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ABSTRACT

The field of nutrition has evolved from one focused primarily on discovery of the identities, metabolic functions, and requirements for essential
nutrients to one focused on the application of that knowledge to the development and implementation of dietary recommendations to promote
health and prevent disease. This evolution has produced a deeper appreciation of not only the roles of nutrients, but also factors affecting their
functions in increasingly complex global health contexts. The intersection of nutrition with an increasingly more complex global health context
necessitates a view of nutritional status as a biological variable (NABV), the study of which includes an appreciation that nutritional status is: 1) not
limited to dietary exposure; 2) intimately and inextricably involved in all aspects of human health promotion, disease prevention, and treatment;
and 3) both an input and an outcome of health and disease. This expanded view of nutrition will inform future research by facilitating considerations
of the contexts and variability associated with the many interacting factors affecting and affected by nutritional status. It will also demand new tools
to study multifactorial relations to the end of increasing precision and the development of evidence-based, safe, and effective standards of health
care, dietary interventions, and public health programs. Adv Nutr 2021;12:1599–1609.
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Introduction
The importance of food for health has been recognized for
millennia. Hippocrates is said to have urged “Let food be
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thy medicine, and medicine be thy food.” However, despite
advances in other areas of medicine and public health,
significant gaps remain in our understanding of why and how
food and nutrition affect health. Food and nutrition science
are linked and sometimes conflated; however, they are
distinct disciplines that have evolved, largely independently,
with the advent of new knowledge and technology. Moreover,
it is all too often the case that the research focus has been on
food, a vehicle for nutrients and other bioactive components,
rather than nutritional status, which reflects the biological
sequences of events that occur after food is consumed.
[The authors recognize that there are relevant intersections
between food (processing, safety), nutritional status, and
health (e.g., the intersection of poor nutritional status,
mycotoxins/aflatoxins, and health), but for the purposes
of this Perspective article the discussion is limited to the
dichotomous relations between food intake and nutritional
status. The term “nutrients” refers to macronutrients (carbo-
hydrates, fats, and protein) and micronutrients (vitamins and
minerals).] Although there is also often a tendency to take
a linear view of the diet/food and disease relation (1), they
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are actually circular with a continual feedback such that these
aspects of the public health continuum affect and are affected
by each other.

This focus on food, its accessibility and availability (i.e.,
food security), and its associations with global targets such
as stunting, wasting, or anemia has been critical in the
global battle against hunger and malnutrition. However, this
focus has had implications for our ability to expand our
understanding of the role of nutritional status in health and
disease and has limited our ability to make the case for the
full integration of nutritional status into the clinical and
global health responses. This limitation has manifested itself
many times over the years and now again, in the public
health response to the coronavirus disease 2019 (COVID-19)
pandemic.

Confronted with the COVID-19 pandemic since the
beginning of 2020, the global response has included a
growing repository of published data reflecting ongoing
efforts via the global research community to link current
and future cohorts, surveillance, and research to gather data
relevant to risk, disease course, or response to treatment. Yet
again, nutrition is simply not included. All the known risk
factors for susceptibility to COVD-19 (e.g., diabetes, obesity,
cardiovascular disease) have strong nutritional connections.
However, there is a paucity of data to address any aspect of
nutritional status as either an input (i.e., risk factor, effector
of susceptibility or pathogenesis) or an outcome (i.e., poor
nutritional status as a result of illness or loss of taste and smell
leading to poor response to treatment or other outcomes).
In addition, the poorer outcomes that are overrepresented in
underserved populations are clearly linked to poor nutrition.
To date, the relation nutrition has to COVID-19 risk or
outcomes has not been explored beyond the application of
the linear logic described above, that is, attention to the
impact of the disease on food insecurity and related global
health targets (e.g., wasting, stunting) (2). As important
as such statements are in highlighting the indirect effects
of pandemics like COVID-19 on food access, availability,
and related outcomes, they do not address why a deeper
understanding of the biology of nutrition is integral to
our ability to fully appreciate its role in the susceptibility
to, pathogenesis of, and response to treatment of such
diseases.

The case for integrating nutrition into the biomedical
research agenda to improve our understanding of the biology
and response to COVID-19 reflects a limited view of the
science of nutrition. This is a pattern that has repeated
itself in our response to myriad other complex public
health challenges from HIV to Ebola to Zika, and now
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) (see Text box 1). It raises 3 important questions:
1) why does this continue to happen? 2) why do we need
to change this pattern? and 3) how can we make that
happen? Furthermore, in the era of “precision medicine,”
how can nutritional status and all it reflects in terms of
the biological context of an individual’s health be more
effectively integrated into the clinical and public health

armamentarium. [According to the Precision Medicine
Initiative at NIH, precision medicine is “an emerging ap-
proach for disease treatment and prevention that takes into
account individual variability in genes, environment, and
lifestyle for each person” (https://medlineplus.gov/genetics/
understanding/precisionmedicine/definition/).]

Box 1:
PubMed keyword search

HIV 372,990 results
HIV and nutrition 5745 results
HIV and malnutrition 2417 results
HIV and food insecurity 784 results
Nutritional status of HIV
patients

634 results

Nutritional assessment of HIV
patients

347 results

Ebola 9769 results
Ebola and nutrition 49 results
Ebola and malnutrition 19 results
Ebola and food insecurity 25 results
Nutritional status of Ebola

patients
1 result

Nutritional assessment of Ebola
patients

1 result

Zika 8723 results
Zika and nutrition 56 results
Zika and malnutrition 4 results
Zika and food insecurity 1 result
Nutritional status of Zika

patients
2 results

Nutritional assessment of Zika
patients

0 results

COVID-19 81,358 results
COVID-19 and nutrition 1417 results
COVID-19 and food insecurity 291 results
COVID-19 and malnutrition 191 results
Nutritional status of COVID-19

patients
67 results

Nutritional assessment of
COVID-19 patients

1 result

If we were to distill this down to a core set of ques-
tions, they might include: “What is different about a given
condition like COVID-19 that would demand a nutritional
approach beyond the provision of a high-quality diet that
provides all essential nutrients at currently recommended
levels for otherwise healthy people?” Another related ques-
tion is: “Are differences we might see in clinical outcomes due
to poor intake or something inherent to the biology of the
disease and/or its treatment that would require a nutritional
intervention in addition to achieving dietary adequacy?”

The focus of this Perspective is on those factors that have
the potential to enhance our ability to integrate the biology of
nutrition more effectively into all aspects of health promotion
and disease prevention.

We include a potential conceptual framework to expand
our understanding of nutrition and its role in all aspects of
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human biology to inform efforts to improve health policy,
programs, and standards of clinical care.

We will herein make the case that the principles high-
lighted in the recent call for “sex as a biological variable”
are equally compelling when applied to the study and
integration of nutritional status in biomedical research, that
is, “nutritional status as a biological variable (NABV).”
[The NIH is committed to improving the health outcomes
of men and women through support of rigorous science
that advances fundamental knowledge about the nature and
behavior of living systems. Sex and gender play a role in
how health and disease processes differ across individuals,
and consideration of these factors in research studies informs
the development and testing of preventive and therapeutic
interventions in both sexes. This notice focuses on NIH’s
expectation that scientists will account for the possible
role of sex as a biological variable in vertebrate animal
and human studies.” (see NIH Notice Number: NOT-OD-
15-102, “Consideration of sex as a biological variable in
NIH-funded research”; https://grants.nih.gov/grants/guide/
notice-files/not-od-15-102.html).] In this Perspective, we
suggest that a new approach is needed to draw on both
nutrition science and its translation to investigations of
the impact of food/dietary patterns on health. This calls
for rigorous studies addressing the nature and behavior of
people, their foods, and their physical, biological, and social
environments.

Current Status of Knowledge
Now only in its second century, the science of nutrition is
relatively young (1). Guthrie (3) noted that it progressed
through 2 eras. The first era, a “chemical-analytical” era,
began at the end of the 19th century and involved the
discovery and characterization of the vitamins and other
essential dietary nutrients followed by the elucidation of their
respective metabolic roles. This era relied on studies with
animal models and livestock to elucidate the nature and
implications of frank nutrient deficiencies. The second era
involved the establishment of dietary standards. Prompted by
the need for a wartime US food policy, this era commenced
with the development of the first RDAs (4) in 1943, followed
by the development of educational programs focused on
nutrient needs. This era was also characterized by nutritional
studies in clinical settings, first to address therapeutic needs
during World War II and subsequently to address a variety of
questions related to human health. These efforts, along with
advances in the food, animal, and plant sciences, markedly
reduced the shortages of total food and the prevalence of
many nutritional deficiencies in most of the world.

Challenges
Although the efforts of those involved in these earlier eras
(as reflected by the periodic process of revising the RDAs,
now DRIs) and global technical guidance by authoritative
agencies including the WHO continue, significant challenges
remain in terms of our collective understanding of the
importance of nutrition to both health and disease. Some of

the key challenges facing the field of nutrition are highlighted
in Text box 2.

In our opinion, the field of nutrition science has been
stymied by an overemphasis on translation and a focus
on single nutrients. This orientation has occurred in the
absence of fundamental research to illuminate the role of
nutrients within a complex biological milieu that most often
consists of multiple macro- and micronutrients and bioactive
substances in the diet interacting within biological systems.
The field has also been limited with regard to both our
ability to identify functional ramifications of nutrient status
(i.e., what does it mean in terms of an individual’s ability
to maintain health?) and the tools needed to discern such
impacts. Understanding the role of nutrition in human
biology demands an appreciation of the nature of these
interactions, as well as of the tools to assess those interactions.
We hope the ability to address these challenges will be
driven by new and innovative research and the application
of a conceptual framework that will allow the adaptation of
these new approaches to address a complex and continually
changing global health context.

Box 2:
Drivers for a new era

� Continued focus on nutrition as limited to ex-
posure scenarios, i.e., too much or too little,
resulting in an inconsistent or lack of integration
of nutrition status as both an input and outcome
of health and disease.

� Lack of understanding of the functional impli-
cations of nutritional status or impact of inter-
ventions to change that status, particularly in an
increasingly complex health context.

� Incomplete appreciation of how nutrients interact
within biological systems.

� Challenges in our ability to avoid:

◦ Unintended health consequences, or
◦ Confused/confusing messages

A Conceptual Framework
We propose that nutrition is best viewed as a broad concept
describing the complex biology of what happens as food is
acquired, consumed, and metabolized. Because nutritional
status can both affect metabolism (and, thus, physiology) and
be affected by metabolism, it is appropriately viewed as a
biological variable with both cause and effect characteristics.
Accordingly, we offer the term NABV as a framework
capturing the complexity of that biology and integrating
nutritional status as both an input and an outcome of health
and disease. The NABV framework includes the following
concepts:

� Nutrition is the sum of the processes involved in taking
in and utilizing food substances by which growth,
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FIGURE 1 The “nutritional ecology” reflecting the interaction of a complex system, in this case the biology of nutritional status, with its
biological, physical, and sociopsychological environments (5).

repair, maintenance, and reproductive activities of the
body or in any of its parts are accomplished. (The
“processes of nutrition” include: ingestion, digestion,
absorption, transport, metabolism, and elimination. A
reciprocal relation exists between nutritional status and
each of these processes such that each affects and is
affected by the other.)

� Nutritional status reflects the relative adequacy of
nutrients to perform the various functions of life and
has the following characteristics:

◦ It is achieved as a result of the interaction of food
and nutrients with the processes of nutrition

◦ It can affect and/or be affected by these processes,
which must be considered in understanding indi-
vidual nutritional needs

◦ It varies among individuals and can affect re-
sponses to medical and dietary treatments

� That physiological functionality refers to the impact
of nutritional status on maintenance of health and
prevention of disease.

Informed by the expertise of the environmental science
community, we can understand the above concepts as reflect-
ing an “ecology,” that is, the interaction of a complex system,
in this case the biology of nutritional status, with its envi-
ronment. The NABV framework thus addresses the multiple
features of the biological, physical, and sociopsychological
environments that comprise the nutritional ecology related
to health (Figure 1) (5). The NABV framework is, therefore,
an ecological approach applicable at both “internal” or micro
(via the understanding of the basic biology of nutrition)
and “external” or macro (via translational activities for

individuals and populations) levels of consideration. We
feel that such applications can improve the scientific rigor
of nutrition science research by accounting for sources of
variability of both dependent and independent variables.
As will be discussed in the following sections, the NABV
framework is intended to support a new era in nutrition
science—one that addresses the persistent and emerg-
ing challenges at the intersection of food, nutrition, and
health.

Figure 2 shows the diet/nutrition/health continuum in
healthy, free-living people. Studying this continuum will call
for assessments in 2 areas: the “how,” evaluating nutritional
status, and the “why,” elucidating the functions of nutrients
in biological systems.

The “How” Assessment
Elucidating the interrelations of diet, nutritional status, and
health in humans will depend on the methods and designs
of observational, preclinical, and clinical studies conducted
to: 1) evaluate programs, policies, and guidance; 2) develop
and support standards of clinical care; and 3) improve
individual and population health outcomes. Methodologies
for the clinical assessment of patients and the surveillance of
populations should address the following core questions:

1) Are individuals/populations consuming nutrients at rec-
ommended levels, and if not, why?
◦ Is the individual/population food insecure (i.e., are

there access/availability issues)?
◦ Is the individual/population adversely affected by

“environmental” (climate, land/water resources, ur-
ban/rural/social/economic/political) factors?
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FIGURE 2 The diet/nutrition and health continuum.

2) Are the processes of nutrition (i.e., digestion, absorption,
assimilation, and utilization of these nutrients) affected in
individuals/populations?

3) Does an individual’s unique biology (life stage, health)
affect either 1 or 2 above? If so,
◦ Is there a clear difference between established

nutrient requirements (e.g., DRIs) and specific
health/physiological condition–related needs?

◦ What is the role of diet/nutrition in those conditions
that would require special consideration or deviations
beyond the provision of a balanced diet providing all
the essential nutrients needed for growth, develop-
ment, and health?

◦ What is the best mode of nutrient delivery for the
unique biological and environmental context?

The design of rigorous and reproducible studies to char-
acterize the relations of diet/nutrition and health requires
validated and reliable assessment tools appropriate for the
questions being asked and the specifics of the health and
environmental contexts. Such tools must address: nutrient
exposure, bioavailable amounts of nutrients consumed; nutri-
tional status in reference to accepted definitions for adequacy,
marginal status, and deficiency; or nutrient function, the
metabolic role(s) of specific nutrients; and the relevant
functional outcome(s). Finally, it is critical to recognize
that individuals are seldom deficient with respect to single
nutrients, and the multiple nutrients in metabolic systems
typically function in synergy. These facts should inform our

efforts to develop more precise assessment methodologies
and study designs.

Inferences from single measures can also be misleading.
For example, reliance on dietary intake assessments implic-
itly assumes that what is being consumed is being utilized
metabolically. Similarly, single measures of a given biomarker
might not reflect the temporal dynamics in the levels of the
relevant nutrients (i.e., at a point in time, with just 1 measure,
how can one determine whether the variable is increasing
or decreasing due to changes in dietary intake or reflects
the impact of a given health condition on those measures?).
Moreover, in the absence of intake data/history, how can one
distinguish between a response to an intervention (as the
result of the correction of a dietary inadequacy) compared
with a response consequent to the amelioration of the unique
biology/requirements associated with the presenting health
issue (e.g., HIV, malaria, diabetes). Fundamentally, relying
on a single measure, whether intake or biochemical, prevents
one from making the distinction between a poor diet or
the effects of the disease and as a consequence presents a
significant challenge to our ability to improve precision of
care in individuals and in populations.

Components of assessment
As highlighted above, dietary assessment is an integral part of
our ability to interpret data intended to draw inferences about
the role of nutrition in health. Although a more fulsome
treatment of this important component of the nutritional
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assessment armamentarium is beyond the scope of this
Perspective, the challenges of assessing dietary intake have
been reviewed (6–8). Clearly, the ability to assess dietary
intake, including the challenges of analysis and availability
of accurate, timely food composition data, the reliance on
subject recall rather than biologically relevant data that
might be provided by such technologies as metabolomics, or
controlling for various other sources of variability, is critical
to drawing clearer conclusions about diet-health relations.
The absence of data to address this critical component of
nutritional assessment is illustrated by recent systematic
reviews addressing needs for formal dietary guidelines for
infants (9–12); their current value has been limited by
the quality of the available evidence. The need to move
this critical aspect of the field forward has been recently
highlighted in the publication of the NIH Nutrition Research
Strategic Plan (13), which includes a highly focused 10-y plan
to address these issues as they pertain to the advancement of
our understanding of diet and health relations.

In principle, useful biochemical assessments of nutrient
status facilitate the sorting of individuals into 3 risk groups
for nutritional adequacy, that is, adequate, marginal, or de-
ficient status. But this can be difficult to achieve considering
there are choices as to what to measure (i.e., what biomarker),
in what biological milieu (e.g., whole blood, serum, urine,
etc.), and what other factors to assess because they influence
the response and/or significance of those biomarkers. These
issues were considered in the Biomarkers of Nutrition for
Development (BOND) project (14), which employed an
ecological approach to provide evidence-informed advice
to researchers (basic, clinical, demographic), clinicians,
program developers/monitors, and policy-makers who rely
on biomarkers to evaluate and make decisions about the
role of nutrients in health. The BOND project included
the examination of 6 nutrients (iron, zinc, iodine, vitamin
A, vitamin B-12, and folate) of public health significance
that also represented the spectrum of issues associated with
the selection, use, and interpretation of biomarkers (14,
15–20). Each of the BOND reviews provided suggestions
regarding the relative value of specific biomarkers for a given
context (e.g., basic compared with clinical research, clinical
assessment/care, population surveillance, program monitor-
ing/evaluation) or to evaluate the strength of research to
support policy/guidance.

In addition to the expert panel conclusions about the
relative value of current and emerging biomarkers, 2 key
issues emerged: 1) the need to recognize that nutrients often
interact in ways relevant to the selection and interpretation of
biomarkers; and 2) nutrient utilization, status, and function
can affect and be affected by key biological/physiological
systems and responses. This latter issue is exemplified by
the reciprocal relations between nutrition and inflammation:
each affect and are affected by each other (21). In addition
to this reciprocity, we have come to appreciate the impact
and need to account for the inflammatory response on the
performance and interpretation of nutritional biomarkers
(22).

The findings of the BOND project further reinforce the
need to pursue new approaches to nutritional assessment
that more fully integrate the biological context in the
selection, interpretation, and deployment of biomarkers.
These implications will be addressed in subsequent sections
of this Perspective.

The “Why” Assessment
Another key aspect revealed by the BOND review pro-
cess was the challenge of defining “function” as a critical
component of nutritional assessment. Understanding and
measuring the effects of nutritional status on metabolic
and physiological functions supporting health have been
a challenge in the selection, use, and interpretation of
measures of nutritional status. Such effects range from
specific functional responses to a change in nutritional
status (i.e., deficiency or excess), to the capacity of an
intervention to cause a desired outcome (e.g., improved
growth, neurodevelopment, immune response). Such effects
can be measured by assessing: direct impacts on a specific
nutrient-dependent system (e.g., visual function in response
to vitamin A, transketolase activation in response to thiamin,
erythrocyte glutamic-pyruvate transaminase activity in re-
sponse to vitamin B-6) or indirect and often nonspecific effects
on functional outcomes (e.g., changes in growth, immune
function, neurodevelopment). The interpretation of such
measures calls for recognizing that the outcomes reflecting
function might not be independently sensitive/specific to
changes in nutrient status (e.g., neurodevelopment or anthro-
pometry) and that traditional measures of program efficacy
or public health impact might not be sensitive/specific
to nutritional status in other contexts (e.g., growth or
anemia).

Just as “nutrition-specific” and “nutrition-sensitive” inter-
ventions have become part of the public health vernacular, a
similar approach is needed for nutritional status assessment.
This calls for terminology that more clearly reflects expecta-
tions about a given measure:

� “Biomarkers” reflect the amount of specific nutrients
interpreted within a specific biological context, i.e.,
health or disease

� “Bioindicators” reflect perturbations in biological sys-
tems (e.g., electroencephalography reflecting aberra-
tions in neurophysiology, hemoglobin concentrations
reflecting hematological status, C-reactive protein
concentrations reflecting inflammation) but do not
reflect specific nutrient status, that is, they cannot
be expected to serve as a biomarker of particular
nutrients

� “Public health indicators” reflect perturbations in the
external ecology (e.g., socioeconomic status, food
insecurity, disability-adjusted life years, or stunting).
These types of indicators are often used to suggest
causality and thus are used as triggers for public health
interventions
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Importantly, both latter types of indicators (“bioindica-
tors” and “public health indicators”) can be nutritionally sen-
sitive without being nutrient-specific. As such, they cannot
be reliably used to make inferences about diet/nutrition and
health without supporting information (23).

Fundamentally, the objective of nutritional assessment is
to determine what is good nutritional status in the context
of health and disease and what constitutes “malnutrition.”
These distinctions speak to expectations about the value of
both the research tools employed and the targets (i.e., “public
health indicators” for public health interventions). Refining
our understanding of the role of nutrition in health calls
for being clear about what is measured as well as its impli-
cations. As detailed below, this conundrum is exemplified
by ongoing questions about how to define and respond to
the intractable problems of global anemia and childhood
stunting. For each, neither the proximal causes nor the most
informative biomarkers are self-evident, thus compromising
the ability to intervene. The complexity of both problems
demands an ecological approach that includes elements of
systems biology to understand the persistent problems and,
ultimately, the translation of that understanding to sensitive
and specific assessment methodologies and interventions.
This requires going beyond single-nutrient or “too much or
too little” approaches.

Applying New Technologies to Nutritional
Science
Biology has been revolutionized by the application of
“omics” techniques, that is, the simultaneous determination
of multiple genes, proteins, or metabolites. These methods
have changed research foci from specific functional pathways
to physiological systems. Systems approaches in nutrition
research are not new (24). “Nutriomics” (25, 26) approaches,
for instance, have facilitated the study of the interactions
between genes and nutrients to further our understanding
of the nature of these interactions and their implications for
health. Herein, we adapt the term “nutriomics” to refer to the
study of patterns (i.e., “nutriomes”) of nutrient functions and
interrelations. For example, the nutriome of inflammation as
presented by van Erk et al. (27) shows that there are multiple
nutrient-dependent points within this critical system. Fur-
ther, it raises important questions: How do these nutrients
interact to affect the function of the system? How sensitive
is the system to fluctuations in particular nutrients? To what
extent is the system affected by endogenous factors? What are
the impacts of short- or long-term deprivation of particular
nutrients?

Some of these types of questions have become the focus
of our emerging understanding of the important intersection
between nutrition and the human gut microbiome. The com-
plexity and value of addressing this dynamic and complex
set of intersecting systems and the relevance of the concepts
presented in this article regarding the NABV approach was
the subject of a recent systematic review (28). A further
example of the value and complexity of a systems approach
has been the evolving efforts to expand our understanding

of neural networks and the human brain “connectome” (29,
30), an area of great potential in terms of the application of
nutriomics.

Below, we will briefly describe 4 cases demonstrating
the benefits of using the NABV framework in
addressing persistent problems of high public health
significance.

Human milk composition
The “Birth to 24 months (B-24)” project (31), which
supported efforts to include infants and children from birth
to 24 mo and pregnant women in future iterations of the
Dietary Guidelines for Americans, identified several key
knowledge gaps needed to fulfill this public health priority.
The most prominent of these gaps concerns the limited
understanding of the biology of human lactation and the
nutritional ecology of human milk. Much of the focus to
date has been on the individual components of human milk
(32). This has resulted in an appreciation of the complexity
of human milk and its many constituents related to the
health/nutritional status of both infants and nursing mothers.
The NABV framework prompts further research into the
functions, regulation, and genetics of components of human
milk including but not limited to the milk-fat globule (33),
milk oligosaccharides (34), peptides (35), immune factors
(36), microbiomes (those of the mother’s breast, milk, and
infant’s oral cavity) (37, 38), and other cellular components
(39). It also prompts questions about the interactions of these
components within the milk matrix, across feedings and over
time, that is, the chronobiology of human milk (40). In short,
the NABV framework approaches human milk as a biological
system—the understanding of which will inform improved
infant feeding practices, standards of care, and public health
guidance.

The value of gaining this type of new knowledge is clear
in an examination of the impact of COVID-19 on infant
feeding practices. At the outset of the COVID-19 pandemic,
questions immediately arose regarding the safety and value of
breastfeeding in terms of potential for vertical transmission
of the SARS-CoV-2 virus and the value of breastfeeding in the
context of SARS-CoV-2 infection. Answers to both questions
were not readily available, which led to suggestions to deviate
from existing policy regarding breastfeeding and use of
human milk. It demanded urgent responses to how to sample
and analyze human milk in the context of the infection,
how to determine the immune response during lactation
and its impact on human milk composition (nutritional
and bioactive), and how best to communicate such new
information to health care providers and the general public
to allay the fears of a confused and fearful population
(41).

Although new guidance has emerged, along with answers
to several core questions (42–47), the immediacy of the issues
surrounding SARS-CoV-2 transmission has outweighed the
need to address the role of nutrition in this context. Other
important questions include the role of nutrition on SARS-
CoV-2 vaccine response and the impact of SARS-CoV-2
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infection on maternal nutrition, lactation performance, and
human milk composition. Of additional concern are the
implications of exposure to SARS-CoV-2 for infant health
and development irrespective of whether the child is infected
with the virus or not. Answers to such questions will demand
an ecological approach that fully integrates all the aspects of
the NABV concepts presented herein.

Drug–nutrient interactions
Responses to xenobiotic agents (e.g., therapeutic or recre-
ational drugs, environmental toxins, etc.) can vary according
to nutritional status, which can affect both the pharmacoki-
netics (absorption, distribution, metabolism, localization in
tissues, biotransformation, and excretion) and pharmaco-
dynamics (relations of drug concentration and action) of
drug metabolism. Both aspects of drug metabolism can be
affected by the biology of nutrition. Whereas food intake
patterns and nutritional status are known to be capable
of affecting drug pharmacokinetics (48), relatively little
attention has been paid to the roles of nutrients in drug
metabolism beyond effects on mixed function oxidases
involved in drug metabolism and pharmacodynamics (49).
The NABV framework would prompt researchable questions
addressing the interrelations of multiple nutrients in systems
regulating drug metabolism (i.e., the nutriome of phar-
macology), implications of multiple nutrient deficiencies,
effects of xenobiotics on nutrient utilization and function,
and the interactions of drug, nutritional status, and the
gut microbiome. It would also prompt inquiries into the
physiological responses to disease (e.g., the impact of
the acute-phase response on nutrient function) and the
relation of nutritional status to drug metabolism during
development.

Again, the evolving COVID-19 pandemic provides a
compelling example of why we need to integrate the NABV
approach more fully into our understanding and evaluation
of this complex system. As highlighted in the recent review
by Bhandari et al. (50), much has been learned and added
to our treatment arsenal for COVID-19. In addition, we
now have the benefit of myriad new vaccines that will
require a functioning immune system to achieve immunity.
Given what we already have learned about the impact of
the pandemic on global food security, we can assume that
there will be an increasing number of vulnerable populations
that will become malnourished. How pre-existing and new
malnutrition affect not only the susceptibility to SARS-
CoV-2 infection but also the response to interventions
(both treatment and vaccination) are compelling issues that
warrant close attention.

By promoting ecological approaches in these research
areas, the NABV framework would call for the consideration
of a wider array of variables, which is likely to enhance the
rigor and reproducibility of such studies to the end of meeting
the goals of precision medicine through the development of
more sensitive and specific interventions informed by more
inclusive nutrition assessment tools.

Anemia
Reduction of the global prevalence of anemia is a target for
many public health efforts. The presumption by many is
that anemia is synonymous with nutritional iron deficiency
(NID). In fact, there is a common view that 50% of anemia is
caused by NID (51); however, it has recently been estimated
that perhaps as little as 25% or 37% of anemia in school-
aged children and women of reproductive age, respectively, is
due to NID (52). Moreover, ∼40% of the world’s women are
anemic (53). This limits their work and learning capacities,
predisposes them to infection, and places pregnant women
at increased risk of poor birth outcomes and dying during
delivery.

Both anemia and NID are significant global health con-
cerns, but they are not the same. Although NID remains the
major micronutrient deficiency worldwide, the conflation of
NID with anemia impacts our ability to address anemia from
a public health perspective and obfuscates the realities that:
1) anemia is a multifactorial disease reflecting the influence
of both the internal (e.g., genetics, inflammation, etc.) and
external (e.g., nutrition, sanitation, infection, altitude, etc.)
ecologies; 2) we need better tools to make diagnoses leading
to targeted treatment; and 3) hemoglobin concentration has
value as a biomarker of hematology, but it is not a biomarker
of NID and should not be used as a public health trigger
for interventions targeting NID. Fundamentally, if correcting
“anemia” is the public health target, we need answers to
critical questions, including:

� What are the contributions of various factors (nutri-
tional, physiological, and genetic) to the etiology of
anemia?

� If the cause of anemia is nutritional, what other
micronutrients—iron, folate, vitamin B-12, vitamin B-
6, etc.—are responsible?

� How do we assess anemia and/or measure hemoglobin
concentrations (venous or capillary sampling?) (54)
and interpret those results in the absence of relevant
biomarkers of nutrient status or the consideration of
other potential causes?

As with other infections, anemia has been implicated as
an outcome of SARS-CoV-2 infection. And, as with other
infections, the association of COVID-19 with anemia is
considered most prominently in the context of the food
insecurity scenario, that is, COVID-19 causes food insecu-
rity, malnutrition, and NID (55). There are many reasons to
assume that SARS-CoV-2 infection might lead to anemia,
not the least of which is that it clearly causes a profound
inflammatory response that could result in a functional
(nonnutritional) iron deficiency and concomitant adverse
functional outcomes (56, 57). In light of the complexity
of this potential relation, the ability to make a plausible
case for either etiology, assessment, or treatment dictates a
comprehensive and integrated approach as outlined by the
NABV framework.

Using a more ecological view, the NABV framework
employed in any particular location would prompt a more
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precise approach to determining the role of nutrition in the
pathogenesis and prevalence of anemia and would afford an
opportunity to consider the specific environmental context
and its implications for intervention (24).

Stunting
Impaired child growth characterized by stunting (low height-
for-age z-score) affects >20% of children younger than 5
y. Although stunting is a global phenomenon, it is more
prevalent in resource-poor communities, particularly in sub-
Saharan Africa and Southeast Asia (58). Although stunting
is seen as a result of nutritional deficits with myriad
concomitant factors (e.g., intrauterine growth restriction,
chronic infection, poor maternal health, genetics, and other
environmental factors), its physiological bases are not well
understood and raise questions about its utility as a public
health target (59, 60). The physiology of stunting is complex,
involving both lean and fat mass, and children with stunting
are at risk of poor outcomes, including an increased risk of
obesity (61).

As with the previous examples, stunting as a global
health indicator has been highlighted as a potential out-
come of COVID-19–driven food insecurity (62). Again,
employing the linear logic of the disease leading to food
insecurity, malnutrition, and then the usual complications
of poor nutrition does not allow for a closer examination
of the biological connection between the risk of, preven-
tion or treatment of, and outcome of the infection. Is
there a plausible connection between the infection and
the outcome, that is, stunting? If so, what role does
nutrition play, and how can we improve the precision of
both the assessment and interventions to address these
scenarios?

Stunting is yet another compelling example of the need
to account for both the external and internal ecologies to
improve precision in surveillance and treatment. In address-
ing stunting, the NABV framework would prompt a more
integrated approach for the evaluation of its physiological,
nutritional, and environmental basis, thereby improving the
precision of assessment and treatment.

Tying it all together
Global challenges like COVID-19 reflect a continuum of
events from risk to outcome to treatment. This continuum
is circular rather than linear and provides the opportunity
for continual input throughout the cycle to inform each
stage leading to improved precision of assessment and
intervention. This continuum reflects the ecology of COVID-
19 (or any other disease) and reinforces the need for a
more comprehensive and integrated approach. With specific
regard to the cases discussed above, each is a significant
public health challenge in its own right and has become
a focal point of interest in the context of COVID-19.
Unfortunately, although there has been increasing attention
paid to each of the cases addressed, the primary challenges
remain: 1) we must address the current lack of evidence
sufficient to support policy and standards of care; and 2)

we must cultivate a knowledge-based view of the role of
nutritional status in developing such policies and standards.
These constitute significant challenges to addressing the
pandemic and developing useful messaging for a fearful
community.

Conclusions
An important goal of biomedical research is to achieve a
level of precision in health promotion, disease prevention,
and treatment. The core premise is that context matters,
and one size does not fit all. The NABV framework is an
ecological approach to conceptualizing complex problems in
which nutritional status is involved as either a cause, an effect,
or (more likely) both cause and effect. Such problems include
those that have been persistent in public health, including
stunting and anemia.

The NABV framework calls for a clearer understanding
of the multiple nutrients interacting within systems—the
nutriome. This understanding requires:

- Consideration of a wider array of end points to account for
both food/nutrient exposure as well as impacts on nutrient
status and function to improve the validity and reliability
of methods of assessment

- A deeper understanding of the intersections of biological
systems, for example, anemia, iron interventions, and the
microbiome (63)

- Improved understanding and exploitation of the linkages
of nutrient biomarkers and bioindicators reflecting the
functions of multiple metabolic/physiological systems of
interest

- Improved collection and analyses of large data sets made
interpretable at the point of care

Viewing nutritional status as a biological variable and
integrating the various relations among nutrient-related
measures and their effects on health and disease highlights
the complexity and importance of nutrition science. The
NABV approach will also help facilitate achieving the goals
of precision medicine, because nutritional status is highly
individualized, even in persons with similar food habits, thus
affecting physiological function, immune competence, and
drug efficacy in idiosyncratic ways.

The earlier eras of nutrition science revealed the various
nutrients, both essential (i.e., those that must be provided
via a dietary/exogenous source) and nonessential (i.e., those
that can be endogenously produced), that play indispensable
roles in metabolic and physiological systems. Subsequent
research on the functional effects of single nutrients along
with population-based epidemiology have been used to
infer the public health implications of common dietary
patterns. These efforts have focused largely on the pre-
sumed causal character of nutrient functions and have not
always appreciated that nutrient functions can be related
to functions of other nutrients and metabolites. Studies of
dietary patterns have also been limited by their attention to
either the internal (plausible biological mechanisms, validity
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of nutritional assessment methods) and external (accu-
racy of exposure measures) ecologies, weakening apparent
cause–effect inferences. As a result, the advancement of
our understanding of the actual role of nutrition in the
support of health promotion and disease prevention has been
limited.

The NABV framework offers the potential to transcend
those limitations. It is an ecological approach facilitated by
systems-based nutriomics methods that are now feasible
because of advances in analytical and data processing
methodologies. Methods are now available to consider the
large arrays of factors interacting to influence the functions
of nutrients, and these afford unprecedented opportunities to
develop evidence-informed public health programs/policies.
Standards of care can now be based on integrated, mul-
tidisciplinary approaches that include an understanding of
nutrition science and human biology and that adhere to the
principles of rigor and reproducibility. The challenges are
daunting, but we should not be daunted by them. It will take
a concerted effort, but the return will be well worth it.
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