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ABSTRACT
The ability to develop evidence-based clinical guidance and effective
programs and policies to achieve global health promotion and disease
prevention goals depends on the availability of valid and reliable
data. With specific regard to the role of food and nutrition in achiev-
ing those goals, relevant data are developed with the use of biomarkers
that reflect nutrient exposure, status, and functional effect. A need
exists to promote the discovery, development, and use of biomarkers
across a range of applications. In addition, a process is needed to
harmonize the global health community’s decision making about
what biomarkers are best suited for a given use under specific con-
ditions and settings. To address these needs, the Eunice Kennedy
Shriver National Institute of Child Health and Human Development,
National Institutes of Health, US Department of Health and Human
Services, organized a conference entitled ‘‘Biomarkers of Nutrition
for Development: Building a Consensus,’’ which was hosted by the
International Atomic Energy Agency. Partners included key multi-
lateral, US agencies and public and private organizations. The
assembly endorsed the utility of this initiative and the need for
the BOND (Biomarkers of Nutrition for Development) project to
continue. A consensus was reached on the requirement to develop a
process to inform the community about the relative strengths or
weaknesses and specific applications of various biomarkers under
defined conditions. The articles in this supplement summarize the
deliberations of the 4 working groups: research, clinical, policy,
and programmatic. Also described are content presentations on
the harmonization processes, the evidence base for biomarkers
for 5 case-study micronutrients, and new frontiers in science and
technology. Am J Clin Nutr 2011;94(suppl):633S–50S.

INTRODUCTION

The global health community has increasingly recognized the
integral role of food and nutrition in health maintenance and
disease prevention. It is estimated that, globally, maternal and child
undernutrition results in 3.5 million deaths per year and accounts
for 35% of the disease burden in children ,5 y of age (1). Within
that burden of undernutrition is the ‘‘hidden hunger’’ of single
and multiple micronutrient insufficiencies affecting ’2 billion
individuals in both developed and developing countries (2).
These micronutrient deficiencies occur in both overweight and
underweight individuals (3). Coincidentally, overweight and
obesity are becoming more prevalent, with an estimated one
billion adults and 22 million children classified as overweight
(4). Thus, the ‘‘dual burden’’ of over- and undernutrition pres-

ents a major challenge (5).The ability to assess the role of nu-
trition in disease prevention and health promotion is predicated
on the availability of accurate and reliable biomarkers that re-
flect nutrient exposure, status, and effect. The recent Lancet series
on maternal and child undernutrition highlighted the need for
the ‘‘development of methods to assess nutritional status and its
determinants’’ as a critical area of research (1).

Biomarkers are essential components for clinical and com-
munity assessment, yet confusion remains surrounding their use
and application. In the context of food and nutrition, 2 questions
stand: ‘‘What is a nutritional biomarker?’’ and ‘‘What does it
measure?’’ One definition of a biomarker is ‘‘a distinctive bio-
logical or biologically derived indicator (as a biochemical me-
tabolite in the body) of a process, event, or condition (as in aging,
disease, or exposure to a toxic substance)’’ (6). Others view bio-
markers more as measurable molecules or ‘‘characteristics’’ that
are the responses to disease or interventions. In the context of
nutrition, biomarkers are often categorized as indicators of ex-
posure, status, and function or effect (Figure 1).

What might be a useful index of nutrient exposure may not
necessarily reflect nutrient status, which, in turn, may not nec-
essarily reflect the effect or function of that nutrient (Figure 1).
The choice of a biomarker is therefore contingent on issues
related to interpretation, implementation, the context of use, and
capacity/resource needs. To some, clinicians for example, the
goal is to find biomarkers that reflect all 3 components: expo-
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sure, status, and effect of a nutrient. These components might be
less useful to an agency seeking to estimate populations at risk
of a particular nutrient deficiency.

There are 4 main user communities for nutritional biomarkers:
1) research (including basic research into the role of nutrition in
biological systems and clinical and operations research), 2)
clinical care, 3) programs (surveillance to identify populations at
risk, monitoring, and evaluation of public health programs), and
4) policy (evaluation of the evidence base to make national or

global policy about diet and health, funding agencies making
decisions about priorities in food and nutrition). Each use has its
own specific user needs, as well as overlapping needs.

In terms of the current state of science, systematic reviews
have been used to evaluate biomarkers for a range of micronutrients,
and the results of those reviews were recently discussed in
a report from the ‘‘Biomarkers of Micronutrient Status: EUR-
RECA Workshop’’ (7). These results emphasized the lack of
clarity on the definition of biomarkers and their application and
purpose. The proceedings also emphasized an urgent need for
a focused research agenda, especially from a physiologic de-
velopment perspective, and irrespective of the specific micro-
nutrient. Even for nutrients for which there is a significant body
of evidence, many knowledge gaps exist that have prevented the
implementation of recommendations, even for the best-validated
biomarkers.

BIOMARKERS OF NUTRITION FOR DEVELOPMENT:
PROJECT DESCRIPTION

The Eunice Kennedy Shriver National Institute of Child Health
and Human Development (NICHD) conceptualized an initiative
entitled ‘‘Biomarker of Nutrition for Development (BOND)’’ in
2009 (http://www.nichd.nih.gov/global_nutrition/programs/bond/).
The goal of BOND is to address 2 core issues: 1) the continuing
need to identify, develop, and implement valid and reliable
biomarkers and 2) the need to harmonize the global health and
nutrition communities’ decision-making process for determining
which biomarkers are most useful under defined conditions and
settings. BOND is intended to provide guidance, both for the
selection and interpretation of biomarkers and to support a re-
search agenda aimed at discovery, development, and use of bio-
markers to be incorporated into the community’s research,
clinical, program, and policy-making activities.

The initial activity of the project was a workshop ‘‘Biomarkers
of Nutrition for Development: Building a Consensus,’’ organized
by the NICHD and hosted by the International Atomic Energy
Agency of the United Nations System (IAEA) in February 2010.
Seventy-eight participants attended who represented the breadth

FIGURE 1. The class of nutritional biomarkers and their overlap.
Exposure—definition would be contingent on the goal of the evaluation:
clinical (what is the baseline information to distinguish between dietary
insufficiency compared with a physiologic response to a clinical condition
or intervention?); program (at a program level what is the amount of intake
of the target population and does it indicate a need, risk, or favorable
response to an intervention?). Status—where does the individual or group
stand relative to an accepted standard: clinical (a condition that is subject to
change); clinical/population (the relative position or standing of somebody
or something in a society or other group). Function/effect—direct: did it get
from mouth to cell and is it being used (eg, enzyme stimulation assays to
evaluate incorporation of cofactors into dependent enzymes, such as vitamin
B-6/pyridoxine into erythrocyte glutamic pyruvic transaminase or thiamine
into transketolase)? Does the function matter beyond a reflection of nutrient
status? Indirect: is the nutrient-dependent system functioning better or
worse? Systemic effect of nutrient problem (eg, growth and zinc, vision
and vitamin A).

TABLE 1

Elements of biomarker research agenda

d Elucidation of factors affecting nutrient homeostasis, including the relation between circulating nutrient concentration and specific tissues (eg,

gastrointestinal, liver)

d Evaluation of the relative response (eg, change in concentration or activity) of biomarkers of specific nutrients in individuals with presumed normal,

depleted, or replete status

d Assessment of the utility of biomarkers for uses at both the individual and population levels

d Elucidation of nutrient-nutrient and genome-nutrient (including polymorphisms and epigenetics) interactions

d Identification and development of reliable, standard assays and reference materials

d Identification of informative combinations of biomarkers to provide more sensitivity and specificity for assessing nutrient status/effect

d Improved biochemical indexes of inflammation and infection

d Development of multiplex assays (multiple assay platforms) for clinical and program use

d Development of methods to distinguish primary nutritional problems from secondary effects due to disease

d Elucidation of exposure thresholds of both deficiency and toxicity for clinical diagnosis and/or population-based use with an emphasis on distinctions

by life cycle, particularly for infants and pregnant women

d Conduct dose-response studies to establish dietary references and biomarker cutoffs to determine the heterogeneity of responses in different age

groups and different settings

d Mining of available data sets on children and young women of child-bearing age to establish the relation of transient changes in nutrient

status/exposure to long-term health promotion and disease risk

d Implementation of research to identify social/cultural factors that may influence the ability to collect sample (eg, resistance to venous blood collection)
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of the global food and nutrition enterprise; multilateral, unilat-
eral, and nongovernmental organizations; foundations; and the
private sector (see Appendix A).

The working groups (WGs) were asked to develop an ap-
proach to be used in the evaluation of currently available bio-
markers for a set of 5 nutrient case studies (iron, zinc, vitamin A,
folate, vitamin B-12). For the purpose of creating a structure that
would include considerations applicable to each nutrient, each
WG identified key questions and considerations for biomarker
selection from their user perspective. The 5 case-study nutrients
were selected by a steering committee and were based on the
perceived public health importance and unique challenges re-
lated to each nutrient. This was a didactic exercise conducted to
explore how best to proceed with developing a resource useful
for the global food/nutrition community. It was not an attempt to
make recommendations about specific biomarkers.

The workshop facilitated deliberations of the WGs by presenting
expert reviews on each case nutrient within group discussion

sessions (Workshop Agenda; Appendix B). This supported the
development of agreement regarding the general principles of a
biomarker definition and the formation of a process to identify the
relative strengths or weaknesses of various biomarkers for specific
applications.

The following is a synopsis of the reports prepared by the WGs
followed by a series of reviews based on the presentations made.
The full reports of the WGs are available on request.

WORKING GROUP OVERVIEW

The organizers recognized that the 4 WG categories represent
a continuum of activity across the nutrition enterprise. Conse-
quently, the WGs were asked not only to represent their particular
concepts and principles but also to identify cross-cutting and
intersecting interests. For example, clinicians are often involved
in research and program evaluation, policy makers frequently
identify areas of research need, and so on. The BOND workshop
was designed with these linkages in mind, allowing for sub-
stantial interfacing of the WGs to exploit common areas of in-
terest. This helped to focus discussion on the particular needs
of each user group as well as on the themes common to all users.
The following sections represent the composite work of WG
reports.

OVERVIEW OF BIOMARKER RESEARCH AGENDA

BOND participants emphasized the need to identify and
validate nutritional biomarkers to assess nutrient exposure, status,
and functional effect at both the individual and population levels.
They emphasized that, whereas sensitive and reliable biomarkers
are required for use with subjects of all ages, the greatest needs
for such tools are for applications involving pregnant women,
preterm/low-birth-weight infants, term infants, and children.

There was agreement on the overarching research goal of
biomarker needs assessment, beginning with all dietary essential
nutrients. Features of such an assessment are included in Table 1.
A number of ‘‘cross-cutting’’ issues were identified that affect bio-
marker discovery, development, and implementation irrespective of
use. Many of these are listed in Table 1, and they are covered in
individual report summaries below.

TABLE 2

Cross-cutting issues in biomarker selection

Biological

d Developmental stage

d Physiology (eg, growth, pregnancy)

d Inflammation and/or infection (chronic vs acute)

d Disease-specific considerations (including relevant genetic

polymorphisms)

d Systems biology: integrity of gastrointestinal tract, hepatic, or other

related systems

d Routes of exposure (eg, affected by dietary intake, short- vs long-term

exposure, food-based vs supplementation, intravenous)

d Pharmacology (drug/nutrient interactions)

d Sample size (amounts of biological tissue required)

Assay-specific issues

d Cost

d Technical and human capacity

d Environmental conditions of use and storage

d Sampling burden (field to laboratory)

d Analysis burden (eg, laboratory-specific needs)

d Amenable to multiplexing (eg, multiple assay platforms)

d Standardized and validated assay

d Recognized/accepted standard reference materials

TABLE 3

Research applications for biomarkers

Application Elements

Molecular biology

(use of cultured cells)

Need biomarkers to test specific hypotheses that can provide information about the contents of and metabolic responses

to nutrients.

Animal-based research

[model systems (rodent/

nonhuman primate) and

livestock/domestic]

Requires biomarkers capable of providing information about the nutrient contents of foods/nutrient intervention, baseline

tissue concentrations, and metabolic/physiologic responses of tissues to nutrients under defined experimental (eg, dietary,

physiologic, genetic, pharmacologic, and/or physical) conditions.

Human studies (metabolic studies,

epidemiology, clinical trials,

community-based interventional

studies, and program evaluation)

Studies to elucidate the metabolism of specific nutrients, determine quantitative dietary nutrient requirements, evaluate

factors that may affect those requirements, evaluate the efficacy and sustainability of interventions and programs, and

identify nutrient-health relations.

Clinical trials including community-based intervention trials test specific hypotheses and demand biomarkers to assess

nutritional status and metabolic/physiologic responses to interventions across the life cycle.

Program evaluation requires biomarkers to assess nutritional status and physiologic responses to program participation. In

this respect, programs are much like uncontrolled interventions, calling for the use of baseline (preparticipation)

evaluation as the basis of comparison.
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BOND participants were requested to address certain pro-
cedural issues that influence not only the discovery and de-
velopment of biomarkers but also the codification of a biomarker
as an acceptable standard by the community. Several consider-
ations were recognized that affect interpretation and conclusions
derived from data (eg, subjects with well-defined controlled
intake compared with data from free-living populations in whom
intake was uncontrolled).

Participants recognized that systematic reviews have been
valuable for evaluating the validity of particular biomarkers.
However, this approach is limited by the fact that the evidence
base may not allow a priori questions related to the informative
value of a specific biomarker. This situation is exacerbated by the
general lack of randomized trials designed to test biomarkers.

RECOMMENDATION FOR CONTINUED EFFORT

There was an endorsement on the utility and need for the
BOND initiative, and a request that the NICHD continue to fa-
cilitate that goal. Several follow-up activities were proposed and
endorsed:

� Publication of the proceedings of the meeting in a peer-re-
viewed journal
� Dissemination of the proceedings and BOND-related activities

via participation in relevant meetings of the nutrition commu-
nity (eg, Experimental Biology)
� Development of resources to include 1) a BOND website

linked with other ongoing programs involved in biomarker-
related work [eg, EURopean micronutrient RECommendations
Aligned (EURRECA), World Health Organization (WHO)]
and 2) virtual resource for organizing biomarker information

according to user needs, starting with the case study nutrients
(iron, zinc, vitamin A, folate, vitamin B-12).

� Development of a targeted research agenda based on the
review and deliberations of expert panels and the continued
involvement of the BOND Steering Committee in the devel-
opment of these resources

WORKING GROUP REPORTS

The following are summaries derived from the 4 WG reports
and discussions.

Research WG report

Chair: Gerald Combs Jr, US Department of Agriculture, Washington,
DC
Rapporteur: Samir Samman, University of Sydney, Sydney, Australia

The Research WG had a unique role to play in this process
because their work reflected not only the needs of those actively
engaged in food/nutrition-related research but also those most
actively engaged in the discovery and development of biomarkers.
Their report reflected aspects of both.

Currently, nutrition research is limited by the lack of a well-
developed approach to experimental design that includes the ef-
fective use of nutritional biomarkers. Although a wide variety of
biomarkers are available for use, in many cases a lack of international
consensus exists regarding the appropriateness of those uses.

The ability to move toward such a consensus calls for the
identification of the following:

� The most useful biomarkers (those with the greatest inferential
value for assessing nutrient status, including utility in distin-
guishing among deficiency, adequacy, and toxicity as well as
assessing aspects of physiologic function and/or health)

� Useful combinations of biomarkers where relevant
� Limitations of biomarkers (including interindividual variation

that limits applicability for use with individuals and/or groups
and the effects of many of the cross-cutting issues itemized in
Table 2—eg, age, genotype, and inflammation/infection)

� Reference values (identification of cutoffs, where appropri-
ate, for the identification of risks of nutrient deficiency and
toxicity)

The Research WG recognized that, in principle, the various
applications for biomarkers described in Table 3 constitute a de
facto process of ‘‘translational science’’ whereby discoveries yield

TABLE 4

Clinical definition of a biomarker1

A biomarker is a biological characteristic that can be objectively measured

and that serves as an indicator of normal biological processes, pathogenic

processes, or responses to therapeutic interventions. Biomarkers can be

broadly characterized into 3 groups: those that measure physical or

genetic traits (anthropometric indexes, metabolic gene polymorphisms),

those that measure chemical or biochemical agents in the biological

system (plasma retinol, iron, zinc), and those that assess a measureable

physiologic function (test of night vision, cognitive assessment) or future

clinical risk.

1 From reference 8.

TABLE 5

Uses of biomarkers in clinical settings

Condition Elements

Apparently ‘‘healthy’’ patients Biomarkers should assess

d Reserves

d Pool size

d Tissue amounts of the nutrient

The biomarker should also be useful in determining the

response to clinical treatment of the deficiency or disease

state.

‘‘Sick’’ patients The ideal biomarker should assess

d The patient’s status for a specific clinical problem

d Reflect a current state of deficiency or clinical disease

The utility of a biomarker also relates to the acuteness

or severity of a condition and the response needed.
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new knowledge, which then informs practice. In practice, the
translational use of nutritional biomarkers must start with the
identification and validation of such biomarkers. The actual dis-
covery or identification of new biomarkers may involve studies in
vitro, in cells, in in vivo animal models, and in human subjects.
Often such research can be nested within other nutritional studies.

In addition to the needs identified above, the Research WG
recognized that considerations of the wide array of research needs
raises points relevant to specific applications of prospective nu-
tritional biomarkers, each of which must be addressed in the
context of specific experimental needs or conditions of use. Many
of these represent common themes emphasized by all groups
and include the following: informative value regarding nutritional
status, reflection of body stores, reflection of utilization and func-
tion of the nutrient or nutrients, responsiveness to changes in intake
and/or status, degree of specificity, use of multiple biomarkers for
specific nutrients, availability of consensus reference values, prac-
tical needs for sample collection and storage, quality/assay stan-
dardization metrics, technical feasibility, and cost.

Clinical WG report

Chair: Bernard Brabin, Liverpool School of Tropical Medicine,
United Kingdom
Rapporteur: Frank Greer, University of Wisconsin-Madison,
Madison, WI

The Clinical WG definition (Table 4) reflects the reality that
clinicians are asked to assess the nutritional status of people who
are healthy or sick or who have subclinical illness. Disease itself
has a major effect on nutrient metabolism, but the disease is not
the only factor the clinician has to consider in assessing the
nutritional status of an individual patient. Many of those other
considerations are outlined above as cross-cutting issues and
include life stage, medications, metabolic abnormalities, sex,
and genetic variation. Each must be taken into consideration to
put the results of biomarker tests into a relevant context for
clinical care. A biomarker may also have utility in predicting
future risk of disease or long-term functional outcomes if ab-
normal values persist. Relevant clinical factors and underlying
biological conditions are summarized in Table 5.

In addition to the cross-cutting issue and items outlined pre-
viously, the Clinical WG highlighted the importance of genetics

(including gene polymorphisms) as an area of particular rele-
vance to the determination of the clinical usefulness of bio-
markers. The WG cited several examples including the effect of
genetic hemoglobinopathies on iron metabolism and assessment
(9). Other examples included the polymorphisms affecting vita-
min A, vitamin B-12, and folate. Our knowledge of how genetic
variability influences the clinical interpretation of biomarkers in
individuals is currently limited and will greatly increase as re-
search continues in this major new field of investigation.

As outlined in their definition, measurement of biomarkers
relies on the collection of biological fluid or tissue biopsy material
with the application of standardized biochemical procedures. A
number of problems around the setting (collection and processing
site) include timing of the collection, relation to meals, patient
discomfort from the procedure, risk of infection from the col-
lection, and subject compliance in general. Often there is a need for
sophisticated equipment, reagents, and instrumentation (eg, re-
frigerators, freezers, centrifuges, spectrometers, chromatography
equipment). In short, the collection of even the gold-standard
biomarker for a nutrient may not be feasible or perhaps desirable in
many settings.

There was a clear consensus from the WGs that appropriate
biomarkers were not yet available for assessing the status of many
nutrients. In some cases, newer approaches may be needed to
identify potential biomarkers; examples of such new technologies
include gene expression arrays to detect genes coding for particular
proteins—eg, specific nutrient transport proteins or storage pro-
teins proteomic techniques to directly identify target protein
biomarkers. As methods are streamlined and simplified, these new
biomarkers could then be used in studies to assess their usefulness
in clinical or field conditions, particularly in low-resource settings.

The Clinical WG endorsed the need for the application and
utility of biomarkers in the context of large, multicenter trials
with long-term follow-up to provide adequate databases. Cohort
studies in children and adolescent girls (young women of child-
bearing age) followed through adulthood are also needed to
establish the relation of biomarkers to transient changes as well as
long-term risks and outcomes. An example of this is the National
Children’s Study currently underway in the United States. In
addition, prospective dose-response studies evaluating different
nutrient intakes on biomarker responses in multicentered trials
are required to determine the heterogeneity of responses in dif-
ferent age and racial groups living under different environmental
conditions.

TABLE 6

Definition of biomarker for policy use

Definition: an indicator that provides evidence on the magnitude and

distribution of individual nutrient deficiencies/excesses, which has been

subjected to scientific review and for which there is international

consensus.

A biomarker should

d Have well-defined criteria for its application both for individuals and for

population groups

d Have standardized methodologies

d Have evidence-based cutoffs to distinguish between ‘‘normal’’ status and

varying degrees of deficiency or excess

d Be responsive to interventions that aim to improve status and prevent

deficiency of a particular nutrient

d Serve to guide resource allocation decisions as to whether investments

are effective

TABLE 7

Criteria for biomarker use in policy context

d Generally regarded by the global community as the best biomarker for

a given use under defined conditions

d Standardized cutoff established by accepted authoritative body (eg, World

Health Organization)

d Relevant at the population level rather than the individual level

d Generally should be the best 1 or 2 markers for a given nutrient for use at

population level

d Should distinguish between short- and long-term status/exposure

d To the extent possible, should distinguish between effect of nutrient

exposure and a nutrient/disease-related outcome

d Should reflect a biologically relevant response to an intervention

d Cutoffs for biomarker must be relevant and interpretable within the context

of the country, region, or population of interest
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Program WG report

Chair: Emorn Wasantwisut, Mahidol University, Thailand
Rapporteur: Lynnette Neufeld, The Micronutrient Initiative, Ottawa,
Canada

In most countries, specific programs are in place to increase the
intake of micronutrients from food and supplementary sources
(eg, food fortification and promotion of dietary diversity). Many
such programs are intended to prevent and treat specific mi-
cronutrient deficiencies and their functional consequences. In the
context of programs, biomarkers are needed to determine the need
for programs in populations (both exposure and status) and to
assess changes in response to program interventions and/or con-
ditions in those populations over time.

Programs should be designed and implemented on the basis
of an identified need at the community (local and national) level
to address a high prevalence of a nutrient-specific functional pro-
blem (eg, a high prevalence of night-blindness) or on evidence of
limited nutrient exposure. In the context of program evaluation,
biomarkers should ideally be included that are in the causal pathway
between exposure, the program interventions, and functional
outcomes.

In addition to status and function, program managers require
information related to the delivery, acceptance, and utilization of
interventions, which cannot be provided from biomarkers. The
identification of specific and appropriate objectives for the use of
biomarkers and the recognition of the strengths and limitations
for their use in programs are vital. Most countries where mi-
cronutrient deficiencies remain public health problems require
capacity strengthening in the planning stage to ensure that the
objectives and opportunities for the use of biomarkers are ap-
propriately identified. Program managers require specific in-
formation related to the use of biomarkers (eg, sample size, timing
and frequency of measurements) to meet specific program objec-
tives, and capacity to provide this support is often limited. Capacity
development for in-country collection, processing, and analysis of
samples in standardized laboratories is also required.

Currently available biomarkers have a number of important
limitations for use in the programmatic context, particularly in
resource-constrained settings with high disease burden. For the
program manager, although biomarkers provide estimates of
deficiency or excess, in isolation (ie, without some other re-
flection of function or effect) they may not in and of themselves
reflect optimal health or even serve as an accurate reflection of
nutrient status. Programs that use low doses of nutrients to
prevent and ameliorate nutrient insufficiency at a population level
are appropriate in many settings, and biomarkers are often used
effectively to measure the success of such efforts. However, under
certain circumstances, interventions and programs could be
strengthened by the ability to target the individual and specific
health outcomes rather than nutrient status alone. A well-known
example is the current WHO recommendation to provide iron
supplements only to anemic individuals with risk of iron de-
ficiency in malaria endemic areas (10). In the absence of markers
reflecting the larger health context (eg, inflammation associated
with malaria), the interpretation of the iron biomarker alone is
compromised. In addition, in a program context, better in-
formation about the effect of such genetic conditions such as
thalassemia on specific biomarkers and implications for cutoffs,

use, and interpretation is urgent. In the future, programs would
be greatly improved with the inclusion of biomarkers that could
simultaneously reflect the status of multiple micronutrients, going
beyond the usual selected few (ie, vitamin A, iron, zinc, iodine,
folate) and in line with assessment of status associated with op-
timal health.

The Program WG recommended the development of a
guide that would assist program managers in the selection,
use, and appropriate interpretation of biomarkers to improve
programs.

Policy WG report

Chair: Mary L’Abbé, University of Toronto, Toronto, Canada
Rapporteur: Jonathan Gorstein, University of Washington,
Seattle, WA

Malnutrition (under-/overnutrition involving macro-/micro-
nutrients) underlies significant public health problems in many
parts of the world. From the policy perspective, robust evidence
on the magnitude of these nutritional problems is required to
establish priorities for investment and track the implementation
and effectiveness of intervention programs. Furthermore, a need
exists to assess toxicity and nutrient excess, as this is also critical
for policy makers, especially when interventions are being planned
or evaluated. A definition of a biomarker and uses relevant to
policymakers are found in Table 6.

Criteria for considering the utility of a particular biomarker
within a policy context are listed in Table 7. Consequent to re-
source availability and priority, in most cases policy makers or
national governments confine the choice of biomarkers to rela-
tively few—usually only 1 or 2 biomarkers are used to describe
the status of the population. Thus, the biomarkers selected must
be the most relevant to support achievement of the user’s goals
and objectives. The Policy WG reiterated many of the core
characteristics required for a biomarker outlined by the other
WGs, including utility for assessing exposure or intake of a -
nutrient, status of the population, and whether the biomarker
reflects short- or long-term status/exposure or a particular bio-
chemical, physiologic, neurological or behavioral function. The
Policy WG emphasized the need for biomarkers that have been
validated and endorsed by the international community to ensure
a level of confidence in the data.

Ultimately, the collection of biomarker data for policy ap-
plications will have to balance different factors while still en-
suring that the data are meaningful to estimate the magnitude and
distribution of nutrient status and deficiency, and track effects of
interventions. Nutritional assessments done to formulate policy
are usually based on surveys of populations rather than in-
dividual/patient-based data. Such monitoring is usually done at
the country or regional level, and the general policy uses include
the following:

� Identification of nutritional problems within a population or
population subgroup

� Assessment of the efficacy of policies introduced to reduce the
identified problem

� Monitoring of other potential effects

The WG emphasized that the selection of a biomarker, irre-
spective of use, is often constrained by the setting both in terms
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TABLE 9

Research needs by nutrients

Nutrient

Vitamin A

d Evaluate the relative merits of currently used biomarkers of vitamin A (eg, retinol binding protein compared with retinol at different stages of vitamin A

status) in terms of cost-effectiveness, feasibility, and diagnostic performance

d Identify biomarkers that will be most appropriate to validate dietary estimates of vitamin A intake to monitor dietary interventions and food-based strategies

d Identify biomarkers that are sensitive to acute changes in vitamin A intake

d Identify biomarkers that can classify subclinical vitamin A deficiency (eg, the meaning of the serum retinol range between 0.70 lmol/L and 1.05 lmol/L is

unclear, and methods are needed to assess the link between mild ranges of vitamin A deficiency and health consequences)

d Test the diagnostic performance of retinyl esters (including vitamin A toxicity) against robust gold-standard measures of hepatic stores (isotope

dilution methods)

d Validation of new methods for quantifying dark adaptation

d Standardize approaches used to interpret biomarker distributions in the presence of inflammation and infection

d Adapt current or new vitamin A biomarkers to increase feasibility in the field (eg, methods that do not require cold storage such as dried blood spot assay)

d Develop guidelines for the use of modified relative dose response as a sensitive indicator for program evaluation (subsample where status

measures are used)

Iron

d Identify additional iron biomarkers, eg, hepcidin, nontransferrin bond iron (NTBI) and their utility under defined conditions of use

d Explore the potential of new noninvasive technologies to assess iron status and effect such as MRI (magnetic resonance imaging) assessment of

tissue-specific iron, noninvasive liver iron quantification by SQUID (superconducting quantum interference device) bio-susceptometry,

zinc-protoporphyrin determination by direct measurement of fluorescence of mucosal/epithelial tissue

d Improve technology to ensure that rigorously standardized specific iron biomarkers are available

d Iron measurements across the life cycle; with specific emphasis on women of reproductive age and during pregnancy, infants and children aged ,5 y, and

the elderly

d Special emphasis on outcomes most relevant to resource-limited settings including neonatal and infant mortality, iron status of infants during the first 6 mo

of life, and infant cognitive, motor, and behavioral development

d Biomarkers of iron exposure are needed, particularly during pregnancy (storage markers of iron are less useful because maternal iron stores are frequently

low or depleted during the third trimester)

d Determine the association of iron status in infants at birth and again at age 6 mo in relation to maternal iron status including an evaluation of the effect of

different exposure scenarios (maternal supplements vs food-based interventions) during

pregnancy on infant outcomes

d Assess functional deficits in relation to body iron stores particularly in infants and young children. Current methodologies might include immunologic

responsiveness, molecular assessment of enzyme activity, use of visual and/or auditory evoked potentials that can be measured beginning shortly

after birth

d Identify measures of iron excess

d Examine the effect of inflammation, including infections and neoplastic disorders on iron biomarkers; this would include further exploring the use of

acute phase proteins, eg, C-reactive protein (CRP) and a1-acid glycoprotein (AGP) to evaluate serum ferritin cutoffs

d Development of multiplex assays to measure iron and inflammation (eg, ferritin, short tandem repeat, CRP, AGP) that are appropriate for field use

d Evaluate the utility of iron biomarkers in populations with high prevalence of a-thalassemia and relevant genetic polymorphisms

d Reassess the utility of hemoglobin for establishing the severity of nutritional iron deficiency in population surveys

d Establish international standards and cutoffs for primary iron biomarkers (hemoglobin, ferritin, serum transferrin receptor) that are life course/sex specific

d Establish processes to harmonize international standards for biomarkers to improve the assay calibration and utility (eg, specific reference was made to the

serum transferrin receptor/ferritin ratio to assess body iron status in healthy and unhealthy populations for program evaluation as well as for individuals)

Folate/vitamin B-12

d Build a greater understanding of single-carbon metabolism and identify biomarkers that reflect the interactions between components of single-carbon

metabolism (eg, folate, vitamin B-12, choline)

d Discover and/or validate biomarkers that can measure potential adverse effects of overexposure to folate

d Identify folate biomarkers for large-scale/population-based screening purposes

d Validation of percentage bioavailability correction needed with high intakes of vitamin B-12, to reflect actual percentage absorbed; determine intakes

needed to normalize vitamin B-12 biomarkers in healthy populations using correct bioavailability values

d Evaluate the relative utility of transcobalamin II (holoTC) compared with serum vitamin B-12 for various purposes

d Identify biomarkers of short-term, inadequate vitamin B-12 status

d Explore linkages of folate biomarkers to function (eg, neural tube defects) and determine cutoffs indicating increased risk of tissue dysfunction

d Develop clear recommendations on when to measure red blood cell folate vs serum folate

d Improve understanding of the functional effect of folate status, particularly with regard to its effect on DNA methylation or damage and the relation to

increased risk of chronic disease

d Risks associated with high serum or red blood cell folate and unmetabolized, free folic acid, especially where vitamin B-12 depletion and deficiency

are prevalent

d Develop cutoffs for serum, red blood cell, or free folic acid that reflect increased risk of possible adverse effects, especially in the presence of vitamin

B-12 deficiency

d Identify biomarkers of folate status that will be most useful in the evaluation of health effects of folate intervention programs in healthy and high

disease-prevalent (eg, malaria) settings

(Continued)
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of the environment (eg, sanitation, temperature) and technical
capacity (eg, trained technicians, requisite equipment, sample
collection procedures, storage needs and facilities). There is a
need to consider costs involved for all aspects, from specimen
collection and specimen transport to laboratory analysis. Finally,
it was recognized that there are often limitations to the ability to
collect specimens due to social/cultural constraints (eg, a lack of
community acceptance).

The Policy WG endorsed the development and use of di-
agnostic platforms that enable direct analysis and data storage
at the field/community level because they can potentially
provide immediate results and feedback that can be used for
individual or population screening and decision making. The
need was recognized for potential compromise between the
rapid response required and availability and precision of
results.

EVALUATION OF BIOMARKERS AND RESEARCH
NEEDS BY CASE-STUDY NUTRIENTS

In addition to outlining conceptual issues, each WG was also
asked to apply those concepts to an evaluation of currently
available biomarkers for 5 case-study nutrients (vitamin A, iron,
zinc, folate, vitamin B-12). A summary of their assessments as
an exploration of how currently available biomarkers might be
viewed in the context of specific user needs is shown in Table 8.
This includes their considerations of research needs for those
nutrients.

This table (Table 8) is not intended to be an exhaustive
evaluation of all currently available biomarkers for each of the
case study nutrients. Moreover, it is not to be interpreted as a set
of recommendations for biomarkers endorsed by the BOND
participants. It is a reflection of relative strengths and weak-
nesses identified during the WG deliberations that can inform
future efforts to harmonize biomarker selection as well as efforts
to improve and expand the biomarker toolkit.

RESEARCH NEEDS BY NUTRIENT

Research needs identified by the WGs for each of the case
nutrients are summarized in Table 9. This list is not exhaus-
tive but indicates user needs. It is hoped that this listing will
form the basis for a targeted research agenda to advance the
discovery and identification, development, and use of bio-
markers across the range of users represented by the BOND
initiative.
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APPENDIX B

‘‘Biomarkers of Nutrition for Development: Building a Consensus’’
Hosted by the International Atomic Energy Agency

Organized in collaboration with the Eunice Kennedy Shriver National Institute of Child Health and
Human Development, National Institutes of Health, US Department of Health and Human Services

February 8–10, 2010
Venue: International Atomic Energy Agency Headquarters

Vienna, Austria
Board Room A (M Building)

AGENDA

Monday, February 8

9:00–9:45 Session I: Welcoming Remarks and Introductions
Chair: Lena Davidsson, International Atomic Energy Agency

9:00–9:10 Welcome from the International Atomic Energy Agency
Werner Burkart, International Atomic Energy Agency

9:10–9:20 Welcome from the National Institutes of Health
Yvonne Maddox, National Institutes of Health, US Department of Health and Human Services

9:20–9:30 Welcome from the Bill and Melinda Gates Foundation
Yiwu He, Bill and Melinda Gates Foundation

9:30–9:40 BOND Overview
Daniel Raiten, National Institutes of Health, US Department of Health and Human Services

9:40–9:50 Meeting Goals and Agenda
Ian Darnton-Hill, The University of Sydney & Tufts University

9:50–12:15 Session II: Reports from User Working Groups
Chair: Rob Russell, Tufts University & National Institutes of Health, US Department of

Health and Human Services

Session objectives: obtain user group views on how best to define biomarkers of:

-Exposure
-Status (Distinction between exposure vs assimilation/effect?)
-Functional Effect (A reflection of biological systems performance or a health/disease relationship?)

9:50–10:00 Introduction
Rob Russell, Tufts University & National Institutes of Health, US Department of
Health and Human Services

10:00–10:20 Report from Research Working Group
Gerald Combs, US Department of Agriculture

10:20–10:45 Break

10:45–11:05 Report from Clinical Working Group
Bernard Brabin, Liverpool School of Tropical Medicine

11:05–11:25 Report from Policy Working Group
Mary L’Abbé, University of Toronto
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11:25–11:45 Report from Program Working Group
Emorn Wasantwisut, Mahidol University

11:45–12:15 Panel Discussion
Working Group Chairs

12:15–13:15 Lunch

13:15–15:10 Session III: Defining the Process
Chair: Ricardo Uauy, London School of Hygiene and Tropical Medicine

Session objectives: review examples of harmonization processes and assess relative strengths with regard to meeting user group
needs.

13:15–13:25 Introduction: User group needs and potential process for harmonization and decision making
Ricardo Uauy, London School of Hygiene and Tropical Medicine

13:25–13:40 European Micronutrient Recommendations Aligned (EURRECA) Process
Susan Fairwather-Tait, University of East Anglia

13:40–13:55 Dietary Reference Intake (DRI) Process
Stephanie Atkinson, McMaster University

13:55–14:10 World Health Organization Evidence-based Guideline Development Process
Regina Kulier, World Health Organization

14:10–15:10 Panel Discussion

15:10–15:40 Break

15:40–17:15 Session IV: Workshop on Defining the Process
Chair: Ian Darnton-Hill, The University of Sydney & Tufts University

15:40–15:50 Introduction: Charge to the breakout groups
Ian Darnton-Hill, The University of Sydney & Tufts University

15:50–17:15 Concurrent group discussions

Group 1: Research

Group 2: Clinical

Group 3: Policy

Group 4: Program

17:30–18:30 Reception hosted by the International Atomic Energy Agency (IAEA)

Tuesday, February 9

8:30–9:30 Session V: Workshop Presentations on Defining the Process
Chair: Ian Darnton-Hill, The University of Sydney & Tufts University

8:30–8:40 Group 1: Research

8:40–8:50 Group 2: Clinical

8:50–9:00 Group 3: Policy

9:00–9:10 Group 4: Program

9:10–9:30 Discussion
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9:30–13:20 Session VI: Case Studies
Chair: Daniel Raiten, National Institutes of Health, US Department of Health and Human Services

Session objectives: focus on the evidence base to support recommendations for biomarkers of exposure, status, and function/
effect.

9:30–9:40 Introduction: Goals and justification for case studies
Daniel Raiten, National Institutes of Health, US Department of Health and Human Services

9:40–11:40 Case studies: Vitamins
Chair: Roland Kupka, United Nations Children’s Fund

9:40–10:00 Vitamin A
Sherry Tanumihardjo, University of Wisconsin

10:00–10:20 Folic acid/Vitamin B-12
Ralph Green, University of California, Davis

10:20–10:40 Break

10:40–11:40 Panel discussion

11:40–13:20 Case studies: Minerals
Chair: Rafael Flores-Ayala, Centers for Disease Control and Prevention, US Department of

Health and Human Services

11:40–12:00 Iron
Sean Lynch, Eastern Virginia Medical School

12:00–12:20 Zinc
Janet King, Children’s Hospital Oakland Research Institute

12:20–13:20 Panel discussion

13:20–14:30 Lunch

14:30–17:30 Session VII: Workshop on Case Studies
Chair: Ian Darnton-Hill, The University of Sydney & Tufts University

Session objectives: identify key questions to be addressed for each of the case study nutrients, evaluate the strength of evidence to
make recommendations for each user group, and identify research gaps.

14:30–14:40 Introduction: Charge to the breakout groups
Ian Darnton-Hill, The University of Sydney & Tufts University

14:40–17:30 Concurrent group discussions

Group 1: Research

Group 2: Clinical

Group 3: Policy

Group 4: Program
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Wednesday, February 10

8:30–9:30 Session VIII: Workshop Presentations on Case Studies
Chair: Ian Darnton-Hill, The University of Sydney & Tufts University

8:30–8:40 Group 1: Research

8:40–8:50 Group 2: Clinical

8:50–9:00 Group 3: Policy

9:00–9:10 Group 4: Program

9:10–9:30 Discussion

9:30–10:45 Session IX: New Frontiers in Science and Technology
Chair: John Milner, National Institutes of Health, US Department of Health and Human Services

Session objectives: based on context, what are best new candidates?; role of ‘‘-omics’’ (metabolomics, proteomics, genomics,
nutrigenomics):

-Capacity/resource/training needs
-Specific issues regarding settings: primary care vs referral vs academic

9:30–9:40 Introduction
John Milner, National Institutes of Health, US Department of Health and Human Services

9:40–9:55 Field Friendly Techniques
Dean Garrett, PATH and MEASURE Demographic Health Surveys (DHS) Project

9:55–10:10 ‘‘-omics’’
Mark Pirner, PepsiCo

10:10–10:25 Nuclear Techniques
Lena Davidsson, International Atomic Energy Agency

10:25–10:45 Discussion

10:45–11:00 Break

11:00–12:15 Session X: Next Steps
Chairs: Ian Darnton-Hill, The University of Sydney & Tufts University

Daniel Raiten, National Institutes of Health, US Department of Health and Human Services

-Open meeting adjourned-

13:15–17:00 Steering Committee Consortium

Session objectives: discuss next steps and responsibilities, which will include:
-Do we have an agreement on a process?
-Can we delegate responsibilities?
-How can we best proceed?
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