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ABSTRACT

Many complex disorders are impacted by the interplay of genetic and environmental factors. In gene-environment interactions
(GXE), an individual's genetic and epigenetic makeup impacts the response to environmental exposures. Understanding GXE
can impact health at the individual, community, and population levels. The rapid expansion of GXE research in biomedical
studies for complex diseases raises many unique ethical, legal, and social implications (ELSIs) that have not been extensively
explored and addressed. This review article builds on discussions originating from a workshop held by the National Institute of
Environmental Health Sciences (NIEHS) and the National Human Genome Research Institute (NHGRI) in January 2022,
entitled: “Ethical, Legal, and Social Implications of Gene-Environment Interaction Research.” We expand upon multiple key
themes to inform broad recommendations and general guidance for addressing some of the most unique and challenging ELSI
in GxE research. Key takeaways include strategies and approaches for establishing sustainable community partnerships,
incorporating social determinants of health and environmental justice considerations into GXE research, effectively commu-
nicating and translating GXE findings, and addressing privacy and discrimination concerns in all GXE research going forward.
Additional guidelines, resources, approaches, training, and capacity building are required to further support innovative GXE
research and multidisciplinary GXE research teams.

1 | Introduction absorption, activation, and detoxification of many environ-

mental chemicals, which ultimately impacts human health

Many health conditions are affected by a complex combi-
nation of genetic and environmental risk factors. Gene-
environment (GXE) interaction research explores the varying
effect of environmental exposure(s) given an individual's
genetic and epigenetic background for risk of complex dis-
orders (Ritz et al. 2017). (See Table 1 for detailed definitions/
explanations of ethical, legal, and social implications [ELSI]
relevant terms used throughout this text). Genetic variation
in human populations is known to impact the entry,

outcomes (Christiani et al. 2001). A growing number of
replicated GXE interactions are now linked to a wide range
of human diseases and health conditions (Virolainen
et al. 2023). Examples include NAT2 and smoking for blad-
der cancer, PON1 and pesticide exposure for Parkinson's
disease, NOS2 and traffic pollution for respiratory disorders,
and BRCA-1 associated protein-1 (BAPI) mutations and
asbestos exposure for mesothelioma (Ritz et al. 2017;
Motsinger-Reif et al. 2024).
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GxE interactions are situated within a complex ecosystem of
biological, environmental, social, and structural factors that
shape overall health and contribute to health disparities (Diez
Roux 2011). Understanding GxE interactions will provide crit-
ical information about exposure pathways and disease mecha-
nisms with the potential to impact health at the individual,
community, and population levels (Thomas 2010; McAllister
et al. 2017). GXE research will inform disease treatment and
management, preventative and screening measures, as well as
public health interventions, regulations, and policies. These far-
reaching, multi-level implications demonstrate the potential of
GxE findings to impact social and environmental justice in
health and to raise complex ethical, legal, and social implica-
tions (ELSI) as this field evolves.

While there is a long history of research examining ELSI within
genetics research and some within environmental health
research, little has been done examining unique ELSI within GXE
research. One common GXE example is that individuals with
certain GSTPI (glutathione S-transferase P1) gene variants are
known to be more likely to have asthma when exposed to certain
air pollutants (Morales and Duffy 2019). How would this
knowledge inform clinical and public health applications? How
would this knowledge affect how one prioritizes action on air
pollutants associated with this GXE finding? Should regulations
be set for all on the basis of protecting the most genetically
susceptible to environmental exposures in a population
(Christiani et al. 2001)? How does one explain a GXE scenario to
a lay audience or communicate this concept to affected popula-
tions? How should these findings be reported back to participants
in a research study? Many challenges associated with genomic
and environmental literacy and report back of results are emer-
ging with GxE findings such as these, beyond the already com-
plex issues associated with genetic or environmental exposure
results alone. Is it beneficial for an individual to know of their
susceptibility to a chemical in combination with a genetic variant
if the source of the chemical exposure is unknown (and therefore
unactionable)? Additional ethical concerns related to environ-
mental justice, environmental health disparities, and potential
stigmas or discrimination could arise with respect to GxE find-
ings. Lastly, many GxE findings manifest as an epigenetic/epi-
genomic change. The report back of epigenomic findings
presents additional ELSI issues due to the potential reversibility
of these changes and the possible transgenerational effects of
some epigenomic modifications (Ribatti 2021).

To further explore ELSI considerations for GXE research, the
National Institute of Environmental Health Sciences (NIEHS)
and the National Human Genome Research Institute (NHGRI),
with participation from the National Cancer Institute (NCI),
hosted the National Institutes of Health (NIH) workshop
entitled: “Ethical, Legal, and Social Implications of Gene-
Environment Interaction Research” on January 11-12, 2022
(“NIEHS” 2023a). Several major themes were discussed includ-
ing: (1) Opportunities/approaches to augment collaborations
with communities and address community concerns; (2) Unique
social and environmental justice issues associated with identifi-
cation of higher-risk populations in GXE studies; (3) Complexities
of reporting back individual and community level findings and
risks from GxE research; and (4) Privacy, discrimination, and
legal concerns associated with identification of subpopulations at

higher disease risk due to genetic susceptibilities of environ-
mental exposures. Here, we highlight and expand upon these
themes and provide broad recommendations for addressing un-
ique ELSI in GxXE research. The authors are indebted to the
workshop's speakers, panelists, and moderators for guiding
thinking around the concepts in this review manuscript.

2 | Establish Sustainable Community
Partnerships

2.1 | Role of Community in GXE Research
Establishing authentic and sustainable community-empowering
partnerships, where communities are equitable partners in the
research enterprise, is key to conducting innovative and impactful
GxE research. Communities are uniquely equipped to define
research priorities and inform the research process as they have
the lived experience of factors impacting their health and often
have intimate knowledge of the resources needed to address en-
vironmental injustices (Van Horne et al. 2023). As such, com-
munity members should be integral members of the research
team, meaningfully engaged in each step from research planning
to implementation. Researchers should take steps to build trust
and cultivate transparency. Expectations for the ways in which
community members, individually and collectively, will benefit
from participating in the study should be discussed early and
clearly communicated to everyone on the research team. Com-
munities that have been underserved are impacted by health
disparities that both result from and perpetuate social and en-
vironmental injustices (Senier et al. 2017) (See Table 1 for detailed
definitions/references surrounding health disparities). Researchers
should be responsive to and collaborate with communities in ways
that center the knowledge and voices of the community and are
sensitive to these environmental injustices. This starts with re-
searchers and communities forming meaningful relationships
before the study to gain a deep understanding of communities'
experiences, priorities, and concerns, as well as the researchers’
scientific areas and proposed hypotheses of interest.

2.2 | Lessons and Best Practices From Genetic/
Genomics and Environmental Health Research

Previous efforts by scientists to engage with communities in both
genomics and environmental health research provides important
lessons and best practices for GXE research. For example, the
Breast Cancer and the Environment Research Centers (BCERC)
incorporates outreach and translation cores, to move beyond
recruitment and retention and to support bidirectional feedback
with communities. This project involves a diverse nation-wide
cohort predominantly comprised of African American and/or
Hispanic participants (Hiatt et al. 2009). This research team,
which included community partners, recognized the need to
work closely with a broad range of relevant stakeholders, such as
families, advocates, and public health officials, to address
unexpected challenges (Hernick et al. 2011). Similar principles
were applied in “Project Creating a Higher Understanding
of Cancer Research and Community Health” (CHURCH),
which established collaborative partnerships with faith-based
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organizations in Houston to engage African American commu-
nities as partners in cancer prevention research (McNeill
et al. 2018). In addition, successful genomics research partner-
ships with Indigenous communities have involved the following:
open, ongoing discussion with the community; participation of
tribal agencies; recognition of tribal sovereignty and local
knowledge by researchers; inclusion of community members as
part of the research team; a community-formed and negotiated
data sharing process; educational opportunities and mutual
learning; community approval before publishing results; and
increased research capacity in Indigenous communities (e.g.,
supporting Indigenous scientists) (Claw et al. 2018; Garrison
et al. 2019; Blacksher et al. 2021). Furthermore, both genetic
and environmental health researchers have recognized that
diverse perspectives are critical in producing better science
(“Science Benefits From Diversity” 2018; Freeman and
Huang 2014). Research teams that reflect the diversity of study
participants also strengthen trust and engagement in research. In
environmental health research, community partnerships have
also advanced understanding of environmental health contribu-
tors in communities and challenged researchers to engage in a
more comprehensive understanding of disease causation and
probable solutions.

2.3 | Needs for Community-Driven GXE Research
Conducting community-engaged research requires sustainable
infrastructures to form and support long-term collaborations
(See Table 1 for detailed community-engaged research ap-
proaches and descriptors). Support is also essential for capacity
building in terms of strengthening research infrastructure in
communities and resources (e.g., education and policy actions)
needed to potentially act on GXE research findings. In addition,
researchers need specific training in community engagement
methods (Baldwin et al. 2021). As researchers engage with
communities, GXE research needs a forum for sharing best
practices for community-engaged research across studies. New
funding and educational approaches in GXE research could help
facilitate these efforts (Van Horne et al. 2023; Grayson, Doerr,
and Yu 2020). Current programs that could inform future com-
munity partnerships in GXE research include the Community
Partnerships to Advance Science for Society (ComPASS), which
is focused on developing, sharing, and evaluating community-led
interventions to reduce health disparities (“Community Part-
nerships to Advance Science for Society (ComPASS)” 2022), and
the Partnerships for Environmental Public Health (PEPH).
PEPH is a network of scientists, community members and edu-
cators, health care providers, and public health and policy
makers that have worked together to advance the impact of en-
vironmental health research at the individual, community, and
national level (“NIEHS” 2022).

3 | Incorporate Social Determinants of Health
(SDOH) to Address Environmental Justice
3.1 | Integration of SDOH Into GXE Research

Incorporating SDOH is a key step toward conducting impactful,
rigorous, and equitable GxE research. SDOH, especially

structural racism, the uneven distribution of health care
resources, and the disproportionate exposure to environmental
hazards, are of high interest to many communities as these fac-
tors contribute substantially to health disparities (Goldenberg
et al. 2013; Link and Phelan 1995). Specifically, studying GxE
interactions within the context of SDOH will generate a more
comprehensive understanding of the causes of health and dis-
ease. Social and structural factors drive variation in environ-
mental exposures (Senier et al. 2017). Understanding the larger
social and structural context of environmental exposures facili-
tates identification of root causes and modifiable risk factors.
Modifiable risk factors can be candidates for interventions, pre-
senting pathways to practical solutions desired by communities
to protect health and advance environmental justice. The ex-
amination, communication, and dissemination of GXE research
findings in ways that contextualize the data within SDOH and
discuss the limitations and implications of the research are
important to actively counter harmful data misinterpretations
that may perpetuate discrimination and inequities (Varma
et al. 2023). Approaches for how to best integrate SDOH into GXE
research and address potential challenges are under active
development.

Integrating SDOH into GxE research will require broadening
perspectives from the individual to the population level. Cur-
rent studies often focus on genetics, the individual, and disease
mechanisms (Ackerman et al. 2017; Darling et al. 2016). Em-
phasis on the individual may pose an unbalanced focus on
individual responsibility for improving health (Darling
et al. 2016; Ferryman and Pitcan 2018). Consideration of
environmental, social, and structural exposures calls for an
expansion of who bears responsibility for mitigating adverse
exposures. Furthermore, an unbalanced emphasis on person-
alized care may narrow the benefits of prevention and treat-
ment efforts, especially given disparities in health care access
(Senier et al. 2017). Both clinical and public health applications
should be emphasized to ensure that prevention, treatment,
remediation, and intervention efforts benefit both the individual
and the community (Ackerman et al. 2017; Darling et al. 2016;
Ferryman and Pitcan 2018).

3.2 | Methods, Approaches, and Expertise Needed
for Examining SDOH in GXE Research

To facilitate the incorporation of SDOH and a public health
perspective into GXE research, a multidimensional framework
is needed to capture the myriad of risk factors (e.g., biological,
environmental, social, structural), their complex interactions,
and the multiple levels (individual, community, global) at
which they operate and can be acted upon to influence health
disparities (Diez Roux 2011). Several frameworks have been
proposed for integrating SDOH into GxE research and the
adjacent fields of environmental health and exposure science
(Van Horne et al. 2023; Senier et al. 2017; Juarez et al. 2014;
Zota and VanNoy 2021; “National Institute on Minority Health
and Health Disparities (NIMHD)” 2023; Casey et al. 2023).
Further exploring the strengths and limitations of these
frameworks would be useful for the field. Overall, the use of
more solution-oriented methods, including intervention ap-
proaches and community-engaged efforts, as well as the further
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development of rigorous statistical research methods related to
environmental health and justice studies may provide more
actionable evidence to support policy and public health changes
(Casey et al. 2023).

Methods to make use of these multi-faceted frameworks and
integrate SDOH into GXE research are beginning to be deve-
loped. Progress has been made on creating measures for SDOH
(Emeny et al. 2022; Juarez et al. 2014). For instance, the PhenX
Toolkit provides data collection protocols for measuring SDOH
at the individual and structural levels, spanning areas such as
built and natural environments, structural racism, educational
attainment, and access to health services (Hamilton et al. 2011;
Krzyzanowski et al. 2023; “National Institute on Minority
Health and Health Disparities (NIMHD)” 2020; “PhenX Toolkit:
Collections” 2024). The All of Us research program's SDOH
Survey collects a variety of social and environmental factors
related to neighborhood characteristics, food and housing
security, and discrimination and psychosocial stress (“National
Institutes of Health All of Us Research Program” 2023). Re-
searchers are also developing analytical strategies for incorpo-
rating social and structural factors and multiple exposures
(Juarez et al. 2014; Zota and VanNoy 2021).

Interdisciplinary, collaborative research teams (or “team sci-
ence”) are key to accessing the expertise needed for effectively
and ethically implementing multi-dimensional research studies
that capture the complexity of factors involved in GXE research
(Baldwin et al. 2021; Ackerman et al. 2017). Community en-
gagement will be critical in forming interdisciplinary teams that
will examine SDOH. In addition, behavioral and sociological
expertise will be important for incorporating social and struc-
tural factors into GXE investigations (Senier et al. 2017). Bioe-
thicists are needed as key members of research teams to explore
the legal and ethical implications of GXE research questions (Ray
and Cooper 2024). Diversity of perspectives will generate new
approaches for conducting GxE studies that adhere to social and
environmental justice principles (Ackerman et al. 2017). New
funding mechanisms and educational models could help support
interdisciplinary collaborations, foster interdisciplinary thinking,
and cultivate interdisciplinary methods.

4 | Communicate and Translate GXE Research
Findings
4.1 | Historical Context for Reporting Genomics

and Environmental Health Research Results

For over two decades, researchers have faced the ethical dilemma
of what information should be communicated back to study
participants—an issue often referred to as “return” (in genomics
research) or “report back” (in environmental health studies) of
results. In recent years, increased evidence of potential benefits,
minimal harms, and participant desire to receive results have led
to prominent bodies supporting the practice of report back, such
as the National Academies of Sciences, Engineering, and Medi-
cine (NASEM) report in 2018 (“National Academies of Sciences,
Engineering, and Medicine” 2018). NASEM recommends that
investigators testing human biospecimens routinely consider
whether and how to report back individual results and include

plans in their protocols. These recommendations are rooted in
principles of reciprocity, respect, and transparency. These
guidelines also demonstrate the responsibility of researchers to
share “right-to-know” information and highlight researcher/
community “co-ownership” of data. Researchers, in addition to
participants, benefit from report back since this practice may
increase participant recruitment and retention, as well as pro-
mote greater public trust in research (“National Academies of
Sciences, Engineering, and Medicine” 2018). However, many
challenges remain regarding the scope of what to report back to
individuals and communities and how best to communicate
findings to maximize the benefits and minimize harms.

There are distinctions between the norms and processes of
returning genetics results and reporting environmental findings
that can inform GxE research “report back”. There are many
different types of genetic variants to report. Genetic variants
that contribute to complex phenotypes include rare, highly
penetrant mutations; common variants (such as those that
increase susceptibility to disorders or are associated with drug
response); and combinations of variants that together contrib-
ute to a polygenic risk score (Ritz et al. 2017; Black 2016; Pang
et al. 2023; Ambrosone et al. 2008; Sanderson, Emery, and
Higgins 2005). Each has unique considerations for reporting
and interpretation. Moreover, interpretation of genetic results
may be challenging for individuals of non-European ancestry
due to the European centric bias of most genetic discovery
studies (Martin et al. 2019). In genetics and genomics, “return
of results” has developed with investment in using genomic
sequencing technologies in the clinic and advances in the
interpretation of genomic findings. These results are usually
focused on the individual and family unit. Multiple studies have
explored how to communicate genetics and genomics results in
clinical and research settings. Challenges include the number,
complexity, and uncertainty of results, as well as managing
participant expectations. The move towards genome and exome
sequencing rather than single gene or gene panel tests further
exacerbates these challenges (“National Academies of Sciences,
Engineering, and Medicine” 2018; Amendola et al. 2015;
Suckiel et al. 2021). Studies of genetic literacy have found gaps
in knowledge about genetics and genomics (Daly and
Kaphingst 2023). Additionally, health literacy as well as
numeracy may impact the ability to interpret genetic results
(Kaphingst et al. 2021; Drelles et al. 2021). One way that clinical
research studies involving genetics have attempted to address
these problems is through the consenting process; genetic
counselors spend significant time with participants in the
counseling session to set expectations, emphasize limitations,
and prepare participants for uncertain results so that they truly
understand what they are consenting to in signing up for a
research study with return of genetic results (Wynn et al. 2018).

In contrast, in environmental health research, “report back”
generally draws from public health monitoring and a strong
history of community engagement. The emphasis is largely on
reporting environmental results back in aggregate to an entire
community or study population, in addition to reporting back
individual results. Despite concerns that receiving environ-
mental research findings could distress participants, minimal
harms have been reported thus far (“National Academies of
Sciences, Engineering, and Medicine” 2018; Ohayon et al. 2017;
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Brody et al. 2014). In California, individuals are legally entitled
to request and receive their biomonitoring results (Brody
et al. 2014; “Communicating Results: Returning Results to
Participants” 2023). Along with potential public health inter-
ventions, report back of environmental exposure results may
enable participants to take individual actions, such as limiting
use of the exposure source, changing purchasing behaviors, or
deciding to join in collective action (Oksas et al. 2022). Parti-
cipants may also help researchers identify sources of exposure
as part of report back (Ohayon et al. 2017).

Several challenges remain for environmental report back,
including understanding the findings themselves. These chal-
lenges include the complexity of measuring whether, when, and
to what extent environmental exposures occurred and how to
assess complex environmental mixtures and measurement er-
ror. Current limitations on performing accurate historical place
of residence analyses coupled with methodological issues on
temporal lag exposure effects also make environmental ex-
posure studies challenging (McAllister et al. 2017; Bookman
et al. 2011; Hutter et al. 2013; Mechanic et al. 2012; Kraft and
Aschard 2015). Researchers must account for the various types
of exposures (e.g., physical, biological, and psychosocial) and
the source and place of exposures (e.g., route of contact and
timing, metabolism/excretion, and distribution in target tissues)
when assessing impact. Furthermore, for some chemical ex-
posures, the meaning or significance of dose levels may be
uncertain, unknown, or dynamic (“National Academies of Sci-
ences, Engineering, and Medicine” 2018). The regulatory status
of chemicals can also be in flux (Goho 2016). Partly due to these
complexities, there is still a need for more quality control
guidance for many forms of environmental data. This contrasts
with the return of genetic/genomic findings, in which confir-
mation in a Clinical Laboratory Improvement Amendments
(CLIA) certified lab has become the gold standard for clinically
reliable genomic results. (CLIA regulations generally apply to
laboratories where patient-specific results are reported “for the
diagnosis, prevention, or treatment of disease, or assessment of
health”) (“Centers for Disease Control and Prevention” 2022;
Wang et al. 2023; Laurino et al. 2017; Lyon and Segal 2013).
Despite these challenges, many environmental health studies
have been able to report back results with careful quality con-
trol procedures, even when an official clinical standard for an
“unsafe” level of the chemical being studied does not exist (e.g.,
new emerging chemicals of concern, such as phthalates)
(Korfmacher and Brody 2023). Community input has been
highly valued in these cases (“National Academies of Sciences,
Engineering, and Medicine” 2018; Claudio et al. 2018; Lebow-
Skelley et al. 2020).

4.2 | Challenges of GXE Report Back

Communication and report back of GXE findings face many of
the same difficulties as those for genetic and environmental
findings, as well as its own unique challenges (McAllister
et al. 2017; Bookman et al. 2011; Hutter et al. 2013; Mechanic
et al. 2012; Kraft and Aschard 2015). GXE disease risks are
generally more nuanced than a risk established from either a
highly penetrant genetic variant or an environmentally driven

disease risk. This is because the GXE disease risk associated
with a genetic variant may only manifest with a particular
timing and dose of exposure. For example, the genetic suscep-
tibility to exposures implicated in asthma manifest differently
and involve entirely different mechanistic pathways for child
versus adult-onset asthma (Morales and Duffy 2019). In another
example, the detection of the interaction of FTO with physical
activity for obesity was highly dependent on the amount of
physical activity (Ritz et al. 2017). In such cases, the commu-
nicated risk would depend on both a thorough assessment of
individual genetic variation and environmental exposures.
Since genetic variation is at the individual level, it is particularly
challenging to communicate risk for health outcomes for
studies where an environmental exposure may be measured at
the community level.

Additionally, there are unique challenges with communicating
epigenomic findings. GXE research and report back provide a
new emphasis on these considerations because an epigenetic
finding is often how a GXE interaction is initially identified at
the cellular or molecular level (e.g., as a methylation, histone, or
chromatin change). Epigenetic markers can change over time,
with exposures, and by tissue or cell types. Thus, many ques-
tions remain for when an epigenetic biomarker should be
considered in the clinical setting (Ladd-Acosta and Fallin 2016;
Santalé and Berdasco 2022). The potential reversibility of epi-
genetic marks by reduction in environmental exposures raises
environmental justice and discrimination considerations. Epi-
genetic alterations are sometimes associated with individual
lifestyle choices (such as smoking, physical activity, diet, and so
on) that are associated with many diseases. This raises concerns
regarding potential individual stigmatization where the possi-
bility of reverting the epigenetic alterations (and therefore
reducing disease risk) is presumed to be dependent on the in-
dividual's behavior. In addition, low-income and under-
resourced communities may have less opportunity to alter their
environmental exposures at either an individual or community
level, increasing concerns of social discrimination or stigmati-
zation, which highlights the need for equitable solutions in
mitigating environmental hazards (Santalé and Berdasco 2022).
A recent paper examined the potential ethical issues related
to conducting epigenetic research on three populations
(Indigenous, autistic, and transgender) where concerns related
to an increase in stigmatization, racialization, or other negative
impacts resulting from the research have been voiced (Saulnier
et al. 2022). In addition, the potential transgenerational effects
of epigenomic findings in the context of GXE raises many ELSI
concerns that are just beginning to be explored, such as the
possible impact of present exposures on future generations'
health and how this should be addressed (Santal6 and
Berdasco 2022; Breton et al. 2021; Motsinger-Reif et al. 2024).

4.3 | Strategies for Communicating GXE Results
to Participants

For GxE research, community involvement in the development
and communication of report back is key to ensure report backs
are useful, accessible, and, when possible, actionable. Com-
munity engagement has historically played a major role in
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report back for environmental health research and more
recently GXE research (“National Academies of Sciences, En-
gineering, and Medicine” 2018; Lebow-Skelley et al. 2020). GXE
findings are critical in empowering communities to advocate for
their health and advance environmental justice. Understanding
participants’ desires for receiving their own results is vital for
effective participant engagement in research. Studies con-
sistently demonstrate a strong preference among participants
for return of results, even if there is uncertainty in the health
implications or methods for risk reduction. To elicit the views of
GxE study participants, researchers have used Community-
Based Participatory Research approaches (see Table 1 for de-
tailed definition), which establish equitable collaborative part-
nerships between researchers and community-based
organizations and allow the community to drive the research
questions being asked in their neighborhoods (Oksas et al. 2022;
Tomsho et al. 2022a, 2022b). Community and participant input
can guide effective communication, including what study
information should be shared (e.g., appropriate level of detail)
and how best to deliver it (i.e., appropriate medium) (Lebow-
Skelley et al. 2020).

Researchers are also studying how participants engage with
reports of various structures and formats (Brody et al. 2021;
Tomsho et al. 2019). Personal reports appear to draw more
engagement from participants than reports limited to
community-level results. Some hybrid models have been suc-
cessfully used to report back both individual and community
levels. Reporting back results to participants should be done in
an accessible way, considering the genomic/environmental
health literacy of participants and disseminating findings
in culturally appropriate ways (Lebow-Skelley et al. 2020;
Ramirez-Andreotta et al. 2016). To evaluate accessibility of
report back materials, researchers have looked to existing tools,
such as the CDC Clear Communication Index, and have pro-
duced new tools to facilitate report back creation (Tomsho
et al. 2022b; Polka et al. 2021; Korfmacher and Brody 2023). The
Digital Exposure report back interface (DERBI) is one scalable
report back tool that can generate individual GxE results with
comparisons to the study group. This tool provides detailed
information regarding potential sources of exposures, health
effects, and strategies for exposure reduction (Korfmacher and
Brody 2023; Boronow et al. 2017).

Additional innovative communication approaches, tools, and
educational resources are needed to support report back of GXE
findings, to evaluate effectiveness of GXE report back in dif-
ferent communities, and to expand GxXE literacy in general.
Understanding GxXE concepts is critical for understanding
complex disease risk and improving adoption of risk-reduction
strategies (Chen et al. 2024). Yet, the public often finds it
challenging to understand how genetic and environmental
influences act together to impact health outcomes (Waters, Ball,
and Gehlert 2017). One recent study designed an educational
intervention to communicate complex GXE concepts related to
eating behavior and its influence on weight through an educa-
tional video and experiential narrative vignettes. This intervention
was found to improve GXE knowledge and increase empathetic
concern but did not significantly impact long-term behavior
changes (Chen et al. 2024). Another study utilized a mental model
method that incorporated community engagement processes to

encourage risk reduction for podoconiosis, a noninfectious
lymphedema (endemic to highland Ethiopia) that is caused by a
GxE interaction. This study demonstrated some of the challenges
of improving GxE literacy in low- and middle-income countries
(Allen et al. 2019). The urgent need to communicate and apply
risk modifications associated with GXE in African populations
that carry an especially high burden of noncommunicable dis-
eases associated with complex GxE findings has also been stressed
(Nienaber-Rousseau 2024). Korfmacher and Brody recently pro-
vided recommendations for guidelines, training, and resources to
enhance effectiveness of reporting back individual environmental
health research results and reduce barriers in report back that are
applicable for GxE report back as well (Korfmacher and
Brody 2023). Given that even healthcare professionals and genetic
counselors can have difficulties interpreting and explaining GXE
findings to patients or participants, the creation of environmental
counseling programs, comparable to genetic counseling pro-
grams, has repeatedly been recognized as a need for communi-
cating environmental and GxE report back findings. These
programs could also facilitate integration of environmental health
and SDOH into clinical practice.

4.4 | Translation of GXE Results Into Action
Study participants have used report back findings for environ-
mental exposures to inform individual, community, and policy
actions to protect their health. It is anticipated that GXE study
findings will be similarly informative. In one of the earliest
published cases of a GXE report back, results on genetic sus-
ceptibility to arsenic toxicity in a Bangladeshi cohort resulted in
an increased self-reported behavior change to reduce arsenic
exposure (Tamayo et al. 2024). All participants of this study
who received report back results had expressed strong interest
in receiving this information and found it useful. In addition to
modifying individual behaviors, participants have shared report
back results with medical providers to improve their clinical
care. Lastly, participants use report back results to motivate
policies to restrict environmental hazards (Brody et al. 2009;
Brown et al. 2012; He, Karagas, and Murray 2018; Emmett
et al. 2009; Perovich et al. 2018). For example, in one commu-
nity, members switched their drinking water to avoid PFAS
contaminants after testing (Emmett et al. 2009). In another
study, participants became engaged in community hearings and
other actions that resulted in a successful court case against an
oil refinery (Brody et al. 2009; Brown et al. 2012). In some cases,
report back has actually been shown to increase environmental
health literacy, as well as increase community engagement and
build trust between communities and researchers (Boronow
et al. 2023; Brody et al. 2009; Brown et al. 2012; Hoover 2023;
Perovich et al. 2018).

Several barriers can pose challenges to translating GxE research
findings. A 2018 NIEHS Partnerships in Environmental Science
Workshop identified “the ability to act given socioeconomic
disparities” as the stand-out challenge for empowering action—
a recognition of the limits of report back as a tool for change
given the lack of resources in some communities (Lebow-
Skelley et al. 2020). This sentiment is reflected in some recent
report back studies. In the Environmental Influence on
Childhood Health Outcomes (ECHO) Program focus groups,
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participants listed lack of options for alternative “safe” prod-
ucts, financial constraints, and limited time as barriers to
reduce exposures individually or collectively, although they
remained interested in learning about opportunities for action
despite these barriers (Oksas et al. 2022).

Publishing scientific findings should be coupled with actionable
next steps to inform change (Van Horne et al. 2023; Nigra and
Navas-Acien 2021). Researchers should help participants access
resources they need to address findings involving hazardous
environmental exposures or high genetic susceptibility to an
environmental exposure effect. Establishing sustainable com-
munity partnerships can facilitate researchers and communities
in collaboratively identifying follow-up measures for effective
intervention studies and testing strategies to promote uptake of
these interventions (“NIEHS” 2023b). Consideration for how to
best share research results with policy makers in a way that will
enhance capacity to address the root causes of environmental
exposures and inequities in communities is also needed.

5 | Address Privacy, Discrimination, and Legal
Concerns Related to GXE Findings

5.1 | Privacy and Discrimination Concerns

GxE research raises unique privacy and discrimination con-
cerns due to the aggregation of many data types and the limi-
tations of current policies. Combining multiple genetic and
environmental risk factors in complex studies increases the
likelihood of identifiability of individuals or communities
(Hammack, Brelsford, and Beskow 2019). There is concern that
there is too much reliance on the Health Insurance Portability
and Accountability Act (HIPAA) recommendation of “de-
identification” or anonymization of human data to protect pri-
vacy in complex human genetic and environmental population
research studies. De-identification is the process of reducing
data content to decrease the likelihood of discovering a person's
identity (El Emam, Rodgers, and Malin 2015). HIPAA regula-
tions were originally designed for physician-patient relation-
ships and are inadequate to address the complex research needs
of GxXE studies. Many studies have shown that the HIPAA Safe
Harbor standard is likely insufficient for adequately protecting
privacy in environmental health and GxE studies, because of
potential ease of identifying individuals or small community
areas with the breadth of environmental health data utilized,
especially when combined with genetic data (Boronow
et al. 2017; Boronow et al. 2020; Sweeney et al. 2017). (See
Table 1 for HIPAA and HIPAA Safe Harbor references). New
guidelines and best practices related to privacy concerns for
GxE research are therefore needed.

Re-identification (the process of linking “deidentified” data that
lack obvious personal identifiers back to one or a few people) is
also an emerging legitimate concern. Data collected in environ-
mental health studies may overlap with public and commercial
datasets or allow inference of an individual's membership in a
study population, increasing risks of individual re-identification
(Boronow et al. 2020). As computational methods and artificial
intelligence approaches rapidly advance, the likelihood of inci-
dental re-identification increases without commensurate advances

in privacy protections (Sweeney et al. 2017). Re-identification
could lead to stigmas and discrimination for communities most
vulnerable to environmental health harms (Boronow et al. 2020).
Best practices for how researchers can simultaneously protect and
share GxE research data are needed, with careful consideration
of potential stigmas and discrimination concerns from known
environmental exposures.

5.2 | Unique Considerations With
Geospatial Data

Integrating neighborhood environment data into GXE research
will develop more accurate, context-specific risk predictions for
disease and health outcomes. However, geospatial measures (or
geomarkers) can pose unique privacy challenges. Updated
guidance and policies as well as new tools and approaches are
needed to maximize benefits of geospatial data while protecting
privacy of research participants. Tools for high resolution geo-
marker assessment at the population level have recently
become available, but more work is needed to develop and
apply these methods with appropriate privacy protections. It
can be particularly challenging to work with geospatial data
that additionally contains protected health information (PHI).
PHI is covered by “Safe Harbor” provisions, which prohibit
sharing of identifiers (e.g., names, telephone numbers, social
security numbers, and so on) and quasi-identifiers (attributes
which are not identifiers themselves but can be combined with
other information to identify, such as city of residence, gender,
occupation, and so on) (Zandbergen 2014; Brokamp et al. 2018).
Geospatial data are often collected without direct, explicit in-
formed consent but rather as a digital byproduct of other
activities. For this reason, retrospective consent is often not
feasible given the nature of these data and collections. Finally,
the lack of consistent messaging from institutional review
boards (IRBs) regarding the use of geospatial data containing
PHI further stymies review of their appropriate use (Doerr and
Meeder 2022).

Approaches for sharing geospatial data containing PHI include
anonymization methods (geomasking, date shifting, general-
ization) and the use of independent geomarker assessments, but
these are generally regarded as inadequate privacy protections
(Zandbergen 2014). A reproducible, standardized, and decen-
tralized resource that researchers can use for secure, efficient,
automated, and reproducible linkage of geomarkers to protected
health and geolocation data is needed. The Decentralized
Geomarker Assessment for Multi-Site Studies (DeGAUSS) is
one such tool recently used in the ECHO program, the Elec-
tronic Medical Records and Genomics Network (eMERGE), and
other large consortia to add high resolution geospatial data for
environmental exposure assessment (Brokamp et al. 2018).

5.3 | Legal Concerns

Privacy protection of geospatial and related health data in GXE
research is further stymied by the gaps in laws and regulations,
such as in the Genetic Information Nondiscrimination Act
(GINA). GINA addresses privacy only at the individual level;
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like the Common Rule that governs the protection of federally
funded human subjects research, GINA does not address
community privacy interests (Doerr and Meeder 2022). While
GINA prohibits health insurance companies from denying
insurance coverage or raising premiums due to a person's
genotype and prohibits employers from firing a person or pay-
ing someone less due to their genotype, GINA narrowly ap-
plies to only a subset of employers and health insurers. State
regulations governing genetic discrimination and privacy is-
sues vary widely, creating a patchwork of legal protections and
gaps across the country (Prince and Roche 2014; Anderson,
Lewis, and Prince 2021). The definition of genetic data covered
under GINA is quite limiting as well and does not encompass a
variety of genetic data that could arise from GxE research. For
example, it is unclear if epigenomics, polygenic risk scores,
genetic variants associated with metabolizing a chemical
(rather than associated with a disease risk), and nonhuman
microbiome data (e.g., environmental microbiome) are cov-
ered under GINA.

Beyond GINA, there is no comparable legal protection afforded
to environmental data, which is broad in scope and can be more
sensitive to potential harms than genetic information. Com-
pared to genetic studies, privacy risks of data sharing have not
been extensively explored for environmental health or GxE
studies. A more comprehensive approach to privacy protection
for GXE research is needed with a growing use of genetic testing
in occupational settings to identify individuals most susceptible
to specific workplace exposures. For instance, numerous poly-
morphic metabolic genes are known to affect individual sus-
ceptibility to benzene toxicity, which has implications for
occupational health risk assessment and occupational screening
opportunities to protect the most susceptible individuals ex-
posed to this chemical (Schulte, Whittaker, and Curran 2015;
Carbonari et al. 2016). Many believe a worker's “Right to Know”
will soon be extended to their ability to know their genetic
susceptibility to workplace toxicants (Schulte, Whittaker, and
Curran 2015). But a variety of concerns regarding an in-
dividual's insurability, employability, as well as privacy and
confidentiality, are implicated with these additional GXE tests.
There are calls for broad federal legislation and recommenda-
tions to guide such testing (Brandt-Rauf and Brandt-Rauf 2004;
Brandt-Rauf et al. 2011). Concerns related to increased toxic tort
litigation is also a legitimate fear as knowledge regarding
genetic factors involved in environmentally induced diseases
grows and workers/employers clash over responsibilities and
protections related to disease risks (Christiani et al. 2001). GXE
research may also have unique, direct financial impacts for
individuals and communities. For example, there could be
property value fluctuations and liability triggers for litigation
based on reporting of or remediation for a regulated substance
(Goho 2016).

5.4 | Future Needs

GxE researchers (as well as researchers studying only genetic or
environmental risk factors alone) should disclose risks for
potential identification (or re-identification) in informed consent
documents and consider privacy risks in approaching GxE data
sharing (Boronow et al. 2020). General privacy laws outside of

HIPAA should be advocated since GXE research is broadening
the scope of research data that could be implicated in privacy
violations and discrimination. Privacy and discrimination risks to
both individuals and communities should be anticipated and
addressed when planning a study, but broad research consent
should also be encouraged in GXE research to maximize benefit
from these expensive studies. Participants could be informed that
without broad consent, the ability to share, combine, and per-
form valuable cross study analyses with GxXE data could be
severely limited (“National Academies of Sciences, Engineering,
and Medicine” 2020; Clayton et al. 2018). Emphasizing addi-
tional approaches to minimize risk, such as the use of a mini-
mum necessary data standard, may also be valuable. However,
the long-term efficacy of this approach for privacy protection
may be limited as GxE research, like all big data research, is
increasingly shifting to hypothesis-generating methodologies.
Recognizing “de-risk” as the goal rather than “zero risk” would
be constructive; transparency with communities in terms of
explaining various privacy and discrimination risks with the
allowance of different levels of consent will be useful (El Emam,
Rodgers, and Malin 2015; El Emam et al. 2011). For example, the
Navajo Nation, aware of the risks and benefits, has welcomed
biomonitoring on reservation lands to illustrate the dis-
proportionate exposure to uranium from nuclear testing and
mining waste because this knowledge is being used to seek
changes in policy and push for reclamation to greatly benefit
their community (Nygren 2023; Executive Order No. 04 2023).

6 | Conclusion and Recommendations for
Moving Forward

As GxE research rapidly evolves, it is important to understand
and address unique ELSI that arise from this work. More
resources are needed to support sustainable, authentic partner-
ships between researchers and communities, build community
infrastructure, and provide training to conduct community-
engaged research. Additionally, a multi-dimensional GxE
research approach that integrates SDOH and incorporates new,
interdisciplinary research methodologies and research teams
from diverse disciplines and perspectives will be needed to con-
duct the most innovative and impactful GXE research. To max-
imize benefits and minimize potential harms from the
application of GxE research findings, additional innovative tools
and methods to support communication and report back are
needed. A policy for report back, including guidance for quality
assurance and control (particularly needed outside CLIA) and a
need to further educate IRBs on the value of community engaged
report-back for environmental health and GxE studies has been
recognized (“National Academies of Sciences, Engineering, and
Medicine” 2018; Ohayon et al. 2017; Lebow-Skelley et al. 2020;
Brown et al. 2010). Requiring grant proposals to include a report
back plan with appropriate costs and shared infrastructure
should be considered. Evaluations of effectiveness of report back
approaches in different communities are also needed. Following
this NIH workshop, a funding opportunity was released by NIH,
specifically calling for applications that explore strategies for
responsibly reporting back environmental health and GxE results
to research participants (“NIEHS” 2023c). NIH hopes to build on
this initiative and others to continue to encourage innovation in
GxE report back.
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The actionability of GXE findings calls for careful consideration
of how to responsibly disseminate and translate research find-
ings and help individuals and communities use the information
effectively. More research is needed to understand how people
use GxXE research information and how report back impacts
third parties in both positive and negative ways (e.g., reporting
residential lead exposures may impact landlords and neighbors
in addition to residents). There is an urgent need for environ-
mental counseling programs (analogous to genetic counseling
programs), which could serve as a resource for reporting back
results to participants with possible actionable preventative or
intervention steps to reduce harmful exposures. Environmental
counseling programs could also facilitate integration of environ-
mental health, SDOH, and understanding of GxE into clinical
settings. Furthermore, GxE studies analyzing environmental ex-
posures in communities could support data-informed decision-
making, resource allocation, regulations, and policies (Ackerman
et al. 2017; Darling et al. 2016). Care must be taken to avoid
stigmatization and discrimination of individuals and communi-
ties. Researchers could consider a solution-oriented research
approach, building upon “good science” principles with research
examining modifiable risk factors, mitigation strategies, and
community resilience (Senier et al. 2017; Ackerman et al. 2017).

GxE research also raises unique privacy and discrimination
concerns due to the aggregation of many data types. General
privacy laws outside of HIPAA and GINA should be advocated
to protect both individual and community privacy and to
include the broadening scope of environmental and GxE
research data. GXE researchers should disclose risks for poten-
tial identification (or re-identification) in informed consent
documents and consider privacy risks in approaching GxE data
sharing. Guidance on appropriate approaches to informed
consent tailored to the unique features of GXE research is
needed. Further, best practices for how to protect community
interests (e.g., privacy, fiscal) in GXE research are necessary.
Researchers should anticipate that communities may choose for
their GXE data to be partially identifiable, coupled with the
appropriate protections, and address this in community en-
gagement. Careful consideration must be given for potential
discrimination concerns as well as potential benefits of public
awareness, particularly for communities most likely to be
disproportionately affected by environmental exposures. Ulti-
mately, a collection of new guidelines, resources, approaches,
training, and capacity building are required to support inno-
vative GXE research and multidisciplinary GXE research teams.
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