | Demographic characteristics of parents who completed baseline and 3 months post-disclosure surveys.

Control (n = 106)

Gender

Female 62 (58.5%)

Male 44 (41.5%)
Race

Asian 8 (8.1%)

Black or African American 4 (4.0%)

More than one race 4 (4.0%)

Other 3 (8.0%)

White 80 (80.8%)
Ethnicity

Non-Hispanic 82 (90.1%)

Hispanic or Latino 9 (9.9%)
Education level

Less than Bachelor’s 7 (6.6%)

Bachelor’s or higher 99 (93.4%)
Household income

$0-$99,999 18 (17.1%)

> $100,000-199,999 47 (44.8%)

> $200,000 40 (38.1%)
Patient is parents’ first child

No 48 (50.5%)

Yes 47 (49.5%)
Monogenic disease risk finding

No monogenic disease risk N/A

Monogenic disease risk finding N/A

nGS, newborn genomic sequencing. NA, not applicable

nGS groups. For each attitude question asked at 3 months post-
disclosure, we used paired sample t-tests to compare parents’
responses regarding NBS to those regarding nGS. Additionally,
attitudes assessed at 3-month post-disclosure were analyzed on
the 5-point agreement scale by randomization arm and political
orientation using Fisher’s exact tests. To facilitate analysis, we
combined responses on the political orientation scale to create
three categories: liberal (0-3 on original scale), moderate (4-6), or
conservative (7-10). We used repeated measures analysis of
variance (ANOVA) to assess the effect of randomization arm
on parents’ attitudes regarding whether every newborn should
receive each test at birth, whether informed consent should be
required for each test, and whether the state should require that
all newborns receive genomic sequencing at birth from baseline to
3 months post-disclosure. For ANOVA, Survey responses on the
5-point agreement scale were combined for “disagree” and
“strongly disagree” (=1) and “agree” and “strongly agree” (=3)
and analyzed on a 3-point scale with neither agree nor disagree as
the midpoint (=2).

RESULTS

A total of 406 parents of 257 healthy newborns were enrolled in
the healthy baby cohort and responded to demographic questions
in the baseline survey (Pereira et al., 2019). Among these parents,
248 parents of 174 healthy newborns also submitted a survey at
3 months post-disclosure. Demographic characteristics did not
differ between parents who responded at baseline and who
responded at 3 months post-disclosure, except for educational

nGS (n = 142) Total (n = 248) p-value
0.318
74 (52.1%) 136 (54.8%) —
68 (47.9%) 112 (45.2%) -
0.299
18 (14.1%) 26 (11.5%) -
2 (1.6%) 6 (2.6%) -
2 (1.6%) 6 (2.6%) —
2 (1.6%) 5 (2.2%) -
104 (81.2%) 184 (81.1%) -
0.098
115 (95.8%) 197 (93.4%) -
5 (4.2%) 14 (6.6%) -
0.892
10 (7.0%) 17 (6.9%) —
132 (93.0%) 231 (93.1%) -
0.334
19 (13.7%) 37 (15.2%) -
54 (38.8%) 101 (41.4%) -
66 (47.5%) 106 (43.4%) -
0.133
53 (40.5%) 101 (44.7%) -
78 (59.5%) 125 (55.3%) -
127 (89.4%) 127 (89.4%) N/A
15 (10.6%) 15 (10.6%) N/A

attainment; a higher proportion of parents who responded at
both time points had a bachelor’s degree or higher (93%),
compared to those who only responded at baseline (86%; p =
0.028). Table 1 presents self-reported characteristics of parents
who responded at 3 months post-disclosure. Thirty parents who
responded to the 3 months post-disclosure survey did not
respond to the baseline survey, and therefore their
demographic characteristics are not available.

Parental Attitudes Regarding Standard NBS
and nGS

Table 2 presents parents’ attitudes regarding standard newborn
screening and newborn genomic sequencing by study arm at
3 months post-disclosure. A majority of parents in both the
control arm (96/122, 78.7%) and in the nGS arm (115/162,
71.0%) strongly agreed that every newborn should receive
NBS. There was not a statistically significant interaction
between the effect of study arm and time on agreement that
every newborn should receive NBS (F(1, 250) = 0.20, p = 0.655).
Average agreement among parents that every newborn should
receive standard NBS (mean 4.67) was higher than that every
newborn should receive GS (mean 3.60; p < 0.001). At 3 months
post-disclosure, 18.5% (23/124) of parents in the control arm and
16.7% (27/162) of parents in the nGS arm strongly agreed that
every newborn should receive nGS. There was no statistically
significant interaction between study arm and time on agreement
that every newborn should receive nGS (F(1, 252) = 0.66, p =
0.416). Parents’ average agreement that informed consent should
be required to perform NBS (mean 3.44) was lower than that for
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TABLE 2 | Parents’ attitudes regarding standard newborn screening and newborn genomic sequencing by study arm.

Every newborn should receive standard newborn screening
Strongly disagree

Disagree

Neither agree nor disagree

Agree

Strongly agree

Every newborn should receive genomic sequencing
Strongly disagree

Disagree

Neither agree nor disagree

Agree

Strongly agree

The state should require that all newborns receive genomic sequencing at birth

Strongly disagree
Disagree

Neither agree nor disagree
Agree

Strongly agree

Parental informed consent should be required for standard newborn screening

Strongly disagree
Disagree

Neither agree nor disagree
Agree

Strongly agree

Parental informed consent should be required for genomic sequencing
Strongly disagree
Disagree

Neither agree nor disagree
Agree

Strongly agree

nGS (mean 4.27, p < 0.001). At 3 months post-disclosure, 29.0%
(36/124) of parents in the control arm and 26.5% (43/162) of
parents in the nGS arm strongly agreed that parental informed
consent should be required for NBS, while 49.2% (61/124) of
parents in the control arm and 44.7% (72/161) of parents in the
nGS arm strongly agreed that parental informed consent should
be required for nGS. There was not a statistically significant
interaction between study arm and time on agreement that
informed consent should be required for either NBS (F(1, 251)
= 0.52, p = 0.470) or for nGS (F(1, 250) = 0.07, p = 0.794).

Parents’ opinions were divided as to whether states should
require nGS in a manner similar to state mandated NBS. Overall,
while 9.9% of parents strongly agreed that the state should require
nGS, 8.5% strongly disagreed, and 35.1% of parents neither
agreed nor disagreed. Only 11.4% (14/123) of parents in the
control arm and 8.8% (14/159) of parents in the nGS arm agreed
that the state should require that all newborns receive genomic
sequencing at birth. There was not a statistically significant
interaction between study arm and time on agreement that the
state should require that all newborns receive genomic
sequencing at birth (F(1, 248) = 1.74, p = 0.187).

Parents’ attitudes regarding NBS and nGS were not
associated with self-reported political orientation (Table 3).
Strong agreement that every newborn should receive
standard NBS was high among self-identified liberals
(77.6%), moderates (78.5%), and conservatives (74.3%; p =
0.187). While 26.4% of liberals, 34.2% of moderates, and

Control nGS Total p-value
n=122 n=162 n =284 0.652
0 (0.0%) 1(0.6%) 1(0.4%) —
1 (0.8%) 2 (1.2%) 3 (1.1%) -
4 (3.3%) 7 (4.3%) 11 (3.9%) -
21 (17.2%) 37 (22.8%) 58 (20.4%) —
96 (78.7%) 115 (71.0%) 211 (74.3%) -
n=124 n=162 n =286 0.435
3 (2.4%) 7 (4.3%) 10 (3.5%) -
10 (8.1%) 14 (8.6%) 24 (8.4%) —
43 (34.7%) 42 (25.9%) 85 (29.7%) -
45 (36.3%) 72 (44.4%) 117 (40.9%) -
23 (18.5%) 27 (16.7%) 50 (17.5%) -
n=123 n =159 n =282 0.654
11 (8.9%) 13 (8.2%) 24 (8.5%) -
28 (22.8%) 41 (25.8%) 69 (24.5%) —
47 (38.2%) 52 (32.7%) 99 (35.1%) —
23 (18.7%) 39 (24.5%) 62 (22.0%) —
14 (11.4%) 14 (8.8%) 28 (9.9%) —
n=124 n=162 n =286 0.436
9 (7.3%) 19 (11.7%) 28 (9.8%) —
28 (22.6%) 26 (16.0%) 54 (18.9%) —
18 (14.5%) 30 (18.5%) 48 (16.8%) —
33 (26.6%) 44 (27.2%) 77 (26.9%) -
36 (29.0%) 43 (26.5%) 79 (27.6%) —
n=124 n =161 n =285 0.884
2 (1.6%) 4 (2.5%) 6 (2.1%) —
3 (2.4%) 6 (3.7%) 9 (3.2%) -
7 (5.6%) 12 (7.5%) 19 (6.7%) —
51 (41.1%) 67 (41.6%) 118 (41.4%) -
61 (49.2%) 72 (44.7%) 133 (46.7%) -

20.0% of conservatives strongly agreed that informed consent
should be required for NBS (p = 0.359), 48.5, 50.6, and 26.7%,
respectively, strongly agreed that informed consent should be
required for nGS (p = 0.247).

Parent Preferences on Results

At 3 months post-disclosure, parents indicated their interest in
receiving several possible types of GS results for their baby if their
baby were to receive GS outside of the BabySeq Project (Table 4).
A majority of parents reported being very interested in receiving
information on their baby’s risk of developing a disease in
childhood that can be prevented, treated, or cured (86.8%);
risk of developing a disease during childhood that can NOT be
prevented, treated, or cured (50.7%), baby’s risk of developing a
disease during adulthood that can be prevented, treated, or cured
(84.6%); and carrier status (70.8%). Only 42.0% of parents
reported being very interested in receiving VUS results, and
only 47.7% reported being very interested in learning their
baby’s risk of developing a disease during adulthood that can
NOT be prevented, treated, or cured. There were no differences in
interest levels for receiving any result type between the control
and nGS group (all p > 0.144).

Among parents who strongly agreed or agreed that every
newborn should receive nGS at 3 months post-disclosure (n =
167), the most frequently selected categories of findings that
should be returned to parents were actionable findings in
childhood (98.8%) and adulthood (94.0%; Figure 1).
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Parents Attitudes Toward Newborn Sequencing

TABLE 3 | Parents’ attitudes regarding newborn screening and genomic sequencing by political orientation.

Every newborn should receive standard newborn screening
Strongly disagree

Disagree

Neither agree nor disagree

Agree

Strongly agree

Every newborn should receive genomic sequencing
Strongly disagree

Disagree

Neither agree nor disagree

Agree

Strongly agree

The state should require that all newborns receive genomic sequencing at birth

Strongly disagree
Disagree

Neither agree nor disagree
Agree

Strongly agree

Parental informed consent should be required for standard newborn screening

Strongly disagree
Disagree

Neither agree nor disagree
Agree

Strongly agree

Parental informed consent should be required for genomic sequencing of a newborn

Strongly disagree
Disagree

Neither agree nor disagree
Agree

Strongly agree

DISCUSSION

In this analysis of survey responses from parents of healthy
newborns in the BabySeq Project, parents
supportive of every newborn receiving NBS than receiving
nGS. We found no significant difference in nGS support
between parents in the control arm and parents who had
experienced receiving nGS results for their newborn, and
results suggest that the experience of receiving nGS results did
not affect parents’ attitudes over time. While a majority of parents
supported the notion that every newborn should receive GS, only
a minority thought that the state should require nGS.
Additionally, a larger proportion of parents agreed that
parental informed consent should be required for nGS than
for standard NBS. Previous studies examining parent attitudes
toward standard NBS and nGS have also reported parent concern
about not requiring informed consent for nGS, increased parent
support for standard NBS compared to nGS, and disagreement
between parents about which results should be reported
(Bombard et al., 2014; Joseph et al., 2016; Lewis et al., 2018;
Moultrie et al., 2020). Though most parents indicated they would
be interested in receiving all available result types if their baby
received GS outside the BabySeq Project, enthusiasm varied
among result types.

NGS in newborns may provide health benefits and
information complementary to standard NBS. A previously
published study from the BabySeq Project showed that

were more

Liberal Moderate Conservative p-value
n =161 n=79 n =30 0.187
1(0.6%) 0 (0.0%) 0 (0.0%) -
2 (1.2%) 1(1.3%) 0 (0.0%) -
4 (2.5%) 3 (3.8%) 3 (10.0%) -
29 (18.0%) 13 (16.5%) 10 (33.3%) -
125 (77.6%) 62 (78.5%) 17 (66.7%) -
n=163 n=79 n =230 0.448
5 (3.1%) 4 (5.1%) 0 (0.0%) -
18 (11.0%) 6 (7.6%) 0 (0.0%) -
49 (30.1%) 22 (27.8%) 10 (33.3%) -
67 (41.1%) 30 (38.0%) 13 (43.3%) -
24 (14.7%) 17 (21.5%) 7 (23.3%) -
n=163 n=79 n =30 0.354
10 (6.1%) 9 (11.4%) 3 (10.0%) -
40 (24.5%) 20 (25.3%) 7 (23.3%) -
66 (40.5%) 20 (25.3%) 9 (30.0%) -
34 (20.9%) 19 (24.1%) 7 (23.3%) -
13 (8.0%) 11 (13.9%) 4 (13.3%) -
n=163 n=79 n =30 0.359
17 (10.4%) 7 (8.9%) 2 (6.7%) -
34 (20.9%) 14 (17.7%) 5 (16.7%) -
30 (18.4%) 7 (8.9%) 8 (26.7%) -
39 (23.9%) 24 (30.4%) 9 (30.0%) -
43 (26.4%) 27 (34.2%) 6 (20.0%) -
n=163 n=79 n =230 0.247
4 (2.5%) 1(1.3%) 1(3.3%) -
5 (8.1%) 3 (3.8%) 1 (3.3%) -
13 (8.0%) 3 (3.8%) 1(3.3%) -
62 (38.0%) 32 (40.5%) 19 (63.3%) -
79 (48.5%) 40 (50.6%) 8 (26.7%) -

families experienced no sustained negative psychosocial effects
from participating in the GS process or receiving results, a
concern frequently raised in the discussion surrounding the
addition of nGS (Pereira et al., 2021; Wojcik et al, 2021).
However, even highly successful programs like standard NBS
can come under scrutiny if policies are not acceptable to parents
(National Institute of Child Health and Human Development
2017). It is critical to consider parent buy-in before implementing
policies that impact NBS programs; not doing so may risk
negatively affecting parent trust, participation, and thus the
overall success of the program.

Even among our group of parents who had enough interest in
nGS to volunteer to participate in the BabySeq Project, a majority
of parents thought informed consent should be required for nGS
and many were still hesitant about adding nGS to current state
mandated NBS programs. Considering that parents who
participated in the BabySeq Project may likely be more
supportive of nGS than the average parent, our study results
suggest that implementing nGS without addressing parental
concerns could create parent backlash. Another study
comparing parent views on nGS vs standard NBS in Canada
came to a similar conclusion after finding parents were
significantly less willing to participate in a NBS program that
included whole genome or exome sequencing (Bombard et al.,
2014). Notably, a majority of our parents thought that informed
consent should also be required for standard NBS, which is not
legally required in most states. It may be possible that, although
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TABLE 4 | Parents’ attitudes regarding desired results from newborn genomic sequencing by study arm.

Parents Attitudes Toward Newborn Sequencing

Control nGS Total p-value
My baby’s risk of developing a disease during childhood that can be prevented, treated, or cured n=124 n =163 n =287 0.809
Not at all interested 1 (0.8%) 0 (0.0%) 1(0.3%) -
Not very interested 1 (0.8%) 1 (0.6%) 2 (0.7%) —
Neutral 4 (3.2%) 5 (3.1%) 9 (3.1%) —
Somewhat interested 1 (8.9%) 5 (9.2%) 26 (9.1%) —
Very interested 107 (86.3%) 142 (87.1%) 249 (86.8%) —
My baby’s risk of developing a disease during childhood that can NOT be prevented, treated, or cured n=125 n =163 n =288 0.201
Not at all interested 7 (5.6%) 5 (8.1%) 12 (4.2%) —
Not very interested 9 (7.2%) 9 (5.5%) 18 (6.2%) -
Neutral 5 (12.0%) 7(104%) 32 (11.1%) —
Somewhat interested 5 (28.0%) 5 (27.6%) 80 (27.8%) -
Very interested 59 (47.2%) 87 (63.4%) 146 (50.7%) —
My baby’s risk of developing a disease during adulthood that can be prevented, treated, or cured n=124 n =161 n =285 0.976
Not at all interested 1 (0.8%) 0 (0.0%) 1(0.4%) —
Not very interested 1 (0.8%) 2 (1.2%) 3 (1.1%) —
Neutral 3 (2.4%) 4 (2.5%) 7 (2.5%) —
Somewhat interested 4 (11.3%) 9 (11.8%) 3 (11.6%) —
Very interested 105 (84.7%) 136 (84.5%) 241 (84.6%) -
My baby’s risk of developing a disease during adulthood that can NOT be prevented, treated, or cured n=124 n =161 n =285 0.144
Not at all interested 7 (5.6%) 10 (6.2%) 17 (6.0%) -
Not very interested 18 (14.5%) 8 (5.0%) 26 (9.1%) —
Neutral 1 (8.9%) 9 (11.8%) 30 (10.5%) —
Somewhat interested 34 (27.4%) 2 (26.1%) 76 (26.7%) —
Very interested 54 (43.5%) 82 (50.9%) 136 (47.7%) —
Carrier status n=125 n =163 n =288 0.556
Not at all interested 2 (1.6%) 2 (1.2%) 4 (1.4%)
Not very interested 2 (1.6%) 2 (1.2%) 4 (1.4%) -
Neutral 10 (8.0%) 7 (4.3%) 17 (5.9%) —
Somewhat interested 24 (19.2%) 5 (21.5%) 59 (20.5%) —
Very interested 87 (69.6%) 117 (71.8%) 204 (70.8%) -
Variants of uncertain significance n=125 n =161 n =286 0.967
Not at all interested 4 (3.2%) 9 (5.6%) 13 (4.5%)
Not very interested 3 (10.4%) 10 (6.2%) 23 (8.0%) —
Neutral 5(20.0%) 33 (20.5%) 58 (20.3%) —
Somewhat interested 0 (24.0%) 42 (26.1%) 72 (25.2%) —
Very interested 3 (42.4%) 67 (41.6%) 120 (42.0%) -
T 100%
E
2 90%
3
© 80%
3
5 70%
8
£ 60%
3
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FIGURE 1 | Attitudes toward results types to be returned to parents if every newborn received GS. Only asked if parent agreed or strongly agreed that every
newborn should receive GS (n = 167). Respondents could select multiple options.
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parents may ideally want an informed consent process, they
tolerate a lack of informed consent because such a strong
majority feel that every newborn should receive standard NBS.
However, nGS does not share this same level of support in our
study sample.

One approach to accommodate parents’ preferences while
preserving participation in current newborn screening
programs would be for nGS to be an optional addition to state
mandated NBS that requires explicit informed consent. This
optional add-on consent model gives the opportunity for
counseling on GS screening to ensure parents understand the
capacity, utility, and limitations of GS. This approach was
successfully implemented for expanded NBS using tandem
mass spectrometry. For example, when Massachusetts added
mass spectrometry to their NBS program as an optional add-
on program in 1999, 98% of parents chose to participate,
prompting other states to expand their newborn screening
programs (Marsden 2003). More recent studies examining
newborn genetic screening for SMA and Duchenne Muscular
Dystrophy have also used this model and experienced high parent
participation rates (Kraszewski et al., 2017; Parad et al., 2021).
While an optional add-on model could help demonstrate the
health benefits of GS screening without compromising existing
mandated public health programs, it induces the burden of
additional informed consent and documentation on hospital
staff. One California study examining the introduction of mass
spectrometry to NBS that required informed consent
demonstrated significant burden of documentation, resulting
in many families not being offered the additional screening
(Feuchtbaum et al., 2007). If hospital systems are not prepared
to incur the burden of additional screening, increased
documentation, follow-up and parent counseling that would
be required to incorporate nGS into NBS, the addition of
these programs may fail to produce the desired result and
overall compromise parent satisfaction and trust. There are
also concerns that requiring informed consent for any portion
of the NBS may reduce overall participation rates (Davis et al,
2006; Feuchtbaum et al., 2007).

Interestingly, while other studies have found some
association between political orientation and interest in
genomic sequencing (Dodson et al, 2015), political
orientation was not significantly associated with opinions of
whether states should require GS in our study. This suggests
that it may be possible to garner bipartisan support for policies
regarding nGS. Finally, there is the issue of what results should
be returned to parents. In our study, there was variation among
parents on which nGS results they would want to receive.
Differences in parent preferences may best be supported by an
informed consent model that incorporates parental choice
about the return of results, although this would likely be
highly burdensome to NBS programs. Parent preferences
may also not align with what results professional guidelines
deem ethically justified to report for minors. NBS mandates are
justified on the ethical basis that screening in the newborn
period provides the opportunity to initiate early intervention
after birth to prevent harm, and they are justified on the legal
basis that significant public health benefits provide a

Parents Attitudes Toward Newborn Sequencing

compelling government interest. To maintain this
justification, genetic testing results should only be disclosed if
there is clear clinical value (Ross et al, 2013; Botkin et al,
2015). However, not all GS results have the promise of early or
even certain direct benefit to the child being tested (Timmermans
and Buchbinder 2010; Berg and Powell 2015; Johnston et al., 2018;
Lewis 2019). The contrast between which results are considered
ethical to return and which results parents want may pose
challenges if whole genome or exome sequencing is used for
nGS, as parents may be able to invoke a legal right to the
entirety of their child’s genomic data.

Our results should be considered within the limitations of our
study. Study participants were parents willing to participate in a
genomics study from three hospitals in the Boston, Massachusetts
area. As such, opinions may differ significantly between study
participants and the general population. It is also important to note
that our study demographics are not representative of the general
US population, with a high proportion of non-Hispanic white
individuals, high household income, and high educational
attainment. Representative surveys are warranted to provide
more generalizable information suited to inform federal and
state policy discussions. The second iteration of the BabySeq
Project, BabySeq2, currently underway, will prioritize the
inclusion of a more racially, ethnically, and geographically
diverse cohort of families (https://www.genomes2people.org/
research/babyseq/) and will provide additional data on parents’
attitudes. Finally, our surveys were not designed to capture
nuanced views; it is possible that parents may have expressed
more tempered attitudes toward screening and results types in
interviews or focus groups.

Currently, the NBS program has parents’ trust and near
universal participation. Any policies created to expand the
NBS program to include nGS should strive to protect this
trust and preserve parent support by considering parent
values. We propose that should nGS be added to current NBS
programs, parent values could be respected if it were initially
added as an optional supplemental screen that requires an
informed consent process with preservation of the default
mandatory NBS using traditional methods.
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A challenge in implementing population-based DNA screening is providing sufficient
information, that is, understandable and acceptable, and that supports informed
decision making. Early Check is an expanded newborn screening study offered to
mothers/guardians whose infants have standard newborn screening in North Carolina.
We developed electronic education and consent to meet the objectives of feasibility,
acceptability, trustworthiness, and supporting informed decisions. We used two methods
to evaluate Early Check among mothers of participating infants who received normal
results: an online survey and interviews conducted via telephone. Survey and interview
domains included motivations for enrollment, acceptability of materials and processes,
attitudes toward screening, knowledge recall, and trust. Quantitative analyses included
descriptive statistics and assessment of factors associated with knowledge recall and
trust. Qualitative data were coded, and an inductive approach was used to identify themes
across interviews. Survey respondents (n = 1,823) rated the following as the most
important reasons for enrolling their infants: finding out if the baby has the conditions
screened (43.0%), and that no additional blood samples were required (20.1%). Interview
respondents (n = 24) reported the value of early knowledge, early intervention, and ease of
participation as motivators. Survey respondents rated the study information as having high
utility for decision making (mean 4.7 to 4.8 out of 5) and 98.2% agreed that they had
sufficient information. Knowledge recall was relatively high (71.8-92.5% correct), as was
trust in Early Check information (96.2% strongly agree/agree). Attitudes about Early Check
screening were positive (mean 0.1 to 0.6 on a scale of 0—4, with lower scores indicating
more positive attitudes) and participants did not regret participation (e.g., 98.6% strongly

agreed/agreed Early Check was the right decision). Interview respondents further reported
positive attitudes about Early Check materials and processes. Early Check provides a
model for education and consent in large-scale DNA screening. We found evidence of high
acceptability, trustworthiness and knowledge recall, and positive attitudes among
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respondents. Population-targeted programs need to uphold practices that result in
accessible information for those from diverse backgrounds. Additional research on
those who do not select screening, although ethically and practically challenging, is
important to inform population-based DNA screening practices.

Keywords: informed consent, electronic consent, newborn screening, DNA screening, participant attitudes,

evaluation

1 INTRODUCTION

Precision public health implements DNA-based screening to
identify individuals with specific characteristics and then target
relevant interventions. Achieving the promise of equitable
precision public health necessitates a basic understanding of
genetic concepts among those offered DNA-based screening.
Well-established challenges include the complexity of genetic
and genomic information (Morgenstern et al., 2015) together
with the relatively low health (Greenberg et al, 2007) and
genomic literacy (Hurle et al., 2013) among U.S. residents.

Population-based DNA-based screening also creates feasibility
challenges associated with scale. It is impractical for professionals
to use traditional, face-to-face approaches to education and
informed consent when implementing screening in public
health and large-scale research settings. Electronic, user-driven
approaches may improve practicability by alleviating professional
and administrative burden, by making educational content more
accessible to the target population, and through increasing the
consistency of information provision. The development of end-
user-focused education and informed consent procedures is
critical to the success and feasibility of public health
integration of genetics and genomics.

Early Check is a voluntary, large-scale expanded newborn
screening (NBS) research study in North Carolina, established to
address substantial gaps in newborn screening evidence and to
inform policy (Bailey et al., 2019). The study is led by researchers
at RTI International, in partnership with the University of North
Carolina at Chapel Hill, the North Carolina State Laboratory of
Public Health (NCSLPH), Duke University, and Atrium Health
Wake Forest Baptist (formerly Wake Forest Baptist Medical
Center). Early Check offers new and expectant mothers or
legal guardians screening for conditions that are not currently
included in state NBS; the Early Check panel has included spinal
muscular atrophy (SMA), fragile X syndrome (FXS), and
Duchenne muscular dystrophy (DMD). Early Check currently
does not use sequencing in the initial screening. Targeted genetic
analysis was used for SMA and FXS, and creatine kinase
isoenzyme (CK-MM) was used for DMD screening.

Babies who receive NBS through the NCSLPH and live in
North or South Carolina are eligible for participation in Early
Check. Mothers or legal guardians can enroll if they are at least
13 weeks pregnant or have a baby up to 4 weeks of age. All
mothers or legal guardians who have given birth in North
Carolina and whose babies have newborn screening are mailed
an invitation letter and flyer from the NCSLPH. Collaboration
with partners at University of North Carolina at Chapel Hill and
Duke University supports in-person recruitment at those

affiliated birthing hospitals and prenatal invitations sent via
MyChart. Early Check also has a social media presence via
Facebook, Twitter, and Pinterest.

The research screening is done using residual dried blood
spots obtained for standard NBS and retained by the NCSLPH
(North Carolina Department of Health and Human Services,
2020). The Institutional Review Board at the University of North
Carolina at Chapel Hill determined that the Early Check study is
minimal risk; thus, only the mother is required to give permission
for the child to participate, though the study materials encourage
both parents to be involved in the decision making, as relevant.
Because traditional education and consent approaches are
impracticable given the approximately 1,20,000 births per year
in North Carolina, the study team developed a user-driven,
participant-centered digital education and electronic consent
approach. Our development objectives were:

e Feasibility for the research team;

e Acceptability and  trustworthiness
participants; and

e Supportive of informed decision-making.

for  potential

Electronic consent refers to the use of digital means to obtain
informed consent from potential study participants. The U.S. Food
and Drug Administration (2015) defines this as “the use of
electronic systems and processes that may employ multiple
electronic media, including text, graphics, audio, video,
podcasts, passive, and interactive Web sites .... to convey
information related to the study and to obtain and document
informed consent.” Electronic consent may enhance knowledge
and engagement of study participants in comparison to traditional
informed consent, and improve quality and consistency of the
consent process (Rowbotham et al., 2013; Rothwell et al., 2014;
Simon et al., 2016; Cadigan et al., 2017; Buckley et al., 2018;
Biesecker et al., 2019). Additionally, electronic consent leverages
digital tools to improve visual clarity and focus on content most
important to decision making and reduces the length, complexity,
and literacy demand of consent materials. Such approaches may be
more engaging, participant-centered, and help address long-
reported issues with standard informed consent (Biesecker et al.,
2019; Grant, 2021).

Early Check’s approach was created by a multidisciplinary
team that included experts in health communication, informed
consent, clinical genetics, behavioral science, user interface
development, and bioethics. We employed user-centered
design that integrated community engagement and rounds of
formative research with diverse participants. The resulting
electronic consent includes 16 screens with core information
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TABLE 1 | Early Check electronic consent overview.

Section title

Welcome to Early Check! Let’s get started!

How is Early Check done?
What health problems does Early Check look for in newborns?
What happens when parents get results from Early Check?

Do you have to pay for Early Check?

How is Early Check different from state newborn screening?
Are the screening tests perfect?
How is your information protected and shared?

Why might you say Yes to Early Check? And why might you
say No?

Let’s Review
Agreement and electronic signature

Video; Infographic
Learn more about [condition name] from our experts
Information for parents of twins or multiple babies

Consent for Population-Based DNA Screening

Components in addition
to standard text

Video; Eligibility screener; Visual overview of e-consent process

Learn more about regular North Carolina newborn screening from our experts
Learn more about Early Check’s false positive rates; Learn more about screening tests from our experts
Learn more about protecting information from our experts

Video; Interactive checklist

Review questions, multiple choice format with correct responses shown and explained
Option to continue to electronic signature page, or take more time to decide (with option to enter email

address to receive a reminder) or to contact study team with questions

presented in lay language, and which offer additional detail in
layered (optional) content. The electronic consent includes an
interactive eligibility tool and employs simple graphics,
infographics, and videos. The content provides a brief values
clarification that provides reasons a mother might participate or
decline. It concludes with summarizing self-assessment
questions. All screens include optional voiceover to reduce
literacy demands, options for contacting the study team, and a
list of the collaborating institutions. The electronic consent
sections and a brief description of section components (in
addition to standard text elements) are described in Table 1.

All materials are available in English and Spanish. We
developed the education and consent process so that it does
not require investigator involvement unless clarification or
assistance is requested by a parent. A copy of the Early Check
e-consent content is available for reader review: https://testportal.
earlycheck.org/. Here we present results from an evaluation of the
Early Check electronic education and consent.

2 MATERIALS AND METHODS

We implemented a mixed-methods evaluation using data from
mothers or legal guardians who enrolled their newborns in Early
Check. Our survey aims were to assess, among mothers who
chose to enroll their child and received a normal result:

¢ Motivation for enrolling the child in Early Check,

e Whether the process was acceptable and information
sufficient,

e Attitudes about Early Check screening and participation in
the research,

¢ Knowledge recall of key facts about Early Check, and

e The degree to which Early Check was perceived as
trustworthy.

For knowledge recall and trust, an additional aim was to
determine whether there were differences based on race/
ethnicity and educational attainment. We also tested our

hypothesis that trust ratings would be higher in those who
rated themselves as sufficiently informed to make the decision
to enroll in Early Check, those with more positive attitudes
toward screening, and those with higher knowledge recall.

The evaluation also included semi-structured interviews
with mothers of infants enrolled in Early Check to explore
similar concepts in more depth and to allow for the
emergence of unexpected attitudes or experiences with
the study.

2.1 Inclusion and Recruitment

Between 7/7/2020 and 11/17/2021, mothers aged 18 or older
whose child received a normal Early Check screening result
were invited to participate in the evaluation survey. Interviews
were conducted between 7/13/2020 and 8/31/2020 with
mothers who met the same criteria. These evaluation efforts
were directed to mothers of children with normal results. We
are also conducting mixed-methods research, which is still
underway and will be reported separately, on parents whose
children received an abnormal, actionable result. Given the
different experience and level of engagement that families of
screen positive infants have with Early Check, the assessment
of parents whose children receive an abnormal result is
conducted using a longitudinal, mixed methods approach,
with greater depth to the questioning about the impact of
the study result.

Participants were recruited via email and the Early Check
return of results website. Those who completed the survey were
entered in a monthly drawing to receive a $20 gift card, and all
interview participants received a $20 gift card.

The evaluation activities were approved by the University
of North Carolina at Chapel Hill Institutional Review Board
as a modification to the overall Early Check study
(#18-0009).

2.2 Evaluation Survey

The evaluation survey was a 36-question questionnaire
conducted online. The survey instrument included the
following constructs and demographic questions.
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2.2.1 Motivations for Enrolling the Baby in Early Check
Respondents were asked to select the reasons they enrolled their
baby in Early Check, using response options informed by the
consent information and prior formative research (Peay et al,
2018). Respondents first chose up to three responses from the
following options: “It was free,” “To help babies in the future,” “It
was easy to sign up,” “It did not require a doctor visit,” “There
were not additional blood samples taken from my baby,” “To find
out if my baby has the conditions screened,” “For my peace of
mind,” “To help research,” “I don’t recall,” and “Other.” They
were then asked to select the single most important reason from
the three they initially selected.

2.2.2 Acceptability and Sufficiency of Information in
the Enrollment Process

Respondents’ preference for learning about and signing up for
Early Check was assessed with a single ranking item, with
options that included, “get information about Early Check
online and sign up on my own”, “Get information from a
healthcare provider/health educator and also get information
about Early Check online and sign up on my own”, and “Get
information from a healthcare provider/health educator and
sign up with them”.

Respondents answered three questions about Early Check
information using a 5-point rating scale ranging from not at
all to a good amount. The items were “Did the Early Check
information make it easier to make a decision about whether to
sign up?”; “How helpful was the information provided by Early
Check in making the decision to sign up?”; and “How much did
the information about Early Check help you understand what you
were signing up for?”

Respondents were then asked a yes/no question, “Did you get
enough information about Early Check?” If respondents marked
that they did not get enough information, they were asked a follow-
up question to indicate what more they hoped to learn, with items
including “More about the conditions screened,” “More about the
Early Check process,” “More about newborn screening,” “More
about my child’s participation and expectations,” or “Other.”
Respondents were then asked (yes/no), “With the same
information you got, do you think other parents will be able to
make a decision about signing up for Early Check?”

2.2.3 Attitudes About Early Check Screening and
Participation

We included five items on attitudes toward the screening,
using items originally from Marteau et al. (2001), as adapted
by Lewis and colleagues (2016). Respondents marked their
answers to semantic differential items anchored by opposite
descriptors, with response options ranging from 0 to 4: “For
me, having Early Check was. . .beneficial/harmful, important/
unimportant, a good thing/a bad thing, reassuring/not
reassuring, and desirable/undesirable” (Lewis et al., 2016).
We selected three items from the Decision Regret Scale
(O’Connor et al.,, 2003) that are relevant to the decision
context: “It was the right decision,” “I regret the choice
that was made,” and “I would go for the same choice if I
had to do it over again.” Response options were on a 5-item

Consent for Population-Based DNA Screening

Likert-type response ranging from strongly agree to strongly
disagree.

2.2.4 Knowledge Recall About Early Check

We included a series of six questions to assess knowledge recall of
Early Check concepts. Response options were True/False/Unsure.
Respondents marked the answers to the following questions
(correct response noted in parenthesis):

e Early Check screening tests will not find every single baby
with the health problems. (True)

e If the screening result is not normal that means the baby
definitely has the health problem. (False)

e Early Check screens for health problems that currently
cannot be cured. (True)

e Early Check does the test on the same blood spot taken from
the baby’s foot after delivery. (True)

e There are treatments that can help babies with the health
problems screened by Early Check. (True)

¢ Finding health problems early gives babies a chance for
better development and health outcomes. (True)

2.2.5 Trust in the Information Provided About the Early
Check Study
Respondents were queried about how much they agreed or
disagreed with the statement “I trust the information provided
by Early Check.” Response options were on a 5-point scale from
strongly agree to strongly disagree.

The survey included additional questions related to condition
familiarity and perspectives on the return of results process,
which are not included in this analysis.

2.2.6 Analysis

Statistical analysis was performed using SAS version 7.15.
Descriptive statistics were used to characterize participant
demographics. Chi-square and t-tests were completed to assess
differences in participant characteristics between mothers who
completed the survey (using race, ethnicity and education data
provided in the survey) and the population of mothers who
enrolled their infants in Early Check during the same time period
but did not complete the survey (using race, ethnicity and
education data provided at the time of enrolling the infant in
Early Check).

Descriptive analysis was used to summarize responses to the
survey items. Several planned analyses to assess factors associated
with acceptability and participant attitudes could not be
conducted because of highly skewed data.

Knowledge recall items were summed, based on scoring a
one for a correct response and 0 for an incorrect or uncertain
response, resulting in a range of 0-6. An unadjusted, ordered
logistic regression was used to determine whether there were
significant differences in knowledge recall scores between
White and non-White participants; between Hispanic/
Latino and non-Hispanic/Latino participants; among those
with less than a bachelor’s degree, a bachelor’s degree, or
more than a bachelor’s degree; and based on participant
age. Those who did not provide race or ethnicity were
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TABLE 2 | Characteristics of parents who enrolled their infants in Early Check and received negative screening results, survey respondents, and interview participants.

Parents who enrolled
infant in EC
(n = 7,702) 7/7/2020-11/17/2021
Median age (years) 32 (11-561)
Ethnicity

Hispanic or Latino 1,067 (14%)

Not Hispanic or Latino 6,092 (79%)
Unknown/Not reported 543 (7%)
Race
White 5,446 (71%)
African American/Black 691 (9%)
Asian 512 (7%)
American Indian/Alaska Native 36 (0.5%)
Multi-race/Other 751 (9%)
Unknown/Not reported 266 (4%)
Education
Did not finish high school 30 (0.4%)
High school graduate 53 (0.7%)
Some college 73 (1%)
College degree or higher 468 (6%)

Not reported 7,078 (92%)

Survey respondents (n = Interviewees (n = 24)

1,823) 7/7/2020-11/17/2021 7/13/2020-8/31/2020
33 (18-46)" 35 (23-41)
159 (9%) 2 (8%)
1,395 (77%) 20 (83%)
269 (14%) 2 (8%)
1,250 (69%) 18 (75%)
118 (6%) 4 (17%)
104 (6%) 2 (8%)

4 (0.2%) 0

66 (4%) 0
281 (15%) 0

18 (1%) 0
109 (6%) 0
123 (7%) 1 (4%)
1,343 (74%) 2 (8%)
232 (13%) 21 (88%)

*Those with reported maternal ages greater than 60 (n = 3) were excluded because of anticipated data entry error.

**Derived from 983 participants with completion dates available to calculate age.

removed from this analysis. An adjusted model with all
significant characteristics was then conducted.

For trust, we dichotomized the dataset into those who
strongly agreed/agreed with trusting Early Check versus
those who were unsure, disagreed, or strongly disagreed.
We then applied univariate statistical analysis (Chi-Square
or Fisher’s exact test for categorical, Kruskal-Wallis test for
ordinal variables, and Wilcoxon-Mann-Whitney U test for
interval data) to assess differences among the groups based
on their race, education, mean attitude score about Early
Check screening, knowledge recall score, and whether they
perceived themselves to be sufficiently informed (yes/no).
Output from the Wilcoxon-Mann-Whitney U tests results
were used to display box plots of differences in Wilcoxon
mean scores by trust category.

2.3 Semistructured Interviews

The evaluation interviews were conducted via telephone.
Interviews were conducted by an experienced qualitative
researcher from Wake Forest School of Medicine who was not
involved in the day-to-day operations of the study. Interviews
lasted between 20 and 30 min.

The interviewer used a semi-structured interview guide.
Interview questions were designed to explore similar
evaluation constructs as the survey. Domains included
motivations for enrollment, perception of information
sufficiency ease of using the Early Check electronic
consent process, perceptions of trust, and satisfaction
with the decision to enroll their infant. Data on mothers’
age, race, ethnicity and educational attainment were
obtained at the time of enrollment of the infant in Early
Check.

2.3.1 Analysis

Interviews were recorded and transcribed verbatim for analysis.
Two experienced coders from RTI who were not involved in the
planning or conduct of the Early Check study iteratively coded all
interview transcripts using in vivo. A codebook was first
developed with inductive and deductive codes to organize and
label the interview data. Coders then selected four interviews to
code simultaneously to establish interrater reliability using
Cohen’s «. Strong agreement was found between the two
coders, k = 0.92. An inductive approach was used to analyze
the data and identify themes across interviews. Excerpts from
verbatim transcripts were selected to illustrate themes.

3 RESULTS

3.1 Participant Characteristics

Of 1,837 survey respondents meeting study criteria (a 24%
response rate), most remembered giving permission for their
babies to be enrolled in the Early Check study (n = 1,823). Six
respondents (0.003%) did not remember and eight (0.004%) who
were unsure were excluded from the following analysis.

Of the resulting 1,823 respondents, 69% were White, 6% Black,
6% Asian, 15% missing race/preferred not to answer, and 9% were
Hispanic/Latino. Seventy-four percent of survey respondents had
a bachelor’s degree or higher (Table 2). In contrast, the North
Carolina population is approximately 60% White, 12% Black, and
6% Asian; and 10% Hispanic/Latino. Approximately 30% of the
North Carolina population have a bachelor’s degree or higher
(U.S. Census, 2018; U.S. Census, 2020).

Twenty-four mothers participated in the in-depth
interviews. Seventy-five percent of interviewees reported
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their race as White, 17% as Black, and 8% Hispanic or Latino.
Four percent reported some college experience and 8% a
college degree, although the majority (88%) preferred not to
report their education.

Comparing survey respondents to mothers of all Early Check
participants who were recruited during the same time period but
did not complete the survey (n = 7,702), there were significant
differences in age (¢ (7,729.6) = 1,051.19, p < 0.0001), ethnicity
[X5 (2, n = 9,525) = 134.1, p < 0.0001], and race [X, (5, p <
0.0001], although the differences were modest. The amount of
missing data about maternal education precluded education-
based comparisons.

The sample size of interviewees was too small to make
statistical comparisons. Table 2 includes demographic data
provided by mothers when they enrolled their infants in the
Early Check study.

3.2 Motivations for Enrolling the Baby in

Early Check

3.2.1 Evaluation Survey

The most frequently-endorsed reason for enrolling was to find
out if the baby has the conditions screened (43.0%), followed
by the need for no additional blood samples from their baby
(20.1%) (see Figure 1).

3.2.2 Interviews

All but one interviewee reported that a main reason for signing up
was to know if their child had one of the conditions screened. They
indicated wanting to be armed with information, and many
expressed the sentiment of, “I would rather know than not
know.” Many also reported that they thought getting normal
results would give them peace of mind.

“It seemed like a nice opportunity to learn more about our
child potentially—like obviously if there is a genetic
condition that we were not already aware of, it would be
nice to know.”

“I was interested [in] her [getting] screened for
everything she possibly could. So, I could just clear
my mind of any existing problems that she might
have.”

Many interviewees shared that knowing about the conditions
early would allow them to be prepared and to seek necessary
resources or treatment for their child.

“The more screening you can do to understand your
child and how you can help them, the better.. .. the
more that you can see coming, the better prepared you
are—if you know about it, then you can help them be
prepared with early treatment.”

A few noted specific reasons to be concerned about the health
of their babies because of a high-risk pregnancy or a family
history of one of the genetic disorders.

Consent for Population-Based DNA Screening

“I'm a high-risk patient, so like anything that would give
me a better insight towards anything that might affect
my baby. . .. Basically, I would take the answers.”
enrollment

Ease of participation motivated

interviewees.

among

“I read through the information and figured there was
nothing to lose, so it’s not like we had to do a whole
bunch on our part. It was...signing up online and
allowing his blood, or whatever it was, to get used
from the hospital. So, it’s not like we had to go in
and do anything extra. . . I'm quite sure if we did have to
go back to the hospital or something—I'm sure I
wouldn’t have done it. But it was easy enough just to
use what the hospital already had.”

Several interviewees reported that they wanted to contribute to
research and viewed the program as a way of helping other
families or children.

“In general, just having the information for ourselves and if we
needed to do anything further, and then just helping out others to
be able to have that information as well.”

Participants were asked if they had any concerns when signing
up for Early Check. Most respondents shared that they had no
concerns. A few had concerns related to the privacy of their
child’s genetic information.

“We had the slightest, slightest hesitation in thinking the
only possible downside of this is that now like the state has our
child’s genetic material and she’s like an infant, right?.... I
don’t think they’re going to do anything weird with our
information. It is obviously all confidential.... So that was
just like the slightest little hesitation, but we don’t think that
there’s anything negative that will come out of it in that way,
really.”

3.3 Acceptability and Sufficiency of the Early

Check Enrollment Process

3.3.1 Evaluation Survey

When asked about preferences for getting information about
and enrolling in Early Check, the most preferred option was to
get information from a healthcare provider and from Early
Check online, and sign up on my own (51.6%), followed by get
information about Early Check online and sign up on my own
(28.1%). The least-preferred option was to sign up with a
healthcare provider (20.4%) (Figure 2).

On a scale of 0-5, survey respondents reported that the Early
Check information made it easier to decide whether to sign up
(mean = 4.73), was helpful in making the decision (mean = 4.81),
and helped them understand what they were signing up for (mean
= 4.83) (Figure 3).

Most survey respondents (98.2%) reported that they received
enough information about Early Check, and 99.1% indicated that
other parents would be able to decide with the same information
(Table 3).
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There were no additional blood samples taken from my baby

To help babies in the future

It was free
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To help research
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FIGURE 1 | Most important reasons for enrolling the baby in Early Check (n = 1,665).
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FIGURE 2 | Ranking of preference for education and consent (n = 1,542).
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46.8

32.8
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Get information from a
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educator and sign up with them

M 3rd choice

Those who indicated that they did not get enough information
(n =31, 1.8%) were asked what else they hoped to learn (Table 4.)
The most common response was to learn more about the
conditions screened (n = 22), followed by the Early Check
process and standard newborn screening (n = 12).

3.3.2 Interviews

All but one interviewee reported that it was easy to sign up; that
respondent reported that it was neither easy nor difficult. Ease of
enrollment was described as a motivating factor for most
respondents. Reasons for perceiving the enrollment process as
easy included: information that was easy to understand, an
entirely online enrollment process, no need for additional
information from parents to sign up (e.g., from medical
records), and that it did not take long to sign up.

“Yeah, the fact that it was really easy to do. It was just like:
‘Oh, just click here, click here.” If T were to go on the page and it
would have been confusing or messy [...] I would not have
clearly been shown how to sign up, I'm sure that I would not
have done [it]. But it was so easy that I just was like ‘click,
click’, you know?”

When asked to describe how they felt when visiting the
Early Check website, the most common response was feeling
more informed. Several described the content as
“straightforward” and that they did not have many
questions after viewing the portal.

“I did not have a lot of questions about it. I thought,
‘why would anybody not do this?” And I remember it
wasn’t challenging. It was just do X, Y, and Z.”
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FIGURE 3 | Perceived utility of study information to decision making.

TABLE 3 | Information sufficiency (n = 1,708).
All
N %

Did you get enough information about Early Check?

No 31 1.8

Yes 1,677 98.2
With the same information you got, do you think other parents
will be able to make a decision about signing up for Early Check?

No 15 0.9

Yes 1,693 99.1

TABLE 4 | What respondents who felt they did not get enough information about
Early Check hoped to learn (n = 31).

N
More about the conditions screened 22
More about the Early Check process 12
More about newborn screening 12
More about the child’s participation and expectations 9
Other 4

Interview respondents were asked whether they received
enough information to sign up, whether the information was
clear and complete, and if they understood which conditions were
screened. Most responded in the affirmative to these questions.
Respondents were asked whether there was any information not
included on the website that they would have wanted. Most said
no information was missing and they did not need to search for
more information beyond what was provided. Two respondents
had to look elsewhere for information on whether the screening
was only available for newborns (or if it was also available for
older children) and the conditions screened in standard newborn
screening.

3.4 Attitudes About Early Check Screening

and Participation

3.4.1 Evaluation Survey

Attitudes about the screening were positive among survey
respondents. Mean scores on the attitude items, measured on
a scale of 0-4 with lower scores indicating better attitudes, are
shown in Table 5. Survey respondents reported that Early Check
screening was “important” (0.58), “desirable” (0.32), “reassuring”
(0.18), a “good thing” (0.12), and “beneficial” (0.17).

In responses to the three items selected from the Decision
Regret Scale (Brehaut et al, 2003), 98.6% strongly agreed or
agreed that participation was the right decision; 96.7% strongly
disagreed or disagreed with regretting participation; and 99.3%
strongly agreed or agreed that they would make the same choice
again (Table 6).

3.4.2 Interviews

Interviewees indicated high satisfaction with participation. All
stated that they would sign up if given the chance to make the
decision over again, for reasons that were similar to their
motivations for enrollment: ease of participating, being armed
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TABLE 5 | Attitudes about screening.

Consent for Population-Based DNA Screening

For me, N (%) Mean (SD)
having early ) 0 1 2 3 4
check screening
was
Beneficial 620 57 23 5 1 Harmful 0.17 (0.52)
(87.82%) (8.07%) (3.26%) (0.71%) (0.14%)
Important 436 149 102 16 2 Unimportant 0.58 (0.84)
(61.84%) (21.13%) (14.47%) (2.27%) (0.28%)
A good thing 641 43 19 2 0 A bad thing 0.12 (0.42)
(90.92%) (6.10%) (2.70%) (0.28%) (0.00%)
Reassuring 614 54 31 3 0 Not reassuring 0.18 (0.51)
(87.46%) (7.69%) (4.42%) (0.43%) (0.00%)
Desirable 539 106 50 4 2 Undesirable 0.32 (0.66)
(76.89%) 15.12%) (7.13%) (0.57%) (0.29%)
Using a summed knowledge recall score, an unadjusted,
TABLE 6 | Decision regret for Early Check participation. ordered logistic regression was used to determine whether
Frequency Percent there were significant differences based on mothers’ age,
between White and non-White participants, between
it was the right decision Hispanic/Latino and non-Hispanic/Latino participants, and
Strongly agree 564 80.6 P . p p p i
Agree 196 180 among those with less than a bachelor’s degree, a bachelor’s
Neither agree nor disagree 9 1.3 degree, or more than a bachelor’s degree. Maternal age was not
Strongly disagree 1 0.1 significant in the unadjusted model and thus was not included in
Frequency missing = 93 the adjusted model. An adjusted model with all significant
I regret the choice that was made characteristics found that, similar to the adjusted model
Strongly agree 12 17 (Table 7), White, non-Hispanic, and more-highly-educated
Agree 5 0.7 respondents were more likely to score higher on knowledge recall.
Neither agree nor disagree 6 0.9
g?sggr;; disagree 58875 :34212 3.5.2 Interviews
Frequency missing = 98 ' All interviewees agreed that the information on the Early Check
_. : : website was clear and complete, but most did not remember any
| would go for the same choice if | had to do it over again . . . .
specific information or sections of the consent content. Those
Strongly agree 598 85.4 who did remember specifics most often reported remembering
inrtiir aqre nor disagres 937 103'49 the video elements on the website.
Strongly disagree 5 03 “I think the video is easier to understand and I think some
Frequency missing = 93 people don’t have the patience to read all those words and they
prefer the video. I think though the video is good for that kind of
parent...”
with the information about their child, and contributing to
research. Further, nearly all stated that they would recommend . . .
Early Check to a frien}:i; the one responc;’ent who would not  3-6 Trust in the Information Provided About
recommend it indicated that she would not think to do so. the Early Check Study
3.6.1 Evaluation Survey
3.5 Knowledge Recall About Early Check Most survey participants reported that they trusted the
3.5.1 Evaluation Survey information provided by Early Check, with 57.9% selecting
Most survey respondents correctly recalled key concepts from the ~ “strongly agree” and 38.3% selecting “agree” (Figure 5).
electronic consent materials. A large majority (92.5%) correctly In assessing those who reported trust (n = 1,598) versus those
recalled that Early Check performs the test on the same blood  who indicated being unsure or distrusting Early Check (n = 63),
spot taken from the baby’s foot after delivery and 89.5% that the  there were significant differences based on race and education. In
screening tests will not find every baby with the health problems.  addition, those reporting less trust were significantly more likely
Most (78.4%) correctly identified that there are treatments that can to report more negative attitudes toward the screening (p < 0.001)
help identified babies; but that Early Check screens for health  and to indicate that they were not sufficiently informed (p =
problems that currently cannot be cured (71.8% correct); and ~ <0.0001). The mean knowledge recall score is higher for those
79.5% correctly identified as false the concept that an abnormal  who trust the information versus those who do not (Z=-3.51, p <
result means the baby definitely has the health problem (Figure 4). 0.001) (Table 8 and Figure 6.)
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FIGURE 4 | Recall of key Early Check concepts (n = 1,630).
— : made them trust the information, and most participants said that
TABLE 7 | Ordered logistic regression: Knowledge recall score® s . TR
they were familiar with at least one of the institutions.
n = 1,346 Unadjusted Adjusted “Yeah. . .the fact that you're doing surveys on it, it looked like a
ORP 95% ClI OR® 95% ClI lot of thought went into planning, how it was laid out and how it
was worded. That even if I wasn’t good at using a website, or even
Race if T wasn’t good at reading, what seemed very scientific or medical,
White 574"  (4.03, 8.17) 4.0 (2.78, 5.76) ] 3 ) e
Non-White (ref) I could still understand it. It seemed like there was care put into it
Ethnicity to make it seem not intimidating and intentional and well-
Non-Hispanic 2,14 (1.57, 2.92) 1.63** (1.13, 2.33) worded and stuff.”
Hispanic (ref.)
Education « .
< Bachelor's degree 0,40 031, 052) 0.45 034, 0.59) I mean as far as like you, the schools of Wake Forest
Bachelor’s degres (ref) and UNC and Duke, I mean, all those are, you know, I
> Bachelor’s degree 1.63* (1.31, 2.0) 1.64*  (1.13, 2.33) recognize that they’re all like research organizations and
o < 001 local universities. So, I thought that they seemed
“p < 0001, reputable. It wasnt like here were a random

“Knowledge recall score is the sum of the number of recall questions answered correctly.
Range is 0-6.

POR (Oddss Ratio) greater than one means the participant characteristic is positively
associated with a higher knowledge recall score, and a less than one means the
characteristic is negatively associated with a knowledge recall score.

3.6.2 Interviews

All interviewees reported that they trusted the information
provided by Early Check. Many said that the information was
from a credible source and the website appeared legitimate.
Several also noted that the organizations listed on the website

company trying to collect your child’s genetic
information.”

4 DISCUSSION

We developed a large-scale education and consent approach that
was designed to be feasible for the study team, acceptable and
trustworthy to parents making decisions about enrollment, and
promoting of informed decisions. During our 16-month
evaluation period we enrolled over 7,700 infants to Early
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FIGURE 5 | Responses for | trust the information provided by Early Check” (n = 1,661)

TABLE 8 | Factors associated with trust in Early Check participants.

Trust (n = 1,598)

Race
White 1,208 (79.68%)
Non-White 274 (18.07%)
Prefer not to say 34 (2.24%)
Education

<Bachelor’s degree
Bachelor’s degree
>Bachelor’s degree
Attitude about screening [Mean (SD)]
Knowledge recall score
Informed enough
Yes 1,576 (98.62%)
No 22 (1.38%)

351 (22.99%)

482 (31.57%)

694 (45.45%)
1.39 (2.27)
4.12 (1.00)

Unsure/Distrust (n = 63) p-value
0.007
38 (64.41%)
17 (28.81%)
4 (6.78%)
0.039
22 (37.29%)
15 (25.42%)
22 (37.29%)
2.70 (3.20) 0.0002
3.54 (1.38) 0.0005
< 0.0001
57 (90.48%)
6 (9.52%)

Bold values indicate p-value from Chi-Square or Fisher’s exact test for categorical, Kruskal-Wallis test for ordinal variables, and Mann-Whitney U test for interval data.

Check, the large majority coming through our entirely
participant-driven online education and consent process. We
have demonstrated that our participant-driven, online
approach makes it feasible to educate a large sample from the
general population.

And yet developing an approach, that is, feasible for the study
team only has utility if it also meets the needs of the end users.
This requires developing study materials that provide sufficient
information while maintaining a reasonable and acceptable level
of complexity and literacy. Our survey respondents reported that
the study information was sufficient and made it easier to make
an enrollment decision and understand what they were signing
up for. These sentiments were echoed by parents who
participated in the qualitative interviews, who expressed that

information was easy to understand, easy to navigate, and
informative for decision making. Existing literature on the use
of electronic consent is also promising with studies reporting
positive attitudes and experiences of participants who use virtual
approaches informed consent (Bollschweiler et al, 2008;
Abujarad et al., 2018; Simon et al., 2018).

Our data indicate that our participant-driven, online approach
was acceptable to those who agreed to participate. Survey
respondents most preferred an approach that included
healthcare provider and online information, with online sign
up; this was followed by online only. Survey respondents and
interviewees reported positive attitudes and limited regret about
their decision to enroll their newborns. Ease and convenience
were cited as motivations to enroll, which is a common-sense
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finding. Study teams can, however, make it too easy to enroll. It is
well-recognized that online users are accustomed to scrolling
through content to get to the accept button without reading
technical information (Doerr et al., 2016). The process of
education for screening and consent for research participation
must not take advantage of that learned behavior. It may be
important for content and interface developers to build “friction”
into the online education process; this includes purposefully-
designed elements to slow and engage users (Doerr et al., 2016).
Employing a variety of media may meet this goal while also
offering different approaches to learning that do not rely solely on
reading (Rowbotham et al., 2013; Kraft et al., 2017; Simon et al.,
2018). In our website materials we employed voiceover, simple
graphics, infographics, video, brief values clarification, and self-
assessment questions. We designed the user interface to promote
exposure to the core content and required participants to click
through content rather than scrolling.

Most survey respondents correctly recalled key concepts of
Early Check, similar to the evaluation of the All of Us research
program’s electronic consent (Doerr et al., 2021). Interviewees
were not asked equivalent questions where specific concepts were
assessed due to the exploratory nature of the interviews.
Therefore, it is unclear whether interview participants recall
these concepts similarly. Our survey data indicate areas for
improvement in explaining educational concepts—particularly
the differentiation between treatment and cure. Although the
overall numbers are small, we acknowledge that our knowledge
recall is lower in non-White populations and those with less
education. It is paramount that population-focused programs
continue efforts to develop education, that is, effective for those
from diverse racial, ethnic, and education backgrounds.

Another critical goal of Early Check is trustworthiness.
Regardless of the quality of educational materials, some degree

of trust is required for parents to agree to enroll their child in
screening. We found high trust in Early Check; our qualitative
data indicate that having sufficient information and clearly
identifying collaborating institutions, especially those known
through the state, is important. Among the fewer than 4% of
survey respondents who indicated distrust or being unsure about
trusting the information, we observed more individuals
identifying in race categories other than white, less positive
attitudes toward Early Check, and lower information recall.
Although our materials include multiple references to the
voluntary nature of participation and brief values clarification
component that reviews why parents may choose to decline Early
Check participation for their children, parents who are unsure or
untrusting of Early Check may still anticipate sufficient value
from the resulting screening information to offset feelings of
distrust.

A strength of our study is that we obtained both quantitative
and qualitative data. The interviews allowed us to explore
unexpected findings that would not have emerged from a
survey. Although results from the interviews and surveys were
complementary, the survey questions and the qualitative
interview questions were not identical.

4.1 Limitations

A limitation to our data is that our evaluation participants have
higher education than the average in the state of North Carolina.
About 30% of the North Carolina working-age population has a
bachelor’s degree or higher (U.S. Census, 2020) compared to 74%
in our evaluation survey respondents. As such, our findings have
limited generalizability. In addition, we achieved only a 24%
response rate in our survey. The relatively low response rate may
be to some extent explained by a study team decision to de-
emphasize the evaluation survey in favor of promoting
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communication about the return of screening results; clearly it is
more important to garner the attention of participants to their
newborn’s screening result than to recruit for the evaluation.
Further, our data may be biased based on time between
enrollment and data collection (recall bias) and social
desirability bias. To help reduce the potential for bias in the
qualitative data collection and interpretation, we employed an
interviewer who was not involved in the day-to-day operations of
Early Check and analysts who were completely uninvolved with
the Early Check study prior to coding the data.

It should be noted that this evaluation comprised parents who
received negative (or normal) screening results. Parents who
received positive screening results may have differing views. We
are conducting additional research on mothers of children who
screen positive to explore the impact of the positive screen and their
experiences and attitudes, and their reccommendations for improving
Early Check procedures. Another important limitation is that this
study included only mothers who enrolled their children in Early
Check and not those who declined participation. The study
population must be taken into account when interpreting our
findings, as these are individuals who perceived Early Check to
be sufficiently trustworthy and the screening of sufficient value to
warrant participation. Additional research on those who do not
participate in Early Check, although ethically and practically
challenging, is important to informing population-based DNA
screening.

4.2 Implications

Large-scale research and public health use of DNA-based
screening become increasingly feasible when quality electronic
approaches are used to educate and/or consent impacted
communities. Our evaluation of the Early Check newborn
screening research study indicates that participant-focused
materials provided in an entirely virtual format can be
acceptable, trustworthy, and informative. Though developing
participant-focused materials is a time-intensive process that
requires a multidisciplinary development group and the use of
community engagement and formative research, the result can be
a user-directed process that requires little study team time. Early
Check currently uses single-gene and analyte screening; we are in
process of adapting and testing a similar approach for newborn
screening using exome sequencing, where some educational
concepts are of higher complexity. Additional evaluation data
from programs that use virtual education and consent may lead to
best practices in new material development and may increase the
acceptance of participant-centered electronic consent among
regulators. Finally, as DNA-based screening programs and
screening-based studies are implemented, it is vital to explore
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DNA-Based population screening in the United States has the promise to improve the
health of all people in all communities. We highlight recent DNA-based population
screening examples at the state, local, and individual level. Key public health principles
and concepts with a focus on equity appear to be lacking in current efforts. We request ‘A
Call to Action’ that involves all partners in DNA-based population screening. Potential
actions to consider include: a) identification and elimination of systemic barriers that result
in health inequities in DNA-based population screening and follow-up; b) creation of a
national multidisciplinary advisory committee with representation from underserved
communities; c¢) revisiting well-described public health screening principles and
frameworks to guide new screening decisions and initiatives; d) inclusion of the
updated Ten Essential Public Health Services with equity at the core in efforts at the
local, state and national level.

Keywords: genomic screening, DNA-based screening, public health, population screening, health equity

INTRODUCTION

The vision of precision public health is ‘providing the right intervention to the right population at the
right time’ (Khoury et al., 2016). In order to achieve this vision, it is critical to integrate current public
health principles and frameworks in the development and implementation of population-level
genomic screening (Andermann et al., 2008; The Futures Initiative, 2020). These revised frameworks
have placed a stronger focus on equity. It is imperative that all DNA-based population screening
efforts at all levels center equity to improve the health for all people in all communities. We discuss
the public health framework for decision making and implementation using the example of
population-based newborn screening (NBS). We also provide recent examples of DNA-based
population screening at the individual, local, and state levels to highlight the importance of
equity and partnerships.

EXISTING HEALTH INEQUITIES IN GENETIC SERVICES

Health care inequity is defined as a difference in treatment provided to members of different groups
that is not justified by the underlying health conditions or treatment preferences of patients (National
Academies of Sciences, Engineering, and Medicine, 2018). With the introduction of any new
technology into health care, there are significant concerns that all segments of the population -
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especially medically underserved groups—will not be reached
(National Academies of Sciences, Engineering, and Medicine,
2018). This is especially true for genetic technologies and
precision medicine. Access to genetic services in the
United States is primarily gated by referrals from non-genetics
providers for patients with a significant personal and/or family
history based on clinical guidelines. This has resulted in stark
inequities to genetic services with multiple barriers at the
individual, provider, and healthcare system levels (Childers
et al., 2018; Chapman-Davis et al.,, 2021; Weise et al., 2021).
For example, physicians who serve a high proportion of minority
patients are significantly less likely to have ever referred a patient
for genetic counseling and testing (Shields et al., 2008). There is
also less awareness of genetic testing among individuals who
identify as Hispanic or non-Hispanic Black and live in rural areas
(Salloum et al., 2018). Disparities in access to and awareness of
genomic medicine is a complex issue that affects several
populations, including underrepresented minorities, rural
communities, medically underserved groups, and others
(National Academies of Sciences, Engineering, and Medicine,
2018).

The experiences of Candace Henley, cancer survivor and
Lynch syndrome patient, highlights these barriers and conveys
the need for an urgent focus on equity:

“The opportunity to have been proactive to avoid my
cancer diagnosis and the devastating after-effects would
have been ideal. The words “you have colon cancer”
echoed in my head and left me numb, and everything
else said to me afterward was lost to thoughts about my
children and what would happen if I died. I was shocked
because I was 35 years old, with a disease that occurs in
people over 50; how?

The first and last time Lynch Syndrome was
mentioned was a brief conversation at the six-week
visit after my surgery; genetic testing or referral to a
counselor was never offered or suggested. Combing
through medical records from my diagnosis in 2003,
it simply said: “MSI associated.” That was the
pathology report.

For years, I thought Lynch Syndrome was something I
should be proud of until I learned from other survivors
and medical professionals at conferences that it was not.
11 years after my diagnosis, I learned my father and two
aunts were diagnosed post-autopsy with colon cancer.

In communities of color, doctors are not
recommending genetic testing at the same rate as
whites are. In addition, patient barriers exist, such as
access to information about and education about
genetic testing, racial inequities in care, lack of
trust, physician perception of barriers such as
psychological distress, and unconscious or implicit
bias. Knowledge leads to prevention, healthier patient
outcomes, and builds trust. Everyone deserves the
opportunity to fight their best fight against cancer or
any other illness.”

Equity in DNA-Based Population Screening

Additionally, the disparities across state and federal insurance
health insurance plans fundamentally contribute to disparities for
patients. Although percentages vary by state, 86% of Medicare
beneficiaries are covered due to being age 65 and older and 14%
are covered due to disability across the U.S. (Kaiser Family
Foundation, 2019). Medicare coverage specifically creates two
gaps that exacerbate disparities. First, genetic testing is only a
covered benefit if the individual has the condition of interest, and
the testing will be used for clinical decision-making. As such,
those who are healthy but at risk are not eligible to have testing
covered by Medicare. Second, genetic counselors are not
currently recognized as providers by the Centers for Medicare
& Medicaid Services, so individuals with Medicare are dependent
on providers with less training in genetics to offer and manage the
appropriate testing. This second issue is critical to all individuals
seeking genetic testing, regardless of whether they have Medicare
or a commercial third-party payor. A recent study by Lin et al.
(2022) assessed the barriers to genetic testing access in academic
medical centers and safety net hospitals in California and North
Carolina. Both types of institutions reported that the lack of
coverage of genetic counseling was a “major barrier to testing”.
These are important gaps that will require significant changes in
payer policies to implement DNA-based population screening
efforts. Currently, DNA-based population efforts are not funded
by health insurers and therefore do not suffer from these same
issues.

The traditional clinical guidelines referral approach has also
resulted in incomplete and inaccurate information regarding
genetic disease prevalence, penetrance and natural history.
There are numerous recent studies that have demonstrated
that DNA-based population screening efforts not only detect
more individuals in the population with genetic disease, but also
add to our knowledge regarding the spectrum of disease especially
in disparate populations (Manickam et al., 2018; Yang et al., 2018;
Buchanan et al., 2020; Grzymski et al., 2020).

NEWBORN SCREENING PRINCIPLES AND
INFRASTRUCTURE: LESSONS FOR
DNA-BASED POPULATION SCREENING

DNA-based population screening efforts can benefit from the
lessons learned over the past 50 years of newborn screening.
For instance, newborn screening utilizes an established
framework to prioritize specific conditions, a strategy that
would be beneficial for DNA-based population screening
programs to adopt. The gold standard in screening policy
decisions, not limited to newborn screening, is the Wilson
and Jungner criteria (Andermann et al., 2008). Wilson and
Jungner first published their instrumental work “Principles
and Practice of Screening for Disease” in 1968 (Wilson and
Junger, 1968). Their focus was mainly on screening for
common chronic diseases rather than newborn screening.
These principles guide policy decisions regarding
appropriate screening targets, based on factors such as the
feasibility of early detection and the availability of an
acceptable treatment. Wilson and Jungner also described
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the practices essential to operationalize screening, including
data collection and analysis, provider education and
community engagement. The criteria were updated in 2008
by Andermann et al. to reflect evolving societal and other
influences with a focus on equity, autonomy, and quality
assurance. Specifically, the revised framework includes a
new criterion that ‘the programme should promote equity
and access to screening for the entire target population.’
The Wilson and Jungner principles are not being widely
utilized in current DNA-based population screening in the
United States. Revisiting these criteria would be important in
order for DNA-based population screening programs to reach
their potential.

Current local and statewide DNA-based population
screening efforts are being led by academic institutions and
regional health systems. These programs could be enhanced by
a national advisory committee with recommendations such as
exists with NBS. State NBS systems evolved independently for
more than 30 years before resulting disparities led to national
calls for standardization. In response, the U.S. Department of
Health and Human Services (HHS), Health Resources and
Services Administration commissioned then American
College of Medical Genetics to outline a process (Watson
et al., 2006) for guidance to align and support efforts
nationally. Primary outcomes were the development of the
Recommended Uniform Screening Panel (RUSP) in 2002 and
the establishment of the Advisory Committee on Heritable
Disorders in Newborns and Children (ACHDNC) in 2003.
ACHDNC membership is professionally diverse, drawing
from public health NBS systems, clinical experts, rare
disease advocates, and federal regulatory and service
agencies. The Committee advises the HHS Secretary on
NBS system priorities and needs, applying a decision matrix
aligned with the Wilson and Jungner framework to examine
and prioritize conditions for universal screening. The
Committee has recently recognized that various factors,
including the lasting impacts of structural racism, demand
increased attention and commitment to achieve equitable
outcomes. These practices are crucial to maintaining the
wide public support and success of NBS as a public health
practice. Developing and applying similar frameworks to
DNA-based population screening practices is
imperative to avoid increasing existing disparities
surrounding health outcomes for a growing number of
treatable conditions. Without similar frameworks the
implementation of DNA-based population screening has
been haphazard, dependent upon the buy-in of leaders at
various institutions and hospitals, technology-led, and
consumer-driven. While these programs are not restricted
by the payer issues discussed above, they depend on
funding from partners (e.g., pharmaceutical companies,
state and federal research funds) which can introduce
financial drivers that are incompatible with equitable
recruitment. Many of these studies are incentivized to
recruit as quickly as possible, regardless of the make-up of
the cohort, resulting in inherent disparities in attempts at
comprehensive and equitable integration.

newer

Equity in DNA-Based Population Screening

OTHER PUBLIC HEALTH AND GENETIC
SCREENING FRAMEWORKS TO
CONSIDER IN DNA-BASED POPULATION
SCREENINGS

Several current DNA-based population screening efforts utilize
lists of genetic tests developed for other purposes such as the Tier
1 applications from the Centers for Disease Control & Prevention
(CDC). The CDC has categorized genetic tests into tiers based on
the evidence and/or consensus for their use in practice. Tier 1
applications are those having significant potential for positive
impact on public health in specific settings. These applications are
based on available evidence-based  guidelines and
recommendations (Bowen et al., 2012). There is currently no
list of genetic tests or framework in DNA-based population
genomics that integrates and/or prioritizes inequities in
populations.

Additionally, there currently is no national public health
genomics infrastructure for DNA-based based population
screening in the United States. Current DNA-based population
screening efforts at the state and local levels are occurring
independently with finite funding from industry, foundations,
governmental and research entities. Given this limited and
uncertain funding, sustainability and time, DNA-based
screening programs are focused on volume and speed at the
expanse of equity. The Evaluation of Genomic Application in
Practice (EGAPP™) was a previously funded effort by the CDC
(Veenstra et al., 2012). EGAPP™ existed from 2005 to 2014 and
provided a framework and national advisory role to select and
evaluate genomic screening applications for specific clinical
indications and populations. While there were shortcomings of
this process, EGAPP served as a model for a federally funded
entity which could partner with local and statewide DNA-based
population screening programs and provided guidance about
how to ensure equity across screening efforts. There is also a
need for federal and state policies that support DNA-based
population screening efforts and provide secure funding to
ensure sustainability and health equity.

Furthermore, current DNA-based population screening
efforts do not appear to use other key public health concepts,
such as the Ten Essential Public Health Services. The Ten
Essential Public Health Services was initially created in 1994
to provide a framework to describe the activities that public
health systems should undertake in all communities (Castrucci,
2021). The framework was revised in 2020 with an explicit focus
on equity to reflect public health values and social justice. More
specifically, the visual representation of this framework places
equity at the core. This is meant to be ‘a reminder of how public
health must center on communities that have been historically
marginalized in their work’ (Castrucci, 2021). DNA-based
population screening needs to similarly place equity at the
core of all activities. We would like to suggest creation of a
new network of DNA-based population screening programs with
national, state and local partners to share best practices and to
collaborate on development of a framework that priorities health

equity.
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TABLE 1 | Selected population genomic screening initiatives.

Testing and return of
results

3,310 colorectal cancer patients (CRC) underwent
universal tumor screening (UTS) for mismatch repair

Germline multigene panel testing (MGPT) was
performed for patients with MMR deficiency

>26,906 individuals from throughout the state of
Nevada assessed for ancestry, LS, hereditary
breast and ovarian cancer syndrome (HBOC), and
familial hypercholesterolemia (FH)

>142,000 participants had their data analyzed for
actionable hereditary disorders. (MyCode

10,000 participants and provided patients with
results for 60 genes associated with hereditary
cancer and cardiac conditions, a 14-gene panel for
pharmacogenomics (PGXx) testing, ancestry and
common trait information (such as lactose

Returning ancestry results and actionable genetic
findings derived from whole exome sequencing
(WES) testing, starting with LS, HBOC, and FH.

Project Target Year
population initiated

Ohio Colorectal Cancer Prevention — Ohio residents 2013
Initiative®

(MMR) deficiency
Renown Healthy Nevada (with 23 Nevada 2016
and Me, Helix)® residents 2018
Geisinger MyCode (with Regeneron  Geisinger 2014
Pharmaceuticals)® patients

Scorecard, April 2022)
NorthShore DNA-10K (with Color)®  NorthShore 2019

patients

intolerance)
Mayo Clinic Tapestry study (with Mayo Clinic 2020
Helix)®' patients
Intermountain HerediGene: Utah and Idaho 2019

Population Study (with deCODE
Genetics/Amgen)®

residents

Return of results planned

ACancer.osu.edu/our-impact/community-outreach-and-engagement/statewide-initiatives/statewide-colon-cancer-initiative.

PHealthynv.org/.

“Geisinger.org/precision-health/mycode.
9Northshore.org/personalized-medicine/our-services/color-genetics-test/.

°Genomeweb.com/genetic-research/regeneron-mayo-ink-pact-sequence-genotype- 100k-patient-samples.
'Mayo.edu/research/centers-programs/center-individualized-medicine/research/clinical-studies/tapestry.
9Intermountainhealthcare.org/heredigene.

Equity in DNA-Based Population Screening

Findings

Approximately 16% of patients had MMR
deficiency. Pathogenic germline variants in
cancer susceptibility genes were found in 234
patients, representing 7.1% of the entire
cohort and 16% of the 1,462 patients who
received MGPT. Pearlman et al. (2021)
1.33% (1 in 75) individuals had one of these
three conditions. Among them, only 21.9%
had clinically relevant disease, 25.2% had a
family history of a relevant disease, and 90%
had not been previously diagnosed. Grzymski
et al. (2020)

Almost 3,400 participants have received
results to date, 48.1% with LS, HBOC or FH
diagnoses. (MyCode Results Reported, April
2022) Studies on this cohort revealed that
87% of 351 individuals with LS, HBOC, and FH
diagnoses were unaware of their genetic
status before testing and 84% were eligible for
additional interventions to mitigate disease
risk. Buchanan et al. (2020)

99% of eligible physicians ordered testing for a
patient and more than half said DNA-10K has
already provided a direct clinical benefit to
patients. Nearly 80% of participants
consented to participate in third party research
and 70% said that the program “enabled them
to better manage their personal health”.
(Northshore Press Release)

Results pending

Results pending

EXAMPLES OF DNA-BASED SCREENING
EFFORTS

Several institutions (Table 1) including Mayo, Geisinger,
Intermountain  Healthcare, and NorthShore University
HealthSystem, have developed and implemented personalized
medicine testing programs (Lemke et al., 2017; Schwartz et al,
2018; Pritchard et al., 2021). Northshore’s DNA-10K program
specifically targeted the idea that scalable delivery of genomic
medicine requires collaboration between genetics and non-
genetics providers, implementing a combined primary care-
genetics provider approach. Individuals who agreed to testing
consented online in advance of their annual preventive care visit,
at which time their primary care physician could place an order

for clinical testing. The framework for NorthShore’s Personalized
Medicine initiatives was developed at the local level via review
and included assessment of CDC Tier 1 conditions and other
guidelines, including the National Comprehensive Cancer
Network (NCCN) Cancer Gene guidelines, American Heart
Association (AHA)-supported cardiac genes, and ClinGen
curated genes for disease association, as well as American
College of Medical Genetics & Genomics (ACMG) incidental
finding guidelines (a de facto guideline in the field of genomic
population screening).

Two examples of state level DNA-based population screening
strategies exist in Ohio and Nevada. Ohio leverages universal
tumor screening with germline multigene panel testing for Lynch
syndrome (LS) among all colorectal cancer patients. Nevada uses
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population screening in the general public for three Tier 1 CDC
applications that have been defined in more narrowly defined
populations. The Ohio study provides an important example of
centralized expertise that could be utilized by other DNA-based
population screening efforts at the state and local levels. The
study also demonstrates that DNA-based population screening
efforts with germline multigene panel testing (MGPT) will detect
more patients and that wide-spread screening efforts involving
multiple health systems at the state level is feasible. The Healthy
Nevada study provides support that DNA-based population
screening efforts at the state level detect previously
undiagnosed hereditary conditions with actionable prevention
measures.

These programs have demonstrated significant success at
recruiting participants, returning actionable genetic results at
scale, and engaging local researchers and physicians to
participate in the programs. However, they have been
critiqued for a lack of racial and ethnic diversity. The races
and ethnicities of the participants are often similar to the
population served but favor white, non-Hispanic enrollment.
Buchanan et al. (2020) reports that 96.1% of MyCode
participants are white and 97.5% are non-Hispanic/non-
Latino, compared to 93.2 and 96.0% of active Geisinger
patients respectively. Grzymski et al. (2020) reported similar
consistency between the racial and ethnic makeup of the
Healthy Nevada cohort (81% white, 10% Hispanic/Latino, 3%
Asian, 1% African American compared to the Renown Health
System (72, 10, 3, 3%, respectively), but an oversampling of white
participants and underrepresentation of racial and ethnic
minorities compared to Washoe County (63, 25, 5, 2%
respectively).

It is critical that this history not be established as the norm for
population genomic studies. As recently highlighted by the All of
Us Research Initiative, oversampling of racial and ethnic
minorities and other marginalized groups is achievable with
targeted and purposeful effort. Currently, >50% of the All of
Us cohort identifies as a racial/ethnic minority and >80% are
traditionally underrepresented in biomedical research based on
gender identity, sexual preference, age, disability status, etc.
(https://www.researchallofus.org/data-tools/data-snapshots/) In
March 2022, All of Us announced the release of nearly 100,000
whole genome sequences from this population, demonstrating
the ability to recruit diverse participants for population genomic
sequencing efforts specifically. (https://allofus.nih.gov/news-
events/announcements/program-releases-first-genomic-dataset).

Elyse Azriel, Lynch syndrome previvor, captures the success of
such local efforts and the promise of DNA-based population
screening:

“As a healthy and active 26-year-old, I had no idea
that I might have an underlying genetic condition.
During an annual physical, my doctor told me about a
partnership that our hospital system, located in the
northern suburbs of Chicago, had with a genetic
testing company. The initiative called ‘DNA 10K’
was a population health program with the goal to
enroll 10,000 patients for genetic testing. She

Equity in DNA-Based Population Screening

encouraged me to enroll due to my dad’s history of
colon cancer at age 48. At first, I was hesitant to
participate because I had just received a negative
result on a direct-to-consumer test six months
prior. However, when my doctor explained that
this genetic test was more comprehensive and
could potentially detect a variant that was more
relevant to my family history of colon cancer, I
decided to go ahead with it.

This is when I first heard the words “Lynch Syndrome”.
I found out that I am positive for this genetic variant,
which is likely pathogenic and means that I have a
higher likelihood of developing several different types of
cancers including colorectal and endometrial cancer.
Luckily, I am a previvor, which means that I found out
that I have Lynch Syndrome prior to ever developing
cancer. I also have the privilege of accessing healthcare
providers and resources such as colonoscopies and
uterine biopsies annually to monitor for any new
cancer. Three years later, I am relieved that I am still
cancer free”

DISCUSSION

DNA-based population screening has the promise to
improve health of all people in all communities. However,
if current efforts continue without clear principles and
frameworks, there will be continued harm and health
inequities especially for those populations in greatest
need. There is an urgent need for ‘A Call to Action’ that
keeps equity at the core and involves all partners in DNA-
based population screening efforts. Precision public health
can use the framework of past and current initiatives in
newborn screening as a basis to expand access and equity of
DNA-based population screening. Potential actions to
consider are:

e Identification and dismantling of systemic barriers that
result in health inequities of genomic screening
efforts to assure equitable access for people in all
communities

e Creation of a national multidisciplinary advisory committee
with representation from multiple underserved populations
to improve current and inform future DNA-based
population screening efforts

e Utilization of well-described framework(s) and criteria such
as the revised Wilson and Jungner to guide screening
decisions about appropriate conditions to include in
DNA-based population screening initiatives

¢ Adoption of the newly updated Ten Essential Public Health
Services with the core of equity in all efforts at the local,
state, and national levels

We must embrace the wisdom of Candace Henley to “work
hard to take care of the neediest members of our community and
provide them with unconditional support”.
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Genomic sequencing has been increasingly utilized for prenatal diagnosis in recent years
and this trend is likely to continue. However, decision-making for parents in the prenatal
period is particularly fraught, and prenatal sequencing would significantly expand the
complexity of managing health risk information, reproductive options, and healthcare
access. This qualitative study investigates decision-making processes amongst parents
who enrolled or declined to enroll in the prenatal arm of the California-based Program in
Prenatal and Pediatric Genome Sequencing (P3EGS), a study in the Clinical Sequencing
Evidence-Generating Research (CSER) consortium that offered whole exome sequencing
for fetal anomalies with a focus on underrepresented groups in genomic research. Drawing
on the views of 18 prenatal families who agreed to be interviewed after enrolling (n = 15) or
declining to enrall (n = 3) in P3EGS, we observed that the timing of sequencing, coupled
with unique considerations around experiences of time during pregnancy and prenatal
testing, intersect with structural supports beyond the clinic to produce preferences for and
against prenatal sequencing and to contain the threat of unwelcome, uncertain
knowledge. Particularly for those without structural supports, finding out consequential
information may be more palatable after the birth, when the first stage of the uncertain
future has been revealed. Future research should examine the role of temporality in
decision-making around prenatal genomic sequencing across diverse population cohorts,
in order to observe more precisely the role that structural barriers play in patient
preferences.

Keywords: ELSI, prenatal exome sequencing, temporality, equity, genomic medicine
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INTRODUCTION

After a 22-week ultrasound of their fetus, Erica and David were
told that the sonographer “couldn’t find her brain-that was the
first thing, and when that happens sometimes the baby dies in the
stomach before she is born,” Erica recalled. There was also an
apparent heart defect. Their first worry was that their baby would
not carry to term. They were invited and agreed to participate in
our study, through which detailed genomic sequencing was
performed for their fetus, to improve medical understanding
of the multiple structural differences observed. The sequencing
took 4 weeks to complete. This is a fast turnaround time for
sequencing more generally; however in the prenatal context and
for Erica and David it meant that by the time the results were
returned, “the time to terminate the pregnancy was over.”
Besides, explained Erica, “I felt bad at that time because I
could already feel her moving.” The sequencing identified a
pathogenic variant in a gene associated with a brain
malformation called Dandy-Walker Syndrome, as well as
developmental delay, heart defects, scoliosis and additional
complications.

David reflected: “everything can change all of a sudden:
Suddenly you look at life and in a moment the panorama
completely changes. It is not easy; that’s why many people
make drastic decisions, like ending the pregnancy, or not
doing the tests because people prefer not to know anything
because it is not easy. Science is very advanced and that is
nice, but sometimes with those news not everyone is prepared.”

On the one hand, there was personal reassurance: finding a
non-inherited genetic cause meant that it was “nobody’s fault, it is
something they don’t know why it happened—that is the purpose
of the tests, to clarify” (David). On the other hand, there was
uncertainty: “what I'm worried about now is the heart surgery,
because they told us it would be done when she is born (...)
maybe in 2 months or maybe sooner, and if she’s going to need
medications too (...) we don’t know about her brain, if it is
minimum or if it will be a lot. We'll see” (Erica). “It is
unpredictable, that’s the word. We can’t say anything because
we don’t know. Nobody knows. We know about her heart; we
know that she has a cyst in the brain and that’s our greatest
concern. But regarding the rest, we don’t know” (David).

Until the birth, nothing felt actionable yet. “We are not in this
process yet,” Erica said, “we don’t know what we will have to deal
with, we only have to wait. The only thing is that I think these
tests should been done earlier. As I said, before you start feeling
the baby moving inside."

The experience of time and decision-making during the
prenatal period is fraught. There is a future-oriented tension
between prenatal diagnostics—indicating a prognosis for the
postnatal experience—and the lived experience of what the
fetus already is as a prenatal entity (Volkle and Wettmann
2021). Both the visualizations of the fetus via ultrasound and
the lived experience of fetal movement, as Erica explained, affirm
the fetus as a present, living entity. Any concerning information
revealed by structural anomalies on the (approximate) 20-week
ultrasound can introduce “sudden” uncertainty about what is to
come. The decision to undergo further testing from this point
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must thus be seen within the context of existing uncertainty,
introduced by the ultrasound. For Erica and David, a heart defect
was identified via ultrasound and, even though it was not
clinically part of the genomic sequencing, they had conflated
both concerns together. Decision-making is not always
contingent on genetic findings; personal beliefs and
expectations vary (Richardson and Ormond 2018), while
decisions about termination (when available) are yet to rest on
genomic sequencing results (Kalynchuk et al., 2015). Erica and
David had passed their personal threshold for the time by which
they might have terminated the pregnancy. They felt that they
now could only wait for their future baby’s needs to be revealed
after birth. The genomic sequencing result offered some further
explanation but ultimately not enough to act upon.

Prenatal genomic sequencing seeks to improve prenatal
diagnosis by understanding the reasons for, and potential
additional implications of, structural anomalies detected on
routine prenatal ultrasound that are not detectable by standard
chromosomal microarray or karyotype testing (Lord et al., 2019;
Petrovski et al.,, 2019). Whole exome sequencing evaluates the
protein-coding regions of the genome and identifies disease-
causing genetic variants. For fetuses with undiagnosed
structural abnormalities and otherwise ‘normal’ microarray
results, exome sequencing can provide diagnostic information
in as little as 6 percent and as many as 80 percent of cases (Best
et al.,, 2018). This much variation is due to contextual factors,
including the number of structural abnormalities observed and
whether or not both parents in addition to the fetus can be
sequenced (Mellis et al., 2018). While contested in its utility for
whole population reproductive healthcare (ISPD et al.,, 2018),
genomic sequencing is increasingly utilized in situations where a
fetal structural anomaly is detected (Best et al., 2018). This trend
is likely to continue (Fleck and Leslie, 2022).

There are, however, several logistical, experiential and equity
challenges of prenatal genomic sequencing that warrant
attention. First, timeliness is a huge barrier: turnaround time
for sequencing results needs to be faster than in postnatal settings,
where the window of potential action or treatment is wider
(Kalynchuk et al, 2015). The late gestational age that
anomalies are picked up when disorders are detected via
imaging and the frequent need for another referral for a
diagnostic procedure, which takes time, along with the current
protocol requiring a microarray first, all compound the added
delay of the sequencing process itself—not to mention the stakes
now imposed by abortion bans pertaining to gestational age
categories. Second, further research is needed to understand
how genetic diseases manifest in a fetus and what the
implications are of specific genetic variants identified in utero.
Third, and related to the need for more timely sequencing, there is
an impetus to provide access to adequate genetic counselling that
takes into account the absence of clear phenotypes and prenatal
reference data (Jelin and Neeta, 2018). Economic value for
prenatal (and postnatal) interventions, encompassing a
pipeline of testing and treatments, would need to be raised to
meet health payer coverage (Trosman et al., 2020). Finally, patient
acceptability of genomic testing across diverse population groups
is not equal (Gutierrez and Hailu, 2021).
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It is critical to capture the views of families who are
underrepresented in genomic research. Populations who do
not participate in genomic research remain underrepresented
in two central ways. First, families are underrepresented in
genomic databases, which thus use limited genetic ancestry
information to drive the advancement of diagnostics and
precision therapeutics (Sirugo et al, 2019). Individuals who
are classified by European descent make up 81 per cent of
genomic databases (Popejoy and Fullerton 2016). Second,
underrepresented ancestry groups may also experience
compounding structural inequalities, including systemic racism
(Smith et al., 2016; Lee et al., 2019). For instance, Erica and David
were from an ethno-racial minority group, they relied on
government health insurance, and English was their second
language. They had accessed further prenatal tests through
participation in our study. Prenatal sequencing in the
United States in its current form is available through exclusive
and unequal access at the same time as adding another burden of
‘choice’ within prenatal care (Yurkiewicz et al., 2014). Yet, as
Erica and David illuminated, revelations of uncertainty in
prognosis do not just concern one intervention over another.
Revelations of uncertainty begin with an ultrasound, before the
sequencing option. Being able to pursue a prenatal diagnosis via
any means is therefore associated with a burden of choice that
gives rise to complex, time-pressured decision-making
processes—particularly for groups who are underrepresented
in genomic research.

This paper investigates how expectant parents from
underrepresented groups in genomic research decide whether
or not to pursue prenatal genomic sequencing—and the potential
ongoing uncertainty it entails—in the context of limited
opportunities for action before birth. As Erica and David
described, pursuing prenatal genomic sequencing after a
concerning ultrasound involves an “unpredictable” experiential
process, despite the efforts of researchers and genetic counsellors
to prepare expectant parents. Understandably, “people prefer not
to know anything because it is not easy”—to hold uncertain
information at the same time as, for the pregnant person, feeling
at a visceral level the life of their unborn baby “moving inside”
them, legitimizing hope and parental care.

Previous research on the temporality of pregnancy and
prenatal tests suggests that there are experiential clashes
between the linear stages of time informed by ultrasounds and
biometric measurements, which give rise to gestational age and
birth due dates, and how pregnant persons experience time
during pregnancy as more precarious and ultimately
negotiable in terms of when the birth takes place—as the first
opportunity for post-test actionability (Singer 2015). It has also
been suggested that parents undergoing exome sequencing of
their fetus can over-estimate the potential for answers and are
likely to be unprepared for the increased uncertainty presented by
results (Chandler et al., 2018; Richardson and Ormond 2018).
Further, there are limitations to clinical capacities to manage
uncertain results for those who pursue genetic testing prior to
exome sequencing. Chromosomal microarray-identifying
aneuploidy and structural changes in chromosomes that are
typically not detectable by standard karyotype tests—places
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great demand on genetic counselors and obstetricians to
account for diagnostic/prognostic uncertainty in a time-
sensitive way. Thus microarray results have been described as
sometimes imposing “toxic knowledge”: knowledge that is not
wanted and makes expectant parents feel anxious throughout the
remainder of pregnancy, in fear of what might be to come
(Bernhardt et al., 2013). Through attention to decision-making
processes, temporality, and structural supports, our study
ultimately considers the extent to which prenatal genomic
sequencing produces more “toxic knowledge”—on top of
ultrasound  findings—for  underrepresented  groups in
particular, and how experiences of time intersect with
decision-making about that potential knowledge.

METHODS

Participants

The University of California, San Francisco (UCSF) initiated the
California-based Program in Prenatal and Pediatric Genome
Sequencing (P3EGS) in 2017. This was one of six NIH-funded
sites in the Clinical Sequencing Evidence-Generating Research
(CSER) consortium, investigating both prenatal and pediatric
contexts. The main goal of P3EGS was to investigate the clinical
and personal utility of exome sequencing, with a focus on
underrepresented populations in genomic research. In the
prenatal arm, utility applies to prenatal exome sequencing
in situations of fetal structural anomalies. Most participating
P3EGS families would otherwise be unable to access exome
sequencing for their fetus’ or child’s suspected genetic
condition, often due to a reliance on Medicaid/Medi-Cal
coverage. Compared to the pediatric arm of the study where
most parents (81.9%) relied on Medicaid/Med-Cal, expectant
parents in the prenatal arm were predominantly privately insured
(73.3%) and had higher incomes.

In addition to selecting participants to maximize inclusion of
underrepresented groups, in the case of ongoing pregnancies
inclusion also required participant willingness to undergo an
amniocentesis first, for which a negative result was reported. We
therefore had a selective subgroup of underrepresented
populations who, with prior access to prenatal testing, were
already dealing with an emotional toll of an anomalous
pregnancy at baseline. Participants also underwent genetic
counselling to help prepare them for the possibility of more
uncertainty with the sequencing findings.

Data Collection

Our analytic sample included 18 families who agreed to
interviewed after either enrolling (n = 15) or declining
enroll (n 3) in the prenatal arm of P3EGS. Parents of
probands (the affected fetus) were invited to participate in
semi-structured interviews. The interview sampling strategy
aimed to reflect the greater P3EGS cohort, while capturing the
specific populations’ experiences (underrepresented families).
The semi-structured interview guide was developed by the
Ethical, Legal and Social Implications (ELSI) research team
and included a wide range of topics, as well as specific
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TABLE 1 | Participant demographics.

Interviewee(s) names Medicaid/Medi-Cal

or participant ID

Under represented in
genomic research

Erica and David
Eva

Jane

Mei

Melissa
Rachel & Jay
Susan

Vina & Jim
Fam 309
Fam 11

Fam 348
Fam 370
Fam 398
Fam 41

Fam 442
Fam 596
Fam 195
Fam 86

CZKZK<K<LKZ<KZ<LKZ<<<Z<
ZZ-(Z-<ZZZ-<ZZZZ§ZZZ-<

questions related to the pursuit of prenatal genomic sequencing.
Interviews were conducted either at the family’s home, over the
phone, or via videoconference. Each interview had a duration of
between 30 and 60 min. All interviews were conducted by three
members of the ELSI research team with training in ethnographic
data collection. Most interviews were conducted in English or
Spanish, the latter of which were transcribed and translated to
English for coding and analysis.

Data Analysis

Qualitative analysis of interview transcripts involved thematic
coding (Boyatzis 1998; Braun and Clarke 2006). An inductive
approach was implemented whereby emerging patterns and
themes were determined a posteriori. Data were analyzed using
a pre-discussed set of qualitative codes. Codes were developed
following what was being learned through initial observations
and interviews. The ELSI research team iteratively conducted the
process of coding and generating themes to increase the reliability
of the iterative analysis. Themes were summarized to gain insight
and provide an overall picture of the reasoning for each family’s
pursuit for prenatal genomic sequencing.

RESULTS

Below we describe how temporal factors shaped decision-
making amongst 18 families who agreed to be interviewed
after either enrolling (n = 14), enrolling and not receiving
results (n = 1) or declining to enroll (n = 3). Building on Erica
and David’s case, we cite interviews from eight of these
families, including five participants who enrolled and the
three who declined to enroll. For families quoted in this
paper, we use pseudonyms to balance the protection of
participant identity and data integrity (Saunders et al,
2015). Table 1 reports on select demographics for all

Enroliment status

Temporal Factors of Decision-Making for Prenatal Sequencing

Sequencing result Pregnancy status
at time

of interview

Participant Positive, de novo Ongoing
Participant Inconclusive Ongoing
Declined enrollment Ongoing
Participant Inconclusive Terminated (prior to participation)
Declined enrollment Ongoing
Participant Positive, de novo Ongoing
Declined enrollment Ongoing
Participant Negative Ongoing
Participant Positive, de novo Ongoing
Participant Negative Terminated
Participant Negative Terminated
Participant Negative Ongoing
Participant Positive Ongoing
Participant Inconclusive Terminated
Declined results Terminated
Participant Inconclusive, de novo Ongoing
Participant Positive, de novo Ongoing
Participant Positive, de novo Ongoing
families, including whether families are considered

underrepresented in genomic research by ethno-racial status
(yes or no) and whether families were enrolled in government
insurance (Medicaid/Medi-Cal) (yes or no). Given that most
people giving birth in California are enrolled in Medicaid/
Medi-Cal, our study sample indicates disparities in access and
a selection bias towards those who could access private health
insurance for prenatal care.

We observed that decisions to participate in prenatal genomic
sequencing are guided by time availability, social supports, and
confidence in being able to plan for an uncertain future. These
factors may be influenced by broader structural and
socioeconomic conditions, which along with temporality ought
to be better accounted for in considerations of the potential
benefits and harms of prenatal sequencing and how these are
distributed. We have categorized our results under two key
findings: 1) Decision-making takes time and support beyond
what the clinic can provide; and 2) In the absence of timeliness
and actionability, expectant parents keep the future open for as
long as possible.

Decision-Making Takes Time and Support
Beyond What the Clinic can Provide

Making the decision about participation in prenatal sequencing
takes time and personal assurance. The time it took participants
to process relevant information may extend outside of when
clinical advice is received, for several reasons. First, sorting
through information in the clinical setting naturally invites
more attention to medical concerns. Jane who declined to
participate explained:

I feel like being in the hospital setting and always kind of
under that pressure or I feel like there’s always this
analysis going on about looking for potential
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risks—everything is very like risk-focused . .. I want to
feel empowered.

Even expectant parents who, on the contrary, felt empowered
while at the clinic to participate still sometimes changed their
minds after leaving the clinic. For instance, after having blood
drawn “with the intention of participating,” Susan and her
partner walked back on their decision:

We talked to (the genetic counsellor) about it and ...
she was saying that they would use that to ... narrow
down, you know, [fetus’] sequence. So, I thought about
that when we were talking to her, but then I thought
more on it later, over the weekend, after we had talked
about it. And we were like, you know what, let’s just not
... you can only do what you feel is best in that
moment.

Second, for those who participated in our study, decision-
making was often based on feeling more able to think clearly after
leaving the clinical setting. Rachel explained, “it was a lot of
information. She [the genetic counselor] gave us a lot of
information that we ... we hear everything here and then we
just, in the car, right, we start processing it.” Her partner, Jay, also

described:

Afterwards we thought about the implications. We
didn’t necessarily think about them all in the
moment. I don’t think in the conversation itself we
necessarily said “do we actually—you know, what does
this come back to? You know, what does that mean and
how do we react to it?” That part is, you know, it took
some time to kind of process that and think that
through and get to that stage of conversation. It
wasn’t much longer. I think maybe on the car
ride home.

Others felt overwhelmed regardless of the clinical or personal
setting they were in. Melissa, who declined to participate, recalled:

I kind of just stayed quiet and they gave me a call and I
was like, “You know what, let’s just, you know, let’s not
do this. 'm just really scared, just terrified.” ... me
being stubborn and selfish and just scared, I was like,
“Okay, I just don’t want to know until she’s born.” ... 1
just had so much going on, like my mind was, like,
going blank.

Patients struggled to process the fetal anomalies, and the
option of genetic testing on top of that was often just
too much.

Mei, who participated in our study after terminating her
pregnancy, described feeling similarly overwhelmed
processing information pertaining to the sequencing results.
While inconclusive, there was an indication of “MEHMO,”
characterized by severe intellectual disability, epileptic seizures,
hypogenitalism, microcephaly and obesity. Mei described that the

in
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order of delivery of information may have interfered with her
ability to process what she was hearing:

(the genetic counsellor) kind of went straight into “This
mutation is called this thing.” And it was so technical
that I, A) could not really follow, even though I'm
medically trained, I could not really follow ... I was
just surprised that there was a result at all. So, I wasn’t
really following the details and I just found it to be very
technical for like a very long time. And hard to figure
out, like, what does this mean? . . . T actually wished that
I had gotten a synth“esis from a physician first, to set the
stage for “This is where you are about to hear,” and then
go into, “Okay, there’s this thing called MEHMO.
There’s this many identified pathogenic mutations.”
You know,” you have a non-pathogenic, or a not
identified variant,” you know, like, all the details
would’ve followed better after the high level
synthesis, or just some kind of mental preparation.
Like, you know, “Out of the spectrum of outcomes,
“here’s where you are and now let me tell you the
details” ... some kind of guiding statement would’ve
helped.

Mei had made the decision to terminate based on both a
follow-up fetal MRI, which “confirmed the diagnosis of agenesis
of the corpus callosum,” and the seeking a second opinion. She
explained that participating in P3EGS came “quite some time
after that—after we had the termination ... And, I honestly
wasn’t expecting [the study] to find anything; I just thought, ‘I
support research and so I don’t mind going through the process’.”
Upon receiving the results for which she felt completely
unprepared for, she felt the need for personal space to process
this new information:

I had assumed that, just from the correspondence, there
seemed to be no urgency, no rush. There was, I think
(the genetic counselor) was even surprised that I was at
work and not like somewhere, you know, more private
... Idon’t think I was mentally prepared to be in a quiet
place, you know, with some privacy, to really soak it in.

Finding “a quiet place” meant finding a supportive place—that
would either affirm or challenge initial views. For Jane, who had
“decided during the interview session” not to participate, it was in
talking through the decision with her friends, who had “said,
‘Good for you’ ... and just talking with other mothers, it seems
like, you know, a lot of moms have felt like it has caused a lot of
unnecessary stress in the pregnancy.” There was a sense of
solidarity and trust in others about her reasoning.

That said, sometimes final decision-making differed between
partners. Melissa, who had declined genomic sequencing for their
fetus due to feeling overwhelmed at the time, later agreed to have
genetic testing on herself, however her partner refused. The test
result brought her personal relief: “with me, there was no trait or
anything that could have been passed down to (Proband) . .. that
was a big thing for me . . . I felt so guilty for the longest time until
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they told me, “No, it is not your fault . . .” It was just like eating me
alive. It was horrible.” Nonetheless, with this new knowledge
about herself came the challenge of how to manage her family’s
expectations:

it’s just so hard to even like explain to my family now . . .
my family has been driving me nuts, just asking all these
questions . . . my family is just typical Mexican. They’re
like, “Oh, she’ll get over it, she’ll get over it, she’ll get
over it.” You know, that’s just them. So, I get frustrated
when they ask me questions.

Finding a sense of ownership over the genomic sequencing
experience takes time, which pregnancy cannot easily afford.
Moreover, agreeing to participate in fetal sequencing can mean
tempting a future that parents are not yet ready to accept.

In the Absence of Timeliness and
Actionability, Expectant Parents Keep the

Future Open for as Long as Possible
Expectant parents face a tension between appreciating the as-yet-
known health status of their fetus and using information to
prepare for the birth of their baby. As described in reference
to Erica and David, obtaining more information while being
unable to act until a baby is born can be anxiety-inducing because
there are still many unknowns: “we are not in this process yet . . .
we only have to wait (until the birth).” Melissa explicitly stated
about her decision to decline:

I just didn’t want to know like something horrible was
going to happen to her, just like know this could happen
when she’s born. It was just more like—then when she’s
born, if this happens, it’s not more of a shock ... It’s
like, “let’s just wait until she’s born, just to know when
she’s born.” Not to, like, know beforehand. It’s not a
very pleasant feeling to know something is there.

After their daughter was born, Melissa had felt more inclined
to have genetic testing not only for her own personal reassurance,
but also because “now that her heart’s working perfectly, she’s
looking good, it is like, ‘let’s just know, you know, now that she’s
here.” And if we could catch something now, that would be great
... Now that she’s here, yes, definitely, so we could just catch
something before it is too late.” It was only from birth onwards
that the feeling of control over the future began to take hold.

Fear of finding out information before being able to act on it
also took the form of declining to participate due to fears further
down the line regarding secondary consequences of what might
be disclosed:

If we did discover that we had some kind of preexisting
condition that might be adult onset, like do we want to
live in fear or anxiety about this like our entire lives? . ..
we just wanted to live and not really be thinking about
all those things . . . it was just opening up a can of worms
and where would it end, where would all of this testing
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end? ... what do we do with all of this information? .. .
I've already had a few ultrasounds where they had
different information about my due date. And, so, I
don’t really like feeling all this anxiety.

While information about adult-onset conditions in a fetus
was distinct and optional information, to be disclosed only if
participants wanted, these expectant parents retained
concern that there were no limits on the genetic
information disclosed. Nonetheless, their decision-making
seemed to involve having a greater sense of confidence in
how knowledge can be put out of harm’s way when it is not
relevant to present circumstances.

Some expectant parents asserted that prenatal genomic
sequencing “provides us [with] even more information and
being just educated ... one less thing that we have to worry
about” (Vina), or that “it gives us choices, and where knowledge is
better than not having nothing” (Vina’s partner, Jim). Yet, as
Erica described, this was perhaps dependent on how participants
subjectively viewed the timeliness of the tests in regard to their
personal (as well as the legal) thresholds for termination options.

Eva, who was not considering termination and decided to
participate in P3EGS after a longer period of dealing with
uncertainty having accessed a 12-week ultrasound, which
revealed a potential heart anomaly, reflected:

It was kind of amazing to find out like at 12 weeks that
they recognize, “hey, there’s something wrong,” you
know, “something doesn’t look right with the heart.”
And to know that early on . . . it’s not what you want to
hear but it’s beneficial in the big picture, in the sense
that you can kind of prepare ... what if we didn’t ...
and we just went along thinking “everything’s great,
everything’s fine,” and then it’s not until he’s born that
we’re—you know, and it would just completely derail
us. Whereas it gave us a lot more time to kind of
mentally prepare and figure things out as we went
along, [rather] than just getting hit really hard at
the end.

This contrasts sharply with Erica and David’s experiences,
who, after receiving an abnormal ultrasound reading at 22 weeks
and genomic sequencing results at 26 weeks, felt like the time to
act had already passed. Again, selecting the appropriate social
support can help buffer against fears of the future. In navigating
the uncertainty of what was to come, David commented that “in
life we have a person who . . . he wishes to share things with. It is
nice because when I tell my mother, she will not say to me, ‘it is
because of this or because of that.” No, she tells me, ‘Tt is in God’s
hands. He will know what do to’.” David had not shared the
information with his siblings because “sometimes you prefer not
to worry people, especially when it is such a hard situation. So far,
we have it under control and I prefer not to tell them.” Only after
baby’s birth would the couple be confronted with familial
reactions that they did not feel ready for.

Other parents who declined genomic sequencing were able to,
for the duration of pregnancy at least, feel confident in the
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hopeful information given through prior prenatal testing, rather
than tempting more information through sequencing:

I just don’t feel like there’s any reason to do further
testing . .. the other test that we did came out normal.
There wasn’t anything unusual ... I was comfortable
with the results, where I felt like I didn’t really need to
delve deeper into the exome sequencing study ... I
think I just wanted to really trust my intuition and ... I
feel like the baby is healthy and I don’t really want to go
through further testing when all the test results that
we’ve gotten back so far have been normal. (Jane)

Accepting prenatal genomic sequencing could also mean a
burden to think even further down the line into the future. Jane,
who explained that they were confident in the information
already provided through ultrasound, thus declining
sequencing, summarized the full extent of their concerns: “I
didn’t want to live in fear and anxiety based on the results of
the study, and I also didn’t want it to affect my child or our
potential ability to get insurance.” Beyond questions of healthcare
coverage (which, contrary to some confusion, is protected under
discrimination laws), there were legitime concerns about future
life insurance coverage and the multitude of uncertain future
implications for the future child. Susan, who had decided to pull
out at the last minute, elaborated:

We didn’t feel that—specifically, that getting the
information from the exome mapping for our
daughter, [fetus], was going to change how we felt
about her treatment or any decisions that we made
about her treatment in the short term . . . it wasn’t really
going to affect us directly, but if it would be something
that would be helpful for other families in the future . . .
But then (the genetic counsellor) kind of reiterated, well,
“there is information that you may find that may
become helpful for you” ... it was clear that there
was potential for that ... I remember it registering in
my brain somewhere ... but ... we were still going to
proceed and participate. And then the conversation
with my husband about like, “oh, well, maybe this
could negatively impact her in the future,” you know,
that was kind of the deciding factor for us to pull out.

Expectant parents can view the actionability of genetic testing
results in pregnancy as limited by the lack of available fetal
treatments. Especially if the results are uncertain, “it is not
enough to make decisions on, it is not definitive but it is also
not as reassuring,” explained Mei.

For those seeking longer-term reassurance, prenatal genomic
sequencing threatened to disrupt shorter-term confidence. Out of
the 316 prenatal families who participated in exome sequencing in
our study, nine families chose not to receive their results after the
test results were ready. At least two of these families (that could be
reached) said explicitly that they declined because they did not wish
to learn the results. In these situations, there was nothing to act
upon with the current pregnancy: one ended in termination and
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the other ended in miscarriage. The couple who terminated their
pregnancy were from an underrepresented ethno-racial group who
also relied on Medicaid. Further, 7/9 of the families that did not
receive results relied on Medicaid and a respective 7/9 were
identified as underrepresented ethno-racial group.

Expectant parents who chose to terminate their pregnancy
appeared to feel that the information, while overwhelming to
process at the time, became relevant upon further reflection when
starting to plan for future pregnancies. Mei, who terminated her
pregnancy before receiving the result, explained how she wished
she had “screenshot” the information sent through after the
consult rather than having to wait for it to be mailed out,
because “the height of the issue was the couple of days after,”
when her and her partner, who had conceived the terminated
pregnancy via IVF, were deciding—a few days after the
sequencing result came through—whether to transfer one of
their remaining embryos already available to do another IVF
cycle and seek a preimplantation genetic diagnosis. In seeking
more information, “if I had pushed this any further, we would
have been past the decision point of which I'm going to transfer.”
They drew on information they recalled from return of results to
“read more about it, understand more, and then to make a
decision,” which was to transfer a female embryo “to be safe”
because the inconclusive result was an “X-linked” condition.

Parents also often erred on the side of hope, giving possible
undesirable outcomes the benefit of doubt, when making
decisions to pursue current or future pregnancies. Mei
rationalized that the variant of unknown significance was
reported “because it is a variant in a gene that has some kind
of brain effect, even though it is the same thing that our fetus
actually had ... it was more of a conservative reporting” and
“even though we don’t know if it is a pathogenic or not
pathogenic variant, I still suspect that probably not.”

DISCUSSION

This paper has demonstrated the importance of experiences of
temporality considerations about prenatal genomic
sequencing—both the unique timing factors imposed by the
prenatal period of clinical timeframes and the lived
experiences of time pressures and structural barriers when
faced with making decisions about sequencing and waiting for
results. Prenatal testing has long produced a ‘tentative pregnancy’
(Rothman 1986). For expectant parents, decision-making around
genomic sequencing may rest on the extent to which sequencing
makes their pregnancy feel even more tentative at a time when
women like Erica are already “feeling the baby moving inside.”
Consistent with previous research on temporal experiences and
conflicts imposed by prenatal testing (Sdnger 2015), interviewees
in our study described processing information and managing
uncertainty in a non-linear way compared with clinical
expectations. Declining prenatal genomic testing may help to
suspend future uncertainties about outcomes, allowing parents to
maximize control of the pregnancy. Critically, the greater ability
to delay the possibilities of illness while a future baby remains in
utero stands in contrast to newborn screening for genetic disease.

in
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In the contrasting case of newborn screening, parents of
newborns are left to navigate the possibility of ‘illness in spite
of symptoms or a diagnosis’ such that they become ‘patients-in-
waiting,” navigating between ‘an unremarkable state of
“normalness” and “disease™ that ultimately requires ‘patience’
until clear symptoms manifest (Timmermans and Buchbinder
2010: 417; 418). In the prenatal period, expectant parents are
more likely to experience a sense of indeterminability and
inactionability, which lends to more empowerment to make
decisions on their own terms.

At a practical level, the search for more information becomes
more productive when information is actionable. While prenatal
interventions are available for some fetal anomalies and genetic
diseases, such as in utero transfusions for inherited anemias,
prenatal interventions at this time do not exist for most disease
and are generally not curative. Thus, finding out consequential
information may be more palatable either before pregnancy (via
expanded parental carrier genetic testing, which many are not
offered) or else after the birth when the first stage of the uncertain
future has been revealed.

In the absence of prenatal treatments or the possibility of
termination (depending on both patient and provider views and
state regulations), parents may feel that nothing is actionable until
the point of birth. Melissa had described declining genomic
sequencing because she wanted to “just wait until she’s born
... It is not a very pleasant feeling to know something is there,”
without being able to know for sure or to do anything about it. For
others, like Eva, participating in prenatal genomic sequencing
provided “a lot more time to kind of mentally prepare and figure
things out as we went along [rather] than just getting hit really
hard at the end.” Eva, however, had begun the process of mental
preparation at the 12-week ultrasound. Most parents eligible for
prenatal genomic sequencing will not find out about structural
anomalies until the 20-week ultrasound.

Prenatal genomic sequencing expands the orbit of managing
health risk information, reproductive options, and systemic
healthcare barriers introduced by earlier prenatal technologies.
Racial disparities have long been a concern (Taylor et al., 2019),
including in terms of access to prenatal genetic counseling
(Christopher et al, 2022), a service that provides a critical
opportunity for discussion about the level of uncertainty that
might be acceptable to different expectant parents (Harris et al,
2018). Historically in California, declining earlier prenatal tests such
as maternal serum alpha-fetoprotein (AFP), chorionic villus sampling
(CVS) and amniocentesis was associated with racial and ethnic
minority status and English language barriers (Kuppermann et al,
1996; Press and Browner 1998). Factors such as discomfort with and
trust in clinical protocols and social rapport with clinicians,
skepticism of statistical predictions, and religious beliefs were
found to also shape declinations of amniocentesis, although these
factors can be construed along social class lines as much as ethno-
racial lines (Rapp 1998). For instance, acceptance of amniocentesis
may be more likely amongst parents with higher education rather
than ethnic or racial determinants per se (Saucier et al., 2005). In the
case of today’s genomic sequencing, less is known about the dynamics
of prenatal social barriers beyond logistical and access issues
(Bernhardt et al., 2013). For pediatric patients with rare disease,
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social demographic variables such as limited healthcare access and
English language barriers can exclude parents from support groups,
lowering the perceived utility of genomic sequencing for parents
(Halley et al,, 2022). Our study suggests that for expectant parents
who have undergone ultrasound and amniocentesis to now be
considering genomic sequencing, there may also be issues around
what structural supports are in place to deal with return of results
should they imply that further healthcare and support will be needed
post-birth. English speaking barriers may compound these needs.
Having supports in place to manage the outcomes of genomic
sequencing is critical, and this factor may become more pressing
the further along in the pregnancy parents are.

In terms of decision-making about whether to participate in
genomic sequencing in the first instance, there were numerous
temporal and structural factors at play. Some expectant parents
appeared less likely to get reassurance about their decision-
making process from within the clinical setting. Amongst the
minority who decide while in the clinic, they still sometimes
changed their minds upon talking it through with family. Earlier
research on why expectant parents decline maternal serum alpha-
fetoprotein (AFP) suggests there is an association between taking
more time to decide to decline AFP and being able to talk it over
with family (Press and Browner 1998). We were unable to test this
hypothesis specifically, however our findings point to the need for
expectant parents to seek guidance beyond the clinic. Given
previous ethnographic findings that underrepresented groups
may be more likely to decline amniocentesis following
consultation with family members (Rapp 1998), it is pertinent
to consider how a sense independence from clinical input is either
collective (family) or individual. Even if family members are
present during clinical conversations, they might remain silent
until returning to private spaces where they feel more
empowered, and less encumbered by a lack of social
relatability with clinicians, to express their concerns (Rapp
1998). Our finding that there can be a divergence between
expectant parents in their decisions to pursue their own
exome sequencing as additional information for the fetus
(demonstrated in the case of Melissa) suggests that whereas
family-influenced decision-making may have been historically
colored by gendered roles (Rapp 1998), female-identifying
expectant parents can assert more independence in their
decision-making while still consulting family.

The tendency to seek one’s own information and social
support in the prenatal period may depend on structural
supports. This process may serve as a precursor to the
ongoing “therapeutic odyssey” that parents face in the
pediatric context, where genomic sequencing is only one part
of a larger process that happens outside of the clinical setting
(Childerhose et al., 2021). For other expectant parents, and
perhaps more likely those with greater structural supports,
they were more likely to feel confident in either the
information presented in the clinical setting in the moment or
to change their minds later after talking with their social supports.
A previous Canadian study of decision-making about non-
invasive prenatal testing (NIPT) to test for Down Syndrome
observed that just over half of expectant parents envisaged being
able to make a decision within the appointment where
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information was given about NIPT, with the rest preferring to
take a few days to consider (Laberge et al., 2019). The study also
found that previous knowledge (about Down Syndrome and
NIPT) played little role in decision-making: expectant parents
‘do not necessarily need different types of information, but they
simply need time to reflect on how to integrate this new
knowledge into their decision-making process along with their
values and preferences’ (Laberge et al., 2019). Parents in Laberge
et al.‘s study were predominantly white, with access to universal
prenatal healthcare. Our study suggests that, in practice, decision-
making may be even less likely to happen within the same
information session for expectant parents facing structural
barriers.

The time taken to process information has important
implications for informed consent. Amongst the larger P3EGS
cohort, there was poor recollection of deciding whether or not to
consent to broad data sharing of genomic information (Norstad
et al, 2021). Previous research also suggests that, although
expectant parents appreciate clinical support in their decision-
making about prenatal whole exome sequencing, they would
appreciate if the sequencing results were more timely, with
more attention given to uncertainty, and with a preference for
results to be repeated and delivered via multiple formats, as a way
of ensuring more understanding of results (Quinlan-Jones et al.,
2017). We have highlighted in this paper, however, that the
delivery of information (and the timing of consent) is also
complicated by the incongruence between the level of
preparedness that might be expected from clinicians delivering
information and the time, space and support that expectant
parents may need beyond the clinical setting to sort through
uncertain information and empower themselves in the decision-
making process.

Implications for Future Research
Future research should examine the role of temporality in decision-
making around prenatal genomic sequencing across diverse
population cohorts, to observe more precisely the role those
structural barriers play in patient preferences. Returning to our
question posed in the Introduction, of whether prenatal genomic
sequencing may produce more “toxic knowledge” for expectant
parents and clinicians to navigate (Bernhardt et al, 2013), our
study has demonstrated that the experience of liminal time in the
prenatal period, as well as social supports beyond the clinic, may help
families to contain the threat of unwelcome, uncertain knowledge. As
underrepresented groups in genomic research are also disadvantaged
by having less access to social and structural supports that shape
health (Smith et al.,, 2016), it is critical consider how clinical supports
may be better harnessed to enable timely planning toward the future
and acting on uncertain information.

Often underrecognized by both patients and providers is that
identifying a prenatal diagnosis also allows for advance
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Introduction: Population-based genomic research is expected to deliver substantial
public health benefits. National genomics initiatives are widespread, with large-scale
collection and research of human genomic data. To date, little is known about the
actual public health benefit that is yielded from such initiatives. In this study, we
explore how public health benefit is being pursued in a selection of national genomics
initiatives.

Methods: A mixed-method study was carried out, consisting of a literature-based
comparison of 11 purposively sampled national genomics initiatives (Belgium, Denmark,
Estonia, Finland, Germany, Iceland, Qatar, Saudi Arabia, Taiwan, United Kingdom (UK), and
United States (USA)), and five semi-structured interviews with experts (Denmark, Estonia,
Finland, UK, USA). It was analyzed to what extent and how public health benefit was pursued
and then operationalized in each phase of an adapted public health policy cycle: agenda
setting, governance, (research) strategy towards health benefit, implementation, evaluation.

Results: Public health benefit within national genomics initiatives was pursued in all initiatives
and also operationalized in all phases of the public health policy cycle. The inclusion of public
health benefit in genomics initiatives seemed dependent on the outcomes of agenda setting,
such as the aims and values, as well as design of governance, for example involved actors and
funding. Some initiatives focus on a research-based strategy to contribute to public health,
while others focus on research translation into healthcare, or a combination of both. Evaluation
of public health benefits could be performed qualitatively, such as assessing improved public
trust, and/or quantitatively, e.g. research output or number of new diagnoses. However, the
created health benefit for the general public, both short- and long-term, appears to be difficult
to determine.

Conclusion: Genomics initiatives hold the potential to deliver health promises of
population-based genomics. Yet, universal tools to measure public health benefit and
clarity in roles and responsibilities of collaborating stakeholders are lacking. Advancements
in both aspects will help to facilitate and achieve the expected impact of genomics
initiatives and enable effective research translation, implementation, and ultimately
improved public health.
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1 INTRODUCTION

Public health is defined by the World Health Organization as
“the art and science of preventing disease, prolonging life and
promoting health through the organized efforts of society”
(World Health Organization, 2022). Following this definition,
organized efforts of society that act to prevent disease, prolong
life and promote health are considered as advances to
ultimately benefit public health. Public health outcomes are
among others shaped by a range of economic, political,
behavioral, and biological factors. These biological factors
entail among others the field of genomics. Genomics
involves not only the knowledge of a person’s genetic
makeup, but how health is influenced, both positively and
negatively, by the complex interaction between genes and the
environment. Over the past decades, rapid developments in
the field of genomics have led to increasing application of
public health genomics through its integration into healthcare
and prevention (Brand, 2005; Brand, 2011; Molster et al,
2018). With the potential to significantly benefit public
health, public health genomics has emerged as a topical
research field and expectations from researchers, policy
makers, healthcare professionals and the public are
substantial (Bell, 2004; Etchegary et al, 2013; Friedman
et al., 2017; Khoury et al., 2018; Molster et al., 2018; Rigter
et al., 2020).

In a variety of countries, national genomics initiatives have
been launched. By building on the previously gathered
knowledge and practices of the field of public health
genomics, many of the national genomics initiatives aim to
pursue public health benefit (Belcher et al, 2020; Genomic
Medicine Policy, 2022; Global Alliance for Genomics and
Health, 2022). Examples of promises and aims that are stated
by such initiatives include “to create the most advanced genomic
healthcare system in the world, underpinned by the latest
scientific advances, to deliver better health outcomes at lower
cost” (Government UK, 2020) and “to improve human health
through genetic research, and ultimately identify new
therapeutic targets and diagnostics for treating numerous
diseases” (FinnGen, 2022a) (Table 1). The former
Netherlands Genomics Initiative (2003-2013) for example
aimed for society and economy to benefit from the
breakthroughs enabled by genomics, by concentrating talent
and spawning (new) businesses (Data Archiving and Networked
Services, 2022). Health was mentioned as a field to apply
genomics, but at that time health benefit was not explicitly
aimed for, unlike support for research and valorization.
Nowadays new national genomics plans are developed in
several countries often being more explicit about aiming for
improved health outcomes. Summarizing, national genomics
initiatives and strategies are here defined as national organized
programs that aim to improve public health by (partly) using
genomics knowledge and data of citizens.

From a perspective of policy development, different phases
can be differentiated in programs like national genomics
initiatives. The public health policy cycle offers a framework
to review the different aspects of start and roll out of national
genomics initiatives. Phases that are distinguished in the
public health policy framework are: agenda setting, policy
advice, policy decision, implementation and evaluation
(Jansen et al., 2021). Although in practice this order of
succession is not always followed, an initiative generally
starts with interest from specific stakeholders, including
policy makers, which influences its place on the political
agenda. Following an assessment by experts and/or decision
makers, policy advice is drafted outlining if and how to proceed
with a national’s genomics initiative. After a positive policy
decision, the initiative embarks on implementation, for example
the start of research activities, and is evaluated throughout the
process and after finalizing the genomics initiative (Jansen et al.,
2021).

In national genomics initiatives aiming to improve public
health, the general public may be seen as a major beneficiary.
Therefore, public involvement has often been regarded of high
importance in shaping national genomics initiatives (Davies
et al., 2017; Wagner et al., 2017; Samuel and Farsides, 2018;
Holmes et al., 2019). Public involvement has shown to improve
public trust and enhance the quality of the research (Brett
et al.,, 2014; Kelty and Panofsky, 2014), as well as to ensure
effective research translation and implementation (Domecq
et al., 2014; Crowe et al., 2015). A recent review of public
involvement in 96 national genomics programs reported
public involvement (in any capacity) in only one third of
them (Nunn et al., 2019). The methods (how people were
involved) and tasks (what people did) of the public
involvement varied considerably between initiatives and
throughout the various phases. A variety of activities have
been reported by Nunn et al, including but not limited
to consultations, public events, formal discussions (focus
groups), and surveys.

While the study of Nunn et al. (2019) found no sufficient
evidence that public involvement impacted the outcome of the
national genomics initiatives, Pezzullo et al. (2021) indicates that
public engagement seems to lead to policy impact. More generally,
according to some, it remains uncertain whether participatory and
precision medicine will eventually substantially contribute to
society’s healthcare interests (Juengst et al, 2012). What seems
evident is that public health benefit goes beyond successful
engagement and involvement of the public in a national
genomics initiative.

Active genomic projects worldwide share common
characteristics as well as considerable diversity in aims, scope
and execution. Previous research points out that these national
genomics initiatives promise to increase understanding about
disease etiology, risk, prevention, diagnosis and treatment in a
population in order to improve personalized (precision)
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TABLE 1 | Information about population within countries and genomics initiative, and aims stated by the national genomics initiatives in literature.

Country Population Initiative or Population
size Strategy included
country® in

initiative (%)

Countries included in the literature study and semi-structured interviews:

1.United Kingdomb >67 MM 100,000 Genomes 0.14%
Genome UK 7%

2. United States® >330 MM All of Us 0.30%

3. Denmark® >5 MM National strategy for 1%

personalized medicine—Danish
National Genome Centre

4. Estonia® >1.3 MM Estonian Genome Project 15%

5. Finland’ >5.5 MM FinnGen 7%

Genomics to Healthcare 2%

Participants

Patients, via NHS patients and
their families

Different types of patients (e.g.,
cancer, rare and common
diseases) and healthy citizens

Citizens

Patients, recruited in hospital
upon suspicion of hereditary
disorder

Citizens

Citizens

Citizens

Aims and
goals reported
by the initiative

“Make genomics part of routine healthcare by
working closely with the NHS to integrate
whole genome sequencing

Enhance genomic healthcare research by
creating the largest genomic healthcare data
resource in the world

Uncover answers for participants both now and
in the future through genomic-level analysis of
conditions” (Genomics England, 2022)

“Our vision is to create the most advanced
genomic healthcare ecosystem in the world,
where government, the NHS, research and
technology communities work together to
embed the latest advances in patient care
Our goal is that patients in the UK will benefit
from world-first advances in genomic
healthcare through globally leading
collaborations between the government,
NHS and researchers, building on already
successful programmes such as the 100,000
Genomes Project, delivered by NHS England
and Genomics England, and UK Biobank.*
(Government UK, 2020)

“The All of Us Research Program is a historic
effort to collect and study data from one
million or more people living in the

United States. The goal of the program is
better health for all of us.” (National Institutes
of Health, 2022)

“Clear diagnosis

Targeted treatment

Strengthened research” (Danish Ministry of
Health, 2017; Danish Ministry of Health,
2021)

“It is the aim of the Estonian Genome Project
to establish a database which compiles
phenotype and genotype data of a large part
of the Estonian population. [...] Additionally,
the project will improve Estonian’s
international competitiveness in high
technology and have a strong educational
effect on the population.” (Metspalu et al.,
2004)

“Project aims to improve human health
through genetic research, and ultimately
identify new therapeutic targets and
diagnostics for treating numerous diseases.”
(FinnGen, 2022b)

“Genomics to Healthcare (P6), coordinated
by the Finnish Institute for Health and Welfare
(THL), is a large-scale national initiative aiming
to prepare the Finnish health care system for
the clinical utilization of genetic risk
information.” (Finnish Institute for Health and
Welfare, 2022)
(Continued on following page)
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TABLE 1 | (Continued) Information about population within countries and genomics initiative, and aims stated by the national genomics initiatives in literature.

Country Population Initiative or Population Participants Aims and
size Strategy included goals reported
country? in by the initiative

initiative (%)

Countries included in the literature study only:

6. Qatar? >2.5 MM Qatar Genome Programme 0.97% Citizens “Qatar Genome Program (QGP) is a national
population-based research project that aims
to study the genetic makeup of the Qatari
population and generate large databases
with the aim of introducing precision
medicine and personalized healthcare.”
(Qatar Genome, 2022)

7. Saudi Arabia” >32 MM Saudi Human Genome Program 0.31% Citizens “This program aims at reducing and
preventing genetic diseases via implementing
reliable screening and detection methods,
and creating the physical and legislative
infrastructure for development of
personalized medicine. This is a substantial
medical leap aimed at detecting the genes
responsible for genetic diseases in the
Kingdom.” (Saudi Human Genome Program,
2022)

8. Germany' >83 MM genomDE NM NM “The genomDE strategy aims to give all
patients access to these benefits over the
long term. Along the way, ethical, regulatory
and safety questions must first be clarified.”
(Federal Ministry of Health, 2022)

9. Belgium’ >11 MM Belgian Medical Genomic NM NM “The aim of the BeMGI project is to
Initiative (BeMGl) (i) Understand the biology of disease by

exploiting the most advanced genomic tools
(i) Predict clinical outcome from genomic
information and fulfil a pilot role towards
concerted integration of genomic information
in clinical care in Belgium
(iii) Prepare the next generation of genomics
researchers, informing medical practitioners,
and conducting public outreach.”
(Department of Economy Science &
Innovation, 2022)

10. Taiwan® >2 MM G2020 Population Genomics 2% Patients with rare diseases or  “Pilot effort will sequence 10,000 genomes
Pilot cancer by end of 2020, with the goal of embedding
genome sequencing in the health system by
2025.” (National Health Research Institutes
Communications, 2019)

11. Iceland' >365 K deCODE 32% Citizens “Headquartered in Reykjavik, Iceland,
deCODE is a global leader in analyzing and
understanding the human genome. Using
our unique expertise and population
resources, deCODE has discovered key
genetic risk factors for dozens of common
diseases ranging from cardiovascular
disease to cancer.” (deCODE genetics, 2022)

“Numbers retrieved from World Data Bank. % Calculated percentage of population aimed to include. K, thousand; MM, milion; NM, not mentioned; NHS, National Health Service; NIH,
National Institutes of Health. Participants were labeled as “citizens” when called “general public/population,” “individuals,
included population.

bSources United Kingdom: (Government UK, 2020; Genomics England, 2022).

“Sources United States: (National Institutes of Health, 2022).

9Sources Denmark: (Danish Ministry of Health, 2017; Danish Ministry of Health, 2021; Danish Ministry of Health, 2022).
€Sources Estonia: (Metspalu et al., 2004; Allik, 2013; Metspalu, 2015).

citizens,” or when no specifics were mentioned about the
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'Sources Finland: (SitraFund, 2015; FinnGen, 2022a; FinnGen, 2022b; FinnGen, 2022c; Finnish Institute for Health and Welfare, 2022; Ministry of Social Affairs and Health, 2022).
9Sources Qatar: (Abdul Rahim et al., 2020; Qoronfieh et al., 2020; Qatar Genome, 2022).
"Sources Saudi Arabia: (IEEE Pulse, 2015; Kaiser, 2016; Saudi Human Genome Program, 2022; ThermoFisher, 2022).

'Sources Germany: (Federal Ministry of Health, 2020; Federal Ministry of Health, 2022).
ISources Belgium: (Department of Economy Science & Innovation, 2022).

kSources Taiwan: (National Health Research Institutes Communications, 2019; Taiwan Human Biological Database, 2021).

'Sources Iceland: (deCODE genetics, 2022).

(Western)

(see Figure 1)

benefit and public trust.

e Selection and description of key themes in national genomic initiatives or
strategies, based on 15 iniatives from 11 countries (see Table 1)

¢ Of 15 reviewed initiatives, five were included based on the aims, policy
design, available information in the liturature study, and cultural background

¢ The identified key themes were used for the interview topic guide

¢ Analysis of to what extent and how public health benefit was pursued in five
national strategies, by studying the phases in the public health policy cycle

FIGURE 1 | Study design. This study consisted of two phases: 1) literature study, and 2) semi-structured interviews with experts closely involved in the selected
national genomics initiatives. The key themes analyzed per genomics initiative in the literature study were: aims, population, diseases, approaches/plans/actions to
improve public health, stakeholders and actors, activities to ensure a successful health benefit, as well as ethical, legal, social implications (ELSI) regarding public health

treatments and prevention, as well as support genomic
technological developments and data-infrastructure (Molster
et al,, 2018; Stark et al., 2019; Kovanda et al., 2021). These
findings suggest that a variety of policies could be followed to
use population-based genomics as strategy for public health
improvement. While goals regarding (progress towards) health
improvement are set, creating the promised health impact
requires additional steps to deliver and ensure health impact.
In order to guide effective and equitable implementation of
genomics knowledge into health systems, governments and
policy makers seem to have a unique role to play (Molster
et al,, 2018). Therefore, analyzing the roll out and organization
of a national genomics initiative within a policy cycle may provide
key information regarding implementation towards public health
benefit.

Our study aims to explore to what extent and how health
benefit for the general public is being pursued and
operationalized by national genomics initiatives that strive to
improve public health. Using a selected set of initiatives that have
a stated aim of improving public health, we assess how this

objective can be included in different phases of the public health
policy cycle.

2 METHODS

Key articles were used for initial data collection (Stark et al., 2019;
Kovanda et al., 2021). Available catalogues from Global Alliance
for Genomics and Health (GA4GH) and Genomic Medicine
Policy were consulted to identify initiatives with aims that
primarily focused on health (Genomic Medicine Policy, 2022;
Global Alliance for Genomics and Health, 2022). To be eligible
for inclusion, the initiatives had to include an aim to positively
impact the health of a population or improve healthcare.
Initiatives that solely aimed to increase understanding of the
contribution of genetics to disease or constructing a biobank or
data-infrastructure without plans to apply that knowledge for
public health improvement were excluded. Furthermore,
documentation of the genomics initiatives in forms of e.g,
strategy reports or information provision on websites had to
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be present in English to allow adequate data collation. Then,
countries with national genomics initiatives were purposively
sampled to represent diversity in terms of geographical location,
strategies to improve public health with genomics, and different
stakeholders driving the start of an initiative (e.g., government
and researchers). Based on these criteria, 15 national genomics
initiatives from 11 countries were selected from the available
catalogues of GA4GH and Genomic Medicine Policy. For these
11 countries, a literature review was performed, followed by semi-
structured interviews with experts from five purposively selected
countries (Figure 1).

Data from this selection of national genomic initiatives were
collected to give examples regarding the (interplay between the)
different phases of the public health policy cycle and to illustrate
how public health benefit could be pursued and operationalized.
By pulling from the insights of the interviewed experts, the body
of this work serves as exploration how the organization of a
national genomics initiative can be viewed from a policy
development perspective. Providing an elaborative and
objective oversight on all the activities performed during a
national genomics initiative goes beyond the objective of
this study.

2.1 Data Collection and Analysis

2.1.1 Literature Review

To prepare the interviews, grey and scientific literature and public
domain websites were consulted to gain insight into the landscape
of national genomics initiatives (Table 1). Information available
in English was collected and analyzed, using the following search
strings: (national genomic initiative < country name>), (national
genomic strategy < country name>), (national genomic program
< country name>), (<name of initiative>) or (national
personalized medicine program < name country>) in Google.
The searches were performed from February to August 2021. Key
themes were iteratively defined and analyzed, first based on the
Genome UK initiative report (Government UK, 2020) due to its
broad objectives, and then supplemented with themes that were
identified as key aspects upon further analysis of other genomics
initiatives. The key themes analyzed per genomics initiative were:
aims, population, diseases, approaches/plans/actions to improve
public health, stakeholders and actors, activities to ensure a
successful health benefit, as well as ethical, legal, social
implications (ELSI) regarding public health benefit and
public trust.

2.1.2 Semi-Structured Interviews

Semi-structured interviews were conducted to gain insight in
the experiences and lessons learned from experts who were
closely involved in the selected genomics initiatives and have
expertise in the field of genomics, healthcare, and/or policy
making. A structured interview guide was developed based on
the themes derived from the literature search (see
Supplementary Material S1). In total, five semi-structured
interviews were performed with one or two experts per
interview from Denmark, Estonia, Finland, United Kingdom,
and United States (Figure 1). The initiatives were selected for
interviews because they reflect a variety of aims and strategies to

Public Health Benefit Genomics Initiatives

organize a national genomics initiative and benefit public health,
including improvement of patient care, embedding genomics
into health services, advancement in research, and innovation in
treatment. Furthermore, the organization of the initiative was
taken into account to ensure that a variety of policy designs were
covered in the interviews (e.g., research driven, governmentally
driven). Initiatives that developed into a company were also
excluded from the interviews, since a policy analysis using the
public health policy cycle may not be fitting in that setting
(initiative from Iceland). Furthermore, initiatives were excluded
from the interviews when limited information, i.e. no public
domain websites and no published reports, could be found in
English (initiatives from Germany, Belgium and Taiwan). To
minimize differences caused by cultural background, the
authors chose to focus on initiatives from Western countries,
excluding the initiatives from Qatar and Saudi Arabia.

Interviews were conducted in English. Prior to the interview,
consent was collected for recording and transcribing the
interview audio and archive the transcription. The recordings
were deleted directly after transcription. Interviews were
performed by at least two researchers, transcribed verbatim
and the transcripts were checked by interviewees for accuracy.

As a theoretical framework, the public health policy cycle as
described in Jansen et al. (2021) was used to extract critical aspects
(Figure 2). From these, we explored to what extent and how public
health benefit was being pursued in the genomic initiatives. During
analysis, three researchers (SO, MJ, and TR) coded until reaching
consensus on the coding tree based on the public health policy cycle.
While analyzing the interview data according to the different phases
of the policy cycle within the scope of this study, phase 2 “Policy
advice” and phase 3 “Policy decision” appeared to be intertwined.
Therefore, the original version of the public health policy cycle was
adapted, with phase 2 becoming “(Research) strategy towards health
benefit,” and phase 3 becoming “Policy governance.” This version
was used to further analyze the results. After agreeing to the coding
tree, transcripts were systematically coded by one researcher (SO). In
case of doubt, researchers (SO, MJ, and TR) discussed until achieving
consensus.

Specific quotes were selected (SO) if they provided relevant
information about the impact on public health benefit, or
discussed aspects that differed greatly from other initiatives,
implying that different approaches could create public health
benefit. Member checking was performed upon selection of the
quotes, to check for correct interpretation and presentation of the
provided information.

3 RESULTS

A total of 11 countries were included, for which 15 national
genomics initiatives or strategies were identified. An overview of
the included countries and key characteristics of the national
initiatives or strategies is given in Table 1. All these initiatives and
strategies aimed, upon execution or completion, to improve the
health of a population or positively impact healthcare (Table 1).

Based on the literature review, an interview guide was
developed which included questions on e.g., envisioned goals
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1. Agenda setting

2. (Research)
strategy towards
health benefit

FIGURE 2 | (Adapted) Public Health Policy Cycle. The public health policy cycle consists of five phases. How activities within these phases are organized, may affect
the results of a national genomics initiative. Adapted from Jansen et al. (2021), Frontiers in Pediatrics.

Interpretation of the phases as applied in this study

1. Agenda-setting is the process of setting aims to improve public
health within an initiative, including values, political goals, and
historical background

2. Strategies and approaches to achieve public health benefit

3. Involved parties, e.g. governments, ministries, healthcare |
professionals, researchers and the public, that initialized or |
played a key role in achieving the set aims, with insights into

| organizational structures, funding, and legal framework |

4. Specific activities performed to achieve the set aims and
strategy, with a focus on activities within the initiatives that have
public health impact

TABLE 2 | Exemplary of objectives and indicators to pursue public health benefit and success in national genomics initiatives mentioned in our study.

Objectives

e Enable excellent (large-scale) genetics research
e |dentify genetic factors that increase or decrease the risk of various diseases

disorders
e Deliver benefits to the patients
Develop new treatments

e Advance genomics in the healthcare sector
® Maintain public trust and confidence
® Kickstart the genomics industry

within an initiative, roles and responsibilities of stakeholders, and
determining whether and how an initiative will be/has been
successful (Supplementary Material S1).

3.1 Interview Results

Interviews were performed with one policy expert and one
implementation researcher from Denmark (Danish National
Genome Centre), one genomics expert from Estonia (the Estonian
Genome Project), one human genetics expert and one laboratory
expert from Finland (FinnGen), one policy expert from the
United Kingdom (100,000 Genomes), and one genomics and
policy expert from the United States (All of Us).

The experts reported a variety of objectives in their national
genomics initiatives (Table 2). Furthermore, they also shared
insights in how the impact of a national genomics initiative could
be assessed or ensured.

If and how public health benefit is being pursued within
national genomics initiatives is the result of interplay in
activities throughout the different phases of the public
health policy cycle (Figure 2). A variety of ways to
operationalize public health benefit within national
genomics initiatives were found in all phases of the public

Determine early onset of diseases such as cardiovascular diseases or other common complex e

Indicators

e Scientific impact or number of publications
® 60 000 Whole Genomes Sequenced
Analyze 5.000.000 genomes from healthy populations

e Delivered data back to 5000 people

e Diagnostic yield (the proportion of patients of whom you have a
finding)

e A private hospital that provides risk assessment on cancer

e Building a complete infrastructure

e Building a genome centre

health policy cycle: agenda setting, (research) strategy towards
health benefit, policy governance, implementation, and
evaluation.

3.1.1 Agenda Setting

The insights that the experts provided indicate that agenda setting
of national genomics initiatives was influenced by the presence of
strong political will or drive and demands from other
stakeholders, as well as the country’s history and existing
societal values.

Several goals and interests of key initiators and stakeholders
were identified as incentives to start a national genomics
initiative. These goals fitted in the expectations that genomics
can create public health benefit. Improvement in public health
was reported as goal itself, combined with goals that ultimately
steer towards public health benefit through organized efforts in
healthcare and research:

“The Estonian initiative was just to make a large biobank
in order to be competitive. Competitive in research, and
also use data in improving public health.” Estonia
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“We for sure think that the patients are the most
important stakeholder [...]. If this initiative doesn’t
benefit the patients, and if it doesn’t gain legitimacy
from the patients, then it’s not really worth it.” Denmark

“This is an initiative that was initiated by researchers
[...]. There are two main goals. The first one was to be
able to produce a large enough dataset that enables
excellent genetics research. And then the other goal is,
of course, to utilize the data to be able to identify genetic
factors that increase or decrease the risk of various
diseases.” Finland

Drive or demands from different stakeholders including
society, key politicians, and researchers also reported the
initiation of a national genomics initiative:

“Society wants to get better medical care, and this is why
we are providing the scientific base and helping medical
institutions, because the university is not providing
medical care itself as they just do science and
teaching.” Estonia

“One person who really wanted this to happen was
President Obama [...] he proposed it in a major
announcement, and then the Congress got behind it,
we got the money, and off we went.” United States

In addition to the drive and demands from different
stakeholders, it was often mentioned that important
societal values within a country were intertwined with the
agenda of a genomics initiative. These values include, for
example, equity in research and health care, public trust, or
transparency in research:

“There are so many threads in here that are societal, that
are about equity and some issues that are bigger than
science in many ways, [...] so a lot of effort has always
gone in ‘All of Us’ to think about, to study, to anticipate
societal  concerns around  privacy, security,
discrimination, and so forth.” United States

Experts discussed that the history or tradition of a country
could be an important factor to address societal values, and could
therefore influence decisions made within a national genomics
initiative:

“Finland has this tradition of people who are very
interested in research and very supportive. [...]
Starting this kind of initiative means that we do not
want to lose the trust, so that is also one of the main
reasons why we are wanting to do this as transparently
as possible.” Finland

As stated by these experts, maintaining public trust requires
additional efforts regarding transparency in research activities
towards the population.
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3.1.2 (Research) Strategy Towards Public Health
Benefit

Although similarities in (sub)goals that lead to public health
benefit could be found, the strategies to achieve these were
different. Some initiatives had a rather research-based
strategy to generate data, information, and knowledge to
increase the understanding of population health and
disease etiology.

Another strategy mentioned by the experts was a more
translational strategy, focusing on bringing new or existing
knowledge and developments into practice, for example by
developing a citizens’ support system that produces a personal
health report. Within the translational strategies, the following
subgoals were reported: embedding genomics in healthcare,
prevention of disease, improved diagnosis, improved or
personalized treatment, and development of innovative
treatments or technologies. Yet, both strategies fit with the
idea that national genomics initiatives benefit public health
through the art and science of preventing disease, prolonging
life and promoting health, as “public health” is defined by
the WHO.

“Our focus is on the patients, so the most important
thing is to help the patients and to make sure that the
patient gets the correct treatment.” Denmark

“We have the common goal of being able to help people
and for this we need the pharma industry. We need new
treatments, so we hope that the project will lead to new
treatments.” Finland

“The latest strategy, [...] is what we call the Infinity
loop. On the left-hand side, the kind of health care
service works, and we support them. The data then goes
to the Genomics England side and then we provide
researchers access to it as secure environment. Then the
findings very quickly go back into the health service in
this kind of Infinity loop.” United Kingdom

The Infinity loop strategy, as discussed by the experts from the
United Kingdom, illustrates that advancements in genomics
research and bringing these advancements into practice is an
intertwined process, which requires a collaboration between
research and health systems.

Some national genomics initiatives or strategies target specific
areas for impact, for example, diseases that are endemic or
prevalent to their country:

“The main research focus is genetic risk factors that
actually are only present in the Finnish population and
that cannot be identified anywhere else because of this
bottleneck population effect.” Finland

The focus of this initiative illustrates an interest to improve
health of the national population specifically. In comparison, a
focus on specific diseases and patient groups, both in research and
in implementation into health systems, was also found, including
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cancer, cardiovascular diseases, pharmacogenomics, and rare
diseases:

“In 2023, we hope to have the first services for
cardiovascular disease, cancer, and pharmacogenomics
for the primary care providers.” Estonia

“The four aims of the project were to deliver 100,000
genomes from NHS patients, to identify the causes of
rare diseases [and] cancer, and to provide
opportunities for research and industry. [...] each
one of them was equally important. So, to deliver
benefits to patients, to provide opportunities for
research, to maintain public trust and confidence,
and to what we «call kickstart the genomics
industry.” United Kingdom

Strategies to improve public health were often approached
through joined forces between multiple fields within society, e.g.,
research, industry, public, and healthcare. Combining all these
fields and formulating corresponding goals seem an important
aspect within strategies to yield success.

3.1.3 Policy Governance

Different aspects that influence governance within national
genomics initiatives were found to be critical in this phase.
Here, we focus on drivers and funding of an initiative, legal
frameworks, and the roles and responsibilities of involved
stakeholders. While these aspects may not all seem to be
directly linked to public health benefit, they provide insight in
how the organized efforts are expected to affect the initiatives that
ultimately aim to improve public health.

Firstly, drivers and ownership of the initiatives differed across
our study set. Some initiatives were fully owned by the
government, while others were identified as academic or
public-private initiatives:

“The National Danish Genome Centre is an agency in
the ministry of Health.” Denmark

“We were very happy being an independent institution,
who is just outside of faculties. Just under the Rector of
the University. But since 2019, the Estonian Genome
Center is part of the Faculty of Science and Technology
of the University of Tartu.” Estonia

Funding for the national genomics initiatives came from a
variety of sources, including private funding, governmental
financing, or funding from outside of the country. The
funding source did not always affect the organizational
structure. For example, the government-owned initiative in
Denmark receives an annual national budget as part of a
political agreement. Yet, the majority of funding was from a
donation by the Novo Nordisk foundation (Novo Nordisk, 2022)
(which has no decision-making role in the initiative):

“It [the National Danish Genome Centre] is funded
mainly by a private fund called Novo Nordisk
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foundation. This is a very big fund in Denmark,
funding health research, and they have given us
around 130 million euros. [...] That's extremely
unusual in Denmark.” Denmark

“In the first step, we actually raised private money from the
US and used very little government money at all [...]
Since 2007, the Estonian government is the principal
funder of the Estonian Genome Center. In the last five
years, most of the money for the biobank is coming from
the Ministry of Social Affairs. Of course, we have to apply
and win research grants and attract private funding in
addition to the government funds.” Estonia

The legal framework of the country seems to largely influence
the governance of its national genomics initiative. Often,
regulations were reported to impact the organization of the
initiative, including roles and responsibilities of the
stakeholders regarding specific tasks, e.g. data-management
and access, data protection, or recruitment of participants:

“It was a political decision to start the initiative, that was
made a political agreement. Following the agreement,
they made amendments to the health law which made
the construction of the national genome center possible.
The political decision was based on input from
researchers, clinicians, their citizens, etc.” Denmark

“In 2008, the US passed a law called the ‘Genetic
Information Non-Discrimination Act.” [...]JWhen it
comes to employment and health insurance, you
cannot be discriminated against based on genomic
information.” United States

Interviewees from both Finland and Estonia stated that the
existing legal framework warrants that (research into) public
health benefit was ensured within the national genomics
initiative:

“The law that tells us we have to protect the data, to
analyze the data and perform research, and to use the
data to improve the public health. These are three things
described in the law and this is why the biobank was
basically created.” Estonia

“There are a lot of research regulations that are
important for us, but the Biobank Act is the most
important one. [...] the Biobank Act enabled broad
consent. Before that, we always had to ask for consent
for a specific research project, for example breast cancer
research. Now the broad consent is just that the
participant consents that their sample data can be
used for any future medical research project that is
approved by the biobank.” Finland

A variety of stakeholders were identified that held leading roles
and responsibilities within national genomics initiatives. This
implies that different stakeholders within society were involved to
translate advancements of genomics towards public health
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benefit. The most frequently mentioned stakeholders were
governments and politicians, national health services,
researchers, biobanks, genome centers (sometimes specifically
built as part of the initiative), clinicians, patients, the public, and
industry. Although all parties seemed to hold important tasks,
interviewees often emphasized the involvement of the
government and the public as essential for the initiation and
success of national genomics initiatives:

“I guess you have to win over the government first.
Otherwise, because it’'s so much money and the
government are not supporting, there is no way to
do it. [...] But the most important thing is you have
to get people over, because finally people have to come
and donate blood. The information they get is only the
promise that in the future it gets better.” Estonia

Remaining transparent in research and ensuring that the
public participates in the initiative were mentioned as
arguments to involve the general public and patients in any
form. Another argument to involve the public was to ensure
that the aims and activities of an initiative are in line with the
public’s wishes and expectations. In some settings, the patients
could influence which disease groups should be looked into with
the national genomics initiative:

“We decided to include patient-citizens and obviously
clinicians in deciding which groups we should look into.
Therefore, we had a round where people could report to
clinicians, as well as citizens who could report which
groups we should look into [...].” Denmark

This indicates that the general public and patients may
influence research translation, including how public health
benefit is yielded and which policy decisions are made. To do
this, the interviewed experts stated that patients and citizens
fulfilled different roles affecting governance and structure within
a national genomics initiative, including participation in advisory
and agenda-setting committees:

“The participants panel now has a key role in the
governance of several of the big decision-making
committees.” United Kingdom

The perspective of participants was described as important
and refreshing, since they e.g., challenged experts to rethink about
common practice, and required experts to explain the choices
they made within the initiatives.

3.1.4 Implementation

A variety of plans and activities to pursue public health benefit in
the implementation phase were reported in all the national
genomics initiatives. The operationalization of public health
benefit was found to be in different stages in national
genomics initiatives, as some experts discussed that the first
steps towards e.g., implementation of genomics in research
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setting have been made, while other experts reported that
these steps are still in preparation.

The diversity within the implementation phase will be
illustrated below, through presentation of different activities
discussed by the experts. For example, the expectations of
genomics to benefit public health were translated into
activities to return genetic results to participants:

“We are running WGS now and we are actually
reporting back to the patients already. Now we have
five regions in Denmark. And we are reporting back to
patients in two regions. The last three regions are close
to getting all that data processing agreements in place.”
Denmark

Yet, the insights that experts provided indicate that
reporting back genetic results comes with additional
efforts. To maximize potential health benefits of genomic
research in a comprehensive and equitable manner,
recruitment of people from diverse races and ethnicities
was highlighted as key:

“It is time to have data and research that reflects the
diversity of the United States population, and so [...]
70%-80% of the people who have been enrolled in ‘All
of Us’ so far are from groups that have been
traditionally underrepresented in biomedical research.
[...]. Alot of them are ancestry related, [. . .] we wanted
to capture people with different social economic

backgrounds, rural versus urban, [...]. With ‘All of
Us,” the value is to get genomic data from ancestral
groups that we do not currently have. [...] So, in order

to really strengthen our ability to implement genomic
medicine in a comprehensive way, we first need
genomic data from individuals from different
ancestries.” United States

Additional approaches were expressed as required to
understand  disease etiology and health needs in
underrepresented groups. Yet, the efforts to include them were
faced with additional barriers:

“I think the issue that we’re still grappling with is how to
get to hard-to-reach groups [...]. [For example] we
know roughly what our census tells us about the
diversity of our population, we are not so clear about
what their health needs are. So, it may be one thing to
have say, you know, 5% of people who are from [...]
minority populations, but what if they have higher [or
lower] health care burden in cancer, or particularly in
rare diseases because of consanguinity? So, we’re always
keeping a very close eye on that.” United Kingdom

In addition to barriers regarding recruitment of (specific
groups of) participants, experts from the United Kingdom
reflected on challenges to communicate results to participants:
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“Something like 80% of people would like that feedback.
We haven’t done it yet. It’s just too complicated. Every
time we think we’ve done the bioinformatics, a new
disease association or new data comes up so that needs
to be fixed, and then we have to understand how we
would do that clinically for the 1% to 2% of people who
are having a finding? [...]. So, lots of communications
issues in the clinical issue.” United Kingdom

Furthermore, the expert from the Estonian initiative stated to
have grappled with how the results should be communicated to
match this with the expectations of the participant:

“Feedback is important. I was surprised that some
people were not happy [...]. So, I was asking what
was the problem? ‘Nothing, you know they didn’t tell
me anything,” So, I said ‘Look, that is good news, you do
not have a high risk of breast cancer, or cardiovascular
disease, no Parkinson, no nothing. So, you should be
really happy, not just worried that you had nothing, it’s
good news’. And then these people started to think ‘you
are right” They said, Tm really happy that I had no
news from this thing because any news would be bad.
But, in general, over 95% of people were very positive
about the feedback they received and didn’t regret it
even 6 month later.” Estonia

These insights imply that there may be tension between the
expectations and true impact that can be delivered through
advancement in genomic research.

In addition to returning results to participants, other efforts to
improve health were reported, including translating new insights
into research or healthcare, broader application of Whole
Genome Sequencing (WGS) in  healthcare, and
implementation of polygenetic risks scores.

Many experts described the development of a data-
infrastructure as key to enable genomics use within health
systems:

“Personalized medicine is often very data driven and
data heavy, so that needed some change of the
infrastructures and organization in the healthcare
system [...] and so we needed somehow to be able
to collect and store genomic data. That was like the first
big task, and that is still the main task [...].” Denmark

In order to embed genomics into healthcare, multiple
interviewees stated that specific attention should be paid to
involving and educating the medical community:

“So, you also have to engage the health care
professionals. This is not actually just the doctors, it
has to include the nurses, the pharmacists, everyone.”
United States

Additionally, the Danish National Genome Center highlighted
that to ensure successful implementation of personalized
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medicine in the healthcare system, it is important to
proactively secure the right expertise and workforce to
perform the interpretation of WGS and other comprehensive
genetic tests. For this, the development of standards for the
interpretation of results and criteria for stratification of
patients was necessary.

3.1.5 Evaluation

Depending on the aims and strategies, different methods to
evaluate achievement of envisioned goals and success towards
public health benefit were reported. A variety of elements were
identified within the evaluation process that provide insight
into how goals are strived to be achieved, including setting
general milestones and deadlines, determining deliverables
before and during execution of the initiative, and setting
requirements to receive funding:

“We have deliverables and milestones set in our
consortium agreement and deadlines [...]. From the
beginning, we have had a project start and an end date
for the initiative [...] we have set structure for the
project and set goals.” Finland

The number of genomes collected was often mentioned as
indicator of progress for national genomics initiative:

“As part of the agreement with the [donation from the]
Novo Nordisk foundation, we have to make 60,000
WGS by the end of 2024. You could say that’s kind
of the quantitative measure we have.” Denmark

the
e.g.

Additional information was collected to monitor
representation of the collected genomes, including
geographic background or patient groups:

“We used to have many complicated dashboards here,
we aimed for 100,000 whole genomes [...] We kept a
close eye on whether we had underrepresentation
geographically as well as in the population mix for a
long time” United Kingdom

Keeping a close on these additional characteristics implies
that equity in research, a value addressed in “agenda-setting,”
was monitored during data collection of a national genomics
initiative. Provision of samples and consent may also be an
indicator for public trust, indicating that this value could also
be monitored during the roll out of a national genomics
initiative:

“And that is also one important way to measure the trust,
because we are assuming that if we lose the trust, people
stop providing their samples, providing their consents, and
it has been very stable throughout the project.” Finland

As stated by the expert from the United Kingdom, achieving
the aimed number of genomes was not seen as sufficient to
determine success in their national genomics initiative:
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“You can’t just hit the target and miss the point. You
could go and get some genomes from anywhere. But if
you don’t have it embedded properly with the data and
the data aren’t high quality, or you don’t have consent,
then you missed it. You missed the point. This is not just
a numbers game.” United Kingdom

As can be seen in the reported goals, many genomics
initiatives aim to improve public health, by either
preventing disease, prolonging life and promoting health.
Yet, the difficulty in currently assessing the public health
impact was also mentioned:

“The third criteria, which obviously takes decades to
measure is: Are you making scientific discoveries that
are improving human health? Are you making
discoveries that are changing clinical practice? Are
you making discoveries that you could point to and
say that this is improving people’s lives? [. ..] Science is
not a sprint; it is a marathon. To really be able to
measure impact on public health, you have to be willing
to wait several decades.” United States

While it may be too soon to determine to what extent and
how public health benefit is created within a national
genomics initiative, intermediate goals and indicators are
often reported by interviewees. Indicators to evaluate
research and technical progress include building an
infrastructure that enables clinicians and researchers to
use genomic technologies and data, collaborating with
industry partners, and publishing scientific
discoveries:

novel

“The earliest success will come from whether people are
using the data. That is the earliest success. If you build
something and nobody uses it, well, then you know
you're failing.” United States

Furthermore, indicators to evaluate progress towards public
health impact were also reported, such as diagnostic yield,
reporting genetic results to patients, making discoveries that
change clinical practice, or developing new treatments:

“Another metric is our diagnostic yield, as we call it, the
proportion of patients where you have a finding. [...]
And the other success metric, we’re giving ourselves a
hard task, is that we had an optional consent in the
100,000 Genome project for people who wanted to
know additional findings.” United Kingdom

“The very important measure, and also obviously as
secondary use, you could say that researchers gain
access to our data and then they can actually use this
to develop new treatments for patients.” Denmark

The latter statement of the Danish experts indicates that, in
order to ultimately prolong life, promote health and benefit public
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health, e.g., through developments of new treatments, efforts in
research are necessary to make those improvements possible.

4 DISCUSSION

Public health genomics involves the translation of genome-based
knowledge and technologies into public health (Bell, 2004; Friedman
et al, 2017; Khoury et al., 2018; Molster et al.,, 2018; Rigter et al.,
2020). This emerging field has heightened expectations for the
advancement of personalized and precision medicine among
researchers, healthcare professionals, policy makers and the
public. In this study, we explored how public health benefit is
being pursued in selected national genomics initiatives, using an
adapted version of the public policy health cycle.

This study showed that the initiation and implementation of
current national genomics initiatives are shaped by an interplay of
aims, cultural values, history and push from various stakeholder
groups. Further setup and organization of initiatives was found to
depend on the governance structure as well as the chosen strategy to
achieve public health impact. In general, strategies from the national
genomic initiatives that we studied here are varied—ranging from
more research-based strategies to translation-based strategies, or a
combination of both—with a general focus on specific diseases or
application areas.

In this study we found little evidence of true operationalization
of public health benefit across the various public health policy
cycle phases in national genomics initiatives. Therefore, as
phrased by Juengst et al. (2012), there is risk that the
widespread and compelling appeal of personalized genomic
medicine’s vision and potential virtues ultimately do not
contribute to society’s health care interests. Although the
general aims and strategies to achieve public health impact are
formulated in most national genomic initiatives, the research
translation and implementation seems to be not always clearly
outlined in the different aspects of the public health policy cycle.

In addition to improved public health, one of the aims or
incentives that was often referenced by the interviewees was to
stay ahead of competition. Yet, it was not always made clear why
that is considered important. Underlying ambitions and
arguments to start genomics initiatives and improve public
health, such as for-profit development of technologies or
treatments, may not be brought to light completely in this
study. It would be interesting to study how this incentive may
influence the organization and policy decisions made within a
national genomics initiative, and whether and how this incentive
affects the operationalization of public health benefit.

Moreover, the evaluation of actual public health benefit seems
to lack well-defined indicators. Many experts stated that the
amount of genomic data collected can be used to measure
quantitative progress. Yet, as stated by one of the interviewed
experts, “you can’t just hit the target and miss the point,”
suggesting that the success of a national genomics initiatives
aiming towards public health benefit should not only be
measured by a set amount of genomic data. Experts in this
study pointed to other indicators to assess progress and

Frontiers in Genetics | www.frontiersin.org

124

May 2022 | Volume 13 | Article 865799


https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Onstwedder et al.

effective roll out of a national genomics initiative, including data-
infrastructure that enables clinicians to improve treatment,
diagnostic yield, or the development of novel treatments.

Generally, research-based strategies are not primarily
pursuing direct impact on public health, yet their strategy may
be seen as efforts to prepare the delivery of public health benefit.
Translational strategies varied, and were more directed at
delivering (meaningful) results to patients and citizens.
Implementation of strategies is often accompanied by public
involvement and recruitment, designing and building data-
infrastructure, as well as several strategy-tailored activities,
including education of healthcare professionals and
establishment of a (national) biobank. Approaches and
activities to pursue public health benefit differed. In some
initiatives, for example, patients were involved in deciding
which diseases should receive priority attention from the
genomic programs, while in other initiatives this decision
making role was set aside for experts.

As shown by the challenges faced by e.g., Estonia and the UK
regarding reporting results back to participants, it seems
pertinent to pay attention to how public health benefit is
operationalized and what additional activities and
corresponding policy decisions are necessary to ensure this.
Examples include, but are not limited to, effective
communication with the patients, educational support for
healthcare professionals, clarity about the meaning of complex
genetic test results, and guidelines about follow-up treatment.

Generally, advancements in science that are translated into
healthcare should be accompanied by careful ethical and social
evaluation. National genomic initiatives are no exceptions, and also
require clarity in aims and transparency in research. Dialogues
involving all stakeholder during the various phases of the policy
cycle can also promote responsible implementation and public trust.

Public trust in science, which was expressed by many experts
as an important goal in their initiative, seems to demand
transparency. Therefore, the aims of national genomics
initiatives should be clear from the beginning or, in case of
change due to advancements, adapted in a transparent way.
The achievement of these aims are in this study shown to be
evaluated as follows: scientific insights are assessed as
publications and patents; infrastructures for data storage and
future research assessed as infrastructural capacity achieved; and
public health benefit assessed as new diagnoses for unsolved
genetic diseases, pre-symptomatic diagnoses made allowing for
early interventions, and health gain through timely prevention or
risk management. Because many initiatives are still ongoing, the
full impact of genomics on public health may not be realized for
decades. The development of tools and methodologies to realize
and determine effects are still evolving. Yet, we argue it is not too
early to evaluate the effectiveness of activities meant to measure
the progress in public health benefit.

The policy cycle framework is designed as a learning system, to
enable adjusting policy to relevant developments. By feeding back
outcomes of evaluation to the initial phases of the cycle, strategies are
ensured to maintain relevancy. To achieve a true feedback-loop in the
policy cycle of national genomic initiatives, initiators should not only set
clearly-defined goals, but also pre-determined milestones and indicators
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that can be used to measure the progress of the chosen strategy towards
health improvement. As stated by the interviewed expert from the
United States, long-term effects and results of initiating and executing a
national genomics initiative, including public health impact, seem
difficult to determine at this early stage. To ensure that public
health benefit can be measured effectively, both short and long
term, it is important that pre-determined (sub)goals with
accompanying requirements are set. This should include how goals
are aimed to be implemented, and what data needs to be gathered in
order to determine whether a national genomics initiative has been
successful in improving public health.

Beskow et al. (2001) proposed a blueprint to integrate
genomics into public health, consisting of research inquiries
that require attention. Applying this blueprint may provide a
way to effectively integrate genomics into public health
throughout the different phases of the public health policy
cycle that can be found in a national genomics initiative.
Khoury et al. 2018 also called for specific attention regarding
system management, acknowledging that public health
infrastructure has a vital role as both support for and a
conduit between research and practice. This call seems to be
partly met by the majority of the included national genomics
initiatives, as many experts expressed the importance of a data-
infrastructure for the collection, analysis, and reporting of
genomic results. Additionally, the UK’s Infinity loop-strategy
demonstrates a seemingly ideal interplay and data flow
between health care services and researchers, promoting
simultaneous utilization of genomics. In strategies like these,
which other experts also referred to as a learning health care
system (Wouters et al., 2020), system management could play an
essential role in integrating genomics into public health practice,
when accompanied by ongoing evaluation and subsequent
refinement of the requirements and policies that ensure
beneficial impact and responsible implementation.

General benefits and risks of (aspects of) national genomics
initiatives can perhaps be distilled from similar implementation
processes. For example, experience gained from implementing
clinical decision support systems could be translated to setting up
a data-infrastructure embedding genomics into health care
(Sutton et al, 2020). Proposed efforts by Sutton et al. to
ensure benefits overcome potential risks of setting up these
infrastructures include prioritizing evidence-based genomics-
disease interactions and adequate training for users of the
support system (e.g., health care providers).

In a recent commentary, the WHO and member states
acknowledge that to accelerate and amplify impact on
population health, utilization of digital interventions, tools and
systems to deliver clinical, public health, and data
recommendations offer potential (Mehl et al., 2021). However,
it was discussed that interoperability, continuity of care, optimized
data use and accountability in health data systems is hindered due
to limited translation, operationalization, and incorporation of
health and data recommendations and lack of guidance on both
technology and content level. Their proposed guidelines may serve
as a basis for an effective approach for national genomics initiatives
towards systematic, transparent, and testable data-infrastructure
development with digital systems at the country level.
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As stated by multiple experts, involvement and support of
both the public and the government are crucial to a successful
start and execution of a national genomics initiative. However,
based on this study and the study of Nunn et al. 2019, it is not
clear how involvement of the public impacts the envisioned goals
of a national genomics initiative beyond retaining public trust.
Different approaches to inform and involve the public exist.
Avard et al. (2008) have distinguished indirect and direct
public involvement activities. They described indirect public
involvement as a one-way communication, such as surveys or
consultations. Direct public involvement was described as a two-
way communication process, with activities including citizen
workshops, dialogues, and deliberative and consensus
conferences. These approaches and activities may prove
suitable for different objectives, e.g., informing about vs. co-
designing research. Additionally, management of public
expectations is important to avoid erosion of public trust, due
to uncertainties in the delivery time and form of potential health
benefits (e.g., improved diagnosis of hereditary disorders or
personalized medical treatments).

Furthermore, other stakeholder groups may hold crucial roles
in a successful roll out of a national genomics initiative, including
but not limited to health care providers, pharmacists, or policy
makers. In order to deliver the promised goals regarding public
health benefit, policy makers and governments have a unique role
to play (Molster et al., 2018). The complex interplay between
multiple stakeholder groups with their own roles and
responsibilities should be acknowledged and receive further
attention. Complex structures of multi-organizational
collaborative approaches can be found in national genomics
initiatives. Gil-Garcia et al. (2019) called for clarity in roles
and responsibilities in government inter-organizational
collaboration and information sharing initiatives, and conclude
that this is a critical factor for success. In light of the current study,
the roles and responsibilities of stakeholders should be assessed
and clarified for each of the different phases of the public health
policy cycle and corresponding milestones or indicators. In this,
specific attention should be paid to the parties responsible for
evaluating the impact of a national genomics initiative on the
envisioned goals and public health impact in the long run.

5 LIMITATIONS

This study faces several limitations. The literature review was
restricted to information about national genomics initiatives
available in the English language. Therefore, some national
genomics initiatives may have been overlooked, e.g., due to
absence or difficult to find information, while others may have
been partially reviewed. Yet, the main findings within this study
were collected during the interviews. The national genomics
initiatives that were subject of the interviews reflect the diverse
landscape of national genomics initiatives. Therefore, we expect
that combining the explorative literature review and interviews
from different perspectives has sufficiently enabled us to illustrate
possible operationalization of public health benefit in national
genomics initiatives.

Public Health Benefit Genomics Initiatives

The information obtained by the authors was gathered during
interviews with experts who are involved in their countries’
initiative, likely resulting in a limited and perhaps biased view
on all aspects. As the execution of a national genomics initiative
requires collaboration from multiple stakeholder groups, it would
have been insightful to also have included other experts
representing different stakeholder groups per country. In
doing so, we could have included varying perspectives about
the pursuit and operationalization of public health benefit within
the different phases of the public policy health cycle, and which
indicators were evaluated. However, the interviewed experts were
all closely involved in their countries’ national genomics
initiatives, and were therefore able to provide important
insights in the different phases of the public policy health cycle.

6 CONCLUSION

National genomics initiatives hold the potential to benefit to
public health. This study showcases several different policies that
currently pursue public health benefit through national genomic
initiatives. Sometimes, public health benefit is directly pursued
within national genomics initiatives, with goals set to improve
prevention, diagnosis, and interventions, while in other
initiatives, public health benefit is seen as a future goal of
current research activities that are aimed at generating data
and knowledge. To date, the development of international and
standardized tools, methods, and data sharing is necessary to
operationalize the anticipated beneficial impact of genomics
initiatives on public health. Furthermore, evaluation of actual
public health benefit can benefit from well-defined indicators,
also to compare between countries and draw on lessons learned.
In order to achieve the envisioned goals of national genomics
initiatives, the indicators should not only be operationalized, but
it should also be clear who has what role and responsibility
throughout the different phases of the public health policy cycle,
especially regarding evaluation of the public health benefit within
a national genomics initiative.
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Introduction: DNA-based population screening has been proposed as a public health
solution to identify individuals at risk for serious health conditions who otherwise may not
present for medical care. The clinical utility and public health impact of DNA-based
population screening is a subject of active investigation. Geisinger, an integrated
healthcare delivery system, was one of the first healthcare systems to implement DNA
screening programs (MyCode Community Health Initiative (MyCode) and clinical DNA
screening pilot) that leverage exome data to identify individuals at risk for developing
conditions with potential clinical actionability. Here, we demonstrate the use of an
implementation science framework, RE-AIM (Reach, Effectiveness, Adoption,
Implementation and Maintenance), to conduct a post-hoc evaluation and report
outcomes from these two programs to inform the potential impact of DNA-based
population screening.

Methods: Reach and Effectiveness outcomes were determined from the MyCode
research program, while Adoption and Implementation outcomes were measured
using the clinical DNA screening pilot. Reach was defined as the number of patients
who were offered and consented to participate in MyCode. Effectiveness of DNA
screening was measured by reviewing MyCode program publications and synthesizing
findings from themes. Adoption was measured by the total number of DNA screening tests
ordered by clinicians at the clinical pilot sites. Implementation was assessed by
interviewing a subset of clinical pilot clinicians about the deployment of and
recommended adaptations to the pilot that could inform future program dissemination.

Results: Reach: As of August 2020, 68% (215,078/316,612) of individuals approached to
participate in the MyCode program consented. Effectiveness: Published evidence
reported from MyCode demonstrates that DNA screening identifies at-risk individuals
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more comprehensively than clinical ascertainment based on phenotypes or personal/
family history. Adoption: From July 2018 to June 2021, a total of 1,026 clinical DNA
screening tests were ordered by 60 clinicians across the three pilot clinic sites.
Implementation: Interviews with 14 clinicians practicing at the pilot clinic sites revealed
motivation to provide patients with  DNA screening results and vyielded future

implementation strategies.

Conclusion: The RE-AIM framework offers a pragmatic solution to organize, analyze, and
report outcomes across differently resourced and designed precision health programs that
include genomic sequencing and return of clinically actionable genomic information.

Keywords: DNA-based population screening, implementation science, healthcare system, RE-AIM, genetics,

MyCode

INTRODUCTION

DNA-based population screening of unselected individuals for
disease-causing genomic variants has been proposed as a method
for ascertaining those at risk for serious health conditions who
may not otherwise be identified. This distinction of unselected
individuals is critical to exploring DNA-based population
screening as it refers to the system-wide selection or screening
of individuals without regard to underlying risk, clinical features,
or family history that may indicate hereditary risk or disease
(indication-based identification) (Carey et al., 2016; Abul-Husn
et al., 2019; Abul-Husn et al, 2021). Such screening has the
benefit of identifying individuals with actionable genetic changes
(Kalia et al, 2017) prior to diagnosis based on symptoms;
symptoms which are typically the impetus for indication-based
genetic testing. By identifying individuals earlier, appropriate
medical action for treatment and prevention can be taken.
Another benefit is the potential to overcome inequities and
health  disparities currently seen in indication-based
identification and testing (Jakuboski et al, 2022). Several
healthcare systems have initiated DNA-based population
screening programs that may consist of research biobanks
and/or DNA screening pilot programs (Williams, 2022). Early
results from these programs demonstrate effectiveness in
ascertaining individuals carrying genomic risk variants by
improving risk management and facilitating early diagnoses of
severe diseases (Grzymski et al., 2020; Williams, 2022). However,
a key issue limiting the implementation of these DNA-based
population screening programs into routine clinical care is the
critical need for additional evidence demonstrating clinical utility
(Murray et al., 2019).

Ongoing evidence gaps recognized in DNA-based population
screening include questions about which genes—and variants
within those genes—to screen, best practices for disclosing results
to individuals and clinicians, short- and long-term outcomes of
returning genomic information, when to perform screening,
settings and care models for screening, costs and cost-
effectiveness of screening, and whether screening mitigates or
exacerbates health disparities. Many of these gaps relate to clinical
utility, defined by the Centers for Disease Control and Prevention
(CDC) as “whether genetic testing results in measurable

improvement in health or improves management of patients”
(Haddow et al., 2004; Murray et al., 2019; Office of Science, 2021).

In the traditional research model, evidence gaps are addressed
through studies of efficacy and effectiveness conducted in narrowly
defined populations or organizational contexts (Chambers et al.,
2016). This has led to the general observation that it takes an average
of 17 years to translate a fraction of such research into clinical care
(Balas and Boren, 2000). The field of implementation science has
evolved to help shorten the time to implementation of effective
interventions by understanding the multi-level, complex issues
inherent in the implementation, adoption, and maintenance of
research evidence in health care policy and practice (Holtrop
et al, 2018a; Chambers, 2018). Implementation science focuses
on evaluating use and effectiveness under typical (real-world,
non-controlled) conditions (Holtrop et al, 2018a) by leveraging
theories, models, and frameworks for program planning,
implementation, evaluation, and maintenance (Nilsen, 2015;
Brownson, 2017). Due to the rapid generation of data and the
need to expediate the translation of learnings from multiple contexts
such as observational studies, clinical trials, and pilot programs, calls
for incorporation of implementation science methodologies into the
fields of genomics and precision health have been made (Chambers,
2018; Ginsburg et al,, 2021; Sperber et al,, 2021).

The RE-AIM framework (Reach, Effectiveness, Adoption,
Implementation, and Maintenance) is an implementation
science framework that addresses the research-practice gap by
including evaluation of outcomes beyond efficacy and
effectiveness to better identify translation potential and public
health impact (Glasgow et al., 1999; Glasgow et al., 2019). RE-
AIM emphasizes both internal and external validity by evaluating
outcomes associated with the five dimensions in the framework
acronym. RE-AIM is ideal for pragmatic contexts and facilitates
evaluation of impact at the individual (reach/effectiveness) and
institutional (adoption/implementation) levels simultaneously,
since multi-level impact is critical for both translation and
broader public health benefit (Glasgow et al, 1999; Nilsen,
2015; Brownson, 2017; Glasgow and Estabrooks, 2018;
Glasgow et al., 2019). Over the last two decades, RE-AIM has
been used extensively in other contexts, yet it is only beginning to
be applied to precision health (Glasgow et al., 2019; Jones et al.,
2021b; Blazer et al., 2021; Kim et al,, 2021; Miller et al., 2021;
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TABLE 1 | Key characteristics of two Geisinger DNA screening programs.

MyCode® community health
initiative (research)

Characteristics

Purpose
sequences to MyCode participants

Implementation context Geisinger population and MyCode participants

Who offers/delivers the

program

Screening model

Genes screened

Who discloses results

assistants funded through the GSC program
Opportunistic

GSC GCs

Timeline to result return 6 months—2 years based on sample batch size

Return clinically actionable confirmed findings from research exome

Precision health associates (consenters), GCs, genetic counseling

ACMG SF v2.0 + HFE (c.845G > A, p.C282Y homozygotes)

RE-AIM Analysis of DNA-Based-Population Screening

Clinical
DNA screening pilot

Return subset of clinically actionable findings from clinically generated
exome sequences to unselected patients at participating clinics
Patients receiving care at specific ambulatory clinics (primary and
specialty care)

Clinicians at select sites as part of clinical practice

Proactive

ACMG SF v2.0

o GCs modeling the GSC disclosure process (positive results)
e Ordering clinician via letter (negative results)

6-8 weeks

ACMG, American College of Medical Genetics and Genomics; GC, genetic counselor; GSC, genomic screening and counseling.

Sperber et al., 2021). In this study, we demonstrate the use of RE-
AIM to conduct a post-hoc evaluation and report outcomes from
two DNA screening programs at Geisinger with the goal of
generating evidence needed for systematic implementation of
DNA-based population screening.

MATERIALS AND METHODS
Study Setting

Geisinger, an integrated health system serving over two million
individuals in rural Pennsylvania, is an innovator in exploring
DNA-based population screening approaches (Carey et al., 2016;
Schwartz et al., 2018; Schmidlen et al., 2019; Savatt et al., 2020).
Approximately one-third of individuals receiving care in the
system are also insured by the Geisinger Health Plan, creating
the ideal environment for piloting innovations in care delivery to
improve health outcomes (Steele and Feinberg, 2017). Two of
Geisinger’s precision health programs are described above with
key aspects of each program highlighted in Table 1.

MyCode Community Health Initiative (MyCode)

In-depth descriptions of Geisinger’s MyCode program have been
published elsewhere (Carey et al, 2016; Schwartz et al, 2018;
Williams, 2019; Williams et al., 2018b; Kelly et al., 2021; Dewey
et al,, 2016; MyCode scorecard [Online], n.a). Relevant to the
analyses presented here, Geisinger launched MyCode in 2007 to
create a biobank of serum, blood, and DNA samples for health
discovery research (Carey et al., 2016). The overall aim is to develop
methods that will enable identification of individuals’ unique
biological, environmental, and social influences on health and
promote care tailored to individual health risks (Williams et al,
2018b; Williams, 2019). In 2014, MyCode initiated exome
sequencing and SNP genotyping using DNA samples through the
DiscovEHR collaboration with the Regeneron Genetics Center to
uncover novel genetic associations with disease and therapeutic
targets (Dewey et al,, 2016; Kelly et al., 2021). In anticipation of
exome sequencing, MyCode amended its consent in 2013 to allow
disclosure of clinically actionable findings to participants (Carey
et al,, 2016; Kelly et al., 2021). Any Geisinger patient is eligible to
participate in MyCode and can consent in-person when they present

for care or via the patient portal in the electronic health record
(EHR). Consent documents are currently available in English and
Spanish. MyCode participants who consented prior to 2013 are
contacted by study staff to re-consent for DNA screening and
potential return of information. As of February 2022, >300,000
Geisinger patients have consented to MyCode, >207,000 have
provided samples, >184,000 have had exome sequencing and
genotyping completed, and >3,100 have received a clinically
actionable genetic result (MyCode scorecard [Online], n.a).

The MyCode Genomic Screening and Counseling (GSC) program
was added in 2015 to identify and clinically confirm actionable
genomic risk results for disclosure to patient-participants and their
clinicians (Williams et al., 2018b; Schwartz et al, 2018). When
MyCode exome sequence data reveals a pathogenic or likely
pathogenic (P/LP) variant in a gene returned through MyCode, a
clinically collected sample retained in the MyCode CLIA-certified
repository is sent for clinical confirmation and reporting of the
variant in a CLIA-certified genetics laboratory. The list of genes
included for DNA screening through MyCode was developed based
on several resources including to the American College of Medical
Genetics and Genomics (ACMG) secondary findings list, as
previously described, and is regularly reviewed and updated by
research and clinical stakeholders based on current evidence
(Schwartz et al., 2018; Kelly et al., 2021). The current list of genes
includes those on the ACMG secondary findings v2.0 list (Kalia et al,,
2017) in addition to biallelic variants in the HFE gene leading to the
C282Y amino acid substitution (Kelly et al, 2021). Benign/likely
benign variants and variants of uncertain significance (VUS) are not
reported to MyCode participants. After CLIA confirmation of the
result, the GSC program process includes 1) depositing the laboratory
report with genetic test results into the patient-participant’s EHR, 2)
notifying the patient-participant’s primary care clinician through the
EHR (for Geisinger clinicians) or via alternative methods for external
clinicians, 3) three phone call/patient portal attempts to disclose the
result and recommend a complimentary genetic counseling visit, and
4) mailing of a packet with the result to the patient-participant
(Schwartz et al., 2018).

Clinical DNA Screening Pilot Program
In 2018, Geisinger launched a clinical DNA screening pilot program in
select ambulatory care settings to evaluate the integration of DNA
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TABLE 2 | RE-AIM dimensions with standard definitions, adapted definitions, associated Geisinger DNA screening programs, and data sources.

Dimensions Definition DNA-based population screening Program Data sources
definition

Reach The absolute number, proportion, and The number, proportion, and representativeness of ~ MyCode MyCode consent
representativeness of individuals willing to participate  individuals wiling to participate in a DNA-based (research) database
in a program population program that returns genomic information

Effectiveness The impact of an intervention on important individual ~ The impact of returning clinically relevant genetic MyCode Review of published
outcomes, including potential negative effects, and results to individuals on medical outcomes, (research) MyCode literature
broader impact including quality of life and economic  psychological and quality of life outcomes, and
outcomes; and variability across subgroups economic outcomes, including negative effects.
(generalizability or heterogeneity of effects) Variability across subgroups and including health

disparities

Adoption The absolute number, proportion, and The number of clinical genomic screening tests Clinical DNA EHR
representativeness of people who deliver the program  ordered at pilot sites screening pilot
and who are willing to initiate a program

Implementation  Any adaptations made to interventions and Suggested adaptations to the current clinical pilot to  Clinical DNA Semi-structured
implementation strategies inform future program dissemination screening pilot interviews with

clinicians

Maintenance (setting level) the extent to which a program or policy  (setting level) extent to which MyCode and clinical pilot ~ Not yet Not applicable

becomes institutionalized or part of the routine programs become routine/institutionalized assessed

organizational practices and policies, and adaptations
made to achieve maintenance

(individual level) long term impact (e.g., longitudinal
effectiveness, adherence to guidelines) of returning
clinically relevant genetic information on individual
health outcomes

(individual level) the long-term effects of a program on
outcomes after a program is completed

screening into routine healthcare (Geisinger, 2018). The clinical DNA
screening test uses an exome sequencing backbone to screen for P/LP
variants in the genes on the ACMG secondary findings version 2.0 list
(Kalia et al., 2017). Positive screen results (P/LP variants) are disclosed
to patients by a genetic counselor utilizing a modified version of the
MyCode GSC program disclosure protocols; negative results are
disclosed by a letter to the patient. Given the pivotal role that
primary care providers play in preventive care, the clinical DNA
screening pilot program was initiated to engage primary care in
delivering genomic screening as a part of routine primary care practice.

The program is a system initiative that was initially
implemented as a pragmatic proof-of-concept clinical pilot at
3 clinics selected based on location (one clinic per service region:
central, northeast, west) and clinical interest. Clinical tools (EHR-
based ordering and documenting templates) and educational
information developed in collaboration with clinical partners
were provided to each pilot clinic site upon program
implementation at the site. All clinicians at the three clinical
pilot sites can order the clinical DNA screening test for any adult
individual seen irrespective of disease indications.

Study Design

We conducted a post-hoc program evaluation of data generated
from the MyCode research program and the clinical DNA-
screening pilot program using mixed-methods and the RE-
AIM framework as adapted based on guidance in Glasgow &
Estabrooks for the pragmatic gathering of data and evaluation of
relevant outcomes (Glasgow and Estabrooks, 2018). This
evaluation was deemed not research by the Geisinger
Institutional Review Board.

Table 2 describes how the two programs inform the potential for
implementation of population-based DNA screening by RE-AIM
dimension and the data/method utilized to inform results. The
MyCode research program provides the context most similar to
real-world conditions for patient interest in and effectiveness of
broad-scale population screening were it to be made available to all
individuals in a health system. Therefore, Reach and Effectiveness
were evaluated through the MyCode research program using MyCode
consent database (Reach) and publication review (Effectiveness) to
understand the potential willingness of individuals to participate in a
research program that discloses health-related genomic results to
participants and the impact of returning genomic information to
individuals on health outcomes. As a system initiative based in
primary care, the dlinical DNA screening pilot program
demonstrates how such a program might look in clinical practice
and created an ideal natural experiment to measure Adoption and
Implementation of DNA-based population screening by eligible
clinicians under real-world conditions. EHR data (Adoption) and
qualitative (Implementation) were conducted to
understand adoption variability and clinician views of offering and
ordering a DNA screening test as part of routine healthcare.
Maintenance was not assessed in this evaluation but guidance for
how this dimension may be measured is included in Table 2.

interviews

Definition, Data Collection, and Outcomes
Analysis Methods Per RE-AIM Dimension
Reach

Reach was defined as the number of individuals who consented or
re-consented to MyCode after 2013 (when updates to consenting
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allowed for disclosure of results) over the number of individuals
approached to participate in the program. Representativeness (a
critical component of Reach) of the population reached by
MyCode was also explored. Representativeness of MyCode
patient-participants was compared to non-participants
(individuals who have declined or withdrawn participation or
have not yet re-consented) and compared to the system’s general
patient population (inclusive of all individuals who have received
care at Geisinger regardless of whether they are insured by
Geisinger or have a Geisinger primary care clinician).

MyCode consent data is stored in a MyCode consent database.
Information from this database from February 2007 to August
2020 were reviewed for individuals approached to participate in
MyCode. Demographic data available from the EHR included
current age, sex, race, ethnicity, 3-digit level zip code, primary
care clinician (Geisinger or non-Geisinger), comorbidity index,
and health insurance type. Descriptive characteristics were
reported using means and medians and comparisons of
categorical variables between groups were performed by Chi-
squared test or Z-test for proportions. Non-normal continuous
variables were compared using Wilcoxon rank sum test. All
statistical analysis was performed in R (Vienna, Version 4.0.2).

Effectiveness

Effectiveness was defined as the clinical impact of returning
clinically relevant genetic results to individuals. Since multiple
analyses have already been conducted and published,
effectiveness was evaluated by conducting a review of this
published MyCode literature.  Thirteen  peer-reviewed
publications have reported MyCode outcomes related to
Effectiveness of DNA-based population screening from program
initiation (2007) to 2021. Data extracted from these studies
included genetic condition, study sample size, and key findings.
Studies were organized and coded for the following thematic
outcomes determined by the study team to represent
Effectiveness: screen positive detection rate (proportion of
eligible participants with a clinically confirmed P/LP variant in
a gene of interest), ascertainment of at-risk individuals via DNA
screening compared to clinical ascertainment, rate of relevant
genetic disease, impact of genetic results disclosure on medical
management, post-disclosure disease diagnoses attributed to DNA
screening, and costs and cost-effectiveness. Coding was conducted
by two raters, with discrepancies reviewed and resolved by the
senior author. A brief description of each thematic area and
relevance to population-based DNA screening is described below:

e Screen positive detection rate of actionable genomic variants
in unselected populations: Demonstrating the P/LP variant
rate related to a condition in an unselected population is an
important indicator of how many at-risk individuals in a
population remain unidentified or undiagnosed without
DNA-based population screening.

Ascertainment of at-risk individuals via DNA screening
compared to clinical ascertainment: Comparing the number
of individuals with P/LP variants, but unrecognized prior to
DNA screening, to clinical ascertainment as a key indicator
of programmatic effectiveness.

RE-AIM Analysis of DNA-Based-Population Screening

o Rate of relevant genetic disease: Understanding the rate of
relevant disease among unselected individuals found to have
an actionable variant can inform recommendations for
managing their disease risks.

e Impact of disclosure on medical management: For
population DNA screening to have the intended public
health benefit, clinicians and patients must adhere to
recommended medical management intended to reduce
condition-specific morbidity and mortality. Identification
of multilevel barriers to and facilitators of recommended

management can inform interventions to improve
management.
e New clinical diagnoses post-disclosure: A goal of

population-based DNA screening is to impact the
condition-related health outcomes of the individual
identified with a P/LP variant for the condition.

e Cost and cost-effectiveness: Cost-burden on a healthcare
system or patients and cost-effectiveness of population-
based DNA screening is a reported barrier to
implementation and an important factor for sustainability.

Adoption

For this post hoc evaluation of DNA-based population screening,
Adoption was defined as the number of the clinical DNA
screening tests ordered by clinicians at the clinical pilot sites,
as determined by review of programmatic data. Provider type
(attending, resident, Fellow, etc.) was collected to describe
representativeness. Due to the clinical pilot program
implementation that made the test available to all clinicians in
the pilot clinic and because of the fluctuation in attending
clinicians and trainees in pilot sites over time, the percentage
of clinicians ordering the clinical DNA screening test
(proportion/percent adopted) could not be accurately
determined.

Implementation
Implementation was assessed by conducting semi-structured
interviews among a subset of clinical pilot clinicians about the
deployment of and recommended adaptations to the pilot that
could inform future program improvement and dissemination.
Clinicians, including physicians (attendings, residents, and
fellows), nurse practitioners, and physician assistants were
invited to participate in the interviews. Clinicians were
recruited through email using a purposive sampling strategy
based on clinic and number of clinical DNA screening tests
ordered during the pilot implementation (including clinicians
that did not order the test) to ensure representation across pilot
clinics (location-central, northeast, or west) and adoption (no
tests ordered, 1-10 tests ordered, 11-20 tests ordered, 21-30 tests
ordered, over 100 tests ordered). All interviews were conducted
using a semi-structured interview guide to explore
implementation aspects of the pilot clinical DNA screening
program and inform future program dissemination. Questions
were designed to explore attitudes towards clinical DNA
screening in primary care, why or for whom they ordered
testing for and experience with testing and results (if ordered),
fit with clinical workflow, confidence in understanding and using

Frontiers in Genetics | www.frontiersin.org

133

May 2022 | Volume 13 | Article 883073


https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Jones et al.

TABLE 3 | Characteristics of MyCode participants and general Geisinger population.

RE-AIM Analysis of DNA-Based-Population Screening

MyCode participants MyCode participants p-value® General Geisinger p-value®
who consented who declined population (N =
or re-consented or withdrew 20,72,639)
after 2013 or have
(N = 2,15,078) not reconsented
after 2013
(N = 1,00,314)

Age, median [IQR] 55 [38, 68] 57 [39, 71] p<22x107'® 40 [20, 62] p<22x107'®
Sex, n (%)

Female 1,28,149 (59.6) 60,456 (60.3) p < 0.0001 10,79,082 (52.1) p<22x1071®

Male 86,928 (40.4) 39,850 (39.7) 9,93,557 (47.9)

Unknown 1(0.0) 8 (0.0)
Race, n (%)

White/European ancestry 2,06,102 (95.8) 94,487 (94.2) p<22x107'® 18,76,010 (90.5) p<22x107'®

Black/African ancestry 5,771 (2.7) 3,795 (3.8) 1,09,164 (5.3)

Native American 278 (0.1) 132 (0.1) 2,995 (0.1)

Asian or Pacific Islander 1,616 (0.7) 1,615 (1.5) 36,894 (1.8)

Unknown/other 1,411 (0.7) 385 (0.4) 47,576 (2.3)
Ethnicity, n (%)

Hispanic/Latinx 6,284 (2.9) 3,572 (3.6) p<22x107"® 1,07,788 (5.2) p<22x107'6

Not Hispanic/Latinx 2,06,776 (96.1) 94,725 (94.4) —

Unknown 2018 (0.9) 2017 (2.0) —

Have a Geisinger PCP, n (%) 1,32,652 (61.7) 60,428 (60.2) p < 0.0001 5,94,847 (28.7) p<22x107"®

Insured with GHP, n (%) 82,926 (38.6) 34,240 (34.1) p<22x107'® 4,51,835 (21.8) p<22x107'6

CCl, median [IQR] 210, 4] 20, 4] p<22x107'® 0 p<22x107"®

PCP, primary care provider; GHP, Geisinger health plan; CCI, Charlson comorbidity index; IQR, interquartile range.
AComparison between MyCode screening population and control population. Chi-squared test was performed for categorical variables with multiple levels (Sex, Race, and Ethnicity).
Z-test for two proportions was used for categorical variables with two levels (%Geisinger PCP, %GHP). Two-sample Wilcoxon test was used for comparing the medians for continuous

variables (Age and CCI).

bComparison between MyCode screening population and Geisinger population. Chi-squared test was performed for categorical variables with multiple levels (Sex and Race). Z-test for
one proportion was used for logistical variables or categorical variables with two levels (Sex, % Hispanic/Latinx, %Geisinger PCP, %GHP). One-sample Wilcoxon test was used for non-
normal continuous variables (Age and CCl), treating the medians of the general Geisinger population as the population median.

the test information, experience with and opinion of EHR tools
provided, and recommendations to improve the program and
processes (See Supplementary Material S1 for interview guide).
A rapid qualitative analysis using a framework method was
employed (Bryman and Burgess, 1994; Gale et al., 2013). Two
research staff members reviewed interview summaries and full
transcripts under the guidance of the first author to define
emergent themes and identify supportive quotations. Emergent
themes were finalized through discussion with the first author
and coding accuracy was achieved through constant comparison
with the first author (Beebe, 2001). Discrepancies and
uncertainties with themes identified and coded quotations
were resolved by additional expert consultation with the senior
author. Prior to finalizing, all results were reviewed with clinical
screening pilot program staff and other study team members.

RESULTS

Reach

Approximately two million individuals receive care within the
Geisinger system. All have the potential to participate in MyCode
by enrolling through the patient portal or when receiving care in a
Geisinger facility. Of the 316,612 individuals approached to
participate in the MyCode research program, 215,078
individuals had consented or re-consented after 2013 (when

updates to consenting allowed for disclosure of results) as of
August 2020 (68% participation rate). To evaluate the
representativeness of MyCode participants, we compared those
consented to receive results to individuals who actively declined
to participate (78,372), withdrew consent (3,577) or have not yet
re-consented to receive results (18,355) and to the general
Geisinger population (2,072,639) (Table 3). There were
statistically ~ significant  differences in  demographic
characteristics between individuals on a return-eligible consent
(willing to participate) compared to those who were not eligible to
receive results (declined, withdrew, or have not yet updated their
consent) and to the general Geisinger population. Individuals
who consented to receive results were younger than those not
eligible to receive results, but were older than the overall
Geisinger population (p < 2.2 x 107'°). They were also more
likely to be female (p < 0.0001), White (p < 2.2 x 107'%), non-
Hispanic (p < 2.2 x 107'®), have a Geisinger primary care
physician (PCP) (p < 0.0001), have Geisinger Health Plan
insurance (p < 2.2 x 107'°), and have a higher Charlson
Comorbidity Index (p < 2.2 x 107'°) than both comparator
populations.

Effectiveness

Table 4 provides detail on the multiple levels (population,
individual, system) addressed by each identified thematic area
relevant population-based DNA screening and the number of
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TABLE 4 | Program review effectiveness construct results reported by clinical utility-associated thematic purpose.

Effectiveness-related Level Definition

themes

Screen positive detection Population Defining the number with P/LP

rate of actionable genetic genetic variants

variants in unselected

populations

Ascertainment of at-risk Individual Defining the number of individuals

individuals via DNA patient with P/LP variants and clinical

screening compared to phenotype that has not been

clinical ascertainment previously identified

Rate of relevant genetic Individual Comparing phenotypes of

disease patient individuals with P/LP for the
condition with individuals with only
a clinical diagnosis

Impact of disclosure on Individual Reported on data congruency with

medical management patient desired outcome or guideline-
based recommendation

New clinical diagnoses post-  Individual Medical follow-up prompted by

disclosure patient the knowledge/return of the
genomic information led directly to
a diagnosis related to the variant
(e.g., an ovarian cancer
diagnosed) or a clinical
manifestation of the diseases (e.g.,
aortic dilation identified after a
Marfan variant returned)

Cost and cost effectiveness  Population Reporting on costs per patients of

or system genetic sequencing in a population

P/LP, pathogenic or likely pathogenic.

publications relevant to each theme at the time of this analysis.
Outcomes related to themes of interest were extracted and
summarized (Supplementary Material S2). Overall, our
published results thus far indicate that DNA screening
identifies at-risk individuals more comprehensively than
clinical ascertainment based on phenotypes or personal/family
history, that disclosing this information can have positive impact
on individual medical management and diagnostic outcomes, and
that costs and cost-effectiveness in different contexts are
important to assess.

Screen Positive Detection Rate of Actionable Genomic
Variants in Unselected Populations

We found an overall detection rate of 2.6% for P/LP variants in
the 60 genes screened by MyCode from 130,048 exomes screened
at that time (Kelly et al., 2021). Thus far, MyCode data have
reported P/LP variant detection rates in unselected individuals for
familial hypercholesterolemia (FH)-related variants (1 in 222)
(Abul-Husn et al., 2016) and hereditary breast and ovarian cancer
(HBOC)-related variants (1 in 180) (Manickam et al., 2018). For
arrhythmogenic cardiomyopathy (ACM), an inherited heart
condition associated with sudden cardiac death, particularly in
the young, MyCode data indicate a P/LP variant rate between 1 in

Example Number of References
publications
to
date
Reporting within the population on 5 (Kelly et al., 2021; Abul-Husn
the number of individuals with P/LP et al., 2016; Manickam et al.,
genetic variants 2018; Carruth et al., 2021;
Carruth et al., 2019)
Have phenotype but were 5 (Buchanan et al., 2020;
unrecognized to have the condition Buchanan et al., 2018;
until receipt of the genetic Manickam et al., 2018; Jones
information et al.,, 2021a)
Clinical vs. genetic diagnosis of a 5 (Buchanan et al., 2020;
condition Abul-Husn et al., 2016;
Manickam et al., 2018;
Carruth et al., 2019; Carruth
et al., 2021)
Reporting on number of participants 5 (Buchanan et al., 2018;
who would have been picked up on Buchanan et al., 2020; Hao
family history screening et al., 2020; Jones LK et al.,
Number of participant adherent to 2018; Jones et al., 2020)
guideline-based recommendations
after receiving results
Case reports or counts of new 4 (Buchanan et al., 2020;
diagnoses reported post return of Buchanan et al., 2018; Jones
genetic result that can be linked to LK et al., 2018; Carruth et al.,
the return of the genomic 2021)
information to the individual (e.g.,
are a direct result of medical follow-
up specifically attributed to the result
returned)
Quality adjusted life years of a 3 (Hao et al., 2020; Guzauskas

genetic sequencing program

et al., 2020; Guzauskas GF

(usually modeling papers)

et al., 2022)

435 (Carruth et al., 2021) and 1 in 714 (Carruth et al., 2019),
depending on the review criteria applied.

Ascertainment Of At-Risk Individuals Via DNA
Screening Compared To Clinical Ascertainment
Based on EHR review, only 14%-20% of MyCode patient-
participants had a clinical laboratory report documenting their
genomic variant prior to identification through MyCode (Kelly
et al, 2021). During the period under study, three genetic
conditions were recognized by the CDC as having evidence for
potential reduction in morbidity and mortality when identified
through population DNA screening (Centers for Disease Control
and Prevention, 2014). These conditions—HBOC syndrome
(associated with BRCAI and BRCA2 genes), Lynch syndrome
(LS) (associated with MLHI, MSH2, MSH6, and PMS2 genes),
and FH (associated with APOB and LDLR genes)—are
collectively identified as “Tier 1”7 conditions. For CDC Tier 1
conditions returned through MyCode, 87% (305/351) of patient-
participants were unaware of their molecular diagnosis at the
time of the genomic result (Buchanan et al., 2020). In another
report, only 13% (7/55) of individuals with a BRCA1/2 variant
returned through MyCode had previously received clinical
genetic testing that identified their molecular diagnosis
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(Buchanan et al, 2018). Among individuals with a BRCAI1/2
variant returned through MyCode, 51% (45/89 individuals) met
National Comprehensive Cancer Network (NCCN) criteria for
clinical testing, yet had no documentation of genetic testing or
referral to genetic counseling (Manickam et al., 2018). For FH,
none of the individuals meeting the clinical criteria for “definite”
or “probable” FH diagnosis had previously undergone genetic
testing (Buchanan et al, 2020). Importantly, not all these
individuals with FH would have been identified using clinical
screening criteria (Jones et al., 2021a).

Rate of Relevant Genetic Disease

In MyCode, 65% of individuals identified with a P/LP variant in
one of the CDC Tier 1 conditions had a personal or family history
relevant to the condition (Buchanan et al., 2020). Individuals
identified with an FH variant had significantly increased odds of
having general (odds ratio, 2.6) and premature coronary artery
disease (odds ratio, 3.7) compared to individuals with high
cholesterol but without a genomic variant (Abul-Husn et al,
2016). MyCode participants with a P/LP BRCA1/2 variant were
significantly more likely than participants without a BRCA1/2
variant to have a history of breast cancer (odds ratio, 5.95) or
ovarian cancer (odds ratio, 18.3) (Manickam et al., 2018). For
ACM, although some of the 140 individuals with a P/LP variant
were found to have a relevant clinical feature, the prevalence of
EHR-recorded cardiac findings did not differ compared to
matched controls without a P/LP variant (Carruth et al,
2019). Further phenotyping among 59 individuals with a P/LP
ACM variant found that only 1 (2%) met a strict definition of a
clinical diagnosis of ACM, though an additional 20 (34%)
satisfied at least one ACM diagnostic criterion (Carruth et al.,
2021).

Impact of Disclosure on Medical Management

Across CDC Tier 1 conditions, 70% of individuals eligible for
condition-specific risk management engaged in at least one risk
management procedure 1-3years post-disclosure. However,
uptake was highly variable between conditions and
management procedures (Buchanan et al, 2020). For females
without any prior cancer diagnosis who received a BRCA1/2
result from MyCode, mammogram or breast MRI uptake was
between 50%-92% and 11%-31% had a risk reducing salpingo-
oophorectomy, depending on when the analysis was performed
(Buchanan et al., 2018; Buchanan et al., 2020; Hao et al., 2020).
Among individuals who received a P/LP result related to FH,
nearly all had lipid testing post-disclosure, 51%-83% discussed
their FH result with a clinician, and 38% had important changes
to their treatment regimen (Jones LK et al., 2018). Specific to FH,
we also reported an increase in adherence to important lipid
lowering therapy from 64 to 77% post-disclosure and in another
study reported on 3 individuals above the lipid control goal (LDL-
C < 100 mg/dl) pre-disclosure who met goal after disclosure
which prompted following appropriate risk management specific
to FH (Jones LK et al., 2018). For clinicians, disclosure of an FH
result through MyCode led to ordering of lipid testing and
referral for evaluation in nearly all identified individuals (Jones
LK et al, 2018).

RE-AIM Analysis of DNA-Based-Population Screening

FH is the only condition in which we have reported on
multi-level ~ barriers and facilitators to guideline-
recommended care (Jones et al., 2020). Patients reported
multiple barriers, including experiencing care gaps due to
changing evidence, lack of insurance coverage for treatment,
side effects related to treatments and other family or health
demands that impeded them from managing their FH. They
noted having an informed medical team facilitated their care
(Jones et al., 2020). Medical management barriers reported by
clinicians included lack of awareness of FH, busy clinics, and
difficulty convincing patients to adhere to prescribed
treatment plans. Having clear diagnostic criteria was
identified as a facilitator of medical management for FH
(Jones et al., 2020). These results have been used to guide
implementation strategy development for programs to
improve medical management and inform further research
(NHLBI-funded grant R61HL161775) for FH in identified
individuals.

New Clinical Diagnoses Post-Disclosure

Among 305 MyCode participants found to have a molecular
diagnosis of a CDC Tier 1 condition, 41 (13%) were found to have
a post-disclosure cancer diagnosis or diagnosis of FH-related
features within 22 months from disclosure (Buchanan et al.,
2020). Twenty-five (61%) of these diagnoses were determined
to be attributed to the result being returned via MyCode
(Buchanan et al., 2020). An early case series reported on three
cases with BRCA1/2 variants whose personal and family history
did not meet genetic testing referral guidelines but were found to
have early-stage BRCA1/2-related cancers after risk management
prompted by disclosure of the genetic result (Buchanan et al.,
2018). In studies of FH, none of the individuals with an FH
variant detected through MyCode had a clinical diagnosis of FH
recorded in the EHR prior to disclosure. After disclosure of a
genetic risk result for FH, only 29% had the clinical diagnosis
code for FH added to their problem list in their EHR (Jones LK
et al,, 2018). Of 59 individuals with follow-up for ACM, two
individuals received new cardiomyopathy diagnoses and had
implantable defibrillators for primary prevention placed
(Carruth et al., 2021).

Cost and Cost-Effectiveness

In a study of cost-burden to the healthcare system, no statistically
significant differences in healthcare utilization and average total
costs of care between one-year pre- and post-disclosure of a
BRCA1/2 variant in MyCode patient-participants were found
($18,821 vs. $19,359, p = 0.76) (Hao et al,, 2020). Modeling
studies demonstrate that population-based DNA screening for
HBOC in unselected women at age 30 is likely to be cost-effective
(incremental cost-effectiveness ratio was $87,700/quality-
adjusted life year) (Guzauskas et al., 2020), and cascade testing
of first-degree relatives modestly improves clinical and economic
value. In contrast, population-based DNA screening for LS may
be cost-effective in younger patient populations, but the plausible
range of cost-effectiveness was higher than that for HBOC, and
depended to some degree on lower test and intervention costs
(Guzauskas GF et al., 2022).
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Adoption

From July 2018 to June 2021, a total of 1,026 clinical DNA
screening tests were ordered by 60 clinicians across the three pilot
clinic sites in the clinical DNA screening pilot program. Of the 60
clinicians who ordered the DNA screening test at least once, 29
(48.3%) were attending physicians, 28 (46.7%) were medical
fellows or residents, and 3 (5%) were advanced health
practitioners (including certified nurse practitioners and
physician assistants). Attending physicians generally ordered
more tests than other types of clinicians (median [range]: 8
[1-532] tests ordered compared to 1 [1-21] ordered by
medical residents or fellows, and 6 [1-17] ordered by
advanced health practitioners).

Implementation

Clinicians practicing at the pilot clinic sites were invited to
participate in interviews about their early experience with the
clinical DNA screening pilot program. Among the 14 interviewed
clinicians, eight (57%) were male, and nine (64%) were attending
physicians. Attending physicians who completed interviews had
practiced medicine for an average of 17 years, with 11.8 of those
years at Geisinger. Residents and fellows who completed
interviews practiced medicine an average of 2.4 years, all of
them at Geisinger. Interviewed clinicians had a range of
experience with ordering the clinical DNA screening tests;
seven (50%) had never ordered the test. These preliminary
interviews provided insights into the ordering practices of the
DNA screening test by clinicians at pilot clinic sites under the
initial implementation conditions:

Motivation to Order Test

Clinicians who ordered the clinical DNA screening test
communicated their motivation to empower and partner with
patients and families to manage their health as “giving them that
power to be able to make those decisions and walk them through
that is very important” (ID14; 1 test ordered).

Test Utility

One clinician indicated not ordering the test for older patients
due to perception of limited medical utility in that age
demographic, stating “with my 90-year-olds ... they’re really
past the point where if they had the disease, you would know
about it by now” (ID34; 18 tests ordered). Other low adopters
expressed beliefs that DNA screening lacks evidence to support
use compared to other routine screening tests.

“My impression, at this point, is it is [the yield of DNA
screening] less than the screening test that we have for,
you know, breast cancer and screening for colon cancer,
things of that nature, but like I said, I'm not sure what
the actual yield is, because I know a majority of my
patients who were screened had no abnormalities”
(ID53; 11 tests ordered).

Conversely, high-adopters compared the DNA screening test
to other screening tests (e.g., mammograms and colonoscopy)
saying, “I offer this test just the same way as I would a

RE-AIM Analysis of DNA-Based-Population Screening

colonoscopy or emphasize the importance of any of the
immunizations which may be age-appropriate for them. So, it
is just part of the whole package that I talk about. . .” (ID23; >100
tests ordered).

Understanding Test Application

Some interviewed clinicians reported only ordering the DNA
screening test when they suspected a genetic condition or if they
desired a result for the patient more quickly than through
research avenues, such as MyCode. This suggests some
clinicians may have an unclear understanding of the purpose
of using a screening test (the DNA screening test) in clinical
practice and the purpose of diagnostic testing (the traditional
indication-based testing process where patients could be referred
to genetics clinic).

Implementation in Primary Care

All interviewed clinicians expressed favorable views about the
process for ordering the clinical DNA screening test. They also
endorsed the result disclosure model of having a genetic
counselor disclose positive results using the MyCode GSC
program processes and expressed the importance of providing
patients with access to genetics professionals to explain result
implications.

Some clinicians expressed questions related to who would
cover costs for downstream testing or cascade testing of family
members if a patient was found to have an actionable varijant
when discussing implementation in primary care. Logistics
around time and clinic workflows in primary care were also
noted stating “There’s alot of stuff that happens within a short
15-20 min visit, . . . a lot of physicians are already time crunched
... this is just another one of those things that we need to do on
top of that” (ID44; 2 tests ordered).

Finally, some interviewees recalled attending informational
sessions for the pilot program while others reported learning
about the test and how to order it only from other clinicians at
their site. Therefore, future implementation strategies suggested
by interviewees include standardized workflows for test ordering
and results reporting, additional informational material for
clinicians and patients, and recurring clinician training.

DISCUSSION

DNA-based population screening shows promise for improving
population health but new methodologies, such as
implementation science, are needed to understand its clinical
utility from the rapidly growing evidence base and to facilitate the
translation of effective DNA-based screening practices into
clinical care (Murray et al., 2019; Williams, 2022). A key
strength for this analysis is Geisinger’s commitment to
innovation in exploring precision health approaches through
the existence of multiple programs currently generating
evidence (Carey et al.,, 2016; Schwartz et al., 2018; Schmidlen
et al, 2019; Savatt et al,, 2020). This study demonstrates a
pragmatic analysis of outcomes derived from two DNA
screening programs implemented at Geisinger for different
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purposes. We applied the RE-AIM implementation science
framework to collectively analyze and report outcomes
(Glasgow and Estabrooks, 2018). As more DNA-based
population programs are being launched (Williams, 2022), this
approach highlights the use of the RE-AIM framework to conduct
a pragmatic program evaluation and demonstrates how the fields
of genomics and precision health can utilize implementation
science methods to capitalize on data generated from research
and non-research programs implemented under real-world
circumstances (Feero et al., 2018; Khoury et al, 2018; All of
Us Research Program Investigators, 2019; Grzymski et al., 2020).

Results from the post-hoc Reach and Effectiveness evaluation
of MyCode suggest most individuals at Geisinger approached are
willing to participate in a research program that discloses health-
related genomic information, and that DNA screening in this
manner can positively impact the identification of genes and
diseases tested when offered to unselected individuals. Results
from the Adoption and Implementation evaluation of Geisinger’s
pilot clinical DNA screening program suggest that clinicians will
order the test for their patients and that broader implementation
should include ongoing education opportunities and be aligned
with current clinical workflows.

Evaluation of MyCode’s Reach as of August 2020 identified a
reasonably high participation rate (68%), but also a need to better
engage potential participants who reflect the full spectrum of
diversity within the Geisinger population. While the population
of central Pennsylvania is of primarily Northern European, non-
Hispanic descent, MyCode participants have less diversity than
the general Geisinger population. Potential opportunities for
expanding the reach of MyCode include translation of consent
into other relevant languages (English and Spanish currently
available) and targeted engagement with underrepresented
populations in our catchment area. Exploration of the barriers
and needs of these populations is also an important next step to
further ensure equitable access to precision care as these research
programs are translated into the clinic. MyCode participants are
also significantly more likely to have a Geisinger primary care
provider and/or Geisinger health insurance coverage, suggesting
that the Reach of a DNA-based population program could be
greatest in a health system among those with an established
patient-clinician relationship or where there are multiple
opportunities to gain access to such screening throughout a
system.

Evaluation of MyCode Effectiveness outcomes emphasized the
potential for a research-based DNA screening program to
improve health outcomes and highlighted Effectiveness gaps
that remain to be studied. Further study of the clinical utility
of screening for P/LP variants in the genes screened by MyCode
other than those associated with HBOC, Lynch syndrome, FH,
and ACM is indicated. Effectiveness studies from MyCode data
are in process for several non-Tier 1 conditions, such as
hereditary hemochromatosis, endocrine tumor syndromes,
Long QT syndrome, and malignant hyperthermia, which
should enrich our understanding of DNA screening in these
conditions. Qualitative and quantitative evaluation of individual-
level reactions to receiving genomic information in and across
these conditions will further define the clinical and personal
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utility of DNA screening, as will studies addressing multi-level
barriers and facilitators of post-disclosure medical management
(clinician and system utilization of the result).

Additional cost-effectiveness analyses are underway for FH
(Spencer et al, 2019) and continued modeling of integrated
screening for all CDC Tier 1 conditions will inform decision
making on reimbursement of DNA screening. We expect
additional condition-specific gaps and cost analyses to be
addressed as research capacity is increased to include
individuals focused on other conditions and at different levels
of the translational spectrum. To date, we have not reported on
long-term health outcomes or improving adherence to
recommended risk management at the individual-, clinician-,
or system-level. Geisinger has only been disclosing results from
MyCode since 2015 and the clinical DNA screening pilot
program was formalized in 2018, therefore health outcomes
and adherence data is currently limited and studies of
interventions to impact adherence are just beginning. As
MyCode continues to return results over the coming years,
maintenance outcomes at the patient level related to DNA
screening will be possible to analyze and report.

The clinical DNA screening program was used to assess early
Adoption and Implementation outcomes, with more than 1,000
tests ordered as part of the clinical pilot. Qualitative interviews
with clinicians who ordered and did not order the test identified a
general acceptance of population DNA screening, with adopters
finding the test ordering and result disclosure processes
acceptable as currently implemented. Longitudinal data
collection (both qualitative and quantitative) on adoption and
implementation will be necessary to explore and demonstrate
maintenance outcomes at the clinician and system level in the
future.

Published literature demonstrates the importance of utilizing
qualitative inquiry when reporting RE-AIM outcomes (Holtrop
et al, 2018b). Our qualitative data on Implementation identified
reasons clinicians interviewed did not order the test and several
implementation strategies for iterative improvement in the clinical
DNA screening pilot program. Ongoing education and other
strategies to ensure clinician awareness and knowledge of
processes could be instituted and evaluated to determine
incremental improvement in test ordering and program
implementation. Our early data from this pragmatic use of RE-
AIM is providing guidance for implementation of a DNA screening
program that fits the context of ambulatory care, thereby enabling
sustainability, and is guiding the data collection approach and
analyses that will inform precision health impact within the
virtuous cycle of a learning healthcare system (Glasgow and
Estabrooks, 2018; Glasgow et al., 2019).

The number of programs exploring the utility of DNA
screening is growing rapidly (Williams, 2022), generating calls
for harmonization of effectiveness data across programs and
studies to improve the value of outcomes reported (Williams
et al, 2018a). A few cross-program assessments of barriers and
learnings have been reported from the funded IGNITE and
eMERGE networks (Zebrowski et al., 2019; Wiesner et al,
2020; Sperber et al., 2021; Leppig et al., 2022). Similar cross-
program evaluations could be conducted utilizing RE-AIM or
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other implementation science frameworks in combination to
synthesize evidence (Reilly et al., 2020) from the myriad of
other programs (Williams, 2022) being conducted in both
research and non-research contexts but not connected to these
large networks. Our work provides a blueprint for moving beyond
the traditional reporting of intervention effectiveness alone by
utilizing implementation science and the RE-AIM framework to
report on additional framework outcomes of Reach, Adoption,
Implementation, and Maintenance across multiple DNA
screening programs designed for different purposes. This
approach could accelerate learnings and reduce the research-
to-practice gap in DNA-based population screening and have a
broader public health impact. Furthermore, a harmonized
approach will facilitate evaluation of key differences in
programs, including funding sources, information returned,
process of consent and return, and implementation processes
and costs. This data will be critical if we are to rapidly learn from
the growing number of research and clinical DNA screening
programs and provide the evidence needed for broad
implementation to ultimately realize the public health impact
of DNA screening.

The harmonized assessment of RE-AIM domains can also help
prevent DNA screening programs from creating unintended
adverse consequences or exacerbating health disparities. Over
90% of the participants in MyCode were of self-reported non-
Hispanic, European ancestry (Buchanan et al., 2020). Similarly,
over 70% of the participants in the eMERGE III cohort, a large
NIH-sponsored network researching genomic screening, were
also self-reported (eMERGE Consortium, 2019). This lack of
diversity in genomics research impedes our understanding of
potential differences in outcomes across, and how to best tailor
DNA screening for, diverse populations. Therefore, it is critical
that the multiple precision health programs currently working to
improve engagement with under-represented populations
include assessment of implementation outcomes (Williams,
2022). To further address disparities and facilitate equity,
recent recommendations include consideration of health equity
through integration of other existing frameworks with RE-AIM
evaluations to address this important contextual factor (Shelton
et al, 2020). The Reach dimension includes assessment of
representativeness, but more recent guidance specifically calls
for assessment across subgroups involved, such as social
determinants, rural or racial/ethnic populations, healthcare
setting resources (high or low resourced), or literacy, to
demonstrate who the program benefits and where inequities
may continue to exist (Shelton et al., 2020).

Limitations

While the existence of multiple precision health programs at
Geisinger enabled these analyses, it is important to acknowledge
the limitations inherent in collecting data within a single healthcare
system. First, while not a limitation to our study, but one which could
influence broader adoption, is Geisinger’s ability to implement a
clinical DNA screening pilot program based on the pre-existing
acceptance of the MyCode research initiative within the system. The
broad recognition of the successes of this research program across
our system may have facilitated clinician interviewees’ general
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acceptance of the program, regardless of whether they had
ordered the test or not. Adoption and Implementation outcomes
may be different in contexts where DNA screening is less salient to
clinicians or in health systems naive to genomics at the scale of
MyCode. Secondly, our genomics programs were impacted by the
COVID-19 pandemic. MyCode suspended all in-person consenting
from March-December 2020, and while individuals could still
consent to MyCode through electronic means, this mode
currently does not yield a significant number of consents.
Therefore, it is possible we would have demonstrated a higher
participation rate if not for the pandemic. The COVID-19
pandemic also impacted additional implementation strategies for
the clinical DNA screening pilot, in that all efforts to provide
additional education and support for clinicians were suspended
in pilot sites. Furthermore, while not specifically stated by the
clinicians interviewed, the switch to virtual care in the
ambulatory care setting under the stress of the pandemic may
have limited the overall ordering of tests by clinicians. Therefore,
results related to Adoption and Implementation must be interpreted
within this specific context. Finally, this evaluation was based on the
post-hoc, pragmatic use of RE-AIM, and as such, data collection/
availability was limited to that which is accurate and practicable to
extract from available program and clinical sources. The strength of
this approach is that the results provide insight into outcomes under
real-world conditions and identify areas where resources might be
directed to either improve existing clinical data availability or to
provide for resource-intensive data collection and analyses. As more
programs for population-based genomic screening are piloted
(Williams, 2022), studies could be prospectively designed and
resourced to enable the evaluation of all RE-AIM dimensions
from one or multiple genomic screening programs. Studies may
also be designed to use RE-AIM in combination with other
implementation science frameworks as appropriate (Reilly et al,
2020; Shelton et al., 2020).

CONCLUSION

We applied the RE-AIM implementation science framework to
conduct a pragmatic program evaluation to assess what two
research and DNA screening pilot programs reveal that can
inform future uptake of DNA-based population screening. We
provide important evidence for such screening and through this
approach of utilizing data from different programs relevant to each
RE-AIM domain we identify remaining gaps necessary to address
clinical utility, adoption, and implementation of programs in health
care systems. This pragmatic approach of utilizing data from
different programs most informative for each RE-AIM dimension
will be important as more hospitals and health systems begin piloting
their own DNA-based population screening programs.
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Using Long-Term Follow-Up Data to
Classify Genetic Variants in Newborn
Screened Conditions
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With the rapid increase in publicly available sequencing data, healthcare professionals are
tasked with understanding how genetic variation informs diagnosis and affects patient
health outcomes. Understanding the impact of a genetic variant in disease could be used
to predict susceptibility/protection and to help build a personalized medicine profile. In the
United States, over 3.8 million newborns are screened for several rare genetic diseases
each year, and the follow-up testing of screen-positive newborns often involves
sequencing and the identification of variants. This presents the opportunity to use
longitudinal health information from these newborns to inform the impact of variants
identified in the course of diagnosis. To test this, we performed secondary analysis of a 10-
year natural history study of individuals diagnosed with metabolic disorders included in
newborn screening (NBS). We found 564 genetic variants with accompanying phenotypic
data and identified that 161 of the 564 variants (29%) were not included in ClinVar. We
were able to classify 139 of the 161 variants (86%) as pathogenic or likely pathogenic. This
work demonstrates that secondary analysis of longitudinal data collected as part of NBS
finds unreported genetic variants and the accompanying clinical information can inform the
relationship between genotype and phenotype.

Keywords: newborn screening, longitudinal data, inborn errors of metabolism, newborn screening translational

research network (NBSTRN), longitudinal pediatric data resource (LPDR), clinvar, variant classification, American
college of medical genetics and genomics (ACMG)

1 INTRODUCTION

From the development of Sanger Sequencing in 1977 (Sanger et al., 1977) to the advent of Next-
Generation Sequencing (NGS) in 2005 (Shendure et al., 2005), the availability of low-cost genetic
information has markedly expanded. As of 13 September 2021, the NCBI Reference Sequence
Database (RefSeq) reported the submission of 40, 213, 945 transcript reads across 113,002 organisms
(O’Leary et al., 2016). With the obstacles of high sequencing cost and intensive labor to generate data
mostly overcome, genomics faces new hurdles: the interpretation and use of genetic variants to aid
clinical decision-making (Krier et al., 2016). The importance of determining genotype-phenotype
correlations to impact health outcomes has been reported in many publications (Trefz et al., 1993;
Arnold et al., 2010; LD et al., 2016; Hsu et al., 2019) and current efforts to interpret genotype-
phenotype correlations prefer to use population-specific biobanks, such as the All of Us Program
(Denny et al., 2019) and the UK Biobank (Sudlow et al., 2015). The mining of these biobanks for
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variant and health information is a valuable resource for
informing the relationship between genotype and phenotype,
and improving the treatment, management, and health
outcomes in individuals with a genetic disease.

To investigate another resource for determining the clinical
relevance of variants, we conducted secondary analysis of a
longitudinal data set of individuals identified with a rare
genetic disease through newborn screening (NBS) for
information about treatment and disease course. In the
United States, NBS is a multi-component system of prenatal
education, neonatal screening, clinical referral and diagnosis, and
long-term medical management. A federal advisory committee
recommends which conditions to screen, but the composition of
screening panels is determined by state based NBS programs. The
majority of screened conditions are inborn errors of metabolism
(IEM), and 44 IEM disorders are currently included in the
Recommended Uniform Screening Panel (RUSP) (Federal
Advisory Committees, 2021). Variant and health information
from a completed, 10-year natural history study of IEMs, called
Inborn Errors of Metabolism Collaborative (IBEMC) (Berry et al.,
2010; SA et al,, 2016), was analyzed to find unpublished variants
and review health information. The IBEMC dataset provides the
potential for variant interpretation (Pena et al., 2016) using data
from subjects that have had genetic testing for their condition and
information about their clinical course collected over time.

2 MATERIALS AND METHODS

2.1 Newborn Screening Translational
Research Network (NBSTRN)

NBSTRN is a resource for investigators engaged in newborn
screening related research led by the ACMG and is funded by a
contract from the Eunice Kennedy Shriver National Institute of
Child Health and Human Development (NICHD) and is a key
component of the NICHD Hunter Kelly Newborn Screening
Research Program (U.S. Code, 2021). The NBSTRN develops
data tools and resources to facilitate both primary and secondary
research efforts (Lloyd-Puryear et al., 2019) (https://nbstrn.org/).
This effort utilized the Longitudinal Pediatric Data Resource
(LPDR), one of the NBSTRN data tools housed in a Federal
Information Security Modernization Act (FISMA) moderate
environment, for the secondary analysis of the IBEMC data set
(IBEMC MCAD Cohort; IBEMC PKU Cohort).

2.2 Inborn Errors of Metabolism Information
System (IBEM-IS)

To discover unpublished genetic variants that may be implicated
in the manifestation of IEMs, data from the Inborn Errors of
Metabolism Information System (IBEM-IS) were examined. The
IBEM-IS data were collected and managed in the IBEM-IS at
Michigan Public Health Institute. The data set included
phenotypic and genotype data on individuals with one of 42
NBS screened disorders. The original study was observational,
resulting in only a subset of cases reported as having a genotype
based on the following three factors as reported by the IBEMC: 1)

Variant Classification Using Follow-Up Data

the clinical relevance of genotyping as determined by the
clinician, 2) the willingness of insurance providers to cover
genotyping, and 3) the desire of patients to know his/her
genotype (SA et al, 2016). The IBEM-IS collects information
from subjects that could be used for secondary analysis and
includes data categories such as demographic information,
disease presentation, clinical diagnosis, treatments and
interventions (Berry et al, 2010; SA et al, 2016). At the
conclusion of the 10-years study, the IBEMC dataset was
deidentified and transferred to the LPDR for secondary use by
the research community. We accessed the IBEM-IS via the LPDR
on 10 July 2018, and successfully analyzed data from 32 diseases
and 1904 subjects.

2.3 Classification Guidelines

ClinVar, a repository of genetic variants and their correlation to
medically important phenotypes (M] et al., 2018), was used as the
reference database for variants. Multiple publications have noted
the importance of updating ClinVar with newly discovered
variants and its importance in understanding the clinical
implications of human variation (Harrison et al., 2016; Danos
etal., 2018; Wain et al., 2018; Wei et al., 2018) Using ClinVar as a
reference for published genotypes, each gene data set was
exported from ClinVar for genes associated with diseases in
the IBEM-IS from November 28-29, 2018, with the exception
of Citrullinemia (CIT), extracted on 14 November 2018.

According to ClinVar (National Library of Medicine, 2019),
submissions must assign standard terms for clinical significance
as designated by ACMG/AMP (Richards et al., 2015) and this
includes assignments for the consequence of the variant as
Benign, Likely Benign, of Uncertain Significance, Likely
Pathogenic, or Pathogenic. Although ClinVar establishes these
terms as standard formats for reporting clinical significance,
ClinVar does not calculate nor verify the assignment of these
terms to submitted variants (Representation of clinical
significance in ClinVar and other variation resources at
NCBI). ClinVar designates the task of assigning a clinical
significance term to the submitter, with exceptions for
submissions from OMIM and early submissions before
standard terms were required. In these instances, ClinVar
calculated and verified the clinical significance of submitted
variants.

We used the American College of Medical Genetics and
Genomics (ACMG) and the Association for Molecular
Pathology (AMP) variant interpretation guidelines (Richards
et al, 2015), to build evidence for accurate variant
classification and used the IBEM-IS data points shown in
Table 1. The ACMG/AMP publication provided a method for
ascertaining the strength of evidence for determining a variant’s
correlation with a disease phenotype. Points of evidence include
population data, computational and predictive data, functional
data, segregation data, de novo data, allelic data, other databases,
and other data. Varying types of data and observations correlate
to either pathogenic or benign criteria, which are incorporated
into the final determination of significance. The classification
criteria used in this analysis can be seen in Table 2. PS3
(functional assay) and PP4 (well-characterized phenotype)
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TABLE 1 | Variant classification criteria and supporting data Source(s). The ACMG/AMP Evidence-Based Criteria (Richards et al., 2015) was used to determine supporting
data sources. No supporting data was generated for the “Population Data” criteria defined by the ACMG/AMP guidelines. Supporting data for other evidence-based

criteria were found using computational tools (Calabrese et al., 2009; Capriotti and Altman, 2011; Shihab et al., 2013), within in the long-term follow-up dataset (Segregation
Data, De novo Data), reported by other databases (Invitae | Clinvitae, 2019), or assumed from the nature of newborn screening/the disease (Functional Data, Other Data).

ACMG/AMP Supporting data source
evidence-based criteria

Population Data No population data was generated

Computational and Predictive Data FATHMM(Shihab et al., 2013), SNPS&GO (Calabrese et al., 2009; Capriotti and Altman, 2011)

Functional Data All cases confirmed by newborn screen and supplemental testing

Segregation Data Family history

De novo Data Family history

Allelic Data For autosomal recessive disorders, it is assumed that reported variants were reported in trans

Other Database ClinVitae (Invitae | Clinvitae, 2019)

Other Data Analyzed disorders have been established as genetically based, supporting a distinctive phenotype for gene

TABLE 2| Number of variants assigned a pathogenicity criterion. The ACMG/AMP guidelines have various clinical significance criteria, that when combined, result in a clinical
significance classification. ACMG/AMP scoring criteria are show on the left, with the number of variants assigned that criteria shown on the right. Percentages calculated
from the total number of unpublished variants (n = 161).

ACMG/AMP evidence found Number
in LPDR of variants (n = 161)
PVS1 (Null Variants) 43 (26.7%)
PS3 (Functional Studies) 150 (938.1%)
PM3 (Cis/trans confirmation) 66 (41.0%)
PM5 (Novel missense at same position as published pathogenic variant) 13 (8.1%)
PM6 (De novo) 2 (1.2%)
PP1 (Segregation Analysis) 7 (4.3%)
PP3 (Computational in silico data) 77 (47.8%)
PP4 (Phenotype to support variant) 150 (93.1%)
PP5 (Found in reputable database) 23 (14.3%)
BP4 (Computational in silico data) 1 (0.6%)
BP7 (Synonymous variants) 4 (2.5%)

criteria were assigned to 161 unpublished variants found in the  (Calabrese et al., 2009; Capriotti and Altman, 2011) web-based
IBEM-IS dataset, due to each patient in the data set having a ~ computational prediction tools were used to predict the
confirmatory diagnostic test and well-known disorder.  functional effects of variants reported. FATHMM is a web-
Unmapped variants were not assigned any criteria.  based evolutionary conservation prediction tool that is used to
Unpublished variants are described as variants that have not  predict the functional consequence of both coding and non-
been submitted to ClinVar and unmapped variants are variants  coding variants. SNPS&GO is a web-based protein structure/
that did not map to any transcripts listed in the RefSeq database. ~ function prediction tool that assesses the functional impact of
Because all subjects enrolled in IBEMC were diagnosed using  coding variations.

functional blood metabolite or enzyme assays through their

newborn screen and confirmatory diagnostic testing, the 2.4 Pipeline Structure

variants for these subjects were classified as PS3. All diseases  To analyze the IBEM-IS data within the LPDR, a Python-based
in the IBEMC study have been well-characterized and display a ~ (v2.7.16) (Python, 2019) script was used to extract patient

specific early-onset phenotype, deserving the attribution of PP4.  information and compare variants to ClinVar. Python is a
All other criteria were determined based on the clinical  high-level, object-oriented programming language allowing
information available for each variant. Mutalyzer (Lefter et al,  users to interact with dynamic data and interface with open-

2021), a web-based tool for mapping variants to reference  source libraries. Much of the script utilized data frames and
sequences, was used to validate the unpublished variants  analysis tools provided by Pandas library. Pandas is an open-
found in the IBEM-IS (Supplementary Table S1). ClinVitae  source Python package used to analyze structured data and is
(Invitae | Clinvitae, 2019) was used as a secondary source of  considered a powerful data manipulation and analysis tools
published variants. ClinVitae is a database reporting variants  (pandas, 2019). The script references the IBEM-IS data set and
from Clinvar, Emory Genetics Laboratory Variant Classification ~ ClinVar gene extracts through saved comma-separated values
Catalog, Invitae, ARUP Mutation Databases, Kathleen  (CSV) files. The pipeline was built around essential processes, that
Cunningham Foundation Consortium, and Carver Mutation = were needed to analyze the data thoroughly and are expanded
Database. FATHMM (Shihab et al, 2013) and SNPS&GO  upon in the following sections.
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2.4.1 Review Case Level Data

The IBEM-IS has over 8,228 subjects reporting longitudinal data
distributed across 7,300 data fields. To facilitate data set analysis,
the entire IBEM-IS dataset was divided into disorder category
tables (amino acid disorders, fatty acid oxidation disorders, etc.)
then subsequently further divided into disease-specific tables. In
addition to making the data set more manageable, this process
helps to confirm that a patient’s diagnosis was submitted
correctly. Once the data was sorted, the total number of
subjects with the disease was calculated and each patient’s
record was checked for the submission of a variant. In IBEM-
IS, variants were reported in one of two formats: 1) the selection
of published genotypes and 2) a custom text submission. Variants
at this stage were also checked for nonvalid variant submissions,
such as “none” or “negative”, to streamline comparison to
ClinVar extracts. If a variant was found in the patient’s
record, it was saved and used for comparison.

2.4.2 Convert ClinVar Variants

ClinVar reports variants using the Human Genome Variation
Society (HGVS) format, which describes the genetic variant (i.e.
c549A > C) and the resulting protein variant (ie., p.
Phe256Leu)”’. ClinVar also requires that the variant be
submitted containing the reference sequence accession code to
which the variant was mapped. There was not a uniform variant
reporting format in the IBEM-IS data and most submissions
consisted of only a genetic or a protein variant, not including both
elements of the HGVS format. When included as protein
variants, most variants were reported using single-letter amino
acid codes and position in the protein, i.e. F256L. The HGVS
segment in the ClinVar variant was converted to the single-letter
amino acid code format to reconcile the two protein reporting
formats during analysis.

2.4.3 Compare Genotypes to ClinVar Database and
Deduplicate

Variants found in the IBEM-IS were compared to published ClinVar
variants. If the IBEM-IS variant matched a ClinVar variant, the
variant was appended to the disease-specific published list. If the
IBEM-IS variant did not match a ClinVar variant, the variant was
appended to the disease-specific unpublished list. The records
containing variants not found in ClinVar were manually re-
checked and used for the next step in the pipeline.

2.4.4 Extract Clinical Data

When a variant was not found in ClinVar, the patient’s record was
searched for clinical data. Clinical data of interest were NBS result,
family history, treatment, medical management, and allelic (cis/trans
testing) data to aid in determination of recessive phenotypes. These
clinical data points were selected according to the ACMG/AMP
guidelines (Richards et al., 2015). If clinical data was discovered in
the patient’s record, it was extracted and saved.

2.4.5 Output Check and Variant Classification

To archive all results obtained from the pipeline, an output text
file (.txt) was saved with information for each disease. The output
text file contains the clinical data associated with each variant, the

Variant Classification Using Follow-Up Data

locally compiled published and unpublished list of variants, and
the total number of subjects found in the disease-specific table.
After the output text file is exported, a manual check of variants is
needed to ensure variant comparison accuracy. After the output
verification, the information was compiled for pathogenicity
classification using the ACMG/AMP guidelines. Classified
variants will be submitted to the ClinVar repository.

2.5 Time-Stamped Analysis

To perform a time-stamped analysis, ClinVar was searched on 1
October 2021 for the 33 genes in which the 150 variants were
classified. ClinVar records were searched by gene name and all
variants associated with the gene were downloaded. The 150
classified variants in this study were checked for inclusion in the
updated ClinVar search. Variants that were found were analyzed
for classification accuracy by comparing the ClinVar
classification to the classification given in this study.

3 RESULTS

3.1 LPDR Data Summary

2,124 subjects were enrolled in the IBEM-IS when the data was
transferred to the LPDR for secondary use. Of these enrolled,
1904 subjects had a diagnosis of one of the 32 diseases that were
successfully analyzed to determine if genetic variants had been
reported. Ten diseases were not analyzed due to either no
genotype or unpublished variants reported for a patient.
Genotyping was performed on 982 (51.6%) out of 1904
subjects with a diagnosis of one of 32 analyzed diseases. Of
the analyzed diseases, 10 (31.3%) were categorized as amino
acid disorders, 8 (25%) were fatty acid oxidation disorders, 11
(34.4%) were organic acid disorders, and 3 (9.4%) were
categorized as other disorders. Table 2 lists the number of
subjects for each condition and the categorization of variants
in ClinVar. These data show that data collected by observational
studies and maintained by the NBSTRN contain diverse
disease data.

3.2 Classification of 150 Variants With
Supporting Clinical Information

Among the 982 subjects where a genetic variant was recorded in
the LPDR, 564 individual variants were identified. Of those
variants, 403 (71.5%) were present in ClinVar and 161 (28.5%)
variants were not found in the ClinVar database. The 161
unpublished variants were reported in 29 diseases, shown in
Supplementary Table S2. The clinical data from subjects with
these 161 variants was used to build evidence for variant-disease
correlation. The breakdown of the ACMG/AMP scoring criteria
assigned to unpublished variants is shown in Table 2. While
mapping variants to reference sequences, 11 variants were
discovered that were reported with an incorrect reference
amino acid at the submitted protein residue position. These
incorrect submissions were confirmed with FATHMM (Shihab
al., 2013) and SNPS&GO (Calabrese al., 2009)
(Supplementary Table S3, S4). These 11 variants were not

et et

Frontiers in Genetics | www.frontiersin.org

146

May 2022 | Volume 13 | Article 859837


https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Wilhelm et al.

TABLE 3 | Classification of the 161 unpublished variants according to ACMG/
AMP guidelines. By combining the criteria shown in Table 3, variants were
assigned a clinical significance. The classification definitions are: 1) Pathogenic, a
variant that is “actionable” and may affect clinical decision making regarding
management, treatment, or surveillance, 2) Likely Pathogenic, meaning
“greater than 90% certainty of a variant . . . being disease-causing” (Richards
etal., 2015), 3) Variant of Unknown Significance (VUS), meaning the data was
either conflicting or did not report information that fulfiled the ACMG/AMP
criteria, and 4) Unmapped variants, referring to variants in the data set that
reported incorrect reference amino acids.

ACMG/AMP classification Number

of variants (n = 161)

Pathogenic (Criteria 1a) 44 (27.3%)
Pathogenic (Criteria 3b) 4 (2.5%)

Likely Pathogenic (Criteria 2) 41 (25.5%)
Likely Pathogenic (Criteria 3) 50 (31.1%)
Variants of Unknown Significance (VUS) 11 (6.8%)
Unmapped Variants 11 (6.8%)

further analyzed nor assigned a classification. The remaining 150
variants (93.1%) mapped to reference sequences were attributed PS3
and PP4 pathogenicity criteria due to the nature of the disease
dataset being studied (Supplementary Table S5). Ninety-one
variants were classified as Likely Pathogenic and were assigned
using the “Likely Pathogenic 2” (one strong and one to two
moderate) and “Likely Pathogenic 3” (one strong and more than
two supporting) combination criteria. 41 variants were classified
according to “Likely Pathogenic 2” and 50 were classified according
to “Likely Pathogenic 3”. Moderate and supporting classification
criteria were obtained from computational prediction (PM5 and
PP3), discovery in other databases (PP5), segregation (PP1), de novo
(PMS6), and allelic (PM3) data. The distribution of variants assigned
these criteria can also be found in Table 3. During analysis, 11
variants discovered did not have enough clinical information to
assign a classification. These 11 variants were attributed with PS3
and PP4 classification criteria but did not have additional
information necessary to determine a classification, thus, they
remain as Variants of Uncertain Significance (VUS). These data
show that the LPDR contains undescribed variants and the clinical
data needed to classify them.

Forty-eight of the 161 variants were found to have evidence
supporting classification as Pathogenic. A total of 44 predicted
null variants were discovered across 20 diseases, which were
attributed with PVS1 pathogenicity criteria. PVS1 and PS3
attributed variants satisfied the “Pathogenic 1a” combination
requirements for classifying the variant as Pathogenic. Four
variants were classified as Pathogenic according to
combination criteria for “Pathogenic 3b”, using two moderate
(PM1-6) classification criteria and two supporting (PP1-PP5)
criteria. These data show that the LPDR contains substantial
numbers of pathogenic variants that have remained undescribed.

3.3 Time-Stamp Analysis Demonstrates the

Continual Expansion of ClinVar
To determine whether our novel variants had been submitted to
ClinVar since the original analysis, we performed an updated

Variant Classification Using Follow-Up Data

search of ClinVar (Methods) for variants in the 33 genes from our
analysis. The updated search returned an additional 7,469
variants, resulting in a total of 14,556 variants (original plus
updated). Of the 150 novel variants we classified in the original
analysis, eight had since been submitted to ClinVar
(Hypergeometric test; p 1.61e-05). We compared the
pathogenicity classification in ClinVar for the eight variants
(Table 4). Four of the eight variants (GCDH:c.776C > T
(p.Ser259Leu), GCDH:c.880C > T (p.Arg294Trp), GALT:
c.601C > T (p.Arg201Cys), ASL:c.1366C > T (p.Arg456Trp))
were classified as Pathogenic or Likely Pathogenic in ClinVar and
are additionally supported by the classification in this study. The
remaining four of eight variants are classified as Uncertain
Significance or Conflicting Interpretations of Pathogenicity in
ClinVar. The time-stamp analysis demonstrates that ClinVar is a
continually changing resource of genotype-phenotype
characterizations and that data collections like the IBEM-IS
contribute to this ongoing effort.

4 DISCUSSION

This study is the first to use secondary analysis of health
information from a NBS longitudinal dataset housed in the
LPDR to classify variants. In addition to collecting variant data
used in the diagnosis of individuals, longitudinal databases also
capture follow-up visits describing the treatment plan and
additional clinical testing data. By analyzing these databases, we
have the opportunity to expand our knowledge of genotype-
phenotype correlations, determine the clinical relevance of
variants, and reduce the number of VUSs complicating
interpretation of variants in reference variant databases.

This work demonstrates that longitudinal data contained in
resources like the NBSTRN LPDR should be considered of high
value to the research and clinical communities. The LPDR offers a
unique ability to access both NBS and clinical data of subjects
with a confirmed diagnosis. The LPDR also offers another unique
advantage to understanding genotype-phenotype correlations:
subjects are followed from the neonatal period over an
extended period with clinical data medical management over
the lifespan of diagnosed individuals. This method of continuous
data capture can be used to determine if patient genotypes are
relevant to disease outcomes or could help direct clinical care
based on past findings. The LPDR should, therefore, be useful in
translating genetic variant findings into clinical action. While our
effort focused on the secondary analysis of IEMs, the NBS
community is beginning to accelerate efforts to capture long-
term follow-up (LTFU) data on all NBS conditions. Methods and
approaches like the one described here, can be applied to these
new efforts to enhance broad understanding of clinical relevance
of varjant data captured in newborns and further inform public
policy regarding the utility of genome sequencing in newborn
screening.

Of note, the IBEM-IS did not mandate the use of HGVS
variant in data capture and did not recommend any
standardization of formatting. The lack of uniformity between
variant submissions was a difficult task to overcome in this
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TABLE 4 | Classifications of eight variants identified in time-stamp analysis. Eight variants classified in this study were submitted to ClinVar since the original search for
submissions. The classifications assigned to the eight variants in ClinVar, as well as the review status, and in this study are shown. One star and two-star review statuses
correspond to variants having criteria provided by a single submitter and criteria provided by multiple submitters without conflicting interpretations, respectively.

Variant

NM_000159.4 (GCDH):c.776C > T (p.Ser259Leu)
NM_000159.4 (GCDH):c.880C > T (p.Arg294Trp)
NM_000155.4 (GALT):c.601C > T (p.Arg201Cys)
NM_004453.4 (ETFDH):c.731T > C (p.Phe244Ser)
NM_000016.6 (ACADM):c.92G > A (p.Arg31His)

NM_000018.4 (ACADVL):c.1019G > A (p.Gly340GIu)
NM_000018.4 (ACADVL):c.1838G > A (p.Arg613GIn)
NM_000048.4 (ASL):c.1366C > T (p.Arg456Trp)

analysis. As more projects are completed and transferred to the
NBSTRN for secondary research, the issue of non-interoperable
variant submissions will worsen unless uniform requirements for
data entry are promoted. As such, it is recommended that data
tools like the LPDR work to educate researchers about
standardized formats, such as the HGVS. Using a standardized
format will allow researchers to spend less time cleaning data and
help ensure the integrity of data within. As the amount of genetic
variant data available continues to grow, researchers and
clinicians will need data tools like the LPDR to determine the
best care for individuals with a variant, offering detailed
phenotypic correlations and presenting a valuable opportunity
for corroboration of the clinical relevance of each genotype.
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The transformative potential of whole genome sequencing (WGS) as a diagnostic tool in
healthcare has been demonstrated by initiatives including the 100,000 Genomes Project
and is now offered to certain patients in the National Health Service (NHS) in England.
Building on these foundations, the utility of WGS in the newborn period can now be
explored. Genomics England is working in partnership with NHS England and NHS
Improvement and other healthcare, patient and public interest groups to design a
research program embedded in the NHS to explore the potential challenges and
implications of offering WGS in all newborns. The program will aim to: 1) evaluate the
feasibility, utility and impact on the NHS of screening for childhood-onset rare actionable
genetic conditions; 2) understand how, with consent, genomic and healthcare data could
be used to enable research to develop new diagnostics and treatments; and 3) explore the
implications of storing an individual’s genome for use over their lifetime. Recognizing the
important practical, scientific and ethical questions that we must explore in dialogue with
the public and experts, we are taking a collaborative, evidence-based and ethically
deliberate approach to designing the program. An iterative co-design process
including a nationwide public dialogue has identified emergent themes and ethical
considerations which are the focus of the program’s design. These themes will be
further developed through continued engagement with healthcare professionals,
researchers, ethics experts, patient groups and the public, with an ongoing
commitment to embedding ongoing ethics research and co-design into the delivery of
the program.

Keywords: newborn screening, whole genome sequencing, rare diseases, public health, ethics, public engagement,
co-design

INTRODUCTION

The United Kingdom (UK) has consistently taken the lead to introduce genomic technologies into
healthcare and research, particularly whole genome sequencing (WGS). Initiatives such as the
100,000 Genomes Project and the National Health Service (NHS) Genomic Medicine Service in
England have demonstrated the potential of WGS to increase the diagnostic yield for a range of rare
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conditions and its role in cancer (Turnbull et al., 2018; Smedley
et al., 2021). In the UK, newborn screening is provided by the
NHS on the basis of recommendations from the UK National
Screening Committee and consists of a physical examination,
hearing screen and a blood spot test. The blood spot test directly
screens for nine rare conditions, for which there is substantial
evidence that early identification and treatment can improve
health outcomes (NHS, 2022). Parental consent is required,
and there is high uptake with 95-99% of newborns screened
(GOV.UK, 2022). The UK tests for fewer conditions than other
high-income countries, and there is growing recognition of the
potential of early and pre-symptomatic detection of a larger
number of conditions to provide benefits to the child and
their family, particularly highlighted by rare disease
communities. This may be done through the expansion of
genomic and/or other technologies, and by reviewing the
evidence required to incorporate conditions in screening
programs in the context of a national publicly-funded health
system (Genetic Alliance UK, 2022). Other genomic population
screening research initiatives have taken place or are underway
internationally, and highlight the importance of equitable access,
managing expectations and uncertainties, and ensuring a robust
consent process (Screendcare, 2022; Holm et al., 2018; Roman
et al., 2020; Downie et al., 2021). However, there remains a
relative lack of empirical evidence about the benefits and
harms of these programs, particularly in the long term.

The UK Chief Medical Officer emphasized the importance of
providing expanded and equitable access to genomic services in
her 2016 Annual Report and requested a group to investigate the
benefits of genomic analysis in children including in the context
of newborn screening (Department of Health and Social Care,
2017). The Genomic Analysis in Children Task and Finish
Group—made up of experts from laboratory and clinical
genomics, ethics and screening as well as patient and parent
representatives—highlighted that WGS has the potential to add to
current aspects of the newborn screening program, as well as
provide additional opportunities for ongoing research and
feedback of information beyond the newborn period. An
initial conservative analysis of rare inherited conditions
suggests that 1 in 260 live births are affected with a condition
for which identification through WGS has the potential to reduce
or avoid harm in early life. The group recommended the
initiation of a large scale, resourced research program in the
UK to gather evidence on the effectiveness, feasibility and
acceptability of WGS for screening in newborns (Genomics
England, 2022a).

Genomics England is working in partnership with NHS England
and NHS Improvement as well as a range of healthcare, patient and
public interest groups to develop this program. A recently published
vision outlines three distinct but related aims of the Newborn
Genomes Program (Genomics England, 2022a):

1) to identify a larger number of rare and actionable conditions
than currently screened for;

2) to enable research on genomic and health data from newborns
to further develop diagnostics and treatments; and

A National Newborn Genomes Program

3) to explore the potential benefits, risks and broader
implications of storing an individual’s genome for use over
their lifetime.

These aims will be explored through a research pilot aimed to
start in 2023, guided by a protocol subject to research ethics
approval, and crucially embedded within the NHS. This would
include at least 100,000 babies, powered to provide the data
required to determine the effectiveness of WGS in the newborn
screening context based on modelling of likely incidence of
conditions targeted and conservative estimates of sensitivity
and specificity (Genomics England, 2022a). An NHS Steering
Group has been established to provide advice and expertise
around decisions being made about the design of the program,
and ensure that any learnings can be effectively translated from
research to clinical care in a nationwide health system.

WGS has increasingly demonstrated the ability to detect a
broad range of genomic variants using a single technology, with
costs, sequencing and analysis times decreasing to provide results
where an intervention may be time-sensitive. This technology
provides flexibility to analyze additional variants when new
evidence about pathogenicity or treatment would support their
inclusion in newborn screening, or to analyze in a diagnostic
context if symptoms arise in an individual in the future, without
requiring new or additional samples (Belkadi et al., 2015;
Dimmock et al, 2021). WGS also provides great value for
research discovery, with potential for genome-wide research to
identify new diagnoses, diagnostics and treatments, and allows
for a greater understanding of the relevance of particular genetic
variants to health and disease. This could be supported using the
successful model that Genomics England has developed in
collaboration with its participants, where de-identified
genomic and health data are presented in a trusted research
environment to accredited researchers for agreed purposes with
access controlled by participant-led governance.

Despite these advantages, the use of WGS in newborn
screening at a national health system level is a novel approach
and limitations remain, particularly when testing asymptomatic
rather than pre-symptomatic individuals. For example, it will be
important to minimize feedback of information that is uncertain
or not clinically useful, and the burden this may place on families
and health systems (Nuffield Council on Bioethics, 2017;
Biesecker et al, 2021; Downie et al., 2021). The sensitivity,
specificity, positive and negative predictive values would be
expected to vary for each condition depending on its
prevalence, ability to distinguish pathogenic from benign
variants, and ability to detect known and unknown pathogenic
variants (Hagenkord et al., 2020; Marshall et al., 2020). Changing
any of these metrics could result in under or over-diagnosis of any
of these conditions, or missing diagnoses. This necessitates
careful thought to determine which conditions will be
analyzed and fed back in the newborn period, requiring the
establishment of clear pathways to additional investigations
such as biochemical tests to confirm diagnoses or clarify any
findings. Challenges also remain with regards to re-analysis of
data over time, and how to manage initial and ongoing consent.
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Taking into account different perspectives, the team are
embracing a collaborative approach and ongoing commitment
to openness, grounded in national dialogue and research with
experts and the public. This paper will outline our approach to
engagement, co-design and ethical considerations that are
required to ensure a transparent and evidence-based program
within a nationwide publicly funded health system.

Public Dialogue and Engagement

Research in this area—just as for any population screening
program that might follow—must be premised on public
acceptance and support. This is not a one-off process but one
of ongoing dialogue and adaptation as expectations emerge and
evidence develops. In 2020-2021, a national dialogue
commissioned by Genomics England, the UK National
Screening Committee and United Kingdom Research and
Innovation’s Sciencewise program, was carried out with
members of the UK public (Van Mil, 2021). This was a novel
approach to ensuring that the public’s views directly impacted the
initiation and design of a nationwide population screening-based
research program. 133 participants reflective of the UK
population each took part in a series of interviews and group
workshop sessions, which were recorded and analyzed using
grounded theory methodology. Participants expressed broad
support for the potential use of WGS for newborn screening,
whilst also raising a number of issues and principles that would
need to be addressed before this could be initiated in practice
(Van Mil, 2021). Further engagement with stakeholders including
patients and families with rare conditions, public interest groups,
policy and commissioning services, ethics experts, healthcare
professionals and Royal Colleges, laboratory and diagnostic
services and researchers have echoed similar considerations
(Genomics England, 2022a). These and the considerations
raised in the public dialogue have been grouped into six
emergent themes which will be discussed further in this paper
and guide the program as it continues to develop:

1) The benefits, limitations, and unknowns of WGS as a

screening tool;

Principles for including conditions in the screening panel, co-

developed with relevant stakeholders;

Person-centered consent across screening, research and

reanalysis;

4) A supportive and inclusive experience for all families;

5) Trusted and future-proofed genomic data storage and
usage; and

6) A sustainable and scalable program for the NHS, should the
evidence generated from the pilot support a future clinical
service.

2)

3)

Ethical Implications of Whole Genome
Sequencing in Newborns

Alongside public dialogue and engagement, ethics will be central
to the co-design of the program and an ongoing component of the
research pilot itself.

A National Newborn Genomes Program

The three aims of the Newborn Genomes Program each raise
distinct, yet related, ethical considerations that will need to be
explored prior to, throughout, and beyond, the duration of the
program. Initial ethical themes which have been raised through
the public dialogue and ongoing stakeholder engagement,
reflecting previous research include (Botkin and Rothwell,
2016; Friedman et al., 2017; Nuffield Council on Bioethics,
2017; Sénécal et al, 2018; Goldenberg et al., 2019; Biesecker
et al., 2021; Levy, 2021): consent, specifically considering the
context of genomics in screening; the benefits and harms of
results in a pre-symptomatic context (such as uncertainty,
overmedicalization, genetic determinism, and the psycho-social
impacts on parent-child relationships); data governance
including storage, access and use by clinical, academic and life
sciences industry partners including access requests by parents;
balancing the rights and needs of the child with those of the wider
family; equitable access and the potential for discrimination;
resource utilization and prioritization; and broader societal
implications and future unintended consequences. It will be
important to identify whether there are novel ethical areas for
consideration in the newborn context which will need to be
included in the ethics agenda for the program.

Crucially, the program aims to incorporate ethics not only in
the context of an underlying research-ethics approved protocol,
but also as an inherent part of program by embedding ethics
throughout the governance, design, implementation and
evaluation. An initial set of foundational ethical principles and
commitments are being developed and will evolve into an ethical
framework including different positions for each of the three aims
of the program, developed through a combination of ethics
research, engagement and deliberation with experts and a
diverse range of publics. Genomics England’s existing Ethics
Advisory Committee, Participant Panel and internal Ethics
team, a dedicated newborn ethics working group, as well as
external stakeholder and public engagement activities
including young people and expectant parents, will offer
insights to ethical matters arising in relation to the program
with a focus on ensuring ongoing trustworthiness. The program
provides opportunities to test these ethical and social dimensions
before, during and after the pilot, to broaden our insight and
foresight for the program and any related future developments.
Furthermore, the program intends to facilitate and inform
broader ethical debates which stretch beyond the research
pilot, particularly in relation to the possibilities and challenges
of using the genome as a lifetime clinical resource.

What Does it Mean to Co-design?

The principles of experience-based co-design underlie our
approach to designing the program in an iterative manner
(Donetto et al, 2015). In line with this approach, working
groups are being developed with representation across the
country from different stakeholders (including healthcare
professionals, researchers, scientists, patients and members of
the public) to provide advice and recommendations regarding the
design of the program. Outputs from these groups would feed in
to the NHS Steering Group and existing governance structures
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within Genomics England to inform delivery of the pilot. Here,
we provide two illustrative examples.

In contrast to other state screening programs or related
research programs where criteria are typically informed
exclusively by clinicians, policymakers and researchers, we
have included wider views of the public, rare disease patient
communities and ethics experts, reflecting our focus on the
importance of public acceptability of a nationwide research
program. A working group of 28 individuals reflecting these
various areas of expertise has been established to develop a set of
principles using consensus methodology, which will inform the
conditions (and the genes and variants that cause them) that
could be initially analyzed, as well as an approach to an ongoing
review process where conditions may be added or removed based
on new information. While there are arguably many possible
answers to this question, the overarching view from the public
dialogue is being used as a starting point: to broadly focus on
conditions that have an impact in early childhood, and where
there are intervention(s) that can cure, prevent or slow
progression. Consideration must also be afforded to conditions
which would demonstrate cost-effectiveness for a publicly-
funded national health service, and whether the condition has
an established follow-on test(s) and care pathway across the NHS
with identified specialists who could provide care and follow up
support. Once the principles have been established by the
working group, they will be applied to genes, followed by
variant curation and rigorous empirical analysis to estimate
the false positive and false negative rates of the variant
detections in the selected genes. There are a number of
processes that have been published to generate a list of genes
that will be drawn upon (Ceyhan- Birsoy et al., 2017; Milko et al.,
2019; Downie et al., 2021; Bick et al 2020). These principles and
the final list of conditions, genes and variants will be made
available for deliberative debate for further input from
professional, patient and public groups across the UK.

Another working group is focusing on the recruitment process
for parents who may consider participating in the pilot through
consenting on behalf of their newborn. This group includes a
range of healthcare professionals including midwives, as well as
parent and patient representatives with a variety of perspectives.
It is critical that the pilot will be understandable and desirable to
parents of all backgrounds, to enable informed decision making
about taking part as well as ensuring equity of access. As such, the
group meet regularly to brainstorm and share their thoughts on
the recruitment materials, messages, and the process of
recruitment for the pilot. The concepts developed in these
group sessions are then taken out and tested with healthcare
professionals and expecting parents across the UK in an iterative
learning process, including a focus on traditionally underserved
groups in genomic research.

Additional working groups that have or will be initiated in the
coming months will focus on education and training for the
workforce; consent including parents’ initial decision to join the
program as well as the need for young people to review their
decision at 16 and the ongoing opportunity to withdraw; treatment
and support pathways for families receiving results; sampling and
sequencing approaches; and how the program will be evaluated.

A National Newborn Genomes Program

DISCUSSION

The United Kingdom is uniquely positioned to build on the
foundations of WGS in a diagnostic context and design a program
to gather evidence on the effectiveness, feasibility and
acceptability of WGS in newborns. This ambitious research
program of genomics in newborn screening is the largest to
date, with an opportunity to assess the benefits and challenges
of this approach at an unprecedented scale and within a
nationwide publicly funded health service. Furthermore, due to
the NHS’s already close integration with genomic research,
experience gained throughout the program could be more
seamlessly translated into clinical practice in an equitable and
cost-effective manner. This is in contrast to other newborn
screening initiatives involving genomics which
distinctly separate research pathways, and one or a small
number of hospital systems (Downie et al 2021). Our
proposed  approach prioritizing  nationwide
engagement, co-design and ethical considerations to directly
feed into decisions made about the program, and as key
components to ensuring that the benefits, practicalities and
challenges of this program can be realized. This focusses on a
commitment to involving the public and patient communities in
shared decision-making about programs that will impact on
population health.

There are a number of implications that will be the focus of
program design in the coming months, building on the challenges
and learnings from the implementation of the 100,000 Genomes
Project and other national screening initiatives. As a research
program where results will be fed back via clinical pathways in a
number of hospitals and community health services across the
country, there is a need to consider the time, training and
resource requirements from the point of recruitment through
to ongoing care, with interactions needing to be carefully
monitored to ensure that the research pilot is not affecting
uptake of the current newborn screening program. Sampling,
sequencing and bioinformatic pipelines, laboratories and
reporting systems must be capable of processing samples at
scale and in a time frame that can allow for treatment to be
rapidly initiated, within days for some conditions. There must be
a clear plan as well as adequate support and information available
for those families where a rare condition is identified. To consider
the potential of this as a future national clinical service, the
program would not only need to demonstrate evidence of benefit
and cost-effectiveness and the ability to maintain trust and high
ethical standards, but also be operationally feasible at scale within
a national publicly-funded health system. In order to effectively
capture and assess outcomes of this program a co-designed robust
evaluation framework will be devised to ensure that technology
performance, health outcomes, implementation, psychosocial
and ethical issues can be monitored. This will include both
qualitative and quantitative metrics, and ensure that any
evidence can be independently evaluated in a formative
manner to be able to adapt and improve processes throughout
the course of the pilot.

Factors influencing the adoption of WGS in newborn
screening will likely reflect many of those already known to

involve

involves
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impact adoption of population-wide screening, genomic testing
and other novel technologies, and will be explored throughout the
course of this program alongside other emergent issues (Dheensa
et al., 2019; Best et al., 2021; Sanderson et al., 2022). At a more
individual level, factors include perceived relevance to one’s own
health or their family; prior experiences with screening and health
care; time and resources available to access and understand
information to make an informed choice; engagement and
leadership from trusted sources; as well as cultural, religious,
familial and personal values. Factors at a health systems level
include organizational culture and leadership, perceived
relevance to one’s clinical practice, access to education and
training, and ability and capacity to work with colleagues
within and across specialties to make complex pathways work
seamlessly. At a broader societal level, public acceptability and
trustworthy systems and organizations are imperative,
particularly in the context of population-wide screening in a
publicly-funded national health system. Crucially, the ethically-
focused and collaborative aspects of the design and development
of the Newborn Genomes Program are expected to continue
throughout the duration of the pilot, reflecting a commitment to
transparency, trustworthiness and learning at every step.
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