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Abstract

A little over 5 years ago, the U.S. National Institutes of Health (NIH) announced the intention to develop policies
to require applicants to report plans to balance male and female cells and animals in preclinical investigations.
Soon thereafter, the NIH issued a request for information from the scientific community and consulted with
various stakeholders. The feedback received was considered during development of policy requiring the con-
sideration of sex as a biological variable (SABV) in NIH-funded research on vertebrate animals and humans,
which went into effect for applications due on or after January 25, 2016. We identified NIH programs related to
SABYV and reviewed SABV-relevant scientific literature. We find that the application of SABV throughout the
research process can serve as a guiding principle to improve the value of biomedical science. The NIH is
engaged in ongoing efforts to develop resources to help investigators consider SABV in their research. We also
provide an update on lessons learned, highlight ways that different disciplines consider SABV, and describe the
opportunities for scientific discovery that applying SABV offers. We call on NIH’s various stakeholders to
redouble their efforts to integrate SABV throughout the biomedical research enterprise. Sex- and gender-aware
investigations are critical to the conduct of rigorous and transparent science and the advancement of person-
alized medicine. This kind of research achieves its greatest potential when sex and gender considerations are
integrated into the biomedical research enterprise in an end-to-end manner, from basic and preclinical inves-
tigations, through translational and clinical research, to improved health care delivery.
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randomization, blinding, and other basic principles—
appropriate accounting for the potential influence of sex on
outcomes in preclinical research is a crucial component of

T HE MISSION OF THE National Institutes of Health (NIH) is
to seek fundamental knowledge about the nature and
behavior of living systems and the application of that

knowledge to enhance health, lengthen life, and reduce ill-
ness and disability. As the single largest funder of biomedical
research, NIH has a unique responsibility to continually ex-
amine and improve its effectiveness. By ‘“‘turning discovery
into health,”” NIH fulfills its promissory note to the taxpayers
who fund biomedical research. Making the most of this in-
vestment depends on a well-functioning research enterprise
that continually earns the trust of scientists and laypeople alike.

We agree with colleagues who said, ““Science isn’t science
if it isn’t reproducible.””’ NIH continues to focus on im-
proving rigor and transparency to enhance scientific repro-
ducibility through policy*> and changes in business practices
(e.g., the grant review process). NIH emphasizes that—Ilike

rigorous experimental design.*

The pervasive effects of sex on biological functioning—
and the need to consider sex for research to be reproducible
and relevant for all people—warranted a separate NIH policy.
Beginning January 2016, NIH has expected all applicants
proposing to carry out studies in vertebrate animals and hu-
mans: (1) to factor sex as a biological variable (SABV) into
research designs, analyses, and reporting or (2) to provide
strong justification for single-sex investigations.> Additional
NIH guidance describes how SABYV can be considered in the
various stages of research.®

Applying SABV in biomedical research is the first step
toward individualized medicine because sex profoundly
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influences health and disease across bodily systems and
medical disciplines.”'* Therefore, accounting for the po-
tential influence of sex in research design, data analyses, and
reporting (e.g., disaggregating results by sex) is crucial to
rigorous and transparent science. Owing to the historical
focus on male research animals and cells and the ongoing
underreporting of sex in preclinical research, however, sci-
ence still needs to better identify the health-relevant differ-
ences between males and females across each level of
biological complexity''~'®*—building a more complete and
solid foundation of knowledge that makes clinical and
translational studies more relevant to all people.

SABV: Where Are We Now?

The SABV Policy complements and extends NIH’s long-
standing requirement, as per the 1993 NIH Revitalization
Act, for the appropriate participation of women and under-
represented minorities in clinical studies. More than two
decades after its enactment, we see that the NIH inclusion
policy has been generally effective. Roughly half or more of
the research Participants in NIH-funded clinical studies are
now women.' '* Nevertheless, there is ample scope for im-
proving the extent to which scientists integrate sex (a bio-
logical variable defined genetically) and gender (a person’s
self-identity as expressed by choices and influenced by so-
cial, cultural, and psychological factors) into the design,
analyses, and reporting of clinical research.'®!

Geller et al. reviewed NIH-funded randomized controlled
trial reports published in 14 leading U.S. medical journals in
2015. They found that fewer than a third of the reports ana-
lyzed data by sex, included sex in their statistical analyses, or
provided an explanation for not doing so0.>? The combined
proportion of studies reporting sex-based analyses or ex-
plaining why such analyses were not done was no greater
than the 4proportions of such studies published in 2004 or
2009.%*2

Another group of researchers at the Allen Institute for
Artificial Intelligence recently carried out a much broader
analysis of clinical studies, which were funded by NIH and
other public and private entities around the world.>> That
group found significant overall underrepresentation of female
participation in clinical research of diseases relative to the
prevalence of those diseases among females, even in the most
recent time period examined (2014-2018). The investigators
observed substantial female underrepresentation for 7 of 11
disease categories, with no evidence of reduction in ‘‘en-
rollment sex bias’’ over time for digestive diseases, hepatitis,
and chronic kidney diseases.?

In alignment with the 21st Century Cures Act, a recent
amendment® to NIH’s inclusion policy?’ requires applicable
Phase III clinical trials to report results of valid analyses by
sex/gender, race, and ethnicity in Clinicaltrials.gov. In gen-
eral, applicable clinical trials are those that investigate ther-
apeutics, biologics, and devices regulated by the U.S. Food
and Drug Administration (FDA).%° Such reporting is essen-
tial to improving health care and supporting scientists as they
generate research questions, observe outcomes, and analyze
data. The amended inclusion policy went into effect for all
new competing grants and cooperative agreements awarded
on or after December 13, 2017. The full impact of the
amended policy on the reporting of research findings will not
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be seen until enough time has passed for the completion of
large-scale clinical trials that began enrolling participants in
the 2 years since the new policy went into effect.

Also, in alignment with the 21st Century Cures Act, the
NIH implemented the Inclusion Across the Lifespan (IAL)
Policy,?® which expands the Inclusion of Children in Clinical
Research Policy? such that it now includes individuals of all
ages. The IAL Policy also requires that the age of enrollment
of each participant in clinical research be collected and re-
ported. This policy went into effect for all grant applications
with due dates on or after January 25, 2019, as well as all
solicitations for Research and Development contracts issued
on or after that date.”®

The NIH is also enhancing the transparency and account-
ability with which it monitors the inclusion of participants
in clinical research by sex/gender, race, and ethnicity. In
response to the Government Accountability Office’s rec-
ommendations,® and as part of 21st Century Cures Act im-
plementation, NIH recently began providing its inclusion
data on sex/gender, race, and ethnicity in a format that is
disaggregated by Research, Condition, and Disease Cate-
gorization (RCDC) categories. The inclusion data may be
viewed and downloaded on the new NIH RCDC Inclusion
Statistics Report webpage.>'

The ability to analyze NIH investments more granularly is
helping to ensure that women are appropriately involved in
clinical research in each research, condition, and disease
category, including categories of particular concern histori-
cally (e.g., clinical trials in certain areas of cardiology,*?
among others).

NIH Efforts on Multiple Fronts

The consideration of both sexes of animals and cells in
preclinical research had generally not advanced at the same
pace as the inclusion of women in clinical studies. In this
context, NIH promulgated its SABV Policy as part of the
fabric of advancing rigorous research and achieving optimal
stewardship of taxpayer investments.

A little over 5 years ago, NIH first announced intentions
to address insufficient consideration of SABV, described
the rationale for policy development, and outlined steps
of a multidimensional approach to implementation.”> Soon
thereafter, the NIH Office of Research on Women’s Health
(ORWH) began soliciting feedback on the concept from NIH
stakeholders and the broader scientific community, begin-
ning with a request for information on the consideration of
SABYV, released in September 2014.3* The same month,
ORWH established the Trans-NIH SABV Working Group,
which was then co-chaired by the Director of ORWH and the
Director of the NIH Office of Extramural Research and
composed of senior staff of the NIH Institutes and Center
(ICs) who are nominated by their respective IC directors. The
Trans-NIH SABV Working Group was formed to support and
inform development and implementation of the SABV Policy.

Moreover, in October 2014, ORWH convened a Methods
and Techniques workshop that brought together key stake-
holders to discuss methods, experimental design consider-
ations, and statistical approaches to include male and female
animals, cells, and tissues in preclinical research, analyze
sex influences on outcomes, and consider gender as an ad-
ditional influence on health and disease. One outcome of that
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workshop was an article published by Miller et al., which
includes case studies demonstrating exemplar strategies for
applying SABV to preclinical investigations.>> Based on all
the feedback received from NIH stakeholders and the broader
scientific community through the aforementioned activities,
ORWH has taken action on several fronts to advance the
consideration of sex and gender in biomedical research.

For example, ORWH and the FDA have jointly supported
the training of scientists across the biomedical research
continuum with a series of online courses and resources on
the biological basis of sex- and gender-related differences
and their influences on health and disease. These courses
have had good ué)take and positive impact on a large number
of participants.’

The newest educational resource from ORWH and FDA’s
Office of Women’s Health is called Bench-to-Bedside: In-
tegrating Sex and Gender to Improve Human Health,*’
which is scheduled for release in 2020. This course con-
tains modules that incorporate the application of SABV
to various clinical topic areas, such as immunology, car-
diovascular medicine, and pulmonology. The goal of this
interprofessional educational course is for learners, in-
cluding clinician researchers from various disciplines, to
gain an understanding of the influences of sex and gender
on health and disease that they can apply when conducting
research and interpreting and applying evidence for clini-
cal practice.

In addition, ORWH and the National Institute of General
Medical Sciences have collaborated on the SABV Primer’ to
highlight the importance of considering SABV in preclinical
research as well as across the entire biomedical research
spectrum. The SABV Primer consists of four interactive
modules titled: SABV and the Health of Women and Men;
SABYV and Experimental Design; SABV and Analyses; and
SABY and Research Reporting. Also scheduled for release in
2020, this resource will help biomedical researchers, in-
cluding academics and students, with the incorporation of
SABYV into the design of research studies, the preparation of
NIH grant applications, and the education of the next gen-
eration of investigators.

Recognizing that a catalyst was needed to stimulate re-
search considering sex and gender influences, ORWH laun-
ched the Sex/Gender Administrative Supplement program in
2013. Under this program, investigators with ongoing NIH-
funded grants could apply for an Administrative Supplement
to explore sex and gender influences within the scientific
scope of their original award.

In 2014, the Common Fund, which is part of the NIH
Office of the Director (OD) and supports some of the most
innovative and integrative biomedical research funded by
NIH, also adopted the Sex/Gender Administrative Supple-
ment paradigm. Subsequently, ORWH and the Common
Fund collaborated to convene the Sex As a Biological Vari-
able Workshop in October 2017, at which NIH grantees from
a variety of disciplines shared the approaches they had used
to consider SABV in 16 different investigations across a wide
range of topic areas. As of the close of fiscal year 2019,
ORWH has invested $37 million to make over 350 Sex/-
Gender Administrative Supplement awards across 20 ICs and
the OD.

ORWH also partnered with several ICs to co-fund the
Specialized Centers of Research Excellence (SCORE) on Sex
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Differences program. Initiated in 2003 as the Specialized
Centers of Research (SCOR) on Sex Differences program
with support from FDA, this disease-agnostic program is the
only NIH center program on sex differences. Funded centers
model how biomedical scientists can apply SABV in their
study of major medical conditions in an interdisciplinary and
integrative way. The interdisciplinary collaborations exem-
plified by SCORs bridge basic and clinical research on sex
differences and major medical conditions affecting women.

Now, as SCOREs, these centers are centers of excellence.
The centers focus on training researchers in experimental
design and analyses that consider sex and/or gender, meeting
the career enhancement needs of translational scientists.
Under the SCOR/E on Sex Differences Program, NIH has
invested more than $160 million in centers at more than 25
institutions since 2003. SCOR/E awards have been made
in collaboration with seven ICs in support of a broad diversity
of topics in women’s health and sex difference research,
including chronic pain; addiction; female urinary tract and
reproductive organs; infectious diseases and immunity; met-
abolic disorders; age-related cognitive decline; and mental
health.

To enhance implementation of the SABV Policy, NIH has
also made changes to its forms and processes and updated its
guidance to applicants and peer reviewers.>® There is no one-
size-fits-all approach to evaluating science for SABV inte-
gration. NIH peer review guidance encourages assessment in
the context of current knowledge of sex and gender influences
in a given proposal’s field of study, as well as in light of
available methods and other relevant considerations.

A survey of NIH standing study section and special em-
phasis panel members, conducted independently by con-
cerned members of the scientific community, found that a
majority (54% and 58% in 2016 and 2017, respectively)
thought the SABV Policy would improve rigor and repro-
ducibility.*® Respondents also thought that the proportion of
grants appropriately addressing the SABV Policy had in-
creased over time. Although a majority of respondents (55%
and 61%, respectively) indicated that the consideration of
SABYV was consistently factored into the reviewers’ scoring
of applicants’ ‘‘approaches,”” open-ended comments re-
vealed a variety of views on this aspect of the grant review
process.*® Further study is warranted to evaluate the uptake
of the SABYV Policy, which could help guide efforts to further
enhance policy implementation.

The integration of SABV into biomedical research cannot
rely solely on NIH policy, but also depends on a critical group
of stakeholders—editors of biomedical journals, who are key
gatekeepers of scientific knowledge. Editors of science
journals have traditionally overlooked the consideration of
sex and gender in selecting articles. Yet, one international
standard—the Sex and Gender Equity in Research (SAGER)
guidelines—promotes systematic reporting of sex and gender
across biomedical research disciplines and helps authors and
editors determine whether articles have appropriately con-
sidered these variables.*

Several journals have adopted SAGER guidelines or
similar guidelines*'*** for reporting the sex of research ani-
mals and of cells cultured from animals in scientific publi-
cations.'>** Some journals have been more proactive on the
consideration of SABV by encouraging submissions that
include meaningful statistical comparisons between sexes**
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or requiring sex to be included in experimental design and
analyses, whenever doing so is relevant to the scientific
question being addressed.*’ Despite these laudable steps by
certain journals, more work remains to be done by the science
publishing industry, in general, to set higher expectations for
the consideration of sex and gender in the conduct and re-
porting of biomedical research.

Application of SABV to the Science

ORWH created and chairs the NIH Scientific Interest
Group (SIG) on Sex and Gender in Health and Disease
(SGHD). This SIG aims to expand the understanding of NIH
intramural scientists as well as researchers in the extramural
scientific community about the range of ways that SABV
applies across scientific disciplines. The SGHD SIG pro-
motes the dissemination of research on sex and gender in-
fluences in health and disease, and it fosters potential
interdisciplinary collaborations on these topics by bringing
together interested scientists.

NIH ICs have also undertaken initiatives to underscore
the importance of sex- and gender-based research and
disseminate the results of such research. In July 2017, for
example, the National Institute of Diabetes and Digestive
and Kidney Diseases (NIDDK) convened a 2-day work-
shop, titled Sex and the Kidneys: Sex Differences in Renal
Disease. The workshop highlighted NIDDK’s application
of SABV to renal research. In addition, the workshop af-
forded the research community an opportunity to come
together to share information about the role of sex in renal
disease risk and etiology, the action of sex steroids on
renal tissues, and the role of sex chromosomes in renal
disease pathophysiology.

NIH ICs take a flexible approach to integrating sex and
gender into biomedical research based on their disciplines’
unique considerations and research methodologies, as well as
the health conditions within their purviews. The Director of the
National Institute on Alcohol Abuse and Alcoholism co-
authored a review article on ways that addiction researchers
can consider and investigate sex differences in preclinical an-
imal models—offering a standard for the identification of such
models and the transparent reporting of their limitations.*

The National Institute on Aging’s Interventions Testing
Program examines various potential medications for their
ability to extend lifespan and delay disease in male and female
mice. Advances arising from this program illustrate how in-
tegrating SABV into preclinical research apprises investiga-
tors about the applicability of results across sexes and the
existence of potential sex influences on research outcomes.
Results informed in this manner comprise a valuable pre-
clinical foundation of knowledge for the design and conduct
of clinical investigations that are critical to bolstering the
development of effective medications and confirming their
safety for everyone. For example, researchers have found that
17-o estradiol and the antidiabetic drug, acarbose, each extend
lifespan and improve glucose tolerance in male mice, but not
female mice, and that alterations in the relevant metabolic
pathways occurred in opposite directions in males and fe-
males, an effect that is influenced by gonadal hormones.*’

Trans-NIH research initiatives are also capitalizing on the
power of SABV. In the Knockout Mouse Phenotyping Pro-
gram (KOMP2), which is a major source of funding for the
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International Mouse Phenotyping Consortium (IMPC), re-
searchers who applied SABV to analyses of knockout mouse
strains, with a single gene deletion each, have opened new
opportunities to improve the precision of animal models. One
group of IMPC researchers found that 10% of all categorical
traits and 57% of all continuously distributed traits in wild-
type mice were significantly influenced by sex.’ These sex
influences were found to be distributed across a wide spec-
trum of traits and research fields. Of the traits with a signif-
icant genotype effect, 13% and 18% of categorical and
continuous phenotypes, respectively, were classified as sex-
ually dimorphic.’

Focusing on metabolic phenotypes in over 2000 knockout
mouse strains, another group of IMPC researchers found that
there are pronounced sex differences in many genes and
pathways associated with metabolic traits.*® The researchers
also found that some genes from different metabolic path-
ways cause comparable metabolic phenotypes in females and
males.*®

Through its Genotype-Tissue Expression (GTEx) project,
NIH has invested in the establishment of a data resource and
tissue bank to build knowledge about the relationships be-
tween genetic variants and gene expression among different
tissues and in different groups of people (e.g., males vs. fe-
males). The GTEXx project is advancing our understanding of
gene regulation mechanisms and how perturbations in gene
expression relate to human diseases, which is foundational
information for personalized medicine.

Using GTEx data, one group of researchers quantified
large numbers of genes with sex-differential expression in
tissues common to males and females, with the highest
numbers of such genes found in breast mammary gland,
skeletal muscle, adipose tissue, skin, brain anterior cingulate
cortex, and heart left ventricle.® Another group of GTEX re-
searchers found that most autosomal genes with tissue-
specific sex differences (TSSDs) showed discordant direc-
tions of sex differences across tissues, whereas genes with
TSSDs on the X chromosome were more often concordant
in terms of the direction of sex differences across tissues
(i.e., consistently higher expression in one sex across many
tissues). o

NIH is trying to accelerate the integration of SABV into
standard scientific practice as part of its efforts to achieve
optimal stewardship of taxpayer investments throughout the
research enterprise. Incorporating SABV into a research
program or discipline pays dividends by advancing our un-
derstanding of how sex affects biology, health, and disease,
as well as by spurring opportunities for improved medical
practice.

Research from the SCOR/E program illustrates how ap-
plying SABV can result in new discoveries that are highly
relevant to human health. A previously funded Center iden-
tified how maternal stress during pregnancy disrupts the
placenta—transmitting adverse maternal experiences and
environments to offspring and altering fetal brain develop-
ment in a sex-dependent manner—and how this contributes
to males’ vulnerability to neurodevelopmental disorders.”*"
The investigators have used insights from basic research that
applied SABV to develop a phenotypically relevant mouse
model that researchers can use to study male sensitivity to
insults in utero as well as female neurodevelopmental resi-
lience,>* with the promise of achieving a better understanding
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of the origins of sex biases in the prevalence and presentation
of psychiatric disorders.

SABV: A Guiding Principle for Addressing
Biomedical Research Challenges

Using SABV as a guiding principle throughout the re-
search continuum can help address key issues affecting the
biomedical research enterprise, including (1) the need to
identifz animal models that better reflect human dis-
eases 334, (2) concerns about the increased risk of adverse
events or reduced treatment effectiveness in women>> ’56; and
(3) the importance of developin% diagnostic tests and criteria
that are sex and gender aware,”’>® among other issues. Ad-
dressing these challenges offers opportunities to improve
biomedical research and lays the foundation for high-quality
and safe medical care for everyone.

As we see it, clinical and translational research do not have
a solid foundation unless SABV is applied seamlessly across
all phases of research, including basic and preclinical studies.
NIH’s vision is for each stage of research to inform the
subsequent ones about the influences of sex and gender,
thereby improving scientific rigor, transparency, and return
on taxpayer investments.

In working with animal models, for example, researchers
studying the mechanisms underlying type 2 diabetes have
applied SABV to reveal multiple, crucial discoveries about
sex differences in this condition. This work has described the
role of testosterone in diabetes and metabolic health™ and
identified estrogen as a protective factor in type 2 diabetes.**®!

Furthermore, the higher risk of adverse drug events among
women can be considered in the context of females’ historical
underrepresentation in clinical research. Of the 10 medica-
tions withdrawn from the U.S. market between 1997 and
2000, eight posed greater health risks for women than men.®*
An analysis of materials submitted to the FDA in support of
marketing applications for 36 drug approvals for cardiovas-
cular disease (CVD) between 2005 and 2015 found that the
mean proportion of women enrolled in these trials was 46%,
but the overall range was wide (22%-81%).°> Women were
appropriately represented in clinical trials for some CVDs
(e.g., atrial fibrillation and hypertension), but not others (e.g.,
heart failure, coronary artery disease, and acute coronary
syndrome).%?

Integrating SABV into basic and preclinical research to
identify potential differences in drug safety is far more effi-
cient than discovering them during clinical trials or in post-
marketing surveillance. Investments in preclinical research
that consider SABV may also help avoid differential effec-
tiveness outcomes—for example, poorer treatment outcomes
among women for disulfiram, an FDA-approved medication
for alcohol abuse that has been tested as a pharmacotherapy
for cocaine abuse.®*

How Do We Get There?

A year ago, the NIH released Advancing Science for the
Health of Women: The 2019-2023 Trans-NIH Strategic Plan
for Women’s Health Research.®® The strategic plan incor-
porates the missions of the ICs with ORWH’s mission to
chart a course toward NIH’s vision: Imagine a world in which
the biomedical research enterprise thoroughly integrates sex
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and gender influences; every woman receives evidence-based
disease prevention and treatment tailored to her own needs,
circumstances, and goals; and women in science careers
reach their full potential.®®

To complement its other efforts to incorporate SABV into
the biomedical research enterprise, NIH recently released a
funding opportunity announcement (FOA) titled The Inter-
section of Sex and Gender Influences on Health and Disease
for research project grant (RO1) applications.®® This FOA is
NIH’s first investigator-initiated RO1 on the influence and
intersection of SGHD. The FOA encourages research across
many scientific disciplines. Proposed investigations must
include both sex- and gender-related variables and also ad-
dress at least one of the five objectives from Strategic Goal 1
of the 2019-2023 Trans-NIH Strategic Plan for Women’s
Health Research, which is to advance rigorous research that is
relevant to the health of women. The first year’s applications
were just received. Future application due dates are No-
vember 25, 2020, and November 26, 2021.

The integration of sex and gender considerations throughout
the research enterprise and the health care advancements
fueled by that enterprise require broad involvement in and
end-to-end stewardship of this endeavor. We call on all NIH
ICs and the NIH’s partners to advance application of SABV
to all areas of science, as appropriate, by adding sessions at
meetings, through focused attention in FOAs as scientifically
relevant, and in training the next generation of researchers.
Individuals who lead other funding organizations and oversee
the governance of research and clinical enterprises, those
who head up regulatory agencies, and editors of peer-
reviewed journals also should incorporate the consideration
of SABV into their organizations’ roles in the biomedical
research enterprise.

Scientists themselves—whether working in academia,
medicine, industry, or scientific associations and societies—
have an important responsibility to champion the integration
of SABV throughout biomedical research. Patients also have
a role to play in asking their health care providers how well
diagnostic tests and treatments work in people like them-
selves, thereby driving the demand for sex- and gender-based
medicine. Only by making systematic attention to sex and
gender part of business as usual can we advance the NIH
mission of turning discovery into health for both women and
men.
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