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Preface

This report represents the initial report of a major new activity of
the Food and Nutrition Board (FNB): the development of a com-
prehensive set of reference values for dietary nutrient intakes for
the healthy population in the United States and Canada. Hallmarks
of the new activity include (1) the establishment of a set of refer-
ence values to replace the Recommended Dietary Allowances
(RDAs) for the United States published previously by the FNB;
(2) for the first time, a single set of reference values for the United
States and Canada; (3) the clear documentation of the derivation
of the reference values; (4) the promotion of nutrient function and
biologic-physical well-being; (5) the consideration of evidence con-
cerning the prevention of disease and developmental disorders in
addition to more traditional evidence of sufficient nutrient intake
(for example, prevention of deficiency); (6) the examination of
data about selected food components that have not been consid-
ered essential nutrients; and (7) recommendations for future re-
search directions based on the knowledge gaps identified.

Since the publication of the last version of the U.S. Recommended
Dietary Allowances (NRC, 1989a) and of the Canadian Recommended
Nutrient Intakes (Health Canada, 1990), there has been a significant
expansion of the research base, an increased understanding of nu-
trient requirements and food constituents, and a better apprecia-
tion for the different types of nutrient data needed to address the
applications of dietary reference values for individuals and popula-
tion groups. There are now convincing reasons to conclude that
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past approaches to establishing and applying the RDAs can be im-
proved.

Thus, the FNB considered it essential to reassess the nutrient re-
quirement estimates that are needed for various purposes, how esti-
mates of nutrient requirements should be developed, and how these
values could be used in various settings of clinical and public health
importance. To this end, the FNB’s Standing Committee on the
Scientific Evaluation of Dietary Reference Intakes (DRI Commit-
tee) is taking steps that should help eliminate some of the limita-
tions, misinterpretations, and misuses of the 1989 RDAs and their
predecessors. Indeed, the DRI Committee has already concluded
that the 1989 edition of the Recommended Dietary Allowances should
now be replaced in its entirety, rather than merely updated, by a
new series of publications.

The DRI Committee aims to achieve a consistent and coherent
definition of requirements and of reference intakes for all essential
nutrients and food components evaluated. (A brief description of
the process is given in Appendix A.) In this context, the reference
intake values presented in this and subsequent reports should have
a broad, enduring, and useful application.

This report defines requirements and other reference intake val-
ues for calcium, phosphorus, magnesium, vitamin D, and fluoride
and represents the first in a series of reports providing both dietary
reference intakes and guidance related to how to use them. Chang-
es in the prepublication version (which was released in August,
1997) have been made to increase the readability and clarity of the
information provided.  Improvements in format and descriptions
have been made consistent with the second report released in the
series (which covers B vitamins and choline, the prepublication ver-
sion of which was released in April, 1998).  The DRI Committee
deeply appreciates the comments received from many reviewers and
individuals following the release of the prepublication version.

Because of the limitations of present scientific knowledge, there
are differences of opinion among scientists about some of the mat-
ters covered in this report. Reaching agreement on the interpreta-
tion of the evidence relating to calcium requirements has been a
challenge, both because of the compelling conceptual argument to
use maximal calcium retention as an indicator of adequacy as was
presented in the prepublication version of this report, and subse-
quent statistical questions raised in the methodology used to esti-
mate it after that version was released.  In order to address these
statistical issues, the DRI Committee chose in this final printed ver-
sion of the report to refer to the indicator of adequacy used to
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establish recommended intakes for calcium as desirable calcium re-
tention.  The balance data originally used in assessing maximal cal-
cium retention were then recalculated (see Appendix E) to estab-
lish the estimates for adequacy of dietary calcium based on achieving
the estimated desirable amount of calcium retention.  In either
case, consistent achievement of either maximal or desirable calcium
intakes as the indicator of adequacy is presumed to reduce the risk
of fracture secondary to osteopenia or osteoporosis.

After much careful weighing of the evidence, the DRI Committee
determined that, because reducing risk of chronic disease was the
intended endpoint and there were many uncertainties about the
epidemiologic and experimental data, the setting of Estimated Av-
erage Requirements and Recommended Dietary Allowances for cal-
cium could not be justified. Thus, as described in the report, Ade-
quate Intake values were set instead.

It is not the function of this report, given the scope of work (see
Appendix A, “Charge to the Panel on Calcium and Related Nutri-
ents and Subcommittee on Upper Reference Levels”), to address
applications of the DRIs. However, some uses for the different types
of DRIs are described briefly in Chapter 9. The DRI Committee
intends to issue a subsequent report that will focus on the uses of
DRIs in various settings.

It is hoped that the critical, comprehensive analyses of available
information and of knowledge gaps will greatly assist the private
sector, foundations, universities, government laboratories, and oth-
er institutions with their research interests and with the develop-
ment of an exciting and realistic research agenda for the next de-
cade.

The support of Canada and Canadian scientists in this initiative
for DRIs represents a pioneering first step toward the standardiza-
tion of nutrient reference intakes at least within one continent.

This report reflects the work of the FNB’s DRI Committee, an
expert Panel on Calcium and Related Nutrients, and the Subcom-
mittee on Upper Reference Levels of Nutrients. The committee,
the panel, and the subcommittee owe a considerable debt of grati-
tude to the many experts who have assisted with this report. Many,
but far from all, of these people are named in Appendix B. Thanks
also go to the many experts who devoted so much time to discuss-
ing these issues and to Burton Altura, Chor San Khoo, and Charles
Pak, initial members of the Panel on Calcium and Related Nutri-
ents and/or the Subcommittee on Upper Reference Levels of Nu-
trients. The respective chairs and members of the panel and sub-
committee have performed their work under great time pressure. It
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is because of their dedication that this report has come into being.
All gave of their time willingly and without financial reward; both
the science and practice of nutrition are major beneficiaries.

The DRI Committee wishes to acknowledge the tireless efforts of
the former and present FNB chairs, Janet King and Cutberto Garza,
who began the initiative and played a key role in securing the fund-
ing that has been received to date. Similarly, thanks go to Allison
Yates who has been instrumental in guiding this complex activity,
and to Stephanie Atkinson and Ian Munro, who gave generously of
their time and effort in chairing the Panel on Calcium and Related
Nutrients and the Subcommittee on Upper Reference Levels of
Nutrients, respectively. Finally, it is the staff of FNB who get the
work completed. Special gratitude is expressed to Sandra Schlicker,
study director for both the calcium panel and subcommittee, and
Carol Suitor, who assumed the added responsibility of acting direc-
tor of the FNB during the last few months of this project. The com-
mittee also recognizes the contributions of Elisabeth Reese, Kim-
berly Brewer, Alice Kulik, Sheila Moats, Gail Spears, Donna
Livingston, and Geraldine Kennedo. We also thank Judith Grum-
strup-Scott for editing the manuscript and Mike Edington and Clau-
dia Carl for assistance with publication.

Vernon Young
Chair, Standing Committee on the Scientific

Evaluation of Dietary Reference Intakes

Cutberto Garza
Chair, Food and Nutrition Board
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1

Summary

BACKGROUND AND HISTORY

This report on calcium and related nutrients1 is the first in a se-
ries of reports that presents dietary reference values for the intake
of nutrients by Americans and Canadians.  The overall project is a
comprehensive effort undertaken by the Standing Committee on
the Scientific Evaluation of Dietary Reference Intakes (DRI Com-
mittee) of the Food and Nutrition Board, Institute of Medicine,
National Academy of Sciences, with the involvement of Health Can-
ada. (See Appendix A for a description of the overall process and its
origins.)  This initial study was requested by the National Institute
of Health’s National Heart, Lung and Blood Institute; the U.S. Food
and Drug Administration; and the Agricultural Research Service of
the U.S. Department of Agriculture.  Additional support was re-
ceived by the U. S. Army Medical Research and Materiel Command,

1As this report was the first in the series intended  to provide both quantitative
recommendations for dietary reference intakes and guidance in how they should
be used, changes in the prepublication version of this report have been made to
increase the readability and clarity of the information provided.  Improvements in
format and descriptions are included in order to be consistent with the second
report released in the series (DRIs for B vitamins and choline).  Additionally, due
to concerns raised about the statistical approach used in determining maximal
calcium retention (see Appendix E), changes have been made with regard to the
methodology for estimating calcium retention which were subsequently used in
determining recommended intakes for calcium.  See calcium discussion which
follows in this summary.
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Department of Defense and the Office of Disease Prevention and
Health Promotion, U.S. Department of Health and Human Services.

WHAT ARE DIETARY REFERENCE INTAKES?

Dietary Reference Intakes (DRIs) are reference values that can be
used for planning and assessing diets for healthy populations and
for many other purposes.  The DRIs replace the periodic revisions
of the Recommended Dietary Allowances (RDAs), which have been
published since 1941 by the National Academy of Sciences.  DRIs
encompass the Estimated Average Requirement (EAR), the Recom-
mended Dietary Allowance (RDA), the Adequate Intake (AI), and
the Tolerable Upper Intake Level (UL).

As has been the practice with dietary recommendations in the
past from the Food and Nutrition Board (NRC, 1980, 1989a, 1989b)
and Health Canada (1990), the DRIs included in this report apply
to the healthy general population.  In the case of RDAs and AIs,
they are nutrient levels that should decrease the risk of developing
a condition related to a nutrient and associated with a negative
functional outcome.  Intake at the level of the RDA or AI would not
necessarily be expected to replete individuals previously undernour-
ished, nor would it be adequate for disease states marked by in-
creased requirements.  Although at times these reference intakes
may serve as the basis for recommendations for these other purpos-
es, each situation calls for adaptation by qualified professionals.

For this report, consideration of the dietary practices associated
with intakes of calcium and related nutrients has been limited to
observations within U.S. and Canadian populations.  The recom-
mendations for the DRIs may not be generalizable globally, espe-
cially where food intake and indigent dietary practices may result in
very different bioavailability of mineral elements from sources not
considered in traditional diets of Canadians and Americans.

Estimated Average 2  Requirement

The Estimated Average Requirement (EAR) is the nutrient intake val-
ue that is estimated to meet the requirement defined by a specified
indicator of adequacy in 50 percent of the individuals in a life stage

2 It is recognized that the definition of EAR implies a median as opposed to a
mean or average.  The median and average would be the same if the distribution
of requirements followed a symmetrical distribution, and would diverge as a distri-
bution became skewed.  Three considerations prompted the choice of the term
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and gender group.  At this level of intake, the remaining 50 percent
of the specified group would not meet their nutrient needs.  For
some life stage or gender groups, data had to be extrapolated to
estimate this value.  In deriving the EARs, contemporary concepts
of the reduction of disease risk were among the factors considered,
rather than basing reference values solely upon the prevention of
nutrient deficiencies.

The EAR is expressed as a daily value averaged over time, for most
nutrients at least one week.  Because the EAR is a dietary intake
value, it includes an adjustment for an assumed bioavailability of
the nutrient.  The EAR is used in setting the RDA, and it may be
used as one factor for assessing the adequacy of intake of groups
and for planning adequate intakes by groups.

Recommended Dietary Allowances

The Recommended Dietary Allowance (RDA) is the average daily di-
etary intake level that is sufficient to meet the nutrient require-
ments of nearly all (97 to 98 percent) individuals in a life stage and
gender group.  The RDA applies to individuals, not to groups.  The
EAR serves as the foundation for setting the RDA.  If the standard
deviation (SD) of the EAR is available and the requirement for the
nutrient is normally distributed, the RDA is set at 2 SDs above the
EAR:

RDA = EAR + 2 SDEAR.

If data about variability in requirements are insufficient to calcu-
late a standard deviation, a coefficient of variation (CVEAR) of 10
percent is assumed in this report, and the resulting equation for the
RDA is

RDA = EAR + 2 (EAR × 0.1)
RDA = EAR (1.2).

If the estimated CV is 15 percent, the formula would be

RDA = EAR (1.3).

estimated average requirement: (1) data are rarely adequate to determine the
distribution of requirements, (2) precedent has been set by other countries that
have used the same term for reference values similarly derived (COMA, 1991), and
(3) the impreciseness of the data evaluated makes the determination of a statisti-
cally reliable median extremely unlikely.
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If the nutrient requirement is known to be skewed for a popula-
tion, other approaches are used to find the ninety-seventh to nine-
ty-eighth percentile to set the RDA.

If data are insufficient for a specific life stage group to set an EAR,
then no RDA will be set.  An AI will be developed based on the data
available (see below).

The RDA for a nutrient is a value to be used as a goal for dietary
intake by healthy individuals.  It is not intended to be used for assess-
ing the diets of either individuals or groups or to plan diets for
groups.

Adequate Intakes

The Adequate Intake (AI) is set instead of an RDA if sufficient scien-
tific evidence is not available to calculate an EAR.  The AI is based
on observed or experimentally determined estimates of average nu-
trient intake by a group (or groups) of healthy people.  For exam-
ple, the AI for young infants, for whom human milk is the recom-
mended sole source of food for the first 4 to 6 months, is based on
the estimated daily mean nutrient intake supplied by human milk
for healthy, full-term infants who are exclusively breastfed.  The
main intended use of the AI is as a goal for the nutrient intake of
individuals.  Other possible uses of the AIs will be considered by
another expert group.

Tolerable Upper Intake Levels

The Tolerable Upper Intake Level (UL) is the highest level of daily
nutrient intake that is likely to pose no risks of adverse health ef-
fects to almost all individuals in the general population.  As intake
increases above the UL, the risk of adverse effects increases.  The
term tolerable intake was chosen to avoid implying a possible benefi-
cial effect.  Instead, the term is intended to connote a level of in-
take that can, with high probability, be tolerated biologically.  The
UL is not intended to be a recommended level of intake.  There is
no established benefit for healthy individuals associated with nutri-
ent intakes above the RDA or AI.

ULs are useful because of the increased interest in and availability
of fortified foods and the increased use of dietary supplements.
ULs are based on total intake of a nutrient from food, water, and
supplements if adverse effects have been associated with total in-
take.  However, if adverse effects have been associated with intake
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from supplements or food fortificants only, the UL is based on nu-
trient intake from those sources only, not on total intake.  The UL
applies to chronic daily use.

For some nutrients, there may be insufficient data on which to
develop a UL.  This does not mean that there is no potential for
adverse effects resulting from high intake.  When data about ad-
verse effects are extremely limited, extra caution may be warranted.

COMPARISON OF RECOMMENDED DIETARY
ALLOWANCES AND ADEQUATE INTAKES

Although the RDA and AI are used for the same purpose—setting
goals for intake by individuals—the RDA differs from the AI.  In-
take of the RDA for a nutrient is expected to meet the needs of 97
to 98 percent of the individuals in a life stage and gender group.  If
the EAR is not known, as is the case when an AI is set, it is not
known what percentage of individuals are covered by the AI.  The
AI for a nutrient is expected to exceed the average requirement for
that nutrient, and it should cover the needs of more than 98 per-
cent of the individuals, but it might cover the needs of far fewer
(see Figure S-1).  The degree to which an AI exceeds the average
requirement is likely to differ among nutrients and population
groups.

For people with diseases that increase requirements or who have
other special health needs, the RDA and AI may each serve as the
basis for adjusting individual recommendations; qualified health
professionals should adapt the recommended intake to cover high-
er or lower needs.

In this report, AIs rather than EARs and RDAs are being pro-
posed for all nutrients for infants to age 1 year, and for calcium,
vitamin D, and fluoride for all life stages.  The method used to
derive the AI differs for each nutrient and for infants as follows.

Infants:  Ages 0 through 6 Months

The AI is the intake by healthy breastfed infants as obtained from
average human milk nutrient composition and average milk vol-
ume.  Since infants self-regulate milk intake from the breast, it is
presumed that larger infants, who may require more milk than the
average population intake, will achieve this by increasing milk in-
take volume.
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Calcium

In this report, three major approaches were considered in deriv-
ing the AIs for calcium—calcium balance studies of subjects con-
suming variable amounts of calcium, a factorial model using calci-
um accretion based on bone mineral accretion data, and clinical
trials which investigated the response of change in bone mineral
content/density or fracture rate to varying calcium intakes.  The
prepublication version of this report estimated per cent maximal
calcium retention derived from calcium balance data as one of the
three major approaches considered to develop the recommended
intakes for calcium.  Subsequent comments received following the
report’s release in prepublication form indicated concerns with the
statistical methodology used to obtain such estimates from the avail-
able balance data.  In response to the technical issues raised, the
DRI Committee determined for this final printed version that it
would estimate desirable calcium retention in place of estimating the

Observed Level of Intake
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FIGURE S-1 Dietary reference intakes. This figure shows that the Estimated Aver-
age Requirement (EAR) is the intake at which the risk of inadequacy is 0.5 (50%)
to an individual. The Recommended Dietary Allowance (RDA) is the intake at
which the risk of inadequacy is very small—only 0.02 to 0.03 (2 to 3%). The Ade-
quate Intake (AI) does not bear a consistent relationship to the EAR or the RDA
because it is set without being able to estimate the average requirement.  It is
assumed that the AI is at or above the RDA if one could be calculated.  At intakes
between the RDA and the Tolerable Upper Intake Level (UL), the risks of inade-
quacy and of excess are both close to 0. At intakes above the UL, the risk of adverse
effect may increase.
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per cent of maximal retention, using the same data and statistical
methodology as was included in the prepublication version (see
Appendix E).

Where sufficient data were available, values from balance studies
for individual subjects within specific age groups were applied to a
nonlinear mathematical model recently used by Jackman et al.
(1997) which describes the relationship between varying calcium
intakes and retention.  The equation derived from this model was
then solved to determine the calcium intake required to achieve
retention of the desirable amount of calcium.  The desirable reten-
tion varied by age group but for the most part reflected accretion of
calcium in bone based on bone mineral accretion data available for
some of the age groups.

Another major approach considered by the DRI Committee to
estimate intake needed to maintain calcium adequacy was the facto-
rial method.  This is based on combining estimates of losses of
calcium via various routes by apparently healthy individuals and
then assuming that these represent the degree to which calcium
intake, as corrected by estimated absorption, will balance these loss-
es.  The weakness of using this approach alone is that the data come
from different studies, in different subjects, and the variation in
absorption, particularly depending on previous intake, may be sig-
nificant.  The third approach derives calcium requirements from
the few available clinical trials in which additional calcium was giv-
en and changes in bone mineral content or density or in fracture
rate were measured over time.

Comparison of the intakes needed to achieve desirable calcium
retention or maintain minimal calcium loss using each of these
three methods gave reasonable confidence and concordance to the
levels of intake recommended as AIs.

The decision to set AIs rather than EARs for calcium was based on
the following concerns: (1) uncertainties in the methods inherent
in and the precise nutritional significance of values obtained from
the balance studies that form the basis of the desirable retention
model described in the previous paragraph, (2) the lack of concor-
dance between observational and experimental data (mean calcium
intakes in the United States and Canada are much lower than are
the experimentally derived values required to achieve desirable cal-
cium retention), and (3) the lack of longitudinal data that could be
used to verify the association of the experimentally derived calcium
intakes for achieving a pre-determining calcium retention with the
rate and extent of long-term bone loss and its clinical sequelae,
such as fracture.  Taking all of these factors into consideration it
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was determined that an EAR for calcium could not be established at
the present time.  The recommended AI represents an approxima-
tion of the calcium intake that, in the opinion of the DRI Commit-
tee and its Panel on Calcium and Related Nutrients, would appear
to be sufficient to maintain calcium nutriture while recognizing
that lower intakes may be adequate for many; however, this evalua-
tion will have to await additional studies on calcium balance over
broad ranges of intakes and/or of long-term measures of calcium
sufficiency.

Vitamin D

The AI is the intake value that appears to be needed to maintain,
in a defined group of individuals with limited but uncertain sun
exposure and stores, serum 25-hydroxyvitamin D concentrations
above a defined amount.  The latter is that concentration below
which vitamin D deficiency rickets or osteomalacia occurs.  The
intake value was rounded to the nearest 50 IU, and then doubled as
a safety factor to cover the needs of all, regardless of exposure to
the sun.

Fluoride

The AI is the intake value that reduces the occurrence of dental
caries maximally in a group of individuals without causing unwant-
ed side effects.  With fluoride, the data are strong on risk reduction,
but the evidence upon which to base an actual requirement is scant,
thus driving the decision to adopt an AI as the reference value.

INDICATOR OF NUTRIENT ADEQUACY

The DRIs represent a new paradigm for the nutrition community:
three of the reference values are defined by a specific indicator of
nutrient adequacy, which may relate to the reduction of the risk of
chronic disease or disorders; the fourth is defined by a specific indi-
cator of excess where one is available.  In the previous paradigm,
the indicator of adequacy was usually limited to a classical deficien-
cy state.  Since the publication of the last revision of the Recommend-
ed Dietary Allowances in the United States (NRC, 1989a), the Canadi-
an Recommended Nutrient Intakes (Health Canada, 1990), and
the report on Diet and Health (NRC, 1989b), the research base relat-
ed to the role of diet in chronic disease has expanded sufficiently to
permit moving beyond deficiency indicators to other indicators with
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broader significance.  Examples of such indicators are those related
to decreasing the risk of chronic diseases such as osteoporosis, heart
disease, or hypertension.  However, there is insufficient scientific
evidence to relate every nutrient to chronic disease.  This is the case
for phosphorus and magnesium.  Thus, EARs and RDAs for these
two nutrients are based on traditional indicators (for example, bal-
ance studies or circulating nutrient concentrations).

For calcium, it was initially planned to estimate calcium intakes
which are thought to lead to the fewest diet-related osteoporotic
fractures late in life; unfortunately, the available evidence does not
presently exist to establish the precise relationship.  Observational
data linking calcium intake to fracture risk were considered, al-
though the role of calcium intake at any single life stage in the
etiology of osteoporosis is still unclear.  Moreover, the long latency
period for the development of osteoporosis complicates interpreta-
tion of both the epidemiological and experimental data.  Epidemi-
ological data are of limited use until more is known about the rela-
tionships between calcium intakes by individuals and the phenotypic
expression of a specific risk of osteoporosis.

The approach taken was to consider information obtained from
several types of studies, that could serve as a basis for setting an AI
for each age group.  The information reviewed came primarily from
published calcium balance studies and calcium accretion data.
These data were combined with information on bone mineral con-
tent and density using the new dual-energy x-ray absorptiometry
technology adding new insights into calcium needs at various stages
of the lifespan.

CRITERIA FOR DIETARY REFERENCE INTAKES

The scientific data for developing DRIs were obtained from clini-
cal trials; dose-response, balance, depletion/repletion, prospective
observational, and case-control studies; and clinical observations in
humans.  Studies that measured actual dietary and supplement in-
take were given more weight than studies that depended on self-
reported food and supplement intake.  Studies published in peer-
reviewed journals were the principal source of data.  The data were
considered by life stage and gender to the extent possible.  This
allowed examination of possible physiologic differences in nutrient
requirements and utilization.  For some nutrients, the available data
did not provide a basis for proposing different requirements for
various life stage and gender groups.  After careful review and anal-
ysis of the evidence, scientific judgment was used to determine what
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indicator of function or other criterion would be used as the basis
of the requirement in establishing the EAR, AI, or UL.

For each nutrient, the strengths and weaknesses of relevant stud-
ies were assessed.  The rationale for the inclusion or exclusion of
evidence is given in Chapters 4 through 8.  Where applicable, the
strength, consistency, and preponderance of the data and the de-
gree of concordance in epidemiological, clinical, and laboratory
evidence influenced the selection of the indicators and the deriva-
tion of the EARs, AIs, or ULs.

USES OF DIETARY REFERENCE INTAKES

Uses of the DRIs are summarized in the following Box S–1:

For statistical reasons that will be addressed in a future report, the
EAR is greatly preferred over the RDA for use in assessing the nutri-
ent intake of groups.

International Uses of Dietary Reference Intakes

Until more is known about the prevalence of chronic disease risk
and habitual nutrient intakes in other countries, the implications of
these DRIs should be used with caution outside the United States
and Canada.  When requirements are estimated to decrease risk of
disease, particularly chronic disease, associations may not be easily
identified in short-term studies.  Further, the AIs developed in this
report may be at the upper range of intakes typically found in na-
tionwide surveys if the criterion or outcome chosen involves chron-
ic disease.  The implication would be that it might be desirable to
achieve an increase in the mean intake of the population in order
to lower risk.  However, the quantitative aspect is uncertain because
of the approximate nature of the AI and limitations of the epidemi-
ological and experimental data.

How to Meet Recommended Dietary Allowances or Adequate Intakes

A primary question that must be answered is “How can individuals
consume the RDA or AI if surveys indicate that typical diets contain
lower amounts?”  This becomes a policy issue with regard to choos-
ing methods to increase consumption of that nutrient in order to
decrease the number of individuals at risk due to inadequate di-
etary intakes.  Such methods include educating consumers to
change their food consumption behavior, fortifying foodstuffs with
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BOX S-1 Uses of Dietary Reference Intakes for Healthy Individuals and
Groups

Type of Use For the Individual For a Group

Planning RDA: aim for this intake. EAR: use in conjunction with a
measure of variability of the
group’s intake to set goals for
the mean intake of a specific
population.

AI: aim for this intake.
UL: use as a guide to limit
intake;  chronic intake of
higher amounts may
increase risk of adverse
effects.

Assessmenta EAR: use to examine the EAR: use in the assessment of
possibility of inadequacy; the prevalence of inadequate
evaluation of true status intakes within a group.
requires clinical,
biochemical, and/or
anthropometric data.

UL: use to examine the
possibility of overcon-
sumption; evaluation of
true status requires
clinical, biochemical,
and/or anthropometric data.

EAR = Estimated Average Requirement
RDA = Recommended Dietary Allowance
AI = Adequate Intake
UL = Tolerable Upper Intake Level

aRequires statistically valid approximation of usual intake.

the nutrient, providing dietary supplements, or a combination of
the three methods.  It is not the function of this report, given the
scope of work outlined, to provide an analysis of the impact of using
these three methods.

Obtaining recommended intakes from unfortified foodstuffs has
the advantage of providing intakes of other beneficial nutrients and
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of food components for which RDAs and AIs may not be deter-
mined, and of the potential enhancement of nutrient utilization
through interactions with other nutrients simultaneously.  It is rec-
ognized, however, that the low energy intakes reported in recent
national surveys may mean that it would be unusual to see changes
in food habits to the extent necessary to maintain intakes by all
individuals at levels recommended in this report.  Eating fortified
food products represents one method by which individuals can in-
crease or maintain intakes without major changes in food habits.
For some individuals at higher risk, use of nutrient supplements
may be desirable in order to meet recommended intakes.

It is not the function of this report, given the scope of work (see
Appendix A, Origin and Framework of the Development of Dietary
Reference Intakes), to address in detail applications of the DRIs,
including considerations necessary for the assessment of adequacy
of intakes of various population groups and for planning for intakes
of populations or for groups with special needs.  However, some
uses for the different types of DRIs are described briefly in Chapter
9.  A subsequent report is expected to focus on the uses of DRIs in
various settings.

CRITERIA AND PROPOSED VALUES FOR
EARs,  RDAs, AND AIs

Tables S-1 through S-5 present the criteria used for deriving the
age-group specific EARs and AIs, as well as the values for EARs, AIs,
and RDAs.  For vitamin D, the same criterion was used for all the
life stage groups; however, for calcium, phosphorus, and magne-
sium, different criteria were used for some of the life stage groups.
For calcium for those ages one year and older, three lines of evi-
dence were considered as described previously, yet due to a lack of
experimental evidence for ages 1 through 3 and greater than 70
years, estimates of the AI were extrapolated from other age groups.

The DRIs presented in these tables do not differ by gender except
for magnesium and fluoride (because of the gender difference in
average body weight).  For the other nutrients, differences by gen-
der were not apparent.  For calcium, vitamin D, and fluoride, AIs
have been estimated.  For calcium, phosphorus, vitamin D, and
fluoride, the evidence indicated that the AIs or EARs for pregnant
and lactating women were no different from those for adolescents
and adults of the same age.  For magnesium, there was a slight
increase in the EARs during pregnancy, but not during lactation.

It is important to recognize that the major focus in the develop-
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ment of EARs and AIs has been the determination of the most
appropriate indicator of adequacy, and then, from data available,
the derivation of the EAR or AI.  A key question is “adequate for
what?”  The value derived for the EAR, for example, would differ
depending on the outcome criterion of nutrient adequacy that was
judged to be the most relevant based on the scientific data avail-
able.  Each EAR and AI is described in terms of the criterion(a) or
outcome chosen.

CRITERIA AND PROPOSED VALUES FOR ULs

The model for deriving ULs is described in detail in Chapter 3 of
the report.  This is a risk assessment model that consists of a system-
atic series of scientific considerations and judgments to be used in
deriving a UL.  The hallmark of the risk assessment model is the
requirement to be explicit in all the evaluations and judgments that
must be made to document conclusions.  Primarily due to limita-
tions of the database, ULs are set for very broad age groups.

ULs for calcium, phosphorus, magnesium, vitamin D, and fluo-
ride are presented in Chapters 4 through 8 and summarized in
Table S-6.  These UL values have been set to protect the most sensi-
tive individuals in the healthy general population (such as elderly
individuals who tend to have a decreased glomerular filtration rate).
They are likely to be too high for persons with certain illnesses
(such as renal glomerular disease) or genetic abnormalities that
affect the utilization or decrease the elimination of the nutrient.

RESEARCH RECOMMENDATIONS

Nutrient-specific recommendations for future research needs are
provided in detail at the end of each nutrient chapter.  The follow-
ing major research areas are considered the highest priority in or-
der to more accurately determine the DRIs for calcium, phospho-
rus, magnesium, vitamin D, and fluoride in future reports:

a) Epidemiological research that evaluates the impact of habitu-
al (lifetime) nutrient intake on functional outcomes related to spe-
cific diseases is urgently needed in order to optimize nutrient rec-
ommendations.  Examples of such research include:

• dietary calcium, peak bone mass and fracture risk
• dietary calcium and prostate cancer
• dietary calcium and renal stones
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• exposure to fluoride from all sources with prevention of dental
caries and risk of fluorosis

• role of dietary magnesium in the development of hypertension,
cardiovascular disease and diabetes.

b) Research is needed to assess methods for determining indi-
vidual risk of chronic disease outcomes.  For example, the potential
relationship between allelic variation in the vitamin D receptor
(VDR), bone mineral density, and osteoporosis within and between
population groups requires further elucidation in order to deter-
mine if VDR polymorphisms are a variable influencing life-long cal-
cium intake needs.

c) For children ages 1 through 18 years, research is needed to
evaluate the dietary intakes of calcium, phosphorus, magnesium,
and vitamin D required to optimize bone mineral accretion, espe-
cially in relation to changing age ranges for the onset of puberty
and growth spurts.

d) With respect to dietary intake needs for vitamin D, informa-
tion is required by geographical and racial variables that reflect the
mix of the Canadian and United States populations and the influ-
ence of sunscreens on intake requirements.
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TABLE S-1 Criteria and Dietary Reference Intake Values for
Calcium by Life Stage Group

Life Stage Groupa Criterionb AI (mg/day)c

0 through 6 months Human milk content 210
7 through 12 months Human milk + solid food 270
1 through 3 years Extrapolation of desirable calcium 500

retention from 4 through 8 years
4 through 8 years Calcium accretion/∆ BMC/calcium 800

balance
9 through 13 years Desirable calcium retention/ 1,300

factorial/∆ BMC
14 through 18 years Desirable calcium retention/ 1,300

factorial/∆ BMC
19 through 30 years Desirable calcium retention/ 1,000

factorial
31 through 50 years Calcium balance 1,000
51 through 70 years Desirable calcium retention/ 1,200

factorial/∆ BMD
> 70 years Extrapolation of desirable calcium 1,200

retention from 51 through 70
year age group/∆ BMD/fracture rate

Pregnancy
≤ 18 years Bone mineral mass 1,300

19 through 50 years Bone mineral mass 1,000

Lactation
≤ 18 years Bone mineral mass 1,300

19 through 50 years Bone mineral mass 1,000

a All groups except Pregnancy and Lactation are males and females.
b Criteria upon which the AI was based vary between life stage groups depending on

the data available in the literature that were judged to be appropriate.  The value for
the AI reflects an approximation of the calcium intake that is judged to maintain cal-
cium nutriture based upon all of the information examined.  See Table 4-5 for a de-
tailed summary of the specific approaches and data considered for each life stage group.
∆ BMC is the change in bone mineral content.  ∆ BMD is the change in bone mineral
density.

c AI = Adequate Intake.  The experimentally determined estimate of nutrient intake
by a defined group of healthy people.  AI is used if the scientific evidence is not avail-
able to derive an EAR.  For healthy infants fed human milk, AI is an estimated mean
intake.  Some seemingly healthy individuals may require higher calcium intakes to
minimize risk of osteopenia and some individuals may be at low risk on even lower
intakes.  The AI is believed to cover their needs, but lack of data or uncertainty in the
data prevent being able to specify with confidence the percentage of individuals cov-
ered by this intake.
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TABLE S-4  Criteria and Dietary Reference Intake Values for
Vitamin D by Life Stage Group

Life Stage Groupa Criterion AI (µg/day)b,c,d

0 through 6 months Serum 25(OH)D 5
7 through 12 months Serum 25(OH)D 5
1 through 3 years Serum 25(OH)D 5
4 through 8 years Serum 25(OH)D 5
9 through 13 years Serum 25(OH)D 5

14 through 18 years Serum 25(OH)D 5
19 through 30 years Serum 25(OH)D 5
31 through 50 years Serum 25(OH)D 5
51 through 70 years Serum 25(OH)D 10

> 70 years Serum 25(OH)D 15

Pregnancy
≤ 18 years Serum 25(OH)D 5

19 through 50 years Serum 25(OH)D 5

Lactation
≤ 18 years Serum 25(OH)D 5

19 through 50 years Serum 25(OH)D 5

aAll groups except Pregnancy and Lactation are males and females.
bAs cholecalciferol. 1 µg cholecalciferol = 40 IU vitamin D.
cAI = Adequate Intake. The experimentally determined estimate of  nutrient intake

by a defined group of healthy people. AI is used if the scientific evidence is not available
to derive an EAR. For healthy infants fed human milk, AI is the estimated mean intake.
Some seemingly healthy individuals may require higher vitamin D intakes to minimize
risk of low serum 25(OH)D levels and some individuals may be at low risk on lower
dietary intakes of vitamin D.  The AI is believed to cover their needs, but lack of data or
uncertainty in the data prevent being able to specify with confidence the percentage of
individuals covered by this intake.

d In the absence of adequate exposure to sunlight.
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TABLE S-5 Criteria and Dietary Reference Intake Values for
Fluoride by Life Stage Group

AI (mg/day)a

Life Stage Group Criterion Male Female

0 through 6 months Human milk content 0.01 0.01
7 through 12 months Caries prevention 0.5 0.5
1 through 3 years Caries prevention 0.7 0.7
4 through 8 years Caries prevention 1 1
9 through 13 years Caries prevention 2 2

14 through 18 years Caries prevention 3 3
19 through 30 years Caries prevention 4 3
31 through 50 years Caries prevention 4 3
51 through 70 years Caries prevention 4 3

> 70 years Caries prevention 4 3

Pregnancy
≤ 18 years Caries prevention — 3

19 through 50 years Caries prevention — 3

Lactation
≤ 18 years Caries prevention — 3

19 through 50 years Caries prevention — 3

a AI = Adequate Intake.  For healthy infants fed human milk, AI is the mean intake.
The observed estimate of nutrient intake that reduces the incidence of dental caries
maximally in a group of healthy people.  The AI is used if the scientific evidence is not
available to derive an EAR.  The AI is believed to cover their needs, but lack of data or
uncertainty in the data prevent being able to specify with confidence the percentage of
individuals covered by this intake.
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1
Dietary Reference Intakes

INTRODUCTION

The term Dietary Reference Intakes (DRIs) is new to the field of
nutrition.  It refers to a set of at least four nutrient-based reference
values that can be used for planning and assessing diets and for
many other purposes.  The DRIs replace the periodic revisions of
the Recommended Dietary Allowances, which have been published since
1941 by the National Academy of Sciences.  This is a comprehensive
effort being undertaken by the Standing Committee on the Scien-
tific Evaluation of Dietary Reference Intakes of the Food and Nutri-
tion Board (FNB), Institute of Medicine, National Academy of Sci-
ences, with the involvement of Health Canada.  See Appendix A for
a description of the overall process and its origins.

WHAT ARE DIETARY REFERENCE INTAKES?

The reference values, collectively called the DRIs, include the Esti-
mated Average Requirement (EAR), the Recommended Dietary Al-
lowance (RDA), the Adequate Intake (AI), and the Tolerable Up-
per Intake Level (UL).

A requirement is defined as the lowest continuing intake level of a
nutrient that, for a specified indicator of adequacy, will maintain a
defined level of nutriture in an individual.  The chosen criterion on
which nutritional adequacy for a nutrient is based may differ ac-
cording to the life stage or gender of the individual.  Hence, partic-
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ular attention is given throughout this report to the choice and
justification of the criterion used to establish requirement values.

This approach differs somewhat from that used recently by the
joint World Health Organization, Food and Agriculture Organiza-
tion, and International Atomic Energy Agency (WHO/FAO/IAEA)
Expert Consultation on Trace Elements in Human Nutrition and Health
(WHO, 1996).  That publication uses the term basal requirement to
indicate the level of intake needed to prevent pathologically rele-
vant and clinically detectable signs of a dietary inadequacy.  The
term normative requirement indicates the level of intake sufficient to
maintain a desirable body store or reserve.  In developing DRIs,
emphasis is placed instead on the reasons underlying the choice of
the criterion of nutritional adequacy used to establish the require-
ment.  They have not been designated as basal or normative.

Unless otherwise stated, all values given for EARs, RDAs, and AIs
represent the quantity of the nutrient or food component to be
supplied by foods from the diet that are similar to those consumed
by a life stage or gender group in Canada and the United States.  If
the food source of the nutrient is very different (as in the diets of
some ethnic groups), or if the source is supplements, adjustments
may need to be made for differences in nutrient bioavailability.
When this is an issue, it is discussed for the specific nutrient under
the heading “Special Considerations.”

As has been the practice in the past with recommendations re-
garding dietary allowances from the FNB (NRC, 1980, 1989a), the
DRIs included in this report are intended to apply to the healthy
general population.  RDAs and AIs are dietary intake values that
should minimize the risk of developing a condition that is associat-
ed with that nutrient in question and that has a negative functional
outcome.  They could not necessarily be expected to replete indi-
viduals who are already malnourished, nor would they be adequate
for certain disease states marked by increased requirements.  Quali-
fied medical and nutrition personnel must tailor recommendations
for individuals who are known to have diseases that greatly increase
requirements, or who have increased sensitivity to developing ad-
verse effects associated with higher intakes.  Although at times these
reference intakes may serve as the basis for such individual recom-
mendations, qualified professional adaptation that is specific to each
situation is necessary.
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CATEGORIES OF DRIs

Each type of DRI refers to average daily nutrient intake over time.
Some deviation around this average value over a number of days is
expected.

Estimated Average1  Requirement

The Estimated Average Requirement (EAR) is the daily intake value
that is estimated to meet the requirement, as defined by the speci-
fied indicator of adequacy, in 50 percent of the individuals in a life
stage or gender group (see Figure 1-1).  At this level of intake, the
other 50 percent of individuals in a specified group would not have
their nutritional needs met.  The EAR is used in setting the RDA
(see below).

Recommended Dietary Allowance

The Recommended Dietary Allowance (RDA) is the average daily di-
etary intake level that is sufficient to meet the nutrient require-
ments of nearly all (97 to 98 percent) healthy individuals in a specif-
ic life stage and gender group (see Figure 1-1).  The RDA is
intended primarily for use as a goal for daily intake by individuals.

The EAR forms the basis for setting the RDA.  If the variation in
requirements is well defined and the requirement is normally dis-
tributed, the RDA is set at 2 standard deviations (SD) above the
EAR:

RDA = EAR + 2 SDEAR.

If the SDs reported in studies are inconsistent, or if sufficient data
on variation in requirements are not available for other reasons, a
standard estimate of variance will be applied.  This estimate assumes

1It is recognized that the definition of EAR implies a median as opposed to a
mean or average.  The median and average would be the same if the distribution
of requirements followed a symmetrical distribution, and would diverge as a distri-
bution became skewed.  Three considerations prompted the choice of the term
estimated average requirement: (1) data are rarely adequate to determine the
distribution of requirements, (2) precedent has been set by other countries that
have used the same term for reference values similarly derived (COMA, 1991), and
(3) the impreciseness of the data evaluated makes the determination of a statisti-
cally reliable median extremely unlikely.
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a coefficient of variation (CV; SD divided by the mean × 100) of 10
percent, which is equal to 1 SD, such that

RDA = 1.2 × EAR.

If the distribution of the nutrient requirements is known to be
skewed for a population, other approaches will be used to find the
ninety-seventh to ninety-eighth percentile.

The assumed CV of 10 percent is based on extensive data on the
variation in basal metabolic rate (FAO/WHO/UNA, 1985; Garby
and Lammert, 1984), which accounts for about two-thirds of the
daily energy needs of many individuals residing in Canada and the
United States (Elia, 1992), and on the similar CV of 12.5 percent
estimated for protein requirements in adults (FAO/WHO/UNA,
1985).  The assumption is made that the CV of requirements is similar

Observed Level of Intake
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FIGURE 1-1 Dietary reference intakes. This figure shows that the Estimated Aver-
age Requirement (EAR) is the intake at which the risk of inadequacy is 0.5 (50%)
to an individual. The Recommended Dietary Allowance (RDA) is the intake at
which the risk of inadequacy is very small—only 0.02 to 0.03 (2 to 3%). The Ade-
quate Intake (AI) does not bear a consistent relationship to the EAR or the RDA
because it is set without being able to estimate the average requirement.  It is
assumed that the AI is at or above the RDA if one could be calculated.  At intakes
between the RDA and the Tolerable Upper Intake Level (UL), the risks of inade-
quacy and of excess are both close to 0. At intakes above the UL, the risk of adverse
effect may increase.
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for most nutrients if special outside factors do not apply.  In all cases,
the method used to derive the RDA from the EAR is stated.

Other Uses of the EAR

Together with an estimate of the variance of intake, the EAR may
also be used in the assessment of the intake of groups or in plan-
ning for the intake of groups (Beaton, 1994) (see Chapter 9).

Adequate Intake

If sufficient scientific evidence is not available to calculate an EAR,
a reference intake called an Adequate Intake (AI) is used instead of
an RDA.  The AI2  is a value based on experimentally derived intake
levels or approximations of observed mean nutrient intakes by a
group (or groups) of healthy people.  In the opinion of the DRI
Committee, the AI for children and adults is expected to meet or
exceed the amount needed to maintain a defined nutritional state
or criterion of adequacy in essentially all members of a specific
healthy population. Examples of defined nutritional states include
normal growth, maintenance of normal circulating nutrient values,
or other aspects of nutritional well-being or general health.

The AI is set when data are considered to be insufficient or inade-
quate to establish an EAR on which an RDA would be based.  For
example, for young infants for whom human milk is the recom-
mended sole source of food for most nutrients for the first 4 to 6
months, the AI is based on the daily mean nutrient intake supplied
by human milk for healthy, full-term infants who are exclusively
breastfed.  For adults, the AI may be based upon review of data
from different approaches (e.g., dietary and experimental intakes
of calcium) that each alone do not permit a reasonably confident
estimate of an EAR.

The issuance of an AI is an indication that more research is need-
ed to determine, with some degree of confidence, the mean and
distribution of requirements for a specific nutrient. When this re-
search is completed, it should be possible to replace AI estimates
with EARs and RDAs.

2 It should be emphasized that the AI is different from both the RDA as defined
here and from the “lower limit of the population mean intake range for nutritional
sufficiency” used in the WHO report Trace Elements in Human Nutrition and Health
(1996), which are each derived from information about the EAR.
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Comparison of the AI with the RDA

Similarities.  Both the AI and RDA are to be used as a goal for
individual intake.  In general, the values are intended to cover the
needs of nearly all persons in a life stage group. (For infants, the AI
is the mean intake when consuming human milk by infants in the
age group.  Larger infants may have higher needs, which they meet
by consuming more milk.) As with the RDAs, AIs for children and
adolescents may be extrapolated from adult values if no other us-
able data are available.

Differences.  There is much less certainty about the AI value than
about the RDA value. Because AIs depend on a greater degree of
judgment than is applied in estimating the EAR and subsequently
an RDA, the AI may deviate significantly from the RDA, if it could
have been determined, and may be numerically higher than the
RDA, if it were known.  For this reason, AIs must be used with
greater care than is the case for RDAs.  Also, the RDA is always
calculated from the EAR, using a formula that takes into account
the expected variation in the requirement for the nutrient (see
previous section).

Tolerable Upper Intake Level

The Tolerable Upper Intake Level (UL) is the highest level of daily
nutrient intake that is likely to pose no risks of adverse health ef-
fects in almost all individuals in the specified life stage group.  As
intake increases above the UL, the risk of adverse effects increases.
It is based on an evaluation conducted using the methodology for
risk assessment of nutrients described in Chapter 3 of this report.
The need for setting ULs grew out of the increased fortification of
foods with nutrients and the use of dietary supplements by more
people and in larger doses.

The term tolerable intake was chosen to avoid implying a possible
beneficial effect.  Instead, the term connotes a level of intake that
can, with high probability, be tolerated biologically.  The UL is not
intended to be a recommended level of intake, and there is no
established benefit for healthy individuals if they consume a nutri-
ent in amounts above the recommended intake (RDA or AI).  As in
the case of applying AIs, professionals should avoid very rigid use of
ULs and first assess the characteristics of the individuals and/or
group of concern; for example, source of nutrient, physiological
state of the individual, length of sustained high intakes, etc.

For some nutrients there may be insufficient data on which to
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base a UL.  This indicates a need for caution.  It does not mean that
high intakes pose no risk of adverse effects.

Determination of Adequacy

The major focus of the development of EARs and AIs has been
the determination of the most appropriate indicator of adequacy,
followed by the derivation, from available data, of the EAR or AI.  A
key question is “Adequate for what?”  In many cases, a continuum of
benefits can be ascribed to various levels of intake of the same nutri-
ent.  A specified marker or indicator may be deemed the most ap-
propriate to determine risk of deficiency for a nutrient, while an-
other indicator may be the best marker in determining risk of
chronic degenerative disease for that nutrient.

Each EAR or AI is described in terms of the selected criterion or
outcome.  For example, the dietary intake recommended as the AI
for vitamin D for older adults (> 70 years) is based on both a bio-
chemical marker (circulating 25-hydroxyvitamin D) and a function-
al outcome marker (reduced fractures and bone loss).  Using data
from clinical studies, an intake of vitamin D associated with normal
circulating 25-hydroxyvitamin D concentrations was derived.  This
intake was supported by clinical trials in which supplemental calci-
um and vitamin D were associated with a reduced risk of fracture
over three years and a reduction in loss of bone mineral density at
specific bone sites.  Thus, two sets of data form the basis for the AI.
Since the individual contributions of the added calcium and vita-
min D to the attenuation of bone loss cannot be evaluated, an AI
was established.  Whether these higher intakes of vitamin D at
younger ages will reduce risk of osteoporosis and fracture in later
life remains to be determined.

USES OF DIETARY REFERENCE INTAKES

Imbedded in the framework of DRIs is the following approach.
When requirements are estimated to decrease risk of disease, par-
ticularly chronic degenerative disease where associations may not
be easily identified in short-term studies, there must be a prepon-
derance of epidemiologic evidence that is supported by clinical tri-
als and biologically plausible mechanisms before such associations
are used to establish recommendations.  Given that chronic degen-
erative diseases and developmental abnormalities may not be de-
tectable for significant periods of time, it is quite possible that indi-
viduals who have increased risk due to diet may not be identifiable,
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and their long-term intake may be less than that which apparently
decreases risk of the disease state.

If the strength of the data that associate risk of disease with the
nutrient in question is sufficient to permit AIs to be based on such
data, and national survey intake data indicate that the median in-
take is below the AI, then methods must be determined for individ-
uals to increase consumption in order to decrease risk due to inad-
equate dietary intakes.  Primary methods to accomplish this include
educating consumers to change their food consumption behavior,
increasing intake of fortified foodstuffs, providing dietary supple-
ments, or a combination of  these methods.  It is not the function of
this report, given the scope of work outlined, to analyze the poten-
tial impact of using these methods.

The benefits of food as the source of nutrients are well described
in previous FNB reports (NRC, 1989a, 1989b).  Obtaining RDAs
and AIs from unfortified food continues to have the advantage of
(1) providing intakes of other beneficial nutrients and food compo-
nents, for which RDAs and AIs may not be determined, and (2)
potentially enhancing intakes through interactions with other nu-
trients simultaneously.  It is recognized, however, that the low ener-
gy intakes reported in recent national surveys and thought to result
from decreased physical activity may mean that it would be unusual
to see changes in food habits to the extent necessary to maintain
intakes by all individuals at levels recommended in this report. Eat-
ing fortified food products represents one method by which to in-
crease or maintain intakes without major changes in food habits.
For some individuals at higher risk, nutrient supplements may be
desirable in order to meet reference intakes.

It is not the function of this report, given the scope of the work
(see Appendix A, Origin and Framework of the Development of
Dietary Reference Intakes), to address applications of the DRIs, in-
cluding assessment of the adequacy of intakes of various population
groups and planning for intakes of populations or for groups with
special needs.  However, some uses for the different types of DRIs
are described briefly in Chapter 9.  A subsequent report will focus
on uses of DRIs in various settings.

COMPARISON WITH OTHER COUNTRIES

Expert groups in many countries have developed reference values
for nutrient intakes (Table 1-1).  The number of life stage groups
identified by these countries varies considerably.  For example, the
number of age categories identified within the first year of life rang-
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TABLE 1-1  Reference Nutrient Values Used by Various
Countries and Groups

Age at
which
Males and
Females

Number Number are First
of of Treated EAR

Country/ Life-Stage Infant Separately RDI AI
Region Year Groupsa Groups (years) RDNI RNI PRI RDA

Belgium 1994 4 2 11b �
Canada 1990 17 2 7 �
European

Communityc 1993 9 1 11 �
Germany 1991 14 2 10 �
Netherlands 1992 14 2 10 � �
Nordic countries 1989 13 2 11 �
Sweden 1989 13 2 11 �
United Kingdom 1991 14 4 11 � �
United States 1989 13 2 11 �

NOTE: EAR, Estimated Average Requirement. United Kingdom: the required intake of
a group of people for energy, protein, a vitamin, or a mineral. About half will usually
need more than the EAR and half less.

RDI and RDNI, Recommended Daily Nutrient Intake: the average nutrient intake
that meets the requirement needs of 50 percent of a group. The remaining 50 percent
of the group will have requirements above the RDI.

RNI, Reference Nutrient Intake or AI, Adequate Intake. United Kingdom, Nether-
lands: an amount of the nutrient that is enough or more than enough to meet the
needs of about 97 percent of people in a group. Canada: RNI = the recommended
nutrient intakes of essential nutrients.

PRI, Population Reference Intake: the intake that is enough for virtually all healthy
people within a group.

RDA, Recommended Dietary Allowance. United States: the intake that meets the
nutrient needs of 97 to 98 percent of a group. Netherlands: the intake that meets the
nutrient needs of practically all healthy people in a defined population/age category;
applied to planning the food supply for the population group (similar to PRI).

a Males and females treated separately after age 7, 10, or 11.
b Except for energy.
c Adults >18 years all grouped together; age < 6 months not addressed.

SOURCES: Belgian National Council for Nutrition, 1994; COMA, 1991; European
Community, 1993; German Society of Nutrition, 1991; Health Canada, 1990;
National Food Administration, 1989; Netherlands Food and Nutrition Council,
1992; NRC 1989a; PNUN, 1989.
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TABLE 1-2a   Magnesium Nutrient Standards for Children
Ages 1 to 3 Years and for Adult Females

Magnesium Nutrient Standards

Children 1–3 years Adult Females
Country/Region (mg) (mg)

Average Requirement or Equivalent
Germany 80 300
Nordic countries 150 300
Sweden 150 300
United Kingdom 65 250

Reference Nutrient Intake or Equivalent
Belgium 80-85 330
Canada 40–50 200a

European Community NDb 150–500
Netherlands 60–70c 250–300c

United Kingdom 85 270
United States 80 280

a Higher for women >51 years.
b ND = Not determined.
c Range given assuming a relationship with body weight.

SOURCES: Belgian National Council for Nutrition, 1994; COMA, 1991; European Commu-
nity, 1993; German Society of Nutrition, 1991; Health Canada, 1990; National Food Administra-
tion, 1989; Netherlands Food and Nutrition Council, 1992; NRC 1989a; PNUN, 1989.

es from one to four.  Although the United Kingdom (UK) (COMA,
1991) and The Netherlands (Netherlands Food and Nutrition
Council, 1992) use two categories of reference values, and the UK
includes an estimate of safe upper levels, the other countries listed
in Table 1-1 provide only one each.

Two general types of reference values are used:  (1) an estimate of
the average requirement or (2) the intake that will meet the re-
quirement of 97 to 98 percent (or virtually all) of the population.
The reference values given differ by country.  This is illustrated in
Tables 1-2a and 1-2b, which give the magnesium and phosphorus
values for children ages 1 to 3 years and for females (mainly of
childbearing years).  Average requirements specified by several
countries exceed the values set by other countries for intakes that
would meet the needs of virtually all the population within that age
group.  Criteria chosen for estimating average requirements vary
from country to country, as do the judgments made where limited
data are available.
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TABLE 1-2b  Phosphorus Nutrient Standards for Children
Ages 1 to 3 Years and for Adult Females

Phosphorus Nutrient Standards

Children 1–3 years Adult Females
Country/Region (mg) (mg)

Average Requirement or Equivalent
Germany NDa ND
Nordic countries 800 800
Sweden 800 800
United Kingdom 214 406

Reference Nutrient Intake or Equivalent
Belgium 700 800
Canada 300–350 850
European Community 300 550
Netherlands 400–800b 700–1,400b

a ND = Not determined.
b Range depends on absorption expected.

SOURCES: Belgian National Council for Nutrition, 1994; COMA, 1991; European Com-
munity, 1993; German Society of Nutrition, 1991; Health Canada, 1990; National Food
Administration, 1989; Netherlands Food and Nutrition Council, 1992; NRC 1989a;
PNUN, 1989.

PARAMETERS FOR DIETARY REFERENCE INTAKES

Life Stage Categories

The life stage categories described below were chosen with all the
nutrients to be reviewed in mind, rather than only those included
in this report.  Additional subdivisions within these groups may be
added in later reports.  For example, pregnancy may be subdivided
into two or more periods to accommodate women’s changing needs
for certain nutrients.  Differences will be indicated by gender when
warranted by the data.

Infancy

Infancy covers the period from birth through 12 months of age
and is divided into two 6-month intervals.  The first 6-month inter-
val was not subdivided further because intake is relatively constant
during this time.  That is, as infants grow, they ingest more food;
however, on a body weight basis their intake remains the same.
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During the second 6 months of life, growth velocity slows, and thus
total daily nutrient needs on a body weight basis may be less than
those during the first 6 months of life.

For a particular nutrient, average intake by full-term infants who
are born to healthy, well-nourished mothers and exclusively fed hu-
man milk has been adopted as the primary basis for deriving the AI
for most nutrients during the first 6 months of life.  The value used
is thus not an EAR; the extent to which intake of human milk may
result in exceeding the actual requirements of the infant is not
known, and ethics of experimentation preclude testing the levels
known to be potentially inadequate.  Therefore, the AI is not an
estimated average requirement in which only half of the group
would be expected to have their needs met.

Using the human milk-fed infant as a model is in keeping with the
basis for estimating nutrient allowances of infants developed in the
last RDA (NRC, 1989a) and RNI (Health Canada, 1990) reports.  It
also supports the recommendation that exclusive breastfeeding is
the preferred method of feeding for normal full-term infants for
the first 4 to 6 months of life. This recommendation has been made
by the Canadian Paediatric Society (Health Canada, 1990), the
American Academy of Pediatrics (1982) and in the FNB report Nu-
trition During Lactation (IOM, 1991).

In general, for this report, special consideration was not given to
possible variations in physiological need during the first month af-
ter birth (when, for example, urinary phosphorus loss is lower due
to immature glomerular filtration rate [Brodehl et al., 1982; Sven-
ningsen and Lindquist, 1974]) or to the variations in intake of nu-
trients from human milk that result from differences in milk vol-
ume and nutrient concentration during early lactation.

Specific DRIs to meet the needs of formula-fed infants are not
proposed in this report.  The previously published RDAs and RNIs
for infants have led to much misinterpretation of the adequacy of
human milk because of a lack of understanding about their deriva-
tion for young infants.  Although they were based on human milk
composition and volume of intake, the previous RDA and RNI val-
ues allowed for lower bioavailability of nutrients from nonhuman
milk.  In order to assist in deriving appropriate intakes of infants
fed foods other than human milk, considerations for applying the
AIs to formulas are addressed under the “Special Considerations”
sections in Chapters 4 through 8.

Ages 0 through 6 Months.   To derive the AI value for infants ages 0
through 6 months, the mean intake of a nutrient was calculated
based on the average concentration of the nutrient from 2 through
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6 months of lactation using consensus values from several reported
studies (Atkinson et al., 1995), and an average volume of milk in-
take of 780 ml/day as reported from studies of full-term infants by
test weighing, a procedure in which the infant is weighed before
and after each feeding (Butte et al., 1984; Chandra, 1984; Hof-
vander et al., 1982; Neville et al., 1988). Because there is variation
in both of these measures, the computed value represents the mean.
It is expected that infants will consume increased volumes of hu-
man milk as they grow.

Ages 7 through 12 Months.  During the period of infants’ growth
acceleration and gradual weaning to a mixed diet of human milk
and solid foods from ages 7 through 12 months, there is no evi-
dence for markedly different nutrient needs within this period.  The
basis of the AI values derived for this age category was the sum of
the specific nutrient provided by 600 ml/day of human milk, which
is the average volume of milk reported from studies in this age
category (Heinig et al., 1993), added to that provided by the usual
intakes of complementary weaning foods consumed by infants in
this age category (Specker et al., 1997).  This approach is in keep-
ing with the current recommendations of the Canadian Paediatric
Society (Health Canada, 1990), the American Academy of Pediat-
rics (1982), and Nutrition During Lactation (IOM, 1991) for contin-
ued breastfeeding of infants through 9 to 12 months of age with
appropriate introduction of solid foods.

One problem encountered in trying to derive intake data in in-
fants was the lack of available data on total nutrient intake from a
combination of human milk and solid foods in the second 6 months
of life.  Most intake survey data for the macrominerals do not iden-
tify the milk source, but the published values indicate that cow milk
and cow milk formula were most likely consumed.

Toddlers: Ages 1 through 3 Years

The greater velocity of growth in height during ages 1 through 3
compared with ages 4 through 5 provides a biological basis for di-
viding this period of life.  Because children in the United States and
Canada from age 4 onwards begin to enter the public school sys-
tem, ending this life stage prior to age 4 seemed appropriate.  Data
are sparse for indicators of nutrient adequacy on which to derive
DRIs for these early years of life.  In some cases, DRIs were derived
from data extrapolated from studies of infants or of children aged 4
years or older.
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Early Childhood: Ages 4 through 8 Years

Because major biological changes in velocity of growth and chang-
ing endocrine status occur during ages 4 through 8 or 9 years (the
latter depending on onset of puberty in each gender), the category
of 4 through 8 years is appropriate.  For many nutrients, a reason-
able amount of data are available on nutrient intake and various
criteria for adequacy (such as nutrient balance measured in young
children aged 5 through 7 years) that can be used as the basis for
the EARs and AIs for this life stage group.

Puberty/Adolescence: Ages 9 through 13 Years and
14 through 18 Years

Recognizing that current data support younger ages for pubertal
development, it was determined that the adolescent age group
should begin at 9 years.  The mean age of onset of breast develop-
ment (Tanner Stage 2) for white females in the United States is
10.0 years (SD 1.8); this is a physical marker for the beginning of
increased estrogen secretion (Herman-Giddens et al., 1997).  In
African American females, onset of breast development is earlier
(mean 8.9 years (± 1.9).  The reasons for the observed racial differ-
ences in the age at which girls enter puberty are unknown.  The
onset of the growth spurt in girls begins before the onset of breast
development (Tanner, 1990).  The age group of 9 through 13 years
allows for this early growth spurt in females.

For males, the mean age of initiation of testicular development is
10.5 to 11 years, and their growth spurt begins 2 years later (Tan-
ner, 1990).  Thus, to begin the second age category at 14 years and
to have different EARs and AIs for females and males for some
nutrients at this age seemed biologically appropriate.  All children
continue to grow to some extent until as late as age 20; therefore,
having these two age categories span the period 9 through 18 years
of age seemed justified.

Young Adulthood and Middle Age: Ages 19 through 30 Years and
31 through 50 Years

The recognition of the possible value of higher nutrient intakes
during early adulthood to achieving optimal genetic potential for
peak bone mass was the reason for dividing adulthood into ages 19
through 30 years and 31 through 50 years.  Moreover, mean energy
expenditure decreases during this 30-year period, and needs for
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nutrients related to energy metabolism may also decrease.  For some
nutrients, the DRIs may be the same for the two age groups.  How-
ever, for other nutrients, especially those related to energy metabo-
lism, AIs or EARs (and RDAs) are likely to differ for these two age
groups.

Adulthood and Older Adults: Ages 51 through 70 Years
and > 70 Years

The age period of 51 through 70 years spans the active work years
for most adults.  After age 70, people of the same age increasingly
display variability in physiological functioning and physical activity.
A comparison of people over age 70 who are the same chronologi-
cal age may demonstrate as much as a 15- to 20-year, age-related
difference in level of reserve capacity and functioning.  This is dem-
onstrated by age-related declines in nutrient absorption and renal
function.  Because of the high variability in functional capacity of
older adults, the EARs and AIs for this age group may reflect a
greater variability in requirements for the older age categories.  This
may be most applicable to nutrients for which requirements are
related to energy expenditure.

Pregnancy and Lactation

Recommendations for pregnancy and lactation may be subdivid-
ed because of the many physiological changes and changes in nutri-
ent needs that occur during these life stages.  In setting EARs and
AIs for these life stages, however, consideration is given to adapta-
tions to the increased nutrient demand—such as increased absorp-
tion and greater conservation of many nutrients.  Moreover, there
may be net losses of some nutrients that occur physiologically re-
gardless of the nutrient intake.  Thus, for some nutrients, there may
not be a basis for EAR or AI values that are different during these
life stages than they are for other women of comparable age.

Reference Weights and Heights

The reference weights and heights selected for adults and chil-
dren are shown in Table 1-3.  The values are based on anthropo-
metric data collected during 1988–1994 as part of the Third Nation-
al Health and Nutrition Examination Survey (NHANES III) in the
United States.

The median heights for children aged 4 through 8, for adoles-
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TABLE 1-3  DRI Reference Heights and Weights for Children
and Adultsa

Median Body Reference Reference
Mass Index, Height, Weight,b

Gender  Age kg/m2 cm (in) kg (lb)

Male, female 2–6 months — 64 (25) 7 (16)
7–12 months — 72 (28) 9 (20)
1–3 years — 91 (36) 13 (29)
4–8 years 15.8 118 (46) 22 (48)

Male 9–13 years 18.5 147 (58) 40 (88)
14–18 years 21.3 174 (68) 64 (142)
19–30 years 24.4 176 (69) 76 (166)

Female 9–13 years 18.3 148 (58) 40 (88)
14–18 years 21.3 163 (64) 57 (125)
19–30 years 22.8 163 (64) 61 (133)

a Adapted from NHANES III, 1988-1994.
b Calculated from body mass index and height for ages 4 through 8 years and older.

cents aged 9 through 13 and 14 through 18, and for young adults
aged 19 through 30 were identified, and the weights for those
heights were based on Body Mass Index (BMI) for the same individ-
uals within the group.  Since there is no evidence that weight should
change with aging if activity is maintained, the reference weights
for 19- through 30-year-old young adults are applied to all adult age
groups.

The most recent nationally representative data available for Cana-
dians (from the l970–1972 Nutrition Canada Survey [Demirjian,
1980]) were reviewed.  In general, median heights of children from
1 year of age in the United States were greater by 3 to 8 cm (1 to 2
1/2  inches) compared to children of the same age in Canada mea-
sured two decades earlier (Demirjian, 1980).  This could be partly
explained by approximations necessary to compare the two data
sets, but more possibly by a continuation of the secular trend of
increased heights for age noted in the Nutrition Canada survey
when it compared data from that survey to an earlier (1953) nation-
al Canadian survey (Pett and Ogilvie, 1956).

Similarly, median weights beyond age 1 year derived from the
recent survey in the United States (NHANES III, 1988–1994) were
also greater than those obtained from the older Canadian survey
(Demirjian, 1980).  Differences were greatest during adolescence,
ranging from 10 to 17 percent higher.  The differences probably
reflect the secular trend of earlier onset of puberty (Herman-Gid-
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dens et al., 1997), rather than differences in populations.  Calcula-
tions of BMI for young adults (for example, a median of 22.6 for
Canadian women compared to 22.8 for American women) resulted
in similar values, indicating that by adulthood there was greater
concordance between the two surveys.

The reference weights chosen for this report were based on the
most recent data set available from either country, recognizing that
earlier surveys in Canada indicated shorter stature and lower weights
during adolescence compared to those from surveys in the United
States.

Reference weights are used primarily when setting the EAR, AI, or
UL for children or when relating the nutrient needs of adults to
body weight.  For the 4- to 8-year-old age group, it can be assumed
that a small 4-year-old child will require less than the EAR and that
a large 8-year-old will require more than the EAR.  However, the
RDA should meet the needs of both.

SUMMARY

Dietary Reference Intakes is a generic term for a set of nutrient refer-
ence values that includes Estimated Average Requirement, Recom-
mended Dietary Allowance, Adequate Intake, and Tolerable Upper
Intake Level.  These reference values are being developed for life
stage and gender groups in a joint U.S.-Canadian activity.  This
report, which is the first in a series, covers the DRIs for calcium and
four related nutrients: phosphorus, magnesium, vitamin D, and flu-
oride.
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2
Calcium and

Related Nutrients:
Overview and Methods

OVERVIEW

This report focuses on five nutrients—calcium, phosphorus, mag-
nesium, vitamin D, and fluoride, all of which play a key role in the
development and maintenance of bone and other calcified tissues.
Indeed, 99 percent of body calcium, 85 percent of body phospho-
rus, 50 to 60 percent of body magnesium, and 99 percent of body
fluoride are found in bone or other calcified tissues.  Vitamin D
functions as the substrate for the synthesis of 1,25-dihydroxyvitamin
D, which is the active hormone necessary for the regulation of calci-
um and phosphorus homeostasis.

Although the development and preservation of bone mass are key
elements in the estimation of the needs for these five nutrients for
the population of the United States and Canada, the evidence con-
sidered includes other biological roles for these nutrients and their
possible relevance to human health and to decreasing risk of dis-
ease.  For the most part, however, it is the functioning of these
nutrients in bone and teeth that provided the most convincing cri-
teria on which to base the new Dietary Reference Intakes (DRIs).

Other nutrients may be of biological significance to the develop-
ment and maintenance of bone.  These include the microminerals
copper, zinc, manganese, and boron and the vitamins C and K.
With the exception of boron, all these nutrients have been identi-
fied as required cofactors for enzymes that act in the synthesis or
post-translational modification of constituents of bone matrix.  Vita-
min C is essential for collagen cross-linking, and vitamin K is essen-
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tial for the gamma carboxylation of three bone matrix proteins (for
example, osteocalcin, which facilitates calcium binding to hydroxya-
patite).  With the exception of boron, deficiencies of these nutri-
ents in growing animals have been associated with bone lesions
(Heaney, 1997).  In humans, the primary biological function of
these nutrients does not appear to be bone metabolism and mainte-
nance of skeletal integrity.  Bone fragility in humans related to defi-
ciencies of these trace elements and vitamins has not been well
described.  Thus, these trace elements and vitamins will be covered
in subsequent DRI reports that deal with their major functions.

The roles of boron in human health, in general, and in bone
metabolism, in particular, are uncertain.  Studies in animals suggest
that boron contributes to the composition and strength characteris-
tics of bone (Hunt and Nielsen, 1981).  Boron may have an interac-
tive role with vitamin D because it affects steroid hormone metabo-
lism in humans (Nielsen, 1990; Nielsen et al., 1987).  In studies in
postmenopausal women, boron depletion was not consistently
found to alter calcium and vitamin D homeostasis (Nielsen et al.,
1987; Peace and Beattie, 1991).  Epidemiological evidence of a rela-
tionship between dietary boron status and osteoporosis is not avail-
able.  Thus, it was deemed premature to consider boron as a nutri-
ent functionally related to bone health, and boron was not included
in this report.

METHODOLOGICAL CONSIDERATIONS

The scientific data for developing the DRIs have come primarily
from clinical, dose-response, balance, depletion-repletion, observa-
tional, and case-control studies.  In general, only studies published
in peer-reviewed journals have been utilized.  However, studies pub-
lished in other scientific journals or readily available reports were
considered if they appeared to provide important information on
health effects not documented elsewhere.  In some cases they were
used to estimate intakes.  If applicable, original scientific studies
were used for the critical determinants of endpoints for deriving
the Estimated Average Requirement (EAR), Adequate Intake (AI),
and Tolerable Upper Intake Level (UL) for each nutrient at each
stage of the lifespan.

Based on a thorough review of the scientific literature, the possi-
ble criterion or outcomes of nutrient adequacy were identified for
each nutrient and life stage or gender group.  The choice of the
indicator to utilize in determining the EAR or AI was based on
scientific judgment.  The strengths and weaknesses of each study
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considered in developing the EAR or AI were assessed.  Chapters 4
through 8 describe the rationale for the inclusion or exclusion of
evidence.  Among the factors considered were the methods used to
determine intake from food and supplements; methods used for
measuring the indicator of adequacy; relationships among the indi-
cator, dietary intake, and functional or physiologic outcome; any
allowances for adaptation to changes in intake; and other aspects of
the study design.

When applicable, the strength, consistency, and preponderance
of the data and the degree of concordance among epidemiological,
clinical, and laboratory evidence determined the strengths of the
indicators that were used as the basis for EARs and AIs in each stage
of the lifespan.  As was adopted by the Surgeon General’s Report on
Nutrition and Health (DHHS, 1988) and the Food and Nutrition
Board’s Diet and Health (NRC, 1989b), the assessment of the strength
of the data supporting a nutrient’s role in decreasing risk of chron-
ic debilitating disease or developmental abnormalities was based on
the following criteria (Hill, 1971):

• strength of association, usually expressed as relative risk;
• dose-response relationship;
• temporally correct association, with exposure preceding the

onset of disease;
• consistency of association;
• specificity of association; and
• biological plausibility.

The greatest weight was given to studies, if available, that were
directly related to a determination of nutrient needs and that used
an appropriate experimental design and outcome measure.  Less
weight was given to studies in which observed levels of nutrient
intake were related to a specific criterion or criteria of nutriture.
Neither average dietary intake data nor indicator of adequacy data
alone provided a sufficient basis for deriving an EAR, although this
approach, of necessity, was applied to the development of AIs for
infants and for fluoride.  If necessary, a factorial model could be
used as a basis for estimating the physiological requirement, which
could then be used to estimate the dietary requirement for a nutri-
ent.  This process was used to estimate the phosphorus require-
ments for some life stage groups.

In developing estimates of average requirements for minerals such
as calcium, phosphorus, and magnesium, the available literature
until the late 1980s consisted primarily of balance studies in which
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normal subjects with somewhat similar age, body size, and gender
characteristics were tested while consuming different dietary in-
takes.  A key concern in such studies was the significant body store
represented by the skeletal tissues for these nutrients and the fact
that the balance method could easily fail to detect, due to systemat-
ic bias or error, small changes in mineral status.  In addition, bal-
ance studies tend to err toward a positive balance since intake is
usually overestimated and excretion is underestimated.  With the
advent of readily available noninvasive and fairly inexpensive meth-
ods to detect changes in bone mineral content and bone mineral
density, additional information relative to small changes became
available to augment information from balance studies.

In general, in order to account for possible errors introduced
through the use of available balance data, criteria and methods for
compiling balance data that could be used to develop DRIs for cal-
cium and magnesium included the following:

• Preferential use was made of studies on self-selected calcium
intakes in order to avoid the bone remodeling transient as described
in Chapter 4.

• For every situation, data from more than one reported investi-
gation of calcium balance were considered.

• Only balance studies whose dietary periods were thought to be
long enough to assure a reasonable degree of adaptation to the diet
via urinary and fecal losses were used.

• In some instances (as for children ages 9 through 13 years),
comparable data from individual investigations were combined to
create a larger sample size in order to facilitate use of a statistical
model which describes the relationship between calcium intake and
retention over a range of intakes.  Using the equation derived from
this model (see Appendix E), a prediction of calcium intake re-
quired to attain a desirable calcium retention could be obtained.

• When investigators did not measure or estimate miscellaneous
losses of calcium in balance studies, an adjustment for this was made
in predicting the desirable calcium retention.  When rate of expect-
ed growth or change in tissue mass was not accounted for in indi-
vidual studies (particularly related to magnesium in children), ad-
justments for growth were made to the available balance data.
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NUTRIENT INTAKE ESTIMATES

Methodological Considerations

When examining data on an individual’s requirement for any nu-
trient, it is essential to consider the quality of the intake data.  The
most valid intake data are those collected from the metabolic study
protocols in which all food is provided by the researchers, amounts
consumed are accurately measured, and the nutrient composition
of the food is determined by laboratory analyses.  Such protocols
can be used for balance studies with a small number of subjects, but
they are seldom possible for larger studies.  Thus, intake data are
often self-reported (for example, 24-hour recalls of food intake,
diet records, or food frequency questionnaires), which have inher-
ent limitations.  Potential sources of error in self-reported intake
data include over- or under-reporting of portion sizes, omission of
foods, and inaccuracies in tables of food composition.  These and
other sources of dietary intake errors have been discussed in several
reviews (Kohlmeier et al., 1997; LSRO/FASEB, 1986; Thompson
and Byers, 1994; Willett, 1990) and at two recent conferences on
dietary assessment methods (Buzzard and Willett, 1994; Willett and
Sampson, 1997).  The general conclusion is that self-reported di-
etary data are subject to a number of inaccuracies and biases.  There-
fore, the values reported by nationwide surveys or studies that rely
on self reporting may be somewhat inaccurate and possibly biased.

Because of day-to-day variation in dietary intakes, the distribution
of 1-day (or 2-day) intakes for a group is wider than the distribution
of usual intakes, even though the mean of the intakes may be the
same.  Statistical adjustments have been developed (NRC, 1986;
Nusser et al., 1996) that require at least 2 days of dietary data from a
representative subsample of the population of interest.  These ad-
justments have been made to the U.S. population intake data from
the 1994 U.S. Department of Agriculture (USDA) Continuing Sur-
vey of Food Intake of Individuals (CSFII) (Cleveland et al., 1996),
which are used in this report to more accurately estimate intakes of
specific life stage and gender groups.  However, this method does
not adjust for the underreporting of intake, which may be as much
as 20 percent (Mertz et al., 1991).

Finally, food composition databases that are used to calculate nu-
trient intake from self-reported and observed intake data introduce
errors due to random variability, genetic variation in content, and
use of poor analytical methods.  In general, when estimating nutri-
ent intakes for groups, the effect of errors in the composition data
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is probably considerably smaller than the effect of errors in the self-
reported intake data (NRC, 1986).

DIETARY INTAKES IN THE UNITED STATES AND CANADA

Sources of Dietary Intake Data

The major sources of intake data for the U.S. population are the
national surveys conducted by the U.S. Department of Health and
Human Services (USDHHS) and by the USDA.  Partial results of
two surveys from phase I (1988–1991) of the Third National Health
and Nutrition Examination Survey (NHANES III), which was con-
ducted from 1988 to 1994 by USDHHS (Alaimo et al., 1994), and
the first two years of the 1994 to 1996 CSFII, which was conducted
by USDA (Cleveland et al., 1996) have been released recently.
NHANES III examined 30,000 subjects aged 2 months and older.  A
single 24-hour diet recall was collected for all subjects, and a second
recall was collected for a 5 percent subsample.  The 1994 to 1996
CSFII collected two nonconsecutive 24-hour recalls from approxi-
mately 16,000 subjects of all ages.  Both surveys used a food compo-
sition database developed by USDA to calculate nutrient intakes
(Perloff et al., 1990).

National survey data for Canada are not currently available, al-
though data have been collected from two provinces and should be
available shortly.  The data regarding nutrient intakes for individu-
als in the United States may be applicable to Canada, but until
comparable databases are available, the degree of similarity of in-
takes is unknown.

When comparisons are made in this report between intake and
DRIs (AIs, EARs, RDAs, and ULs), only intakes from the recent
CSFII survey that have been adjusted for day-to-day variation in in-
take are presented.  In many cases, values available from the
NHANES III survey are similar, which is noted.  Values reported by
CSFII are for intake from food only.

Table 2-1 gives the fifth, median, and ninety-fifth percentiles of
intakes of calcium, phosphorus, and magnesium by age in the Unit-
ed States from the first phase of the CSFII survey, as adjusted by the
method of Nusser et al. (1996).  Because food composition data are
not readily available for vitamin D, neither of the U.S. national
surveys has attempted to estimate intakes for this nutrient.  An anal-
ysis using NHANES II data (collected from 1976 to 1980) has esti-
mated median 1-day vitamin D intakes by young women at 2.9 µg
(114 IU)/day from food (maximum of 49 µg [1,960 IU]/day) (Mur-
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phy and Calloway, 1986).  A smaller study of older women estimat-
ed median food intakes of vitamin D at 2.3 µg (90 IU)/day, with a
maximum of 12.5 µg (500 IU)/day (Krall et al., 1989).  No esti-
mates of the extent to which exposure to sunlight met part of the
individual’s requirements for vitamin D are available in these stud-
ies.  Intakes of fluoride from foods are difficult to estimate due to
wide variations in the fluoride content of local water supplies and
inadvertent consumption of fluoride through dental products.  As a
result, none of the U.S. national surveys has attempted to estimate
fluoride intake.  Some data are available from relatively small sam-
ples of individuals, and these are provided in Chapter 8 which dis-
cusses fluoride.

Estimates of intakes for some of these nutrients can be made from
per-capita food availability (disappearance data).  For the United
States, the most recent disappearance data (USDA, 1997) show 900
mg (22.5 mmol) of calcium per person, 1,420 mg (45.8 mmol) of
phosphorus per person (which excludes the phosphorus used as a
food additive in processed foods and beverages such as in soft
drinks), and 320 mg (13.3 mmol) of magnesium per person.  These
daily average figures are lower than those shown in Table 2-1 for
adults because intakes of all age groups are combined.  In addition,
they overestimate actual intakes of the population because spoilage,
trimming, and plate waste are not subtracted from the per-capita
estimates.  However, the general magnitude of the intake estimates
is confirmed by this alternative source of food consumption data.

Finally, drinking water may be an important source of some min-
erals other than fluoride.  Although accounted for in most balance
studies conducted in modern metabolic units, the contribution of
calcium, magnesium, and phosphorus from water to the total esti-
mated intake of subjects is frequently not included or estimated.

Sources of Supplement Intake Data

Although NHANES and CSFII ask subjects about the use of di-
etary supplements, neither collects quantified information on in-
takes from supplements.  In 1986, the National Health Interview
Survey (NHIS) queried 11,558 adults and 1,877 children on their
intake of supplements during the previous 2 weeks (Moss et al.,
1989).  The composition of the supplement was obtained directly
from the product label whenever possible.  These data indicated
that almost 25 percent of adults took a vitamin D supplement dur-
ing the previous 2 weeks, 20 percent took a calcium supplement,
and 15 percent took a magnesium supplement.  Use of phosphorus
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TABLE 2-2 Percentage Use of Supplements in the United
States by Children and Adults: Calcium, Phosphorus,
Magnesium, Vitamin D, and Fluoride

Percentage Who Intake (mg/day) of Nutrient
Reported Use in Supplements by Those Reporting Use
Previous 2 Weeks in Previous 2 Weeks (Percentiles)

Nutrient Median 50th 95th 99th

Children
Calcium (mg) 7.5 88 160 304
Phosphorus (mg) 6.2 48 128 200
Magnesium (mg) 7.9 23 70 117
Vitamin D (µg) 38.2 10 10 10
Fluoride  2 .5 NDa ND ND

Men
Calcium (mg) 14.0 160 624 928
Phosphorus (mg) 9.2 120 264 448
Magnesium (mg) 13.5 102 200 350
Vitamin D (µg) 19.9 10 12 20
Fluoride 0 ND ND ND

Women
Calcium (mg) 24.7 248 904 1,200
Phosphorus (mg) 11.2 128 264 448
Magnesium (mg) 17.1 100 240 400
Vitamin D (µg) 27.6 10 13 17
Fluoride 0.1 ND ND ND

a ND = not determined.

SOURCE: Moss et al. (1989).

supplements was less common (10 percent); virtually no adults used
fluoride supplements.  Children aged 2 to 6 years were less likely to
take supplements of calcium, phosphorus, or magnesium (6 to 8
percent took these supplements) but they were more likely to take
vitamin D (38 percent).  The percentages of supplement use for
adults and children, as well as the median, ninety-fifth, and ninety-
ninth percentile of intake, are shown in Table 2-2 for calcium, phos-
phorus, magnesium, vitamin D, and fluoride.

The lack of accurate estimates of a population’s intake from sup-
plements plus food prevents accurate examination of the upper
end of the nutrient intake distribution.  This, in turn, limits the
ability to identify intakes that approach or exceed the UL.
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Use of Intake Data in This Report

Intake data from food, water, and, when available, supplements
and some over-the-counter medications are used for several purpos-
es in this report:  to estimate the average requirement of a nutrient,
to determine the lowest-observed-adverse-effect level (LOAEL) or
the no-observed-adverse-effect level (NOAEL) of a nutrient, and to
characterize the risk of exceeding the UL for a nutrient.  They are
also used in a few examples of applying DRIs to specific situations.

Food Sources of Calcium and Related Nutrients

Availability of nutrients from a range of foods provides useful in-
formation when setting nutrient requirements and ULs.  Calcium
in the United States and Canada is obtained primarily from dairy
products (Cleveland et al., 1996; NIN, 1995).  Household consump-
tion data show that individuals in the United States consume the
equivalent of 2 cups of milk per day (based on the calcium content
of various dairy products), while Canadians consume approximate-
ly 1.6 cups per day (Cleveland et al., 1996; NIN, 1995).

Cross-Cultural Differences in Dietary Intake and Bioavailability

For this report, consideration of the dietary practices associated
with intakes of calcium and related nutrients has been limited to
observations within U.S. and Canadian populations.  The recom-
mendations for the DRIs may not be generalizable globally, espe-
cially where food intake and indigent dietary practices may result in
very different bioavailability of mineral elements from sources not
considered in traditional diets of Canadians and Americans.  For
example, both the consumption of bones from fish and meat foods
and the practice of geophagia are more common in developing
countries than in the United States or Canada.  Population varia-
tions in the consumption of other diet components such as protein
and sodium may significantly affect population calcium and magne-
sium needs and ULs.

With regard to the need for calcium and related nutrients for
bone health, cross-cultural comparisons must also consider variabil-
ity among populations in activity, weight-bearing practices, and sun
exposure.  Differences in hip axis length or other structural fea-
tures may vary across cultures; hip axis length is directly associated
with hip fracture risk (Cummings et al., 1993).  Until more is
learned about the prevalence of osteoporosis and hip fracture risk
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in other countries (Cooper et al., 1992), and about habitual intakes
of calcium and related nutrients according to specific cultural di-
etary practices, the implementation of the published DRIs should
be used with caution outside the United States and Canada.

USE OF ADEQUATE INTAKE RATHER THAN ESTIMATED
AVERAGE REQUIREMENT

As defined in Chapter 1, the AI is used as a reference value when
sufficient data are not available to estimate an average requirement.
In this report, AIs rather than EARs and RDAs are developed for all
nutrients for infants to age 1 year, and for calcium, vitamin D, and
fluoride for all life stages.  The method used to derive the AIs dif-
fers for infants and for each nutrient as follows.

Infants: Ages 0 through 6 Months

The AI is the intake by healthy breast-fed infants as obtained from
average human milk nutrient composition and average milk vol-
ume.  Since infants self-regulate milk intake from the breast, it is
presumed that larger infants, who may require more milk than the
average population intake, will achieve this by increasing milk in-
take volume.

Calcium

    In this report, three major approaches were considered in de-
riving the AIs for calcium—calcium balance studies of subjects con-
suming variable amounts of calcium, a factorial model using calcium
accretion based on bone mineral accretion data, and clinical trials
which investigated the response of change in bone mineral content/
density or fracture rate to varying calcium intakes.  The prepublication
version of this report estimated per cent maximal calcium retention
derived from calcium balance data as one of the three major ap-
proaches considered to develop the recommended intakes for calci-
um.  Subsequent comments received following the report’s release
in prepublication form indicated concerns with the statistical meth-
odology used to obtain such estimates from the available balance
data.  In response to the technical issues raised, the DRI Committee
determined for this final printed version that it would estimate
desirable calcium retention in place of estimating the percent of max-
imal retention, using the same data and statistical methodology as
was included in the prepublication version (see Appendix E).
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Where sufficient data were available, values from balance studies
for individual subjects within specific age groups were applied to a
nonlinear mathematical model recently used by Jackman et al.
(1997) which describes the relationship between varying calcium
intakes and retention.  The equation derived from this model was
then solved to determine the calcium intake required to achieve
retention of the desirable amount of calcium.  The desirable reten-
tion varied by age group but for the most part reflected accretion of
calcium in bone based on bone mineral accretion data available for
some of the age groups.

Another major approach considered by the Committee to esti-
mating intake needed to maintain calcium adequacy was the facto-
rial method.  This is based on combining estimates of losses of
calcium via various routes by apparently healthy individuals  and
then assuming that these represent the degree to which calcium
intake, as corrected by estimated absorption, will balance these loss-
es.  The weakness of using this approach alone is that the data come
from different studies, in different subjects, and the variation in
absorption, particularly depending on previous intake, may be sig-
nificant.  The third approach derives calcium requirements from
the few available clinical trials in which addditional calcium was
given and changes in bone mineral content or density or in fracture
rate were measured over time.

Comparison of the intakes needed to achieve desirable calcium
retention or maintain minimal calcium loss using each of these
three methods gave reasonable confidence and concordance to the
levels of intake recommended as AIs.   Thus the recommended AI
for each life stage group is an approximation of the calcium intake
that would appear to be sufficient to maintain calcium nutriture for
almost all the individuals in the specific group. It is also recognized
that the ability to maximize calcium retention may not be limited by
calcium intake alone since there are many other factors that affect
calcium retention, such as growth velocity (in children), hormonal
status, gender and ethnic backgrounds, other diet components, and
genetic patterns.  Evidence to support this is cited in the study by
Jackman et al. (1997), which demonstrated that the further into
puberty the teenage girls were, the lower their relative calcium re-
tention was even though calcium intake remained the same.  In
addition, calcium retention would be expected to oscillate above
and below a mean value at the calcium intake levels tested, which
often were intended to approximate or exceed the subjects’ usual
intakes.  Additional consideration of the approach used is included
in Chapter 4.
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The decision to set AIs rather than EARs and thus RDAs for calci-
um was based on the following concerns: (1) uncertainties in the
methods inherent in and the precise nutritional significance of val-
ues obtained from the balance studies that form the basis of the
desirable retention model, (2) the lack of concordance between
observational and experimental data (mean calcium intakes in the
United States and Canada are much lower than are the experimen-
tally derived values required to achieve average desirable calcium
retention), and (3) the lack of longitudinal data that could be used
to verify the association of the experimentally derived calcium in-
takes for achieving a predetermining calcium retention with the
rate and extent of long-term bone loss and its clinical sequelae,
such as fracture.  Taking all of these factors into consideration it
was determined that an EAR for calcium could not be established at
the present time.  The recommended AI represents an approxima-
tion of the calcium intake that, in the opinion of the DRI Commit-
tee and its Panel on Calcium and Related Nutrients, would appear
to be sufficient to maintain calcium nutriture while recognizing
that lower intakes may be adequate for many; however, this evalua-
tion will have to await additional studies on calcium balance over
broad ranges of intakes and/or of long-term measures of calcium
sufficiency.

Vitamin D

The AI is the intake value that appears to be needed to maintain,
in a defined group of individuals with limited but uncertain sun
exposure and stores, serum 25-hydroxyvitamin D concentration
above a defined amount.  The latter is that concentration below
which vitamin D deficiency rickets or osteomalacia occurs.  The
intake value was rounded to the nearest 50 IU, and then doubled as
a safety factor to cover the needs of all, regardless of their sun
exposure.

Fluoride

The AI is the intake value that reduces the occurrence of dental
caries maximally in a group of individuals without causing unwant-
ed side effects.  For fluoride, the data are strong on risk reduction,
but the evidence on which to base an actual requirement is scant,
thus driving the decision to adopt an AI as the reference value.
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3
A Model for the

Development of Tolerable
Upper Intake Levels

BACKGROUND INFORMATION

The framework for developing Dietary Reference Intakes (DRIs)
includes an evaluation of the Tolerable Upper Intake Level (UL)
for nutrients.  The UL in this context refers to an intake ordinarily
in excess of the Recommended Dietary Allowance (RDA) or Ade-
quate Intake (AI) and associated with negligible risk of adverse
health effects; it does not include consideration of the level of in-
take with minimal risk of dietary deficiency.  A model has been
developed that is generally applicable to the problem of identifying
upper levels of nutrient intake.

Like all chemical agents, nutrients can produce adverse health
effects if intakes from any combination of food, water, nutrient sup-
plements, and pharmacologic agents are excessive.  It is also the
case that some levels of nutrient intake above those associated with
any documented benefit pose no likelihood or risk of adverse health
effects in normal individuals.  In actuality, it is not possible to iden-
tify a single “risk-free” intake level for a nutrient that can be applied
with certainty to all members of a population.  However, it is possi-
ble to develop intake levels that are unlikely to pose risks of adverse
health effects to most members of the healthy population, includ-
ing sensitive individuals, throughout the life stage, excepting in
some cases discrete subpopulations (for example, those with genet-
ic predispositions or certain disease states) that may be especially
vulnerable to one or more adverse effects.

The term Tolerable Upper Intake Level is defined as the maximum
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level of total chronic daily intake of a nutrient judged to be likely to
pose no risk of adverse health effects to the most sensitive members
of the healthy population. It is developed by applying the model
described.  The term tolerable is chosen because it connotes a level
of intake that can, with high probability, be tolerated biologically by
individuals, but it does not imply acceptability of that level in any
other sense.  Particularly, it should not be inferred that nutrient
intakes greater than the RDA are recommended as being beneficial
to an individual.  The term adverse effect is defined as any significant
alteration in the structure or function of the human organism
(Klaassen et al., 1986) or any impairment of a physiologically im-
portant function, in accordance with the definition set by the joint
World Health Organization, Food and Agriculture Organization of
the United Nations, and International Atomic Energy Agency
(WHO/FAO/IAEA) Expert Consultation in Trace Elements in Hu-
man Nutrition and Health (WHO, 1996).

A MODEL FOR DERIVATION OF TOLERABLE
UPPER INTAKE LEVELS

The possibility that the methodology used to derive ULs might be
reduced to a mathematical model that could be generically applied
to all nutrients was considered.  Such a model might have several
potential advantages, including ease of application and assurance
of consistent treatment of all nutrients.  It was concluded, however,
that the current state of scientific understanding of toxic phenome-
na in general, and nutrient toxicity in particular, is insufficient to
support the development of such a model.  (A fuller discussion of
this problem is set forth in the section on “Risk Assessment and
Food Safety”.)  Scientific information regarding various adverse ef-
fects and their relationships to intake levels varies greatly among
nutrients, depending on the nature, comprehensiveness, and quali-
ty of available data and the uncertainties associated with the un-
avoidable problem of extrapolating from the circumstances under
which data are developed (for example, in the laboratory or clinic)
to other circumstances (for example, to the healthy population).
Given the current state of knowledge, any attempt to capture in a
mathematical model all the information and scientific judgments
that must be made to reach conclusions regarding ULs would not
be consistent with contemporary risk assessment practices.

An appropriate model for the derivation of ULs consists, then,
not of a mathematical formula, but rather a set of scientific factors
that always should be considered explicitly.  The framework under
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which these factors are organized is called risk assessment.  Risk as-
sessment as first set forth by the National Research Council (NRC)
in its 1983 report, and as affirmed by another NRC committee in
1994 (NRC, 1994), is a systematic means of evaluating the probabil-
ity of occurrence of adverse health effects in humans from excess
exposure to an environmental agent (in this case, a nutrient) (FAO/
WHO, 1995; Health Canada, 1993).  The hallmark of risk assess-
ment is the requirement to be explicit in all of the evaluations and
judgments that must be made to document conclusions.

RISK ASSESSMENT AND FOOD SAFETY

Basic Concepts

Risk assessment is a scientific undertaking having as its objective a
characterization of the nature and likelihood of harm resulting from
human exposure to agents in the environment.  The characteriza-
tion of risk typically contains both qualitative and quantitative infor-
mation and includes a discussion of the significant scientific uncer-
tainties in that information.  In the present context, the agents of
interest are nutrients, and the environmental media are food, wa-
ter, and nonfood sources such as nutrient supplements and over-
the-counter pharmaceutical preparations. Additional human expo-
sure to some dietary agents, including nutrients, sometimes occurs
through other media, such as air.  For example, inhaling zinc oxide
in an industrial setting is associated with metal fume fever (Hodg-
son et al., 1988).  The applications of risk assessment to nutrients
and other food components in general are the subject of this sec-
tion, although the principles and methods discussed are more
broadly applicable.

Performing a risk assessment results in a characterization, with
due attention to scientific uncertainties, of the relationships be-
tween exposure(s) to an agent and the likelihood that adverse
health effects will occur in members of exposed populations.  Scien-
tific uncertainties are an inherent part of the risk assessment pro-
cess and are discussed below.  Deciding whether the magnitude of
exposure is “acceptable” or “tolerable” in specific circumstances is
not a component of risk assessment; this activity falls within the
domain of what is called risk management.  Risk management deci-
sions depend on the results of risk assessments but may involve
additional considerations, such as the public health significance of
the risk, the technical feasibility of achieving various degrees of risk
control, and the economic and social costs of this control.  Because
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there is no single, scientifically definable distinction between “safe”
and “unsafe” exposures, risk management necessarily incorporates
components of sound, practical decision making that are not ad-
dressed by the risk assessment process (NRC, 1983, 1994).

Although a risk assessment requires that information be orga-
nized in rather specific ways, its conduct does not require any
specific scientific methodologies for evaluating that information.
Rather, it asks risk assessors to evaluate scientific information
using what are, in their judgments, appropriate methodologies
and to make explicit the bases for their judgments.  Risk assess-
ment also requires explicit recognition of uncertainties in risk
estimates and the acknowledgment, when appropriate, that al-
ternative interpretations of the available data may be scientifi-
cally plausible (NRC, 1994; OTA, 1993).

Risk assessment is subject to two types of scientific uncertainties:
(1) those related to data and (2) those associated with any inferenc-
es that are required when directly applicable data are not available
(NRC, 1994).  Data uncertainties arise in the evaluation of informa-
tion obtained from the epidemiology and toxicology studies and
investigations of nutrient intake levels that are the basis for risk
assessments.  The use of data from experimental animals to esti-
mate responses in humans, and the selection of so-called uncertain-
ty factors to estimate inter- and intraspecies variabilities in response
to toxic substances are examples of the use of inferences in risk
assessment.  Uncertainties regarding the appropriate inferences to
be made arise whenever attempts are made to estimate or predict
adverse health effects in humans (in which there are often inade-
quate or nonexistent direct empirical data) based on extrapolations
of data obtained under dissimilar conditions (for example, experi-
mental animal studies).  Data on nutrient toxicity are generally avail-
able from studies in human populations and, therefore, may not be
subject to the same uncertainties (related to interspecies extrapola-
tions) associated with the available data on nonessential chemicals.
Options for dealing with uncertainties are discussed below and in
detail in Appendix C.

Steps in the Risk Assessment Process

Although various terms are used to describe the specific organiz-
ing steps of the risk assessment process (for example, FAO/WHO,
1995), there appears to be widespread agreement among risk asses-
sors on the content of those steps.  The organization of risk assess-
ment in this report is based on a model proposed by the NRC (1983,
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1994).  The steps of risk assessment as applied to nutrients are as
follows (see also Figure 3-1):

• Step 1.  Hazard identification involves the collection, organiza-
tion, and evaluation of all information pertaining to the toxic prop-
erties of a given nutrient.  It concludes with a summary of the evi-
dence concerning the capacity of the nutrient to cause one or more
types of toxicity in humans.

• Step 2.  Dose-response assessment determines the relationship be-
tween nutrient intake (dose) and adverse effect (in terms of inci-
dence and severity).  This step concludes with an estimate of the
UL—the maximum level of total chronic daily nutrient intake
judged unlikely to adversely affect the most sensitive individuals in a
healthy population.  ULs may be developed for various age groups
within the population.

• Step 3.  Exposure assessment evaluates the distribution of usual
total daily nutrient intakes among members of a healthy popula-
tion.

• Step 4.  Risk characterization summarizes the conclusions from
Steps 1 through 3  and evaluates the risk.  Generally, the risk is
expressed as the fraction of the exposed population, if any, having
nutrient intakes (Step 3) in excess of the estimated UL (Steps 1 and
2).  The characterization also discusses, where possible, the magni-
tude of any such excesses.  Scientific uncertainties associated with

Hazard Identification
Dose-Response Assessment

Estimate Tolerable Upper
Intake Level (UL)

Estimate Range/Distribution
of Human Intakes

Risk Characterization
What fraction of population, if any,
incurs intakes greater than the UL?

To what extent do intakes 
exceed the UL?

Exposure
Assessment

FIGURE 3-1  Risk assessment model for nutrient toxicity.
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both the UL and the intake estimates are described so that risk
managers understand the degree of scientific confidence they can
place in the risk assessment.

The risk assessment contains no discussion of recommendations
for reducing risk; these are the focus of risk management.

Thresholds

A principal feature of the risk assessment process for noncarcino-
gens is the long-standing acceptance that no risk of adverse effects
is expected unless a threshold dose (or intake) is exceeded.  The
adverse effects that may be caused by a nutrient almost certainly
occur only when the threshold dose is exceeded.  The critical issues
concern the methods used to identify the approximate threshold of
toxicity for a large and diverse human population.  Because most
nutrients are not considered to be carcinogenic in humans, the
approach to carcinogenic risk assessment (EPA, 1996) will not be
discussed here.

Thresholds vary among members of a healthy population (NRC,
1994).  If, for any given adverse effect, the distribution of thresh-
olds in the population could be quantitatively identified, then it
would be possible to establish ULs by defining some point in the
lower tail of the distribution of thresholds that would be protective
for some specified fraction of the population.  However, the cur-
rent state of biomedical sciences is insufficiently developed to allow
identification of the distribution of thresholds in all but a few, well-
studied cases (for example, acute toxic effects or for chemicals such
as lead, where the human database is very large).  The method for
identifying thresholds for a healthy population described here is
designed to ensure that almost all members of the population will
be protected, but it is not based on an analysis of the theoretical
(but practically unattainable) distribution of thresholds.  There is
considerable confidence, however, that the threshold derived by
application of the model, which becomes the UL for nutrients, lies
very near the low end of the theoretical distribution, and is the end
representing the most sensitive members of the population.  Note
that for some nutrients, there may be distinct subpopulations that
are not included in the general distribution because of their unusu-
al genetic predispositions to toxicity.  Such distinct groups may not
be protected by the UL.

The Joint FAO/WHO Expert Commission on Food Additives and
various national regulatory bodies have identified certain factors



MODEL FOR DEVELOPMENT OF ULs 57

that account for interspecies and intraspecies differences in re-
sponse to the hazardous effects of substances and to account for
other uncertainties (WHO, 1987).  These factors are used to make
inferences about the threshold dose of substances for members of a
large and diverse human population from data on adverse effects
obtained in epidemiological or experimental studies.  These factors
are applied consistently when data of specific types and quality are
available.  They are typically used to derive acceptable daily intakes
for food additives and other substances for which data on adverse
effects are considered sufficient to meet minimum standards of
quality and completeness (FAO/WHO, 1982).  These adopted or
recognized factors have sometimes been coupled with other factors
to compensate for deficiencies in the available data and other un-
certainties regarding data.

The UL is generally based on a no-observed-adverse-effect level
(NOAEL) that is identified for a specific circumstance in the haz-
ard identification and dose-response assessment steps of the risk
assessment.  The NOAEL is the highest intake (or experimental
dose) of a nutrient at which no adverse effects have been observed
in the individuals studied.  If there are no adequate data demon-
strating a NOAEL, then a lowest-observed-adverse-effect level (LOA-
EL) may be used.  A LOAEL is the lowest intake (or experimental
dose) at which an adverse effect has been identified.  The deriva-
tion of a UL from a NOAEL (or LOAEL) involves a series of choices
about what factors should be used to deal with uncertainties.  Un-
certainty factors (UFs) are attempts both to deal with gaps in data
(for example, lack of data on humans or lack of adequate data
demonstrating a NOAEL) and with incomplete knowledge regard-
ing the inferences required (for example, the expected variability
in response within the human population).  The problems of both
data and inference uncertainties arise in all steps of the risk assess-
ment.  A discussion of options available for dealing with these un-
certainties is presented below and in greater detail in Appendix C.

A UL is not, in itself, a description of human risk.  It is derived by
application of the hazard identification and dose-response evalua-
tion steps (Steps 1 and 2) of the risk assessment model.  To deter-
mine whether exposed populations are at risk requires an exposure
assessment (Step 3, evaluation of their intakes of the nutrient) and
a determination of the fractions of those populations, if any, whose
intakes exceed the UL (for example, those whose intakes exceed
the estimated threshold for toxicity).  In the exposure assessment
and risk characterization steps (Steps 3 and 4; described in the re-
spective chapters for each nutrient), the ninety-fifth percentile in-
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take level for exposed populations will be used as a basis in deter-
mining whether these populations are at risk.  The remaining sec-
tions of this chapter deal with the derivation of ULs for nutrients
(Steps 1 and 2).

APPLICATION OF THE RISK ASSESSMENT
MODEL TO NUTRIENTS

This section provides guidance for applying the risk assessment
framework (the “model”) discussed above to the derivation of ULs
for nutrients.

Special Problems Associated with Substances
Required for Human Nutrition

Although the risk assessment model outlined above can be ap-
plied to nutrients to derive ULs, it must be recognized that nutri-
ents possess some properties that distinguish them from the types
of agents for which the risk assessment model was originally devel-
oped (NRC, 1983).

In the application of accepted standards for assessing risks of en-
vironmental chemicals to the risk assessment of nutrients, a funda-
mental difference between the two categories must be recognized:
nutrients are essential for human well-being and often for life itself
within a certain range of intakes, although they may share with
other chemicals the production of adverse effects at excessive expo-
sures.  History has shown that the consumption of balanced diets is
consistent with the development and survival of humankind over
many millennia.  This observation limits the need for some of the
large uncertainty factors that have been found appropriate for risk
assessment of nonessential chemicals.  Moreover, data on nutrient
toxicity are often available from studies in human populations and
are therefore not usually subject to the degree of uncertainty associ-
ated with the types of data available on nonessential chemicals.

In addition, there is no evidence to suggest that nutrients con-
sumed at the RDA or AI and as part of unfortified diets present a
risk of adverse effects to the healthy population.  Possible excep-
tions to this generalization relate to specific geochemical areas with
excessive environmental exposures to certain trace elements (for
example, selenium) and to rare case reports of adverse effects asso-
ciated with highly eccentric consumption of specific foods.  Data
from such findings are not useful for setting ULs for the general
U.S. population.  It is clear, however, that the addition of high
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doses of nutrients to a diet, either through fortification or through
nonfood sources such as nutrient supplements and over-the-counter
pharmaceutical preparations, may at some level pose the risk of
adverse health effects.  The data available on such effects of specific
nutrients pertain in some cases only to intakes from fortificants or
nonfood sources; in other cases, they pertain to total intakes from
all sources.  Therefore, the derived ULs for some nutrients refer to
total intakes and for others only to intakes from fortified foods or
nonfood sources.  Discussion of the UL for each nutrient clarifies
which use of the term applies.

Differences in the effects of nutrients from fortified foods or non-
food sources and those that are endogenous constituents of foods
may be due to factors such as the chemical form of the nutrient, the
timing of the intake and amount consumed in a single bolus dose,
the matrix supplied by the food, and the relation of the nutrient to
the other constituents of the diet.  Nutrient requirements and food
intake are related to the metabolizing body mass, which is also a
measure, although at times indirect, of the space in which the nutri-
ents are distributed.  This relation between food intake and space
of distribution supports homeostasis, which maintains nutrient con-
centrations in that space within a range compatible with health.
This is generally the case for individuals whose food intake corre-
sponds to their energy needs and lean body mass.  However, exces-
sive intake of a single nutrient from nonfood sources can compro-
mise this homeostatic mechanism.  Such elevations alone may pose
risks of adverse effects; imbalances among the concentrations of
mineral elements (for example, calcium, iron, zinc, copper) can
result in additional risks (Mertz et al., 1994).  These reasons and
those discussed previously support the need to include the form
and pattern of consumption as an important component of the
assessment of micronutrients.

Consideration of Variability in Sensitivity

The risk assessment model outlined in this chapter is consistent
with classical risk assessment approaches in that it must consider
variability in the sensitivity of individuals to adverse effects.  A dis-
cussion of how variability is dealt with in the context of nutritional
risk assessment is provided here.

Physiological changes and common conditions associated with
growth and maturation that occur during an individual’s lifespan
may influence sensitivity to nutrient toxicity.  For example, (1) sen-
sitivity increases with declines in lean body mass and with declines
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in renal and liver function that occur with aging; (2) sensitivity
changes in direct relation to intestinal absorption or intestinal syn-
thesis of nutrients (for example, vitamin K, biotin); (3) in the un-
born fetus and newborn infant, sensitivity increases due to active
placental transfer, accumulation of certain nutrients in the amniot-
ic fluid, rapid development of the brain, and with secretion of nu-
trients in human milk; and finally, (4) sensitivity increases with de-
creases in the rate of metabolism of nutrients.  Therefore, to the
extent possible, ULs are developed for each separate age or life
stage group.  Examples of life stage groups that may differ in terms
of nutritional needs and toxicological sensitivity include infants and
children, the elderly population, and women during pregnancy or
lactation.

Even within relatively homogeneous life stage groups, there is a
range of sensitivities to toxic effects.  The model described below is
directed at the derivation of ULs for members of the healthy popu-
lation, divided into various life stage groups.  It accounts for
normally expected variability in sensitivity, but it excludes subpopu-
lations with extreme and distinct vulnerabilities due to genetic pre-
disposition or other considerations.  Including data on subpopula-
tions that have unusually high and distinct sensitivities to adverse
effects would result in ULs that are significantly lower than are need-
ed to protect most people.  Subpopulations needing special protec-
tion are better served through the use of public health screening,
health care providers, product labeling, or other individualized
strategies.  Such subpopulations may not be at “negligible risk” when
their intakes reach the UL developed for the healthy population.
The extent to which a subpopulation becomes significant enough
to be assumed to be representative of a healthy population is an
area of judgment and is discussed in the chapters for each nutrient.

Bioavailability

Bioavailability of a dietary nutrient can be defined as its accessibility
to normal metabolic and physiological processes.  Bioavailability deter-
mines a nutrient’s beneficial effects at physiological levels of intake
and affects the nature and severity of toxicity due to excessive intakes.
Modulating components include: other dietary components; concen-
tration and chemical form of the nutrient in food, water, nutrient
supplements, and over-the-counter pharmaceutical preparations; the
nutritional, physiological, and disease state of the individual; and ex-
cretory losses.  Because of the considerable variability in nutrient bio-
availability in humans, bioavailability data for specific nutrients must
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be considered and incorporated by the risk assessment process.  Situa-
tions related to nutrient bioavailability, described in the following two
sections, are relevant to establishing ULs.

Nutrient Interactions

It is well established that certain nutrients interact with each oth-
er to alter bioavailability.  For example, dietary interactions can
affect the chemical forms of elements at the site of absorption
through ligand binding or changes in the valence state of an ele-
ment (Mertz et al., 1994).  Phytates, phosphates, and tannins are
among the most powerful depressants of bioavailability, and organ-
ic acids, such as citric and ascorbic acid, are strong enhancers for
some minerals and trace elements.  Thus, dietary interactions
strongly influence the bioavailability of elements by affecting their
partition between the absorbed and the nonabsorbed portion of
the diet.  The large differences of bioavailability ensuing from these
interactions support the need to specify the chemical form of the
nutrient when setting ULs.  Dietary interactions can also alter nutri-
ent bioavailability through their effect on excretion.  For example,
dietary intake of protein, phosphorus, sodium, and chloride all af-
fect urinary calcium excretion and hence calcium bioavailability
(see Chapter 4).  Interactions that significantly elevate or reduce
bioavailability may represent adverse health effects.

Although it is critical to include knowledge of any such interac-
tions in the risk assessment, it is difficult to evaluate the possibility
of interactions without reference to a particular level of intake.  This
difficulty can be overcome if a UL for a nutrient or food compo-
nent is first derived based on other measures of toxicity.  Then an
evaluation can be made of whether intake at the UL has the poten-
tial to affect the bioavailability of other nutrients.

Other Relevant Factors Affecting Bioavailability of Nutrients

In addition to nutrient interactions, other considerations have
the potential to influence nutrient bioavailability, such as the nutri-
tional status of an individual and the form of intake.  These issues
should be considered in the risk assessment.  The absorption and
utilization of most minerals, trace elements, and some vitamins are
a function of the individual’s nutritional status, particularly regard-
ing the intake of other specific nutrients such as iron (Barger-Lux
et al., 1995; Mertz et al., 1994).

With regard to the form of intake, minerals and trace elements



62 DIETARY REFERENCE INTAKES

often are less readily absorbed when they are part of a meal than
when taken separately or when present in drinking water (NRC,
1989b).  The opposite is true for fat-soluble vitamins whose absorp-
tion depends on fat in the diet.  ULs must therefore be based on
nutrients as part of the total diet, including the contribution from
water.  Nutrient supplements that are taken separately from food
require special consideration, since they are likely to have different
availabilities and therefore may present a greater risk of producing
toxic effects.

STEPS IN THE DEVELOPMENT OF THE UL

Hazard Identification

The collection of scientific data for developing ULs is discussed in
Chapter 2.  Based on a thorough review of the scientific literature,
the hazard identification step outlines the adverse health effects
that have been demonstrated to be caused by the nutrient.  As not-
ed in the section above on nutrient interactions, interference with
nutrient bioavailability is not considered an adverse effect at this
stage; rather it is considered only after more conventional adverse
responses are evaluated and a tentative UL is derived.

The primary types of data used as background for identifying nu-
trient hazards in humans are as follows:

• Human studies. Although data from controlled studies in humans
are the basis for establishing nutritional requirements, the number of
controlled human toxicity studies conducted in a clinical setting are,
for ethical reasons, very limited and are useful for identifying only very
mild and completely reversible adverse effects.  Nevertheless, the avail-
able human data provide the most relevant kind of information for
hazard identification and, when they are of sufficient quality and ex-
tent, are given greatest weight.  Observational studies that focus on
well-defined populations with clear exposures to diverse specific nutri-
ent intake levels are useful for establishing a relationship between ex-
posure and effect.  Observational data in the form of case reports or
anecdotal evidence are used for developing hypotheses that can lead
to knowledge of causal associations.

• Animal studies. The majority of the available data used in regulato-
ry risk assessments comes from controlled laboratory experiments in
animals, usually mammalian species other than humans (for example,
rodents).  Such data are used in part because human data on nones-
sential chemicals are generally less available than human data on es-
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sential substances.  Because well-conducted animal studies can be con-
trolled, establishing a causal relationship is not difficult.

Six key issues that are addressed in the data evaluation of human
and animal studies are the following:

1.  Evidence of adverse effects in humans. In the hazard identification
step, all human, animal, and in vitro published evidence addressing
the likelihood of a nutrient eliciting an adverse effect in humans is
examined.  Decisions regarding which observed effects are “adverse”
are based on scientific judgments.  Although toxicologists generally
regard any demonstrable structural or functional alteration to rep-
resent an adverse effect, some alterations may be considered of lit-
tle or self-limiting biological importance.

2.  Causality. Is a causal relationship established by the published
human data?  Criteria for judging the causal significance of an ex-
posure-effect association indicated by epidemiologic studies have
been adopted by two reports,  Diet, Nutrition, and Cancer (NRC, 1982)
and Diet and Health (NRC, 1989b).  These criteria include:  demon-
stration of a temporal relationship, consistency, narrow confidence
intervals for risk estimates, a biological gradient, specificity, biologi-
cal plausibility, and coherence.

3.  Relevance of experimental data. Consideration of the following
issues can be useful in assessing the relevance of experimental data.

• Animal data. Animal data may be of limited utility in judging
the toxicity of nutrients, because of highly variable interspecies dif-
ferences in nutrient requirements.  Nevertheless, all such data
should be considered in the hazard identification step, and explicit
reasons should be given whenever such data are judged not rele-
vant to human risk.

• Route of exposure.1 Data derived from studies involving ingestion
exposure (rather than inhalation or dermal exposure) are most
useful for the evaluation of nutrients.  Data derived from studies
involving inhalation or dermal routes of exposure may be consid-
ered relevant if the adverse effects are systemic and data are avail-
able to permit interroute extrapolation.

• Duration of exposure. Because the magnitude, duration, and fre-

1The terms route of exposure and route of intake refer to how a substance enters the
body, for example, by ingestion, inhalation, or dermal absorption.  These terms
should not be confused with form of intake, which refers to the medium or vehicle
used—for example, supplements, food, or drinking water.
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quency of exposure can vary considerably in different situations,
consideration needs to be given to the relevance of the exposure
scenario (for example, chronic daily dietary exposure versus short-
term bolus doses) to dietary intakes by human populations.

4.  Mechanisms of toxic action. One active area of research in toxi-
cology is the study of the molecular and cellular events underlying
the production of toxicity.  Knowledge of such mechanisms can
assist in dealing with the problems of interspecies and high-to-low
dose extrapolation.  In the case of nutrients, it may also aid in un-
derstanding whether the mechanisms associated with toxicity are
those associated with deficiency.  In most cases, however, because
knowledge of the biochemical sequence of events resulting from
toxicity and deficiency is still incomplete, it is not yet possible to
state with certainty whether or not these sequences share a com-
mon pathway.  Iron, the most thoroughly studied trace element,
may represent the only exception to this statement.  Deficient to
near-toxic exposures share the same pathway, which maintains con-
trolled oxygen transport and catalysis.  Toxicity sets in when the
exposure exceeds the specific iron-complexing capacity of the or-
ganism, resulting in free iron species initiating peroxidation.

5.  Quality and completeness of the database. The scientific quality
and quantity of the database are evaluated.  Human or animal data
are reviewed for suggestions that the substances have the potential
to produce additional adverse health effects.  If suggestions are
found, additional studies may be recommended.

6.  Identification of distinct and highly sensitive subpopulations. Some
highly sensitive subpopulations have responses (in terms of incidence,
severity, or both) to the agent of interest that are clearly distinct from
the responses expected for the healthy population.  The risk assess-
ment process recognizes that there may be individuals within any life
stage group that are more biologically sensitive than others.  The ULs
derived for nutrients in this document are based on protecting the
most sensitive members of a healthy population.  For some substances,
however, there may be distinct subgroups who have extreme sensitivi-
ties that do not fall within the range of sensitivities expected for the
healthy population.  Whenever data suggest the existence of such sub-
groups, the UL for the healthy population may not be protective for
them.  As indicated earlier, the extent to which a sensitive subpopula-
tion will be included in the derivation of a UL for the healthy popula-
tion is an area of judgment to be addressed on a case-by-case basis.



MODEL FOR DEVELOPMENT OF ULs 65

Dose-Response Assessment

The process for deriving the UL is described in this section and is
summarized in Box 3-1.  It includes selection of the critical data set,
identification of a critical endpoint with its NOAEL (or LOAEL),
and assessment of uncertainty.

Box 3-1
Development of Tolerable Upper Intake Levels (ULs)

HAZARD IDENTIFICATION

Components

• Evidence of adverse effects in humans
• Causality
• Relevance of experimental data
• Mechanisms of toxic action
• Quality and completeness of the database
• Identification of distinct and highly sensitive subpopulations

DOSE-RESPONSE ASSESSMENT

Components

• Data selection
• Identification of no-observed-adverse-effect level (NOAEL)

(or lowest-observed-adverse-effect level [LOAEL]) and critical
endpoint

• Uncertainty assessment
• Derivation of a UL
• Characterization of the estimate and special considerations

Data Selection

The data evaluation process results in the selection of the most
appropriate or critical data set(s) for deriving the UL. Selecting the
critical data set includes the following considerations:

• Human data are preferable to animal data.
• In the absence of appropriate human data, information from

an animal species whose biological responses are most like those of
humans is most valuable.

• If it is not possible to identify such a species or to select such
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data, data from the most sensitive animal species, strain, or gender
combination are given the greatest emphasis.

• The route of exposure that most resembles the route of expect-
ed human intake is preferable.  This includes considering the diges-
tive state, (for example, fed or fasted), of the subjects or experi-
mental animals.  Where this is not possible, the differences in route
of exposure are noted as a source of uncertainty.

• The critical data set defines a dose-response relationship be-
tween intake and the extent of the toxic response known to be most
relevant to humans.  One additional issue examined during the
evaluation of dose-response data concerns the bioavailability of the
nutrient under review.  For example, it is known that different met-
al salts can display different degrees of bioavailability.  If the data-
base involves studies of several different salts (for example, iron or
chromium valence states), and the effect of the nutrient is systemic,
then apparent differences in the degree and/or form of the toxic
response among different salts may simply reflect differences in bio-
availability.  Data on bioavailability are considered and adjustments
in expressions of dose-response are made to determine whether any
apparent differences in response can be explained.

• The critical data set should document the route of exposure
and the magnitude and duration of the intake.  Furthermore, the
critical data set should document the intake that does not produce
adverse effects, the NOAEL, as well as the intake producing toxicity.

Identification of NOAEL (or LOAEL) and Critical Endpoint

The NOAEL can be identified from evaluation of the critical data
set.  If there are not adequate data demonstrating a NOAEL, then a
LOAEL may be used.  A nutrient can produce more than one toxic
effect (or endpoint), even within the same species or in studies
using the same or different exposure durations.  The NOAELs (and
LOAELs) for these effects will differ.  The critical endpoint used in
this report is the adverse biological effect exhibiting the lowest
NOAEL (for example, the most sensitive indicator of a nutrient’s
toxicity).  The derivation of a UL based on the most sensitive end-
point will ensure protection against all other adverse effects.

Uncertainty Assessment

As discussed previously and further elaborated in Appendix C,
several judgments must be made regarding the uncertainties and
thus uncertainty factor (UF) associated with extrapolating from the
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observed data to the healthy population.  Applying UFs to a NOA-
EL (or LOAEL) will result in a value for the derived UL that is less
than the experimentally derived NOAEL, unless the UF is 1.0.  The
larger the uncertainty, the larger the UF and the smaller the UL,
which represents a lower estimate of the threshold above which the
risk of adverse effects may increase.  This is consistent with the
ultimate goal of the risk assessment:  to provide an estimate of a
level of intake that will protect the health of the healthy population
(Mertz et al., 1994).

Although several reports describe the underlying basis for UFs
(Dourson and Stara, 1983; Zielhuis and van der Kreek, 1979), the
strength of the evidence supporting the use of a specific UF will
vary.  Because the imprecision of these UFs is a major limitation of
risk assessment approaches, considerable leeway must be allowed
for the application of scientific judgment in making the final deter-
mination.  While the UFs selected for nonessential chemical agents
are usually multiples of 10, the data on nutrient toxicity may not be
subject to the same uncertainties as with nonessential chemical
agents since data are generally available regarding intakes of hu-
man populations.  The UFs for nutrients are typically less than 10
depending on the quality and nature of the data and the adverse
effects involved.  Also, smaller UFs may be used when the adverse
effects are extremely mild and reversible.

In general, when determining a UF, the following potential sourc-
es of uncertainty are considered:

• Interindividual variation in sensitivity. Small UFs (in the range of
1 to 10) are used if it is judged that little population variability is
expected for the adverse effect, and larger factors (greater than 10)
are used if variability is expected to be great (NRC, 1994).

• Experimental animal to human. A UF is generally applied to the
NOAEL to account for the uncertainty in extrapolating animal data
to humans.  Smaller or larger UFs (greater than 10) may be used if
it is believed that the animal responses will over- or underpredict
average human responses (NRC, 1994).

• LOAEL to NOAEL. If a NOAEL is not available, a UF may be
applied to account for the uncertainty in deriving a UL from the
LOAEL.  The size of the UF involves scientific judgment based on
the severity and incidence of the observed effect at the LOAEL and
the steepness (slope) of the dose response.

• Subchronic NOAEL to predict chronic NOAEL. Scientific judg-
ment is necessary to determine whether chronic exposure is like-
ly to lead to adverse effects at lower intakes than those produc-
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ing effects after subchronic exposures, when data are lacking on
chronic exposures.

Selection of a UF for Calcium, Phosphorus, Magnesium,
Vitamin D, and Fluoride

The selection of a UF of approximately 1.0 for fluoride and mag-
nesium is primarily based on the very mild (and in the case of mag-
nesium, reversible) nature of the adverse effects observed.  A slight-
ly larger UF (1.2) was selected for vitamin D intake in adults and
other life stage groups except infants as the short duration of the
study used (Narang et al., 1984) and the small sample size supports
the selection of a slightly larger UF.  For vitamin D in infants, a
larger UF (1.8) was selected due to the insensitivity of the critical
endpoint, the small sample sizes of the studies, and limited data
about the sensitivity at the tails of the distribution.  A UF of 2 was
selected for calcium to account for the potential increased suscepti-
bility to high calcium intake by individuals who form renal stones
and the potential to increase the risk of mineral depletion in vul-
nerable populations due to calcium-mineral interactions.  A UF of
2.5 was selected for phosphorus due to the lack of information on
potential adverse effects in the range between normal phosphorus
levels and levels associated with ectopic mineralization.  The selec-
tion of a UF for phosphorus that is larger than those for the other
nutrients evaluated is also due to the relative lack of human data
describing adverse effects of excess phosphorus intake.

Derivation of a UL

The UL is derived by dividing the NOAEL (or LOAEL) by all the
relevant UFs.  The derivation of a UL involves the use of scientific
judgment to select the appropriate NOAEL (or LOAEL) and UF.
The framework or model outlined in this chapter for characterizing
the potential risk (for example, scientific judgment used in deriving
a UL from a NOAEL [or LOAEL]) is provided from a nutritional
risk assessment perspective.  This perspective is consistent with that
of classical risk assessment in that it requires explicit consideration
and discussion of all choices made, both regarding the data used
and the uncertainties accounted for.

Characterization of the Estimate and Special Considerations

ULs are derived for various life stage groups utilizing relevant
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databases, NOAELs and LOAELs, and UFs.  In cases where no data
exist with regard to NOAELs or LOAELs for the group under con-
sideration, extrapolations from data in other age groups and/or
animal data are made on the basis of known differences in body
size, physiology, metabolism, absorption, and excretion of the nu-
trient.

If the data review reveals the existence of subpopulations having
distinct and exceptional sensitivities to a nutrient’s toxicity, these
subpopulations are considered under the heading “Special Consid-
erations.”

GLOSSARY

Bioavailability: The accessibility of a nutrient to participate in met-
abolic and/or physiological processes.

Dose-Response Assessment: The second step in a risk assessment
in which the relationship between nutrient intake and adverse
effect (in terms of incidence and/or severity of the effect) is de-
termined.

Hazard Identification: The first step in a risk assessment, which is
concerned with the collection, organization, and evaluation of all
information pertaining to the toxic properties of a nutrient.

Lowest-Observed-Adverse-Effect Level (LOAEL): The lowest intake
(or experimental dose) of a nutrient at which an adverse effect
has been identified.

No-Observed-Adverse-Effect Level (NOAEL): The highest intake
(or experimental dose) of a nutrient at which no adverse effects
have been observed.

Risk: Within the context of nutrient toxicity, the probability or like-
lihood that some adverse effect will result from a specified excess
intake of a nutrient.

Risk Assessment: An organized framework for evaluating scientific
information, which has as its objective a characterization of the
nature and likelihood of harm resulting from excess human ex-
posure to an environmental agent (in this case, a dietary nutri-
ent).  It includes the development of both qualitative and quanti-
tative expressions of risk.  The process of risk assessment can be
divided into four major steps:  hazard identification, dose-re-
sponse assessment, exposure assessment, and risk characterization.

Risk Characterization: The final step in a risk assessment, which
summarizes the conclusions from Steps 1 through 3 of the risk
assessment and evaluates the risk.  This step also includes a char-
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acterization of the degree of scientific confidence that can be
placed in the UL.

Risk Management: The process by which risk assessment results
are integrated with other information to make decisions about
the need for, method of, and extent of risk reduction. In addition
to risk assessment results, risk management considers such issues
as the public health significance of the risk, the technical feasibil-
ity of achieving various degrees of risk control, and the economic
and social costs of this control.

Tolerable Upper Intake Level (UL): The maximum level of total
chronic daily intake of a nutrient or food component that is un-
likely to pose risks of adverse effects to the most sensitive mem-
bers of the healthy population.

Uncertainty Factor (UF): A number by which the NOAEL (or LOA-
EL) is divided to obtain the UL.  UFs are used in risk assessments
to deal with gaps in data (for example, data uncertainties) and
knowledge (for example, model uncertainties).  The size of the
UF varies depending on the confidence in the data and the na-
ture of the adverse effect.
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4
Calcium

BACKGROUND INFORMATION

Overview

Calcium accounts for 1 to 2 percent of adult human body weight.
Over 99 percent of total body calcium is found in teeth and bones.
The remainder is present in blood, extracellular fluid, muscle, and
other tissues, where it plays a role in mediating vascular contraction
and vasodilation, muscle contraction, nerve transmission, and glan-
dular secretion.

In bone, calcium exists primarily in the form of hydroxyapatite
(Ca10 (PO4)6 (OH)2), and bone mineral is almost 40 percent of the
weight of bone.  Bone is a dynamic tissue that is constantly undergo-
ing osteoclastic bone resorption and osteoblastic bone formation.
Bone formation exceeds resorption in growing children, is balanced
with resorption in healthy adults, and lags behind resorption after
menopause and with aging in men and women.  Each year, a por-
tion of the skeleton is remodeled (reabsorbed and replaced by new
bone).  The rate of cortical (or compact) bone remodeling can be
as high as 50 percent per year in young children and is about 5
percent per year in adults (Parfitt, 1988).  Trabecular (or cancel-
lous) bone remodeling is about five-fold higher than cortical re-
modeling in adults.  The skeleton has an obvious structural role
and it also serves as a reservoir for calcium.
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Physiology of Absorption, Metabolism, and Excretion

Calcium is absorbed by active transport and passive diffusion
across the intestinal mucosa.  Active transport of calcium into en-
terocytes and out on the serosal side is dependent on the action of
1,25-dihydroxyvitamin D (1,25(OH)2D), the active form of vitamin
D, and its intestinal receptors.  This mechanism accounts for most
of the absorption of calcium at low and moderate intake levels.
Passive diffusion involves the movement of calcium between muco-
sal cells and is dependent on the luminal:serosal calcium concen-
tration gradient.  Passive diffusion becomes more important at high
calcium intakes (Ireland and Fordtran, 1973).

It has long been recognized that fractional calcium absorption
varies inversely with dietary calcium intake (Ireland and Fordtran,
1973; Malm, 1958; Spencer et al., 1969).  For example, when calci-
um intake was acutely lowered from 2,000 to 300 mg (50 to 7.5
mmol)/day, healthy women increased their fractional whole body
retention of ingested calcium, an index of calcium absorption, from
27 percent to about 37 percent (Dawson-Hughes et al., 1993).  This
adaptation required 1 to 2 weeks and was accompanied by a decline
in serum calcium and a rise in serum parathyroid hormone (PTH)
and 1,25(OH)2D concentrations.  In general, the adaptive rise in
the fraction of calcium absorbed as intake is lowered is not suffi-
cient to offset the loss in absorbed calcium that occurs with a de-
crease in calcium intake, however modest that decrease.  This is
clear from the demonstrations that absorbed calcium and calcium
intake, throughout a wide intake range, are positively related (Gal-
lagher et al., 1980; Heaney et al., 1975).

Fractional calcium absorption varies through the lifespan.  It is
highest (about 60 percent) in infancy (Abrams et al., 1997a; Fomon
and Nelson, 1993) and rises again in early puberty.  Abrams and
Stuff (1994) found fractional absorption in Caucasian girls consum-
ing a mean of about 925 mg (23.1 mmol)/day of calcium to average
28 percent in prepubertal children, 34 percent in early puberty
(the age of the growth spurt), and 25 percent 2 years later.  Frac-
tional absorption remains at about this value (25 percent) in young
adults, with the exception that it increases during the last two tri-
mesters of pregnancy (Heaney et al., 1989).  With aging, fractional
absorption gradually declines.  In postmenopausal women, fraction-
al absorption declined by an average of 0.21 percent/year (Heaney et
al., 1989).  Bullamore and colleagues (1970) reported that men lose
absorption efficiency with aging at about the same rate as women.

Renal calcium excretion is a function of the filtered load and the
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efficiency of reabsorption; the latter is regulated primarily by the
PTH level.  With aging, the urinary loss of calcium decreases (Davis
et al., 1970), possibly because of an age-related decrease in intesti-
nal calcium absorption efficiency and an associated reduction in
filtered calcium load.  Endogenous fecal calcium excretion does
not change appreciably with aging (Heaney and Recker, 1994).

Racial differences in calcium metabolism have been noted in chil-
dren and adults.  In children and adolescents aged 9 to 18 years,
Bell and colleagues (1993) found that African Americans had simi-
lar calcium absorption efficiency but lower urinary calcium excre-
tion than Caucasians.  Abrams and colleagues (1996a) found ab-
sorption efficiency to be similar in prepubertal African American
and Caucasian girls or boys but greater in African American girls
after menarche.  In their study, urinary calcium excretion was lower
in African American girls before menarche but similar in postmen-
archeal African American and Caucasian girls.  These metabolic
differences may contribute to the widely observed higher bone mass
in African American children (Bell et al., 1991; Gilsanz et al., 1991)
and adults (Cohn et al., 1977; Liel et al., 1988; Luckey et al., 1989),
and to lower fracture rates in African American adults in the Unit-
ed States (Farmer et al., 1984; Kellie and Brody, 1990).  However,
their implications for the calcium intake requirement are not clear,
and observed differences do not warrant race-specific recommen-
dations at this time.

Factors Affecting the Calcium Requirement

Bioavailability

When evaluating the food sources of calcium, the calcium con-
tent is generally of greater importance than bioavailability.  Calci-
um absorption efficiency is fairly similar from most foods, including
milk and milk products and grains (major food sources of calcium
in North American diets).  It should be noted that calcium may be
poorly absorbed from foods rich in oxalic acid (spinach, sweet pota-
toes, rhubarb, and beans) or phytic acid (unleavened bread, raw
beans, seeds, nuts and grains, and soy isolates).  Soybeans contain
large amounts of phytic acid, yet calcium absorption is relatively
high from this food (Heaney et al., 1991).  In comparison to calci-
um absorption from milk, calcium absorption from dried beans is
about half and from spinach is about one tenth.  Because diets used
in metabolic studies and in the general population contain calcium
from a variety of sources, and because the specific foods used in
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most of the published studies were not described, adjusting for vary-
ing bioavailability was not considered in setting the calcium intake
requirements.

Bioavailability of calcium when measured from nonfood sources,
or supplements, depends on the presence or absence of a meal and
the size of the dose.  Supplement solubility is not very important
(Heaney et al., 1990a), but tablet disintegration (for example, break-
ing apart) is essential (Whiting and Pluhator, 1992).  In studies that
measured calcium absorption under similar test conditions, a 250
mg (6.2 mmol) elemental calcium load given with a standardized
breakfast meal resulted in average fractional absorption rates of
calcium from calcium citrate malate, calcium carbonate, and trical-
cium phosphate of 35, 27, and 25 percent, respectively (Heaney et
al., 1989, 1990a; Miller et al., 1988; Smith et al., 1987).  Under the
same conditions, absorption of calcium from milk was similar at 29
percent.  Individuals with achlorhydria absorb calcium from calci-
um carbonate poorly unless the supplement is taken with a meal
(Recker, 1985).  The efficiency of absorption of calcium from sup-
plements is greatest when calcium is taken in doses of 500 mg (12.5
mmol) or less (Heaney et al., 1975, 1988).

Physical Activity

The concept that weight-bearing physical activity or mechanical
loading determines the strength, shape, and mass of bone is gener-
ally accepted (Frost, 1987).  The mechanisms by which exercise
influences bone mass and structure are currently under investiga-
tion (Frost, 1997).  Although exercise and calcium intake both in-
fluence bone mass, it is unclear whether calcium intake influences
the degree of benefit derived from exercise.  Under the extreme
condition of immobilization, rapid bone loss occurs despite con-
sumption of 1,000 mg (25 mmol)/day of calcium (LeBlanc et al.,
1995).  In a 3-year calcium intervention study in children aged 6 to
14 years, both calcium and exercise influenced the rate of bone
mineralization, but their effects appeared to be independent (Sle-
menda et al., 1994).  Specker (1996) reviewed published prospec-
tive exercise studies in which calcium intake data were provided.
Sixteen studies were identified, 15 conducted in women and 1 in
men.  High daily calcium intakes (over 1,000 mg [25 mmol]) en-
hanced the bone mineral density (BMD) benefits from exercise at
the lumbar spine, but enhancement at the radius was less pro-
nounced.  Additional prospective studies are needed to test and
compare individual and combined effects of calcium and exercise.
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Currently, there is insufficient evidence to justify different calcium
intake recommendations for people with different levels of physical
activity.

Nutrient-Nutrient Interactions

Sodium.  Sodium and calcium excretion are linked in the proxi-
mal renal tubule.  High sodium chloride intake results in increased
absorbed sodium, increased urinary sodium, and an increased oblig-
atory loss of urinary calcium (Kurtz et al., 1987).  Quantitatively,
500 mg of sodium as sodium chloride has been shown to draw about
10 mg (0.25 mmol) of calcium into the urine in postmenopausal
women (Nordin and Polley, 1987).  This linkage holds at moderate
and high calcium intakes, but some dissociation occurs at low calci-
um intakes (Dawson-Hughes et al., 1996), probably because low
calcium intakes induce higher PTH levels, and PTH promotes the
reabsorption of filtered calcium in the distal renal tubule.  In chil-
dren and adolescents, urinary sodium is an important determinant
of urinary calcium excretion (Matkovic et al., 1995; O’Brien et al.,
1996).  An association between salt intake (or sodium excretion)
and skeletal development has not been demonstrated in children
or adolescents, but one longitudinal study in postmenopausal wom-
en identified a correlation between high urinary sodium excretion
and increased bone loss from the hip (Devine et al., 1995).  Thus,
although indirect evidence indicates that dietary sodium chloride
has a negative effect on the skeleton, the effect of a change in sodi-
um intake on bone loss and fracture rates has not been reported.
Although there is some concern related to the effects of the high
salt content of American diets (from processed foods, etc.), avail-
able evidence does not warrant different calcium intake require-
ments for individuals according to their salt consumption.

Protein.  Protein increases urinary calcium excretion, but its effect
on calcium retention is controversial.  In balance studies involving
use of formula diets in which the phosphorus content was stable, 1
g of dietary protein from both animal and vegetable sources in-
creased urinary calcium excretion by about 1 to 1.5 mg (Linkswiler
et al., 1981; Margen et al., 1974).  Walker and Linkswiler (1972)
found that urinary calcium increased by about 0.5 mg for each gram
of dietary protein, as protein intake increased above 47 g/day.  In a
recent study, a high protein intake (2.71 ± 0.75 g/kg/day) had no
measurable effect on urinary pyridinium cross-links of collagen, an
index of bone resorption (Delmas, 1992), in young adults consum-
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ing 1,600 mg (40 mmol)/day of calcium, possibly because of the
variability in this measure (Shapses et al., 1995).  While dietary pro-
tein intake increases urinary calcium excretion, it should be recog-
nized that inadequate protein intakes (34 g/day) have been associ-
ated with poor general health and poor recovery from osteoporotic
hip fractures (Delmi et al., 1990).  Similarly, serum albumin values
have been shown to be inversely related to hip fracture risk  (Huang
et al., 1996).  Available evidence does not warrant adjusting calcium
intake recommendations based on dietary protein intake.

Other Food Components

Caffeine.  Caffeine has a modest negative impact on calcium reten-
tion (Barger-Lux et al., 1990) and has been associated with in-
creased hip fracture risk in women (Kiel et al., 1990).  The associa-
tion of caffeine consumption with accelerated bone loss has been
limited to postmenopausal women with low calcium intakes (Harris
and Dawson-Hughes, 1994).  Specifically, associations with bone loss
from the spine and total body were identified in women who con-
sumed less than about 800 mg (20 mmol)/day of calcium and the
amount of caffeine present in two or more cups of brewed coffee.
Consistent with this is the observation that the negative effect of
caffeine on BMD can be offset by the addition of dietary calcium
(Barrett-Connor et al., 1994).  Caffeine induces a short-term in-
crease in renal calcium excretion (Massey and Wise, 1984) and may
modestly decrease calcium absorption (Barger-Lux and Heaney,
1995); its effect on dermal calcium loss has not been evaluated.  In
summary, the skeletal effects of caffeine are modest at calcium in-
takes of 800 mg (20 mmol)/day and above.  Available evidence
does not warrant different calcium intake recommendations for
people with different caffeine intakes.

Special Populations

Amenorrheic Women.  Conditions that produce lower levels of circu-
lating estrogen alter calcium homeostasis.  Young women with
amenorrhea resulting from anorexia nervosa have reduced net cal-
cium absorption, higher urinary calcium excretion, and a lower rate
of bone formation when compared with healthy eumenorrheic
women (Abrams et al., 1993).  Exercise-induced amenorrhea also
results in reduced calcium retention and lower bone mass (Drink-
water et al., 1990; Marcus et al., 1985).
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Menopausal Women.  Decreased estrogen production at menopause
is associated with accelerated bone loss, particularly from the lum-
bar spine, for about 5 years (Gallagher et al., 1987).  During this
period, women lose an average of about 3 percent of their skeletal
mass per year.  Lower levels of estrogen are accompanied by de-
creased calcium absorption efficiency (Gallagher et al., 1980;
Heaney et al., 1989) and increased rates of bone turnover.  These
observations may be interpreted several ways.  First, lowered estro-
gen levels primarily affect the skeleton, leading to increased bone
resorption, an increase in circulating ionized calcium, a decrease in
1,25(OH)2D, and reduced stimulus for active intestinal transport of
calcium (Gallagher et al., 1980).  A second interpretation is that
estrogen deficiency primarily reduces the efficiency of dietary calci-
um utilization and that this reduced efficiency produces a bone loss
related to calcium substrate deficiency (Gallagher et al., 1980).  A
third interpretation is that estrogen has primary effects on both
bone and the intestine.  The impact on what the dietary calcium
intake should be to meet requirements in the above scenarios dif-
fers.  Increasing calcium intake would provide little skeletal benefit
if the primary effect of estrogen withdrawal is at the skeleton.  That
is, increasing calcium intake would increase absorbed calcium but
not the deposition of calcium in bone.  The excess absorbed calci-
um would be excreted in the urine.  In contrast, increasing calcium
intake should correct the problem (for example, prevent bone loss) if
estrogen deficiency primarily reduces calcium absorption efficiency.

Examination of the skeletal response to calcium supplementation
in premenopausal and early postmenopausal women provides some
insight.  In a longitudinal calcium supplement trial in women aged
46 to 55 years, Elders et al. (1994) found that 2,000 mg (50 mmol)/
day of supplemental calcium significantly reduced bone loss from
the lumbar spine in premenopausal women but not in the early
postmenopausal women.  The effect of calcium supplementation
on metacarpal cortical thickness was not significantly related to the
menopausal status of the women in this study.  In a different study
of women with low usual calcium intakes, supplementation with 500
mg (12.5 mmol)/day of calcium had no significant impact on bone
loss from the spine or other sites in early postmenopausal women,
but it significantly reduced bone loss in women more than 5 years
beyond menopause (Dawson-Hughes et al., 1990).  From these and
other studies (Aloia et al., 1994; Prince et al., 1991; Riis et al., 1987)
(see Table 4-1), it is apparent that increasing calcium intake will not
prevent the rapid trabecular bone loss that occurs in the first 5
years after menopause.  Calcium responsiveness of cortical bone
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TABLE 4-1  Randomized Controlled Calcium Intervention
Trials in Postmenopausal Women

Statistically
Relative Change in Significant
BMD or BMC in Change in
Calcium Group BMD or
Compared with BMC in

Calcium Intake (mg/day) Placebo Calcium
Group

Year 2 Compared
Supple- or More, with

Site  N  Diet menta  Year 1 Annualized Placebo

Spine
Early postmenopausal
Aloia et al., 1994b 70 500 1,700 Pj S or N no
Dawson-Hughes

et al., 1990 67 <400 500 Sh or Ni S no
Elders et al., 1991d 248 1,150 1,000 and P S or N yes

2,000
Riis et al., 1987 25 ~1,000c 2,000 P S or N no

Late Menopausal
Dawson-Hughes

et al., 1990 169 <400 500 (CCM) P S or N yes
500 (CC) P S or N no

400– 500 (CCM) P S or N no
650 500 (CC) S or N S or N no

Prince et al., 1995 126 800 1,000 P S or N no
Reid et al., 1995 78 750 1,000 P S or N yes

Radius (Proximal)
Early postmenopausal
Aloia et al., 1994b 70 500 1,700 S or N P no
Dawson-Hughes

et al., 1990 67 <400 500 P P no
Prince et al., 1991e 80 800 1,000 P P no
Riis et al., 1987 25 ~1,000 2,000 P P yes

Late postmenopausal
Dawson-Hughes

et al., 1990 169 <400 500 (CCM) P P yes
500 (CC) P S or N yes

400– 500 (CCM) P P no
650

500 (CC) P P no
Recker et al., 1996:
Prevalent vertebral

fracture group 94 ~450 1,200 (CC) — — yes
Non-prevalent

vertebral fracture
group 99 ~450 1,200 (CC) — — no
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Femoral neck
Early postmenopausal
Aloia et al., 1994b 70 500 1,700 P P yes
Dawson-Hughes

et al., 1990 67 <400 500 P S no

Late menopausal
Chevalley et al.,

1994 93 600 800 Pf no
Dawson-Hughes

et al., 1990 169 <400 500 (CCM) P P yes
500 (CC) P P no

400– 500 (CCM) P S or N no
650 500 (CC) P S or N no

Prince et al., 1995g 126 800 1,000 P P no
Reid et al., 1995 78 750 1,000 P S or N yes

Total Body
Early postmenopausal
Aloia et al., 1994b 70 500 1,700 P P yes

Late postmenopausal
Reid et al., 1995 78 750 1,000 P P yes

a Calcium sources: Dawson-Hughes: citrate malate (CCM), carbonate (CC); Aloia,
Ettinger, and Riis: CC; Prince: lactate-gluconate (1991, 1995), milk powder (1995); Elders
and Reid: (lactate-gluconate + CC) or citrate; Chevalley: CC or osseino-mineral complex.

b All women treated with 400 IU (10 µg) vitamin D per day.
c Estimate based on national norm rather than on intake of study subjects.
d Randomized open trial.
e All women participated in exercise program.
f An 18-month study in 82 women and 11 men.
g  Supplement tablets and milk powder significantly reduced bone loss at the trochanter.
h S = Similar change in BMD or BMC when compared with placebo.
i N = Negative, but not necessarily significant, change in BMC or BMD when com-

pared with placebo.
j P = Positive,  but not necessarily significant, change in BMC or BMD when com-

pared with placebo.
SOURCE: Adapted, with permission, from Dawson-Hughes B. ©1996. Calcium. In:
Marcus R, Feldman D, Kelsey J, eds. Osteoporosis. San Diego: Academic Press, Inc. Pp.
1103 and 1105.

TABLE 4-1  Continued

Statistically
Relative Change in Significant
BMD or BMC in Changes in
Calcium Group BMD or
Compared with BMC in

Calcium Intake (mg/day) Placebo Calcium
Group

Year 2 Compared
Supple- or More, with

Site  N  Diet menta  Year 1 Annualized Placebo
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appears to be less dependent on menopausal status.  In summary,
from available evidence, the calcium intake requirement for wom-
en does not appear to change acutely with menopause.

Lactose Intolerance. About 25 percent of adults in the United States
have lactose intolerance and develop symptoms of diarrhea and
bloating after ingestion of a large dose of lactose, such as the
amount present in a quart of milk (about 46 g) (Coffin et al., 1994).
Primary lactase deficiency begins in childhood and may become
clinically apparent in adolescence.  In adults, the prevalence of lac-
tose intolerance, as estimated by a positive breath-hydrogen test, is
highest in Asians (about 85 percent), intermediate in African Amer-
icans (about 50 percent), and lowest in Caucasians (about 10 per-
cent) (Johnson et al., 1993a; Nose et al., 1979; Rao et al., 1994).
Lactose-intolerant individuals often avoid milk products entirely al-
though avoidance may not be necessary.  Studies have revealed that
many lactose-intolerant people can tolerate smaller doses of lac-
tose, for example, the amount present in an 8 oz glass of milk (about
11 g) (Johnson et al., 1993b; Suarez et al., 1995).  In addition,
lactose-free dairy products are available.  Although lactose-intoler-
ant individuals absorb calcium normally from milk (Horowitz et al.,
1987; Tremaine et al., 1986), they are at risk for calcium deficiency
because of avoidance of milk and other calcium-rich milk products.
Although lactose intolerance may influence intake, there is no evi-
dence to suggest that it influences the calcium requirement.

Vegetarian Diets. Consumption of vegetarian diets may influence
the calcium requirement because of their relatively high contents
of oxalate and phytate, compounds that reduce calcium bioavail-
ablity.  In contrast to diets containing animal protein, however, veg-
etarian diets produce metabolizable anions (for example, acetate,
bicarbonate) that lower urinary calcium excretion (Berkelhammer
et al., 1988; Sebastian et al., 1994).  On balance, lacto-ovovegetari-
ans and omnivores appear to have fairly similar dietary calcium in-
takes (Marsh et al., 1980; Pedersen et al., 1991; Reed et al., 1994)
and, on the same intakes, to have similar amounts of urinary calci-
um excretion (Lloyd et al., 1991; Tesar et al., 1992).  BMD has been
examined and compared in several cross-sectional studies of lacto-
ovovegetarians and omnivores.  Among premenopausal women, spi-
nal BMD did not differ significantly in the two groups (Lloyd et al.,
1991).  Postmenopausal lacto-ovovegetarians are reported to have
higher cortical bone mass than omnivores, as indicated by higher
midradius density (Marsh et al., 1980; Tylavsky and Anderson,
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1988).  However, in a 5-year study, postmenopausal lacto-ovovege-
tarians and omnivores with similar calcium intakes lost radius BMD
at similar rates (Reed et al., 1994).  Bone data on strict vegetarians
(vegans) are not available, but there is evidence in this group to
indicate lower intakes of calcium (among other nutrients) in pre-
menopausal women (Janelle and Barr, 1995), and lower body weight
in children (Sanders and Purves, 1981).  In conclusion, available
data do not support the need for a different calcium intake recom-
mendation for vegetarians.

Intake of Calcium

The USDA 1994 Continuing Survey of Food Intakes by Individu-
als (CSFII), showed that mean daily calcium intake, based on an
adjusted 24-hour recall which allows for varying degrees of depar-
ture from normality and recognizes the measurement error associ-
ated with one-day dietary intakes (Nusser et al., 1996), was about 25
percent higher in males than in females aged 9 years and older in
the United States (925 vs. 657 mg [23.1 vs. 16.4 mmol]) (Cleveland
et al., 1996) (see Appendix D for data tables).  The fifth percentiles
of intake from the 1994 CSFII for males and females aged 9 and
over were 431 and 316 mg (10.8 and 7.9 mmol)/day.  The corre-
sponding median intake was 865 and 625 mg (21.6 and 15.6 mmol)/
day and the ninety-fifth percentile intakes were 1,620 and 1,109 mg
(40.5 and 27.7 mmol)/day.  In males, daily intake peaked in the age
range of 14 through 18 years (at 1,094 mg [27.4 mmol]) whereas it
was highest in females aged 9 through 13 years (at 889 mg [22.2
mmol]).  After age 50, median daily calcium intake remained al-
most constant for males aged 71 and above (708 to 702 mg [17.7 to
17.6 mmol]) and declined for women (571 to 517 mg [14.3 to 12.9
mmol]).  Data from the first phase of the Third National Health
and Nutrition Examination Survey (NHANES III) are similar
(Alaimo et al., 1994).  Unfortunately, national survey data from
Canada are not currently available.

Food Sources of Calcium

According to data for 1994, 73 percent of calcium in the U.S.
food supply is from milk products, 9 percent is from fruits and
vegetables, 5 percent is from grain products, and the remaining 12
percent is from all other sources (CNPP, 1996).  Grains are not
particularly rich in calcium, but because they may be consumed in
large quantities, they can account for a substantial proportion of
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dietary calcium.  Among Mexican American adults, corn tortillas
are the second most important food source of calcium, after milk
(Looker et al., 1993), but calcium from tortillas may be poorly ab-
sorbed (Rosado et al., 1992).  White bread is the second most im-
portant source among Puerto Rican adults (Looker et al., 1993).
Milk products, the most calcium-dense foods in Western diets, con-
tain about 300 mg (7.5 mmol) calcium per serving (for example,
per 8 oz of milk or yogurt or 1.5 oz of cheddar cheese).  Other
calcium-rich foods include calcium-set tofu, Chinese cabbage, kale,
calcium-fortified orange juice, and broccoli.

Calcium Intake from Supplements

Results from a National Health Interview Survey (NHIS) in 1986
show that almost 25 percent of women in the United States took
supplements containing calcium (Moss et al., 1989).  Usage by men
(14 percent) and children 2 to 6 years of age (7.5 percent) was less.
Women who used supplements also took higher doses (median of
248 mg [6.2 mmol]/day) than men who used supplements (160 mg
[4 mmol]/day).  Children who took supplements had a median
supplemental intake of only 88 mg (2.2 mmol)/day.  The ninety-
fifth percentile of supplemental intake was 304 mg (7.6 mmol)/day
for young children, 928 mg (23.2 mmol)/day for men, and 1,200
mg (30 mmol)/day for women.

Data from 11,643 adults who participated in the 1992 NHIS show
that calcium intakes are higher for both men and women who take
dietary supplements (of any kind) daily than those who seldom or
never take them, but the differences are statistically significant only
for women (Slesinski et al., 1996).  However, those adults who spe-
cifically take calcium supplements do not have higher intakes of
food calcium.

Effects of Inadequate Calcium Intake

Chronic calcium deficiency resulting from inadequate intake or
poor intestinal absorption is one of several important causes of re-
duced bone mass and osteoporosis (DHHS, 1990; NIH, 1994; NRC,
1989b; Osteoporosis Society of Canada, 1993).  A reduction in ab-
sorbed calcium causes the circulating ionized calcium concentra-
tion to decline, which triggers an increase in PTH synthesis and
release.  PTH acts on three target organs to restore the circulating
calcium concentration to normal.  At the kidney, PTH promotes
the reabsorption of calcium in the distal tubule.  PTH affects the
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intestine indirectly by stimulating the production of 1,25(OH)2D.
PTH also induces bone resorption, thereby releasing calcium into
the blood.  Thus, although PTH maintains a normal circulating
calcium concentration during calcium deprivation, it does so at the
expense of skeletal mass.

Dietary Calcium and Osteoporosis

Osteoporosis is characterized by reduced bone mass, increased
bone fragility, and increased risk of fracture (WHO, 1994).  Accord-
ing to the World Health Organization (WHO), individuals with
BMD more than 2.5 standard deviations (SD) below the mean for
young adult women are osteoporotic (Kanis et al., 1994; WHO, 1994).
By this definition, the prevalence of osteoporosis among postmeno-
pausal women in the United States is 21 percent in Caucasian and
Asian, 16 percent in Hispanic, and 10 percent in African American
women (Looker et al., 1995).  An additional 38 percent of Ameri-
can women aged 50 and older meet the WHO definition of osteopen-
ic (for example, have BMD values 1.0 to 2.5 SD below the young
adult reference mean) (Looker et al., 1995).

In the United States each year, approximately 1.5 million frac-
tures are associated with osteoporosis, including 300,000 hip frac-
tures, 700,000 vertebral fractures, 250,000 distal forearm fractures,
and 250,000 fractures at other sites (Riggs and Melton, 1995).  In
Canada in 1993, approximately 76,000 fractures were associated with
osteoporosis, including 21,000 hip fractures, 27,000 vertebral frac-
tures, and 27,000 wrist fractures (Goeree et al., 1996).  Incidence
rates for most fractures rise exponentially with age (Cooper and
Melton, 1992).  For individuals at age 50, their risk of having a hip
fracture at some point in the future is estimated at 17 percent for
Caucasian women, 6 percent for African American women, 6 per-
cent for Caucasian men, and 3 percent for African American men
(Cummings et al., 1993; Melton et al., 1992).  It has been estimated
that a Caucasian woman’s risk of a hip fracture is equivalent to her
combined risk of developing breast, uterine, and ovarian cancer
(Riggs and Melton, 1995).  Health care costs associated with os-
teoporotic fractures in 1995 were estimated at $13.8 billion (Ray et
al., 1997).  Because of the expected increase in the number of indi-
viduals in the age range of highest risk, the incidence of hip frac-
tures in the United States may triple by the year 2040 (Schneider
and Guralnik, 1990).
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ESTIMATING REQUIREMENTS FOR CALCIUM

Selection of Indicators for Estimating the Calcium Requirement

There is no biochemical assay that reflects calcium nutritional
status.  Blood calcium concentration, for example, is not a good
indicator because it is tightly regulated.  Only in extreme circum-
stances, such as severe malnutrition or hyperparathyroidism, is the
serum ionized calcium concentration below or above the normal
range.  Search of the scientific literature reveals numerous poten-
tial indirect indicators of calcium adequacy, most of which are close-
ly related to the skeletal calcium content.

Calcium Intake and Fracture Risk

Ideally, the optimal calcium intake for skeletal health would be
defined as that which leads to the fewest osteoporotic fractures later
in life.  Attaining this information would require prospective deter-
mination of the influence of different increments in calcium intake
on fracture rates in young and older subjects with a wide range of
usual calcium intakes.  Such studies are not available, would require
that large numbers of subjects be studied for many years, and would
be prohibitively expensive.

Several observational studies of calcium intake and fracture risk
are available (Cumming et al., 1997; Cummings et al., 1995; Hol-
brook et al., 1988; Looker et al., 1993; Paganini-Hill et al., 1991;
Wickham et al., 1989).  Among these, no consistent association has
been demonstrated between reported calcium intake over periods
of up to 10 years and risk of fracture in peri- and postmenopausal
women (Cumming et al., 1997).  This is not surprising because
osteoporosis results from complex interactions among genetic, di-
etary, and other environmental factors and has a long latency peri-
od.  From a methodologic perspective, calcium intake may be un-
derestimated by some survey methods and overestimated by others.
More importantly, even if accurate estimates of calcium intake were
available, intakes measured at one point in time do not reflect life-
time consumption.  In addition, the influence of confounding fac-
tors such as frequency of falls and physical activity may vary over
time.  For these reasons observational studies cannot be used effec-
tively to determine an Estimated Average Requirement (EAR) for
calcium.

Another approach that has been attempted is to compare frac-
ture rates across cultures that have different calcium intakes.  This
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approach however, is severely limited by cross-cultural differences
in bone structural features, genetic composition, diets (nutrients
other than calcium), and other environmental factors that influ-
ence fracture rates.  For example, a longer hip axis length (the
distance from the greater trochanter to the inner pelvic brim
[HAL]) is associated with an increased hip fracture incidence
(Faulkner et al., 1993).  Japanese women have shorter HALs than
Caucasian Americans and this may partially account for why their
hip fracture rates are lower (Nakamura et al., 1994).  Genetic differ-
ences related to calcium homeostasis may also thwart efforts to esti-
mate calcium requirements from cross-cultural studies.  The preva-
lence of a vitamin D-receptor-gene genotype associated with
reduced calcium absorption efficiency (Dawson-Hughes et al., 1995)
is lower in Japanese women than in Caucasian American women
(Yamagata et al., 1994).  Finally, many environmental factors differ
more between cultures than within cultures and these differences
are not controlled for when independently conducted studies are
compared.  Thus the use of observational studies relating intakes to
fracture risk as the primary determinant of requirements is not war-
ranted at this time.

Bone Mass Measurements

Bone mineral content (BMC) is the amount of mineral at a particu-
lar skeletal site such as the femoral neck, lumbar spine, or total
body.  Bone mineral density (BMD) is BMC divided by the area of the
scanned region.  Recent studies have indicated that both measures
are strong predictors of fracture risk (Black et al., 1992; Cummings
et al., 1993; Melton et al., 1993a).  In adults, a 1 standard deviation
(SD) decrease (representing about a 15 percent decline) in femo-
ral neck BMD is associated with a 2.5-fold increase in risk of hip
fracture (Cummings et al., 1993).  A 1 SD decrease in lumbar spine
BMD increases vertebral fracture risk two fold (Cummings et al.,
1993).

BMD and BMC are both measured by a variety of related tech-
niques including dual-energy x-ray absorptiometry (DXA).  The
DXA method is precise, reasonably accurate, and, in the context of
longitudinal calcium intervention trials that measure change in BMC,
can provide data on the long-term impact of added calcium not
only on the total skeleton but also on skeletal sites that are subject
to osteoporotic fractures.  In children, change in BMC is a useful
indicator of calcium retention, but change in BMD is less suitable
than BMC because BMD misses much of the change in skeletal size.
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In adults, with their generally stable skeletal size, change in both
BMD and BMC are useful outcome measures.  The ability of DXA
to measure specific skeletal regions such as the spine, hip, and fore-
arm adds a potentially valuable refinement to the determination of
the calcium requirement derived from balance studies (see “Calci-
um Retention” below).  This technique has already revealed that
the patterns and timing of acquisition of peak bone mass vary by
skeletal site, and that bone loss from trabecular- and cortical-rich
sites occurs at different rates in women at menopause (see Table 4-
1).  Available evidence from supplementation trials in postmeno-
pausal women also suggests that the calcium intake needed for max-
imal bone preservation differs by skeletal site (see Table 4-1).  This
is addressed more specifically in the section on requirements for
adults over age 50.

Calcium Intake and Bone Mass

Cross-sectional studies that relate dietary calcium intake to BMC
or BMD are of modest value in establishing the calcium require-
ment.  These studies are of limited value because calcium intake is
not accurately measured, calcium intake at one point in time may
not reflect lifetime calcium intake, and bone mass at a single point
in time is the result of the lifelong influence of many confounding
variables that are not measured.

In contrast, randomized, placebo-controlled calcium intervention
studies that measure change in BMC or BMD provide valuable evi-
dence for the calcium requirement.  A major strength of such longi-
tudinal studies is that the increment in calcium intake (the inter-
vention) is known.  In addition, their generally large sample sizes
and subject randomization greatly reduce confounding of the re-
sults by other factors that influence bone mass.  Limitations are that
they require large sample sizes, are very expensive, and usually test
only one or two doses of calcium per study.  Assessment of dietary
calcium intake (in contrast to the intervention) is subject to the
usual inaccuracies.

An important consideration in the interpretation of longitudinal
calcium intervention studies is the phenomenon of the bone remodel-
ing transient, the one-time initial gain in bone mass that occurs in
the first 3 to 12 months after increasing calcium intake (or adminis-
tration of an antiresorptive drug) (Frost, 1973).  Calcium supple-
mentation trials of 1 to 2 years duration may overestimate the long-
er-term influence of calcium because of the effect of calcium (and
all remodeling suppressers) in reducing the size of the remodeling
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space, the portion of total bone mass that is currently being remod-
eled.  The remodeling rate in trabecular bone is four to five times
greater than that in cortical bone.  As a result, the remodeling tran-
sient is more apparent at the more highly trabecular spine than it is
at the more cortical radius or the even more dominantly cortical
total skeleton.  Because of the bone remodeling transient, the long-
term or cumulative effect of calcium can best be evaluated by exam-
ining the effect of added calcium in the second and later years of an
intervention (Table 4-1).

Calcium Retention

In estimating the intake requirement for calcium, it is important
to recognize that calcium is unique in several respects.  First, 99
percent of body calcium is located in the skeleton which has an
essential structural function.  To maximize skeletal size and
strength, one must have adequate calcium retention to provide the
substrate (along with other minerals) for bone mineral expansion
during growth and maintenance after peak bone mass has been
achieved.  To a great extent, the retention of calcium in bone is
under strong homeostatic control, which is regulated by genetics,
calciotropic hormones and weight bearing exercise.  The target in-
take of dietary calcium to achieve the desirable and optimal calci-
um accretion in bone is difficult to estimate because of all of the
other factors which play a role in bone mineral homeostasis.

In this report, classic metabolic studies of calcium balance were
used to obtain data on the relationship between calcium intakes
and retention from which a non-linear regression model was devel-
oped; and from this was derived an intake of calcium which would
be adequate to attain a predetermined desirable calcium retention.
This approach is a further refinement of an earlier approach sug-
gested to determine the point at which additional calcium does not
significantly increase calcium retention, called the plateau intake
(Matkovic and Heaney, 1992; Spencer et al., 1984).

The predetermined desirable calcium retentions for adolescents
and young adults  were based on estimates of the calcium accretion
in bone over either four years of adolescence or during the 3rd
decade of life, to which were added estimates for sweat and other
losses if not included in the experiment.  For older adults,  a value
approximating zero balance was used for desirable retention assum-
ing that no net positive accretion of bone at this age in replete
individuals serves a functional advantage.  Adults continue to lose
bone despite high intakes of calcium for other reasons such as lack
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of estrogen, smoking, or sedentary lifestyle.   Thus not all bone loss
can be prevented by additional dietary calcium.

The balance studies used in this report were reviewed rigorously
to meet specific criteria which included the following:  subjects con-
sumed a wide range of calcium intakes since variability in retention
increases at higher intakes; the balance studies were initiated at
least 7 days after starting the diet in order for subjects to approach a
steady state as observed by Dawson-Hughes et al. (1988); and, where
possible, the adult balance studies included were only for subjects
who were consuming their usual calcium intakes unless otherwise
indicated.  By selecting studies conducted on such subjects, it obvi-
ates the concern about whether the bone remodeling transient might
introduce bias in the calcium retentions observed.  Such selection
was not possible in studies in children where they have been ran-
domized to one of two calcium intakes.  However, in children the
impact of the remodeling transient related to changing intake is
overshadowed by their rapid and constantly changing rates of calci-
um accretion (for example, their modeling and remodeling rates
are not in steady state even without an intake change).

    The non-linear regression model describing the relationship
between calcium intake and retention was solved to obtain a pre-
dicted calcium intake for a predetermined desirable calcium reten-
tion1  which was specific for each age group.  The basis of the value

1 The Panel on Calcium and Related Nutrients proposed use of a recently de-
scribed statistical model (Jackman et al., 1997) to estimate an intake necessary to
support maximal calcium retention and from which to derive an EAR.  In the
original paper by Jackman et al. (1997), an estimate was made of the lowest level of
calcium intake that was statistically indistinguishable from 100 percent maximal
retention in some individuals.  However, the Standing Committee on the Scientific
Evaluation of Dietary Reference Intakes (DRI Committee) adopted a different
interpretation of the data for the purpose of establishing an AI.  The approach
adopted is described in the prepublication version of this final report.  The DRI
Committee was subsequently advised that there were both statistical and biological
concerns with the application of the percent maximal retention model (see Ap-
pendix E).  After seeking input from the Panel on Calcium and Related Nutrients,
the DRI Committee has chosen, for the final print of the report, to retain the
statistical model described by Jackman et al. (1997), but to apply it to determine,
from the same calcium balance data as was used in the prepublication report, an
estimate of the calcium intake that is sufficient to achieve a defined, desirable level
of calcium retention specific to the age groups considered.  The mathematical
modeling and basis of the equations were kindly provided for the report by Dr.
George McCabe and Dr. Connie Weaver of Purdue University and are described in
detail in Appendix E.
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used for desirable calcium retention is delineated under each age-
specific group.  In general, for growing children and young adults,
data on whole body bone mineral accretion using DXA technology
were used to derive a value for calcium retention to support the
reported bone accretion (assuming bone is 32.3 percent calcium).
The major limitation of the data available is that bone mineral ac-
cretion during growth has not been studied over a wide range of
calcium intakes.

Calcium Intake and Risk of Chronic Disease Other than
Osteoporosis

Hypertension.  Many studies have investigated a possible role of
calcium in lowering the risk of hypertension.  In a review of 22
randomized intervention trials, calcium supplementation was found
to reduce systolic blood pressure modestly—by 1.68 mm Hg in hy-
pertensive adults—and had no significant effect in normotensive
adults (Allender et al., 1996).  Diastolic blood pressure was not
altered in either group.  More recently, a diet with increased low-fat
dairy products, fruits, and vegetables, and with reduced saturated
and total fat, lowered blood pressure when fed to normotensive and
hypertensive adults (Appel et al., 1997).  In this study, the increase
in dairy product consumption provided a mean dietary calcium in-
crease from 443 to 1,265 mg (11.1 to 31.6 mmol)/day.

Little is known about the relationship of calcium intake and blood
pressure in children.  A recent randomized trial on 101 boys and
girls with mean age 11 years (9.9 to 13.2 years) of African American,
Caucasian, Asian, and Hispanic origin showed that calcium supple-
mentation of 600 mg (15 mmol)/day could reduce blood pressure,
although the effect was much larger in children who had lower
baseline calcium intakes (150 to 347 mg [3.7 to 8.7 mmol]/1,000
kcal) (Gillman et al., 1995).  No further reduction in blood pres-
sure was observed in children already consuming over 1,000 mg (25
mmol)/day of calcium by supplementing them with 600 mg (15
mmol)/day.

The influence of dietary calcium on pregnancy-induced hyperten-
sion has been investigated extensively.  A meta-analysis of 14 ran-
domized controlled trials of calcium supplementation during preg-
nancy found that supplements of 1,500 to 2,000 mg (37.5 to 50
mmol)/day of calcium may result in a significant lowering of both
diastolic and systolic blood pressure (Bucher et al., 1996).  Howev-
er, the randomized controlled trial of Calcium for Preeclampsia
Prevention (CPEP) in 4,589 pregnant women found no effect of
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calcium supplementation on hypertension, blood pressure, or
preeclampsia (Levine et al., 1997), perhaps because the intake of
the control group was above a threshold value.  In that study, wom-
en in the placebo group had a mean intake of 980 mg (24.5 mmol)/
day and women in the supplemental calcium group had a mean
intake of 2,300 mg (57.5 mmol)/day.

Because the effect of dietary calcium on blood pressure may be
modest and variable in the general population, and because the
calcium intake needed to reduce blood pressure is very likely below
the threshold necessary for desirable skeletal retention (McCarron
et al., 1991), blood pressure will not be used as a primary indicator
for estimating calcium requirements.

Colon Cancer.  Colon cancer risk has been postulated as being
influenced by dietary calcium intake, but the evidence is inconsis-
tent.  Bostick and colleagues (1993) reported a reduction in muco-
sal proliferation after calcium supplementation, whereas Kleibeuk-
er and colleagues (1993) reported an increase.  Greater mucosal
proliferation has been observed in patients known to be at high risk
of colon cancer as compared with those at low risk (Kanemitsu et
al., 1985; Ponz de Leon et al., 1988; Roncucci et al., 1991).  Data
from observational and case-control studies are mixed (Garland et
al., 1985; Meyer and White, 1993; Slattery et al., 1988), and prospec-
tive trials examining the effect of added calcium on colon cancer
incidence are not available.  Thus, colon cancer incidence is not a
useful  indicator for estimating calcium requirements at this time.

Limitations of the Evidence

In reviewing the scientific literature to provide the best estimate
of calcium requirements for each stage of the lifespan, needed data
were not always available.  In most instances, calcium intake data
could not be matched with the outcome criteria of both calcium
retention and bone mass in the same subjects.  For many of the age
groups, available data did not adequately represent both genders
and various ethnic groups.  Although lower fracture rates have been
reported in African American adults compared to those estimated
in Caucasian adults (Farmer et al., 1984; Kellie and Brody, 1990)
and in men compared to women (Cummings et al., 1993; Melton et
al., 1992), the implications for calcium intake requirements are not
clear at the present time.  Because there is no sound basis for as-
signing different intake values according to gender or race/ethnic
groups, findings have been extrapolated from one gender group to
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another and from a predominantly Caucasian population to other
ethnic groups.

Summary

Desirable rates of calcium retention, determined from balance
studies, factorial estimates of requirements, and limited data on
BMD and BMC changes, will be used as the primary indicators of
adequacy.  These indicators will be used as reasonable surrogate
markers to reflect changes in skeletal calcium content.

The decision to set AIs for calcium rather than EARs was based
on the following concerns: (1) uncertainties in the methods inher-
ent in and the precise nutritional significance of values obtained
from the balance studies that form the basis of the desirable reten-
tion model; (2) the lack of concordance between observational and
experimental data (mean calcium intakes in the United States and
Canada are much lower than are the experimentally derived values
predicted to be required to achieve a desirable level of calcium
retention); and (3) the lack of longitudinal data that could be used
to verify the association of the experimentally derived calcium in-
takes for achieving a predetermined level of calcium retention with
the rate and extent of long-term bone loss and its clinical sequelae,
such as fracture.  Taking all of these factors into consideration, it
was determined that an EAR for calcium could not be established at
the present time.  The recommended AI represents an approxima-
tion of the calcium intake that, in the judgment of the DRI Com-
mittee, would appear to be sufficient to maintain calcium nutriture
while recognizing that lower intakes may be adequate for some, but
this evaluation will have to await additional studies on calcium bal-
ance over broad ranges of intakes and/or of long-term measures of
calcium sufficiency.

FINDINGS BY LIFE STAGE AND GENDER GROUP

Birth through 12 Months

Indicators Used to Set the AI

There are no functional criteria for calcium status that reflect
response to dietary intake in infants.  Thus recommended intakes
of calcium are based on an adequate intake (AI) that reflects the
derived mean intake of infants fed principally with human milk.
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Human Milk.  Human milk is recognized as the optimal source of
nourishment for infants throughout at least the first year of life,
and as a sole nutritional source for infants during the first 4 to 6
months of life (IOM, 1991).  Further, there are no reports of full-
term infants, who are exclusively and freely fed human milk and are
vitamin D replete, who manifest any incidence of calcium deficien-
cy.  Therefore, consideration of the AI for calcium for infants is
based on mean intake data from infants fed human milk as the
principal fluid during the first year of life.  This value was derived
from studies where intake of human milk was measured by test
weighing and where intake of food and formula by dietary records
was determined for 3 days or more.

The concentration of calcium in human milk remains relatively
constant, with a mean value of 264 mg (6.6 mmol)/liter throughout
the first 6 months of nursing and with a small decrease during the
second 6 months to about 210 mg (5.2 mmol)/liter (Atkinson et
al., 1995).  Variations in milk calcium content have been found
between population groups.  For example, in comparison with the
above data from the United States, milk calcium concentrations
were lower (by approximately 20 mg (0.5 mmol)/100 ml at 5
months of lactation) in mothers from the Gambia who usually have
diets low in calcium (Prentice et al., 1995).  Thus, for establishing
values of milk calcium to use in setting the AIs, only studies on milk
calcium from North America and the United Kingdom were consid-
ered to obtain a mean value.

Balance.  Recently, calcium absorption using stable isotopes
(Abrams et al., 1997a) was measured in 14 human milk-fed infants
who were 5 through 7 months of age at the time of the study.  Mean
absorption was 61 ± 22 percent of intake when approximately 80
percent of the dietary calcium was from human milk.  There was no
significant relationship between calcium from solid foods and the
fractional calcium absorption from human milk.  This finding sug-
gests that calcium from solid foods does not negatively affect the
bioavailability of calcium from human milk.  Using measured uri-
nary calcium and estimates of endogenous excretion, net retention
was calculated to be 68 ± 38 mg (1.7 ± 0.95 mmol)/day of calcium
for those infants.  At 61 percent calcium absorption from intake of
the AI, this observed net retention (assuming small urinary and
endogenous calcium losses) would easily be attained by infants fed
the mixed diet of human milk and solid food.

Accretion.  Total body calcium at birth in healthy, full-term infants



CALCIUM 93

is approximately 30 g (750 mmol) (Widdowson et al., 1951).  Based
on mineral accretion derived as a function of change in body
weight, total body calcium increases to approximately 80 g (2,000
mmol) by 1 year of age (Leitch and Aitken, 1959).  This change
would lead to an average accretion rate of approximately 140 mg
(3.5 mmol)/day during the first year of life.  This greatly exceeds
the accretion rate of approximately 30 to 35 mg (0.75 to 0.87
mmol)/day from 0 through 4 months of age and 50 to 55 mg (1.25
to 1.37 mmol)/day from 4 through 12 months of age derived from
cadaveric sources (Fomon and Nelson, 1993; Koo and Tsang, 1997).
A mean accretion rate of approximately 80 mg (2 mmol)/day dur-
ing the first year of life was derived using metacarpal morphometry
data (Garn, 1972; Weaver, 1994).  Resolution of these different val-
ues for usual accretion rate is not currently possible.

Differences in calcium needs between infants fed human milk
and those fed infant formula are discussed in the “Special Consider-
ations” section.

0 through 6 Months

The AI for infants 0 through 6 months of age is based on the
reported intake of milk (780 ml/day) determined by test weighing
of full-term infants in three studies (Allen et al., 1991; Butte et al.,
1984; Heinig et al., 1993) and by the reported average calcium con-
centration in human milk after 1 month of lactation of 264 mg (6.6
mmol)/liter (average of 10 studies from the United States and the
United Kingdom as summarized in Atkinson et al. [1995]).  Total
calcium intake may be somewhat lower during the first month of
life than in subsequent months because of a lower total volume of
milk intake (Lonnerdal, 1997; Southgate et al., 1969; Widdowson,
1965).  Using the mean value for intake of human milk of 780 ml/
day and the average content of 264 mg (6.6 mmol)/liter of calcium,
the AI for calcium is 210 mg (5.3 mmol)/day. The expected net
retention of calcium from human milk assuming 61 percent absorp-
tion would be 128 mg (3.2 mmol)/day, which is in excess of the
values predicted from calcium accretion based on cadaver and
metacarpal analysis.  This provides evidence that an AI of 210 mg
(5.3 mmol)/day will result in retention of sufficient amounts of
calcium to meet growth needs.

For infants in the first 4 months of life, balance studies suggest
that 40 to 70 percent of the daily calcium intake is retained by the
human milk-fed infant (Fomon and Nelson, 1993; Widdowson,
1965).  In balance studies in human milk-fed infants, a mean calci-



94 DIETARY REFERENCE INTAKES

um intake was 327 mg (8.2 mmol)/day, and the retention was 80
mg (2 mmol)/day (Fomon and Nelson, 1993).  If infants consume
the daily estimated AI, they would achieve a similar or greater calci-
um retention even if the efficiency of absorption was at the lower
observed value of 40 percent.  Thus, the AI should meet most in-
fants’ needs.

7 through 12 Months

During the 7- through 12-month age period, the intake of solid
foods becomes more significant, and calcium intakes may increase
substantially from these sources.  Although limited data are avail-
able for typical calcium intakes from foods by human milk-fed older
infants, mean calcium intakes from solid foods are 140 mg (3.5
mmol)/day for formula-fed infants (Abrams et al., 1997a; Specker
et al., 1997).  For the purpose of developing an AI for this age
group, it is assumed that infants who are fed human milk have
intakes of solid food similar to formula-fed infants of the same age
(Specker et al., 1997).  Based on data of Dewey et al. (1984), mean
human milk intake during the second six months of life would be
600 ml/day.  Thus, calcium intake from human milk with a calcium
concentration of about 210 mg (5.3 mmol)/liter during this age
span (Atkinson et al., 1995) would be approximately 130 mg (3.2
mmol)/day.  Adding the intake from milk (130 mg [3.2 mmol])
and food (140 mg [3.5 mmol]), the total AI for calcium is 270 mg
(6.8 mmol)/day.

In the presence of adequate supplies of vitamin D from the envi-
ronment or supplemental sources, there is no evidence of calcium
deficiency in the human milk-fed infant during the first year of life
(Mimouni et al., 1993).  How much the AI of 270 mg (6.8 mmol)/
day could be lowered and still meet the physiological needs for
human milk-fed infants is unknown since mechanisms for adapta-
tion to lower intakes of calcium are not well described for the infant
population.

AI for Infants 0 through 6 months 210 mg (5.3 mmol)/day
7 through 12 months 270 mg (6.8 mmol)/day

Special Considerations

Infant Formulas.  Intake of calcium from infant formulas may need
to be greater than from human milk in order to achieve the same
retention since absolute fractional absorption of calcium from cow
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milk or other formula may be lower than from human milk.  Stud-
ies by Fomon and Nelson (1993) involving 40 human milk-fed, 252
cow milk formula-fed, and 135 soy protein formula-fed infants found
absorption fractions of 58, 38, and 34 percent, respectively, for the
three feeding types.  However, the greater daily intake of calcium by
the formula-fed infants (327 mg [8.2 mmol], 464 mg [11.6 mmol],
and 652 mg [16.3 mmol] for human milk, cow milk, and soy milk
infants, respectively) led to net calcium retention that was very sim-
ilar among the three feeding types, with slightly higher values for
the formula-fed infants.  The bioavailability of minerals from pro-
tein hydrolysate formulas may be lower than from human milk, as
indicated in studies in humans (Rigo et al., 1995) as well as in infant
rhesus monkeys (Rudloff and Lonnerdal, 1990).  However, since
these studies were performed using a greater total intake of calcium
from infant formulas compared with human milk, it is difficult to
interpret the dietary bioavailability.

Numerous studies have compared whole body or regional bone
mineral accretion in infants fed human milk, cow milk formula, or
soy formula (Chan et al., 1987; Greer et al., 1982b; Hillman et al.,
1988; Mimouni et al., 1993; Pittard et al., 1990; Specker et al., 1997;
Steichen and Tsang, 1987).  Results have varied, but there appears
to be a greater bone mineral accretion in cow milk formula-fed
infants compared with those fed human milk or soy formula.  In
spite of this trend, there is no evidence that this difference is bene-
ficial or clinically significant.

No published studies indicate that increasing bone accretion us-
ing high calcium-containing formulas or cow milk during infancy
leads to greater bone mineralization in later childhood or adoles-
cence.  In contrast, Bishop et al. (1996) suggested that premature
infants fed human milk in early neonatal life, as opposed to cow
milk formula with greater mineral content, may have greater BMC
at 5 years of age.  This finding is supported by a study in dogs
suggesting that in forming stable bone, low calcium intakes early in
life might be preferred to greater intakes (Gershoff et al., 1958).
These findings need to be replicated to determine whether this
effect is relevant to full-term infants.  The possibility that “program-
ming” of infants such that lower intakes and retention of calcium is
beneficial to long-term mineralization is therefore possible but un-
proven.  Further research is needed to define the risks and possible
benefits of high calcium intakes during infancy.

Assuming an efficiency of calcium absorption of 38 percent from
cow milk-based formula (Fomon and Nelson, 1993) with a calcium
content approximately 50 percent higher than that from human
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milk, then a net calcium retention will be achieved that is at least
comparable to that of the human milk-fed infant.  Based on an
average intake from human milk of 210 mg (5.3 mmol)/day, in-
takes of 315 mg (7.9 mmol)/day from formula should be adequate
for infants 0 through 6 months of age.  For infants ages 7 through
12 months, based on an average intake from human milk of 130 mg
(3.2 mmol)/day, 195 mg (4.8 mmol)/day should be obtained from
formula.  When added to the average intake of calcium (by formu-
la-fed infants) from solid food of 140 mg (3.5 mmol)/day, an intake
of 335 mg (8.3 mmol)/day is adequate for infants ages 7 through
12 months who are fed formula and solid foods.

It is difficult to accurately estimate the calcium intake needed for
infants fed the various special formulas, including soy protein-based
and protein hydrolysate formulas.  However, based on the data of
Rigo et al. (1995) and Fomon and Nelson (1993), an additional 20
percent above the 315 mg (7.9 mmol) calculated above should be
sufficient to compensate for decreased bioavailabilty from those
sources.  This added amount is likely to result in a net calcium
retention comparable to that of infants fed formula with higher
calcium concentrations.

Hypocalcemia. Hypocalcemia is a relatively common neonatal prob-
lem (Salle et al., 1990).  However, this condition requires special
evaluation, which is beyond the scope of an evaluation of the AI for
calcium for a healthy population of infants.

Ages 1 through 3 and 4 through 8 Years

Indicators Used to Set the AI

Balance Studies. Much of the available data from balance studies of
young children, which were principally conducted prior to 1960,
have been compiled and reviewed (Matkovic, 1991; Matkovic and
Heaney, 1992).  In 2- to 8-year-old children, mean calcium intakes
(± SD) of 821 ± 63 mg (20.5 ± 1.5 mmol)/day led to calcium reten-
tions of 174 ± 81 mg (4.3 ± 2.0 mmol)/day (about 21 percent of
intake).

A recent study used stable isotopes to estimate calcium retention
from milk in girls 5 to 12 years of age (Abrams and Stuff, 1994).
Calcium intake based on 3-day dietary records was 907 ± 188 mg
(22.7 ± 4.7 mmol)/day, urinary calcium excretion was 78 ± 48 mg
(2.0 ± 1.2 mmol)/day, and mean absorption fraction was 28 ± 8
percent.  Using estimated values for endogenous fecal calcium excre-
tion of 1.4 ± 0.4 mg/kg/day (Abrams et al., 1991), their calculated
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calcium retention was 130 mg (3.3 mmol)/day, a value somewhat
lower than the 174 mg (4.3 mmol)/day obtained in the meta-analy-
ses cited above (Matkovic, 1991; Matkovic and Heaney, 1992).

Although calcium balance with varying levels of intake is possibly
a more useful method, few investigators have estimated it in chil-
dren.  Calcium retention averaged 76 mg (1.9 mmol)/day in five
girls aged 3 to 5 years when the girls had an intake of 370 mg (9.3
mmol)/day for 8 weeks and increased to an average of 122 mg (3.0
mmol)/day when the girls consumed 615 mg (15.4 mmol)/day for
the next 5 weeks (Outhouse et al., 1939).  Calcium intakes of about
200 to 280 mg (5 to 7 mmol)/day in children from India resulted in
absorption rates of approximately 50 percent of the calcium while
maintaining a small positive balance of 50 to 60 mg (1.3 to 1.5
mmol)/day (Begum and Pereira, 1969).

Calcium Accretion.  The few studies of usual calcium accretion rates
in small children give generally comparable results to that derived
from balance studies.  Calcium accretion rate was estimated from
body weight values during childhood and adolescence (Leitch and
Aitken, 1959).  Although the method was not independently vali-
dated, there is a very close correlation between BMC and body
weight in small children (Ellis et al., 1996).  Calcium accretion on
the order of 60 to 100 mg (1.5 to 2.5 mmol)/day by boys and girls
aged 2 to 5 years and 100 to 160 mg (2.5 to 4.0 mmol)/day by boys
and girls aged 6 to 8 years was calculated.

 Bone Mineral Content.  Recently, total body BMC by DXA was used
to calculate average mineral increments in a population of approxi-
mately 100 children aged 3 to 10 years (Ellis et al., 1997).  The rate
of accretion in Caucasian (n = 46) and Hispanic (n = 23) children
increased from approximately 150 mg (3.8 mmol)/day of calcium
at age 5 to approximately 200 mg (5 mmol)/day at age 8.  Values
for African Americans (n = 36) were approximately 20 to 30 mg (0.5
to 0.8 mmol)/day greater at each age.

Intervention trials in which children were randomized to differ-
ent calcium intakes have resulted in short-term changes in BMC.  In
one of the few intervention trials conducted in young children, 22
prepubertal identical twin pairs averaging 7 years of age were ran-
domized to receive either calcium supplements or placebo
(Johnston et al., 1992).  Those receiving supplements had an in-
crease in their mean intake from approximately 900 to 1,600 mg
(22.5 to 40 mmol)/day which resulted in a significant increase in
BMD in the radius and lumbar spine after 36 months of treatment
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compared to the control twins.  However, the increase in BMD was
not sustained in a long-term follow-up study when those receiving
supplements returned to their normal diets (Slemenda et al., 1997).

In another intervention study, 162 Chinese children who were 7
years of age with low daily calcium intakes (average 280 mg [7
mmol]) were randomly assigned to receive 300 mg (7.5 mmol)/day
of a calcium supplement or placebo (Lee et al., 1994).  After 18
months, the supplemented group had a significantly greater gain in
BMC at the midshaft radius.  In a follow-up study for another 18
months, the benefits of calcium supplementation disappeared after
the supplements were withdrawn (Lee et al., 1996).  In a similar
study, greater increases in lumbar spine BMC were seen in 7-year-
old children from Hong Kong with average calcium intakes of 570
mg (14.3 mmol)/day who were randomized to receive 300 mg (7.5
mmol)/day supplement compared with those who received a place-
bo (Lee et al., 1995).

Taken together, the above studies suggest that further evidence is
needed regarding the length of time and level of supplementation
necessary before a precise requirement value can be based on sup-
plementation data in prepubertal children.  There are no long-
term studies in which the effects of supplemental calcium given to
children prior to age 9 have been evaluated during adulthood.

AI Summary: Ages 1 through 3 and 4 through 8 Years

For females aged 1 through 8 years, calcium accretion in the range
of 60 to 200 mg (1.5 to 5 mmol)/day has been predicted from both
indirect estimates based on body weight (Leitch and Aitken, 1959)
and direct estimates of bone mineral content using DXA (Ellis et
al., 1997).  The precise calcium intake needed to achieve such calci-
um accretion cannot be obtained from available data.  From bal-
ance studies in the older age group, a calcium intake of 800 to 900
mg (20 to 22.5 mmol)/day would result in mean calcium retention
up to 174 mg/day.  Thus, for the 4- through 8-year-old age group,
the AI for calcium is 800 mg (20 mmol)/day.  As there are no
balance studies available in boys, the data for girls has to be applied
to both sexes.

The primary balance data described above for 4- through 8 year
olds do not include adequate data applicable to younger children
in the second and third years of life.  Therefore, AIs for this period
must be estimated from data for other age groups.  Net accretion
appears to be approximately 100 mg (2.5 mmol)/day during this
life stage (Leitch and Aitken, 1959).  Therefore, using an estimate
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of 20 percent net calcium retention in children based on the data
from 4 through 8 year olds (Matkovic, 1991; Matkovic and Heaney,
1992), it is reasonable to set the AI for calcium at 500 mg (12.5
mmol)/day intake to achieve the 100 mg (2.5 mmol)/day reten-
tion.  For this age group, there is a substantial need for further
investigation using both balance techniques and bone densitometry
to more precisely estimate calcium needs.

AI for Children 1 through 3 years 500 mg (12.5 mmol)/day
4 through 8 years 800 mg (20.0 mmol)/day

Utilizing the 1994 CSFII data, adjusted for day-to-day variation
(Nusser et al., 1996), the median calcium intake is 766 (19.2
mmol)/day for children aged 1 through 3 years (see Appendix D).
Their AI of 500 mg (12.5 mmol)/day will fall between the tenth
percentile (468 mg [11.7 mmol]/day) and the twenty-fifth percen-
tile of calcium intake (599 mg [15 mmol]/day).  For children aged
4 through 8 years, the median calcium intake is 808 mg (20.2
mmol)/day, which is very close to the AI of 800 mg (20 mmol)/day
for this age group.

Special Considerations

Chronic Illness. Many chronic illnesses that affect children are asso-
ciated with abnormalities of calcium metabolism and bone mineral-
ization.  Among the most significant of these are juvenile rheumato-
logic conditions (Reed et al., 1990), renal disease (Stapleton, 1994),
liver failure (Bucuvalas et al., 1990), and endocrine disturbances,
including insulin-dependent diabetes mellitus (Favus and Christa-
kos, 1996).  The value of adjustments in calcium intake for children
with these conditions is beyond the scope of this report.

Ages 9 through 13 and 14 through 18 Years

Sexual Maturity

From 9 through 18 years of age, calcium retention increases to a
peak and then declines.  The peak calcium accretion rate typically
occurs at mean age 13 years for girls and 14.5 years for boys (Martin
et al., 1997).  After menarche, calcium retention in girls declines
rapidly (Weaver et al., 1995) as does bone formation and bone re-
sorption (Abrams et al., 1996b; Wastney et al., 1996).  Even though
bone formation and resorption decrease exponentially after me-
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narche, calcium intakes required to achieve desirable retention do
not necessarily fall because calcium absorption efficiency decreases.
This menarcheal change in absorption was not observed in African
American girls (Abrams and Stuff, 1994).  Measures of sexual matu-
rity are better predictors of calcium retention than is chronological
age during this developmental period.

In a cross-sectional evaluation in 136 males and 130 females aged
4 to 27 years, BMD of total body, lumbar spine, and femoral neck
increased significantly with age until 17.5 years in males and 15.8
years in females (Lu et al., 1994).  The later timing of peak BMD in
boys may relate in part to the fact that BMD is more strongly corre-
lated with weight than with age (Ponder et al., 1990; Teegarden et
al., 1995).

Indicators Used to Set the AI

Calcium Retention. The desirable level of calcium retention for chil-
dren in this age group was based upon new information on whole
body bone mineral accretion for 228 children followed over 4 years
between the ages of 9 and 19 years (Martin et al., 1997).  The aver-
age peak velocity of bone mineral content which occurs between
the ages 9.5 to 19.5 years was 320 g/year in boys and 240 g/year in
girls.  Using the assumption that bone mineral is 32.3 percent calci-
um, these values correspond to a daily calcium retention of 282 mg
(7.1 mmol) in boys and 212 mg (5.3 mmol) in girls.  One limitation
of these data is that they do not provide information as to whether
peak bone mineral accretion would be greater at higher calcium
intakes than that consumed by the children studied; the mean in-
take for boys was 1,045 mg (26 mmol)/day at ages 10 to 12 years
and 1,299 mg (32.5 mmol)/day at ages 13 to 15 years while for girls
it was 903 mg (22.5 mmol)/day at 10 to 12 years and 954 mg (23.8
mmol)/day at ages 13 to 15 years (Martin et al., 1997).  However,
because the intakes of the children in the study were based on 24-
hour recall data over 4 years, they are subject to under-reporting as
previously observed (Livingstone et al., 1992), so actual intakes may
have been higher.

In order to derive an estimate of calcium intake which would
allow for the level of accretion of calcium in bone as derived above,
a model for describing the relationship between calcium intake and
retention was adopted.  It had been applied to one set of calcium
balance studies in girls (Jackman et al., 1997)  (the method is de-
scribed in detail in Appendix E).

The majority of the balance studies to which the model was ap-
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plied are for girls aged 11 through 14 years, and all data are from
Caucasians.  For this report the nonlinear regression equation was
derived by combining the optimally designed calcium balance stud-
ies of Jackman et al. (1997), Matkovic et al. (1990), and Greger et
al. (1978) which represented 80 children aged 12 through 15 years.
The measurements were made over the last 2 weeks of a 3-week
balance study in girls consuming calcium intakes of 823 to 2,164 mg
(20.6 to 54.1 mmol)/day.  The retention of calcium was not correct-
ed for sweat or skins losses of calcium in these studies.

The non-linear regression equation was solved to determine the
calcium intake required to achieve a desirable retention of calcium
of 282 mg (7.1 mmol)/day for boys and 212 mg (5.3 mmol)/day for
girls based on peak whole body bone mineral accretion during ado-
lescence (Figure E-1).  The value used for sweat losses of 55 mg (1.4
mmol)/day (Peacock, 1991) was added to the desired retention
value since these losses had not been accounted for in the calcium
retention studies.  The estimate of calcium intake that would result
in a desirable level of retention was 1,070 mg (26.8 mmol)/day for
females and 1,310 mg (32.8 mmol)/day for males.  At this time
there are insufficient data to subdivide the age range of 9 through
18 years for either bone mineral accretion or balance measures.

The approach used in this review results in a value which is mid-
way between two other estimates of the calcium intake necessary to
achieve a plateau balance.  In applying a two-component split, lin-
ear regression model to balance studies published between 1922
and 1992, Matkovic and Heaney (1992) identified a plateau calci-
um intake of approximately 1,480 mg (37 mmol)/day during
growth.  Using the nonlinear regression model (Jackman et al.,
1997) on the same data set of reported balances as was used by
Matkovic and Heaney (1992) resulted in a lower plateau estimate of
820 mg (20.5 mmol)/day of calcium.  It should be noted that in-
cluded in this historical data set were balances which were mea-
sured in children who were not yet equilibrated to the study intake.
For the analysis conducted for this report, data were included from
published studies only if an adaptation period of at least 2 weeks
had occurred before the balance period. Thus, the current recom-
mendation is thought to be a more rigorous analysis of the data
available.

Clinical Trials Measuring Bone Mineral Content. Several randomized
trials have been conducted in children through adolescence which
provide evidence that increasing dietary intakes of calcium of girls
above their habitual intake of about 900 mg (22.5 mmol)/day is
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associated with positive effects on bone mineral accretion, especial-
ly during the pre-pubertal stage (Table 4-2).  In the Lloyd et al.
(1993) study, girls with a mean age of 11.9 years were supplemented
(total daily intake of 1,370 ± 303 mg [34.2 ± 7.6 mmol]) and com-
pared with a placebo group (total daily intake 935 ± 258 mg [23.4  ±
6.4 mmol]).  After 18 months of supplementation, the girls had
greater increases in lumbar spine BMD (18.7 versus 15.8 percent),
lumbar spine BMC (39.4 versus 34.7 percent), and total body BMD
(9.6 versus 8.3 percent).  In the Chan et al. (1995) study, the girls
(mean age 11 years) supplemented for 12 months (total daily in-
take 1,437 ± 366 mg [35.9 ± 9.2 mmol]) had significantly greater
increases in lumbar spine BMD (22.8 ± 6.9 versus 12.9 ± 8.3 per-
cent) and total body BMC (14.2 ± 7.0 versus 7.6 ± 6.0 percent) than
control subjects (total daily intake 728 ± 321 mg [18.2 ± 8.0 mmol]).
In a third study (Johnston et al., 1992), identical twins, aged 6 to 14
years, were given a supplement (total daily intake approximately
1,600 mg [40 mmol]) or a placebo (daily intake 900 mg [22.5
mmol]).  When examined by pubertal status, the prepubertal twins
(22 pairs) had a greater bone response to calcium supplementation
than did the pubertal twins (23 pairs).  The pubertal subjects in this
study showed no significant effect of supplementation, unlike the
pubertal girls in both the Lloyd et al. (1993) and Chan et al. (1995)
studies.

Mounting evidence from randomized clinical trials suggests that
the bone mass gained during childhood and adolescence through
calcium or milk supplementation is not retained postintervention
(Fehily et al., 1992; Lee et al., 1996; Slemenda et al., 1997).  Upon
cessation of the intervention, the component of calcium’s effect
due to reduction of the remodeling space disappears, as the space
expands again. Further research is required to determine the long-
term effects of higher calcium intakes during adolescence and the
specific effect of calcium intake on bone modeling and achieve-
ment of genetically programmed peak bone mass.

Factorial Approach. For children ages 9 through 18 a more tradi-
tional factorial approach for estimating calcium requirements is to
sum calcium needs for growth (accretion) plus calcium losses
(urine, feces, and sweat) and adjust for absorption.  Using this meth-
od, estimates for calcium requirements for adolescent girls and boys
are 1,276 and 1,505 mg (31.9 and 37.6 mmol)/day, respectively
(Table 4-3).  Calcium accretion estimates, based on whole body
bone mineral mass measurements by DXA, were obtained from a 4-
year prospective study in 228 children aged 9.5 to 19.5 years (Mar-
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TABLE 4-3 Factorial Approach for Determining Calcium
Requirements During Peak Calcium Accretion in White
Adolescents

Number of Females Number of Males
Observations (mg/day) Observations (mg/day)

Peak calcium accretion 507 212a 471 282a

Urinary losses 28 106b 14 127c

Endogenous fecal calcium 14 112d 3 108e

Sweat losses   55f   55f

Total 485 572
Absorption, percent 14     38d 14     38d

As adjusted for absorption 1,276 1,505

a Martin et al., 1997, using peak bone mineral content velocity.
b Weaver et al., 1995 and Greger et al., 1978.
c Matkovic, 1991.
d Wastney et al., 1996 for mean age 13 years on calcium intakes of 1,330 mg/day.
e Abrams et al., 1992.
f Taken from Peacock (1991) who adjusted the adult data of Charles et al. (1983) for

body weight.

tin et al., 1997).  The mean fractional absorption value of 38 per-
cent was based on a study of girls, aged 13 ± 1 years, who consumed
an average of 1,330 mg (33.3 mmol)/day of calcium (Wastney et al.,
1996).  It is unknown whether there are gender differences in ab-
sorption in this age range.  The values for endogenous excretion
and absorption in males in Table 4-3 are based on very few data
points, and the values for sweat losses are extrapolated from adult
data.  Variability about these estimates is large.  The values derived
from the factorial approach are slightly higher than those obtained
using the calcium retention model, but fall within the range of these
values and those derived from the clinical trials described above.
Because of the extrapolation of values from studies in girls to boys
and from adults used in this approach, it was deemed inappropriate
to use these values as a basis for an EAR.

Epidemiological Evidence.  Several cross-sectional studies have iden-
tified a positive association between calcium consumption and bone
density in children (Chan, 1991; Ruiz et al., 1995; Sentipal et al.,
1991), whereas others have found no such association (Grimston et
al., 1992; Katzman et al., 1991; Kröger et al., 1992, 1993).  The
studies showing the positive association tended to include a signifi-
cant proportion of study subjects with low calcium intakes.  A study
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of French children (Ruiz et al., 1995) found that 93 percent of the
children with low vertebral BMD and 84 percent of those with low
femoral neck BMD had dietary calcium intakes below 1,000 mg (25
mmol)/day; the investigators concluded that dietary calcium re-
quirements for prepubertal and pubertal children were above 1,000
mg (25 mmol)/day.

Several retrospective studies suggest that higher calcium intakes
in childhood are associated with greater bone mass in adulthood
(Halioua and Anderson, 1989; Matkovic et al., 1994; Nieves et al.,
1995; Sandler et al., 1985).  As it appears now, and pending further
research in this area, higher calcium intakes likely need to be main-
tained throughout growth in order to produce a higher peak bone
mass.

AI Summary: Ages 9 through 13 and 14 through 18 Years

The three major lines of evidence for calcium needs in this age
group—the factorial approach, calcium retention to meet peak
bone mineral accretion, and clinical trials in which bone mineral
content was measured in response to variable calcium intakes—
provide estimates of calcium intake in the range of 1,100 to 1,600
mg (27.5 to 40 mmol)/day to attain a desirable level of calcium
retention.  Most of the data are based on balance studies and clini-
cal intervention trials in girls.  Thus, it is important to note that the
value of peak bone mineral accretion for boys had to be used in the
equation derived from balance studies in girls due to lack of data
on boys.  Given the extrapolation to boys for the balance data, the
clinical trials being conducted primarily in girls, and the lack of
data on bone mineral accretion at higher calcium intakes than that
reported by Martin et al. (1997), it was inappropriate to establish a
gender-specific AI for this age group.  In considering collectively
the evidence above, an AI of 1,300 mg (32.5 mmol)/day was judged
as a reasonable goal for calcium intake for both boys and girls in
this age group.  Too few data exist in males to allow a gender differ-
ence to be established or to recommend different intakes within
the age range.

AI for Boys 9 through 13 years 1,300 mg (32.5 mmol)/day
14 through 18 years 1,300 mg (32.5 mmol)/day

AI for Girls 9 through 13 years 1,300 mg (32.5 mmol)/day
14 through 18 years 1,300 mg (32.5 mmol)/day

Utilizing the 1994 CFSII data, adjusted for day-to-day variation
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(Nusser et al., 1996), the median calcium intake for boys aged 9
through 13 is 980 mg (24.5 mmol)/day, the seventy-fifth percentile
of intake is 1,245 mg (31.1 mmol)/day and the ninetieth percentile
of intake is 1,520 mg (38 mmol)/day (see Appendix D).  Thus, the
AI for boys ages 9 through 13 years of 1,300 mg (32.5 mmol)/day is
slightly above the seventy-fifth percentile of calcium intake.  For
girls in this age range, the median calcium intake is 889 mg (22.2
mmol)/day, and the ninetieth percentile of intake is 1,313 mg (32.8
mmol)/day.  Thus, the AI for girls ages 9 through 13 years of 1,300
mg (32.5 mmol)/day, is slightly below the ninetieth percentile of
calcium intake based on the 1994 CSFII data.

For boys aged 14 through 18 years, the median calcium intake is
1,094 mg (27.4 mmol)/day, and the seventy-fifth percentile is 1,422
mg (35.6 mmol)/day.  Thus, for boys ages 14 through 18 years, the
AI for calcium of 1,300 mg (32.5 mmol)/day would fall between the
median and seventy-fifth percentiles of intake.  For girls in this age
range, the median calcium intake was 713 mg (17.8 mmol)/day,
and the ninetieth percentile was 1,293 mg (32.3 mmol)/day.  Thus,
for girls ages 14 through 18 years, the AI for calcium of 1,300 mg
(32.5 mmol)/day would be close to the ninety-fifth percentile of
intake based on the 1994 CSFII data.

Ages 19 through 30 Years

Peak Bone Mass

During the age span of 19 through 30 years, peak bone mass is
achieved.  Growth of long bones has ceased, but consolidation of
bone mass continues.  The age at which peak mass is achieved ap-
pears to vary with the skeletal site.  Using single measures of BMC
by DXA on 247 females aged 11 to 32 years, 92 percent of the total
body bone mass observed was present by age 17.9 years and 99
percent by age 26.2 years (Teegarden et al., 1995).  In a cross-
sectional study of 265 Caucasian females, only a 4 percent addition-
al increase in total skeletal mass from age 18 to 50 years was report-
ed (Matkovic et al., 1994).  In a longitudinal study (with up to
5-year follow-up) of 156 women aged 18.5 to 26 years at entry and
with a mean daily calcium intake from food and supplements of 786
mg (19.7 mmol), total body BMC increased by an average of 1.2
percent per year during the third decade of life, although within
that age decade, the rate of gain slowed with age (Recker et al.,
1992).

With regard to individual skeletal sites, no difference in subjects’
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BMC at several sites was detected after the age of 18 except for the
skull, which continued to gain mass (Matkovic et al., 1994).  In a
longitudinal study (Recker et al., 1992), lumbar BMC increased by
a median gain of 5.9 percent, and the forearm increased by 4.8
percent during the third decade of life.  In a smaller study of 45
females aged 9 to 21 years, BMC of the whole body, spine, and
femoral neck plateaued at age 16 years (Katzman et al., 1991).  Bone
density of the hip decreased after age 17 years (Matkovic et al.,
1994; Theintz et al., 1992).  In summary, the age of peak bone mass
appears to vary with skeletal site and sex.  Nevertheless, taken all
together, the data indicate that the skeleton continues to accrete
mass for approximately 10 years after adult stature is achieved.

Indicators Used to Set the AI

Calcium Retention. A desirable level of calcium retention (the level
of positive calcium balance) for the 19- to 30-year age group was set
as the retention of calcium equivalent to the reported calcium ac-
cretion derived from studies of bone mineral accretion during the
third decade (Peacock, 1991).  The limitation of these data is that
they were derived from metacarpal morphometry data (Garn, 1972).
To date, there are no data on whole body bone mineral accretion
using DXA technology nor for groups of subjects consuming vari-
able amounts of dietary calcium.  The accretion of calcium based
on these data was 10 mg (0.25 mmol)/day for females and 50 mg
(1.3 mmol)/day for males.  This large discrepancy in calcium accre-
tion between genders may reflect the older age at which males
achieve peak bone mineral content velocity (Martin et al., 1997) or
inaccuracies in the older bone densitometry methods.

The relationship between calcium intake and retention for this
age group was computed from a compilation of balance studies in
163 young adults (26 males and 137 females), aged 18 to 30 years,
from the literature between 1922 and 1992 as compiled by Matkovic
and Heaney (1992).  The non-linear regression approach of Jack-
man et al. (1997) was applied to these data (Appendix E) and the
regression equation solved to determine the calcium intake at which
a desirable daily calcium retention of 50 mg (1.3 mmol)/day for
males and 10 mg (0.3 mmol)/day for females could be achieved.  A
value for sweat losses of 63 mg (1.6 mmol)/day (Charles et al.,
1983) was added to the level of desired retention since these losses
had not been corrected for in the calcium balance studies.  The
estimated calcium intake at which a desirable retention would be



108 DIETARY REFERENCE INTAKES

TABLE 4-4  Factorial Approach for Determining Calcium
Requirements in Adults Aged 19 through 30 Years

Females (mg/day) Males (mg/day)

Peak calcium accretion 10a 50a

Urinary losses 203b 162e

Endogenous fecal calcium 132b 156f

Sweat losses  63c  63c

Total 408 431
Absorption, percent     30d     30d

As adjusted for absorption 1,360 1,437

a Taken from calculations by Peacock (1991) based on metacarpal morphometry
data of Garn (1972).

b Wastney et al. (1996).
c Charles et al. (1983).
d Heaney et al. (1988).
e Matkovic (1991).
f Heaney and Skillman (1964).

achieved was 1,026 mg (25.6 mmol)/day for females and 1,236 mg
(30.9 mmol)/day for males (Figure E-2).

Using the same database with data from men and women com-
bined to determine the plateau intake using the two-component
split, linear-regression model of Matkovic and Heaney (1992), the
plateau retention of calcium was reached at an intake of 957 mg
(23.9 mmol)/day.

Factorial Approach. The factorial approach for estimating calcium
requirements for young adults is given in Table 4-4.  This approach
gives higher daily estimates of  requirements (1,360 mg [34 mmol]
for females and 1,437 mg [35.9 mmol] for males) than the desir-
able calcium retention approach (see above).  The differences in
derived values for calcium intake may be a result of the correction
for endogenous fecal calcium applied in the factorial method which
is based on only one recent study (Wastney et al., 1996) and/or the
fact that a 30 percent absorption factor was applied.  For the latter,
the absorption value is  taken from a derivative report which includ-
ed multiple study designs on 16 women and 6 men (Heaney et  al.,
1988), and thus represents the average of all the subjects.  Given
the variety of  study designs, it isn’t possible to apply the gender-
specific data.

AI Summary: Ages 19 through 30 Years

For this age group, estimates of average calcium requirements
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were hindered because of no reported randomized clinical trials
testing multiple intakes of calcium, the lack of data on whole body
bone mineral accretion, and the uncertainties in the values for en-
dogenous fecal and sweat losses of calcium used in the factorial
model.  Thus, the estimate for the AI  relies on using available
calcium balance studies to determine intakes at which small gains
in bone mineral content can be achieved.  Because of the uncer-
tainties related to the five-fold difference in estimated bone calcium
accretion between genders during this time period, and the fact
that the balance data are predominantly from women, the estimate
of calcium intake from the calcium retention analysis for women
was adopted for both genders.  The estimate of an AI of 1,000 mg
(25 mmol)/day was judged to be appropriate for this age group.

Based on desirable calcium retention data and with consideration
of the estimates of  calcium need from various methods, the AI
requirement for both men and women ages 19 through 30 years is
set at 1,000 mg (25 mmol)/day.

AI for Men 19 through 30 years 1,000 mg (25 mmol)/day
AI for Women 19 through 30 years 1,000 mg (25 mmol)/day

Adjusting the 1994 CSFII data for day-to-day variation (Nusser et
al., 1996), the median calcium intake for men aged 19 through 30
years is 954 mg (23.9 mmol)/day (see Appendix D), which is fairly
close to the AI of 1,000 mg (25 mmol)/day for this age group.  For
women in this age range, the median calcium intake is 612 mg
(15.3 mmol)/day, while the ninetieth percentile of intake is 985 mg
(24.6 mmol)/day.  Thus, an AI of 1,000 mg (25 mmol)/day is slight-
ly above the ninetieth percentile of calcium intake based on the
1994 CSFII data.

Ages 31 through 50 Years

Indicators Used to Set the AI

Calcium Retention.  For this age group, as for the others, balance
studies were  examined to identify the intake associated with a desir-
able calcium retention—the plateau intake, that at which there is
no net loss of calcium.  Two balance studies are available that exam-
ined estrogen-replete women on their usual calcium intakes
(Heaney et al., 1978; Ohlson et al., 1952).  Calcium balance was
estimated in 25 women aged 30 to 39, with a mean calcium intake
of 950 ± 300 mg (23.7 ± 7.5 mmol)/day and 34 women aged 40 to
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49, with a mean intake of 840 ± 292 mg (21 ± 7.3 mmol)/day (Ohl-
son et al., 1952).  In each age group, calcium intake and balance
were positively correlated (r = 0.43 and r = 0.44).  Only six women in
the younger group and eight in the older group consumed more
than 1,000 mg (25 mmol)/day.  In the second study (Heaney et al.,
1978) of 130 premenopausal women, aged 35 to 50 with a mean
calcium intake of 661 ± 328 mg (16.5 ± 8.2 mmol)/day, calcium
intake and balance were positively correlated (r = 0.26).  This study
included very few women with intakes over 1,000 mg (25 mmol)/
day.  From these data, it is apparent that the plateau intake is not
below 1,000 mg (25 mmol)/day.  However, the intake associated
with a desirable  retention so that no net loss will occur cannot be
identified without additional balance studies in women with calci-
um intakes greater than 1,000 mg (25 mmol)/day.  Available bal-
ance data from a large study in men (Spencer et al., 1984), with the
wide age range of 34 to 71 years will be considered under the age
group of 51 through 70 years.

Bone Mineral Density.  The two available intervention trials in wom-
en in this age range (Baran et al., 1990; Elders et al., 1994) support
a plateau intake at or above 1,000 mg (25 mmol)/day.  In 37 pre-
menopausal women aged 30 to 42 years randomly assigned to ei-
ther their usual calcium intakes of 810 ± 367 mg (20.5 ± 9.2 mmol)/
day or increased dairy product consumption to a total intake of
1,572 ± 920 mg (39.3 ± 24 mmol)/day, the group consuming extra
dairy products had significantly reduced vertebral BMD loss over 3
years (Baran et al., 1990).  Similarly, calcium supplementation of
1,000 and 2,000 mg (25 and 50 mmol)/day in premenopausal wom-
en aged 46 and older with a usual mean calcium intake of 1,100 mg
(27.5 mmol)/day significantly reduced vertebral bone loss (Elders
et al., 1994).  In this study, the higher total intake (3,100 mg [77.5
mmol]/day) was no more effective than the 2,100 mg (52.5 mmol)/
day intake.

Factorial Approach.  If the needs for calcium accretion that are
described for the young adults aged 19 through 30 years are re-
moved from Table 4-4, the AIs based on a factorial approach would
be 1,360 mg (34 mmol)/day and 1,270 mg (31.7 mmol)/day for
females and males, respectively.  Endogenous fecal calcium losses
for 191 women aged 35 to 59 years averaged 102 ± 25 mg (2.6 ± 0.6
mmol)/day (Heaney and Recker, 1994), which if substituted in Ta-
ble 4-4 would not appreciably reduce the net total calcium need.  As
indicated earlier, these values must be considered in light of the
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uncertainty of the values used for endogenous and sweat losses as
well as efficiency of absorption.

AI Summary: Ages 31 through 50 Years

Based on available data from balance studies and BMD, the AI is
placed at 1,000 mg (25 mmol)/day.  Too few data for men are
available to justify a separate AI for them.

AI for Men 31 through 50 years 1,000 mg (25 mmol)/day
AI for Women 31 through 50 years 1,000 mg (25 mmol)/day

Using the 1994 CSFII intake data, adjusted for day-to-day varia-
tion (Nusser et al., 1996), the median calcium intake for men, aged
31 through 50 years, is 857 mg (21.4 mmol)/day and their seventy-
fifth percentile of intake is 1,112 mg (27.8 mmol)/day (see Appen-
dix D).  Their AI of 1,000 mg (25 mmol)/day falls between the
median and seventy-fifth percentile of calcium intake.  Median cal-
cium intake for women in this age range is 606 mg (15.2 mmol)/
day; their ninetieth percentile of intake is 961 mg (24 mmol)/day
and their ninety-fifth percentile is 1,082 mg (27.1 mmol)/day.
Thus, their AI of 1,000 mg (25 mmol)/day falls between the nineti-
eth and ninety-fifth percentile of calcium intake based on the 1994
CSFII data.

Ages 51 through 70 Years

Indicators Used to Set the AI for Men

Calcium Retention.  Desirable retention of calcium in men aged 51
through 70 years is zero which assumes that no net positive accre-
tion of bone at this age in replete individuals serves a functional
advantage.  The relationship between calcium intake and calcium
retention was determined from 181 balance studies conducted in
ambulatory males of mean age 54 years (range 34 to 71 years) (Spen-
cer et al., 1984).  The subjects could not be divided into different
age categories based on the data reported.  Six different calcium
intake levels ranging from 234 to 2,320 mg (5.8 to 58 mmol)/day
were studied.  The distribution of intakes in the 181 balance studies
were: 111 balance studies in subjects with daily calcium intakes be-
low 1,200 mg (30 mmol), 22 at approximately 1,200 mg, and 48 at
intakes above 1,200 mg.  The nonlinear regression equation de-
rived from these data (Appendix E) was solved for a desirable reten-
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tion of zero balance plus 63 mg (1.6 mmol)/day of sweat loss
(Charles et al., 1983) since the balance studies were not corrected
for sweat losses.  The estimated calcium intake at which this level of
retention would be achieved is 995 mg (23.9 mmol)/day (Figure E-
3).  Thus, based on balance studies in men, a calcium intake to
achieve the desired zero calcium retention is about 1,000 mg (25
mmol)/day.

Other investigators have contributed balance data in men.  In
long-term studies, Malm (1958) assessed balance in 39 men who
had calcium intakes of 460 and 940 mg (11.5 and 23.5 mmol)/day.
Balance was positively associated with calcium intake, but too few
men were studied at high-enough calcium intakes to identify a pla-
teau balance level.  Although small sample sizes limit their useful-
ness in this context, older balance studies in males (Ackerman and
Toro, 1953; Bogdonoff et al., 1953; Outhouse et al., 1941; Schwartz
et al., 1964) indicate that a plateau retention of calcium would be
achieved with a calcium intake of 1,000 to 1,200 mg (25 to 30
mmol)/day, which is similar to that derived using the desirable re-
tention model based on the data of Spencer et al. (1984).

Bone Mineral Density. Only one randomized, controlled, calcium
intervention study in men has been reported (Orwoll et al., 1990).
In this 3-year study of 77 men aged 30 to 87 years (mean age 58
years) with a mean usual dietary calcium intake of 1,160 (29 mmol)/
day, supplementation with an additional 1,000 mg (25 mmol)/day
of calcium and 10 µg (400 IU) of vitamin D did not significantly
reduce spinal or forearm bone loss.  This finding, that increasing
calcium intake above a mean intake of about 1,200 mg (30 mmol)/
day did not reduce bone loss further, suggests that intakes less than
or equal to 1,200 mg (30 mmol)/day are adequate to maximize
maintenance of bone mass in this age group.

Indicators Used to Set the AI for Women

Calcium Retention. Women have been more widely studied regard-
ing calcium retention because they are particularly prone to os-
teoporosis.  Several balance studies are reported in postmenopausal
women with mean calcium intakes under 1,000 mg (25 mmol)/day.
In 61 women with varying degrees of osteoporosis and with calcium
intakes ranging from 200 to 1,000 mg (5 to 25 mmol)/day, a posi-
tive linear correlation between calcium intake and balance was not-
ed, and was similar in women with or without vertebral fractures
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(Marshall et al., 1976).  Calcium balance and usual calcium intake
were positively correlated in 41 estrogen-deprived postmenopausal
women with a mean usual calcium intake of 659  296 mg (16.5 ± 7.4
mmol)/day (Heaney and Recker, 1982; Heaney et al., 1977).  In 76
women aged 50 to 85 years balance became more positive as calci-
um intake increased from 650 to 830 mg (16.2 to 20.7 mmol)/day
(Ohlson et al., 1952).  Only 10 women in that study had self-select-
ed dietary calcium intakes over 1,000 mg (25 mmol)/day.  Collec-
tively, these studies consistently demonstrate that postmenopausal
women with dietary calcium intakes under 1,000 mg (25 mmol)/
day have less calcium loss when they increase their calcium intake.

Only two balance studies in postmenopausal women with average
usual calcium intakes higher than 1,000 mg (25 mmol)/day were
identified.  Balance studies performed in 85 women with vertebral
osteoporosis, aged 48 to 77 years, on a mean self-selected calcium
intake of 1,116 mg (27.9 mmol)/day showed generally improved
calcium balance in those subjects with higher calcium intakes
(Hasling et al., 1990); very few subjects in this study had calcium
intakes above 1,500 mg (37.5 mmol)/day.  Calcium balance in 18
women and 7 men with osteoporosis (aged 26 to 70, mean 53 years)
who consumed an average of 1,214 mg (30.3 mmol)/day of calcium
was higher in those with higher calcium intakes (Selby, 1994).  No-
tably, the men and women appeared to fit along the same regres-
sion line when intake was related to balance.

Several conclusions can be drawn from these balance studies.
First, it is difficult to determine if the calcium intake needed for
men over age 50 to minimize calcium loss is below 1,200 mg (30
mmol)/day as few studies have been done with intakes between 800
and 1,200 mg (20 and 30 mmol)/day.  Second, available balance
data indicate that the intake requirement of women over age 50 is
at least 1,000 mg (25 mmol)/day and no evidence indicates that it
differs substantially from that of similarly aged men.  Finally, there
are too few balance data at high calcium intakes to allow examina-
tion of subgroups, such as women in early menopause or subjects
with and without fractures.

Bone Mineral Density.  Many randomized, controlled, calcium in-
tervention trials have been conducted in postmenopausal women.
Several investigators have studied women within the first 5 years of
menopause (designated as early postmenopausal), the period of
most rapid bone loss (Aloia et al., 1994; Dawson-Hughes et al., 1990;
Elders et al., 1991; Prince et al., 1995; Riis et al., 1987).  Others have
studied older or late postmenopausal women (Chevalley et al., 1994;
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Dawson-Hughes et al., 1990; Reid et al., 1995).  The main results of
these studies are shown in Table 4-1.  These studies reveal that the
effectiveness of calcium varies by skeletal site, by menopausal age,
and with the usual calcium intakes of the study subjects.  Apart from
the initial bone remodeling transient in year 1, added calcium of-
fers little benefit in BMD at the spine.  In contrast, calcium general-
ly has more impact on BMD at the more cortical-rich proximal radi-
us, femoral neck, and total body.  Late postmenopausal women
tend to be more responsive to supplemental calcium than early
postmenopausal women.  In addition, late postmenopausal women
with very low calcium intakes generally gain more from calcium
supplementation than do women with higher usual calcium intakes
(Dawson-Hughes et al., 1990, Elders et al., 1994).

The positive impact of supplemental calcium on BMD in women
with low-to-moderate usual mean calcium intakes is generally con-
sistent with the observation that increasing calcium intake improves
calcium balance.  Trials involving women with the highest usual
calcium intakes are more useful in this context, and they demon-
strate that increasing calcium intake above 750 mg (18.7 mmol)
(Reid et al., 1995), 800 mg (20 mmol) (Prince et al., 1995), or 1,000
mg (25 mmol) (Riis et al., 1987) reduces loss of bone mineral from
cortical-rich skeletal sites.  Since 80 percent of the skeleton is com-
prised of cortical bone, one would expect changes in cortical bone
to parallel balance changes.  Trials in women with even higher usu-
al calcium intakes are needed to test the balance study estimate of
1,200 mg (30 mmol)/day.

AI Summary: Ages 51 through 70 years

The AI for men and women ages 51 through 70 is set at 1,200 mg
(30 mmol)/day based primarily on the clinical trial data in women
which demonstrated a positive reduction of bone loss with calcium
intakes over 1,000 mg (25 mmol)/day.  In addition, balance studies
in women (Hasling et al., 1990) and women and men (Selby, 1994),
showed that calcium intakes up to 1,500 mg (37.5 mmol)/day
(mean intakes of 1,116 mg [27.9 mmol]/day and 1,214 mg [30.4
mmol]/day, for the cited studies, respectively), were associated with
higher calcium retention.  Although a value of about 1,000 mg (25
mmol)/day was derived from the calcium retention model using
balance studies in men, there were no data for calcium intakes be-
tween 800 and 1,200 mg (20 and 30 mmol)/day.  For the reported
balance studies in women, a plateau calcium retention value could
not be derived.  The AI of 1,200 mg (30 mmol)/day was chosen for
this age group assuming that their needs would be somewhat high-
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er that the 19- through 30-year age group since calcium absorption
is known to fall with advancing age.

AI for Men 51 through 70 years 1,200 mg (30 mmol)/day
AI for Women 51 through 70 years 1,200 mg (30 mmol)/day

Utilizing the 1994 CSFII data, adjusted for day-to-day variation
(Nusser et al., 1996), the median intake for men aged 51 through
70 years is 708 mg (17.7 mmol)/day (see Appendix D).  Their AI of
1,200 mg (30 mmol)/day falls between the ninetieth percentile of
intake, 1,122 mg (28.1 mmol)/day, and the ninety-fifth percentile
of calcium intake, 1,268 mg (31.7 mmol)/day.  For women in this
age range, the median calcium intake is 571 mg (14.3 mmol)/day.
Their AI markedly exceeds the ninetieth percentile of calcium in-
take, 891 mg (22.3 mmol)/day.

Special Considerations

Estrogen Loss and Osteoporosis.  Although diminished estrogen at
menopause causes accelerated bone loss, estrogen deficiency-relat-
ed bone loss cannot be prevented by increasing calcium intake (see
earlier section “Factors Affecting the Calcium Requirement”).  Es-
trogen does to some extent influence calcium absorption, but avail-
able evidence is not sufficient to support different AIs for women in
this age range depending on their menopausal status or their use of
hormone replacement therapy.

Ages > 70 Years

Indicators Used to Set the AI

Calcium Retention.  Few men over age 70 have participated in bal-
ance studies.  In the studies in which they have been included, it is
not possible to separate their data from those of the younger men
studied.  Among women, there are too few balance data at high
calcium intakes to identify a plateau intake value.  To the extent
that the age-related decline in calcium absorption efficiency is not
offset by increased renal conservation of calcium, the intake re-
quirement for men and women would be expected to increase with
advancing age.

Fracture Rates. Several intervention studies have revealed a linkage
between calcium intake and the clinically important outcome, frac-
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tures.  In a large randomized trial in over 3,000 elderly retirement
home residents (mean age 84 years), daily supplementation with
1,200 mg (30 mmol) of calcium and 20 µg (800 IU) of vitamin D
reduced hip fracture and other nonvertebral fracture rates (Chapuy
et al., 1992).  In a randomized trial in younger men and women
(aged 65 and older, mean age 71 years) residing at home, supple-
mentation with 500 mg (12.5 mmol) of elemental calcium and 8.8
µg (352 IU) of vitamin D significantly reduced nonvertebral frac-
ture rates (Dawson-Hughes et al., 1997).  Notably, the men and
women in this study had estimated usual dietary calcium and vita-
min D intakes of 750 mg (18.8 mmol) and 5.0 µg (200 IU), respec-
tively.  Two other studies have assessed the effect of calcium alone
on fracture rates (Chevalley et al., 1994; Recker et al., 1996).  Among
women with low usual daily calcium intakes (mean 450 mg [11.3
mmol]), calcium supplementation (1,200 mg [30 mmol]/day) re-
duced the vertebral fracture rate in women with prior vertebral
fractures, but it did not reduce the risk of first vertebral fractures
(Recker et al., 1996).  In contrast, a reduction in first vertebral
fractures with calcium supplementation of 800 mg (20 mmol)/day
has been noted (Chevalley et al., 1994).  Although these studies
point to a favorable effect of calcium, additional studies are needed
to estimate the magnitude of the impact of calcium intake on frac-
ture rates.  Available data do not allow use of fracture outcomes to
identify the AI for calcium.

Bone Mineral Density.  The randomized longitudinal trials (summa-
rized in Table 4-5) that examined the effect of supplemental calci-
um (with or without vitamin D) on fracture incidence also assessed
changes in BMD (Chapuy et al., 1992; Chevalley et al., 1994; Daw-
son-Hughes et al., 1997) or BMC (Recker et al., 1996).  In each of
these studies, there was a significant positive effect of calcium at
one or more skeletal sites including the proximal femur (Chapuy et
al., 1992; Dawson-Hughes et al., 1997), femoral shaft (Chevalley et
al., 1994), spine (Dawson-Hughes et al., 1997), forearm (in women
with prevalent vertebral fractures [Recker et al., 1996]), and total
body (Dawson-Hughes et al., 1997).

AI Summary: Ages > 70 Years

Because there are too few data in men and women at high calci-
um intakes to allow estimation of the plateau intake, the AI is the
same as that for 51 through 70 year olds—1,200 mg (30 mmol)/
day.
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AI for Men > 70 years 1,200 mg (30 mmol)/day
AI for Women > 70 years 1,200 mg (30 mmol)/day

Utilizing the 1994 CSFII intake data, adjusted for day-to-day vari-
ation (Nusser et al., 1996), the median calcium intake for men aged
> 70 years is 702 mg (17.6 mmol)/day, and the ninety-fifth percen-
tile of intake is 1,185 mg (29.6 mmol)/day (see Appendix D).  Thus,
the ninety-fifth percentile of calcium intake is very close to the AI of
1,200 mg (30 mmol)/day.  For women in this age range, the medi-
an calcium intake is 517 mg (12.9 mmol)/day and the ninety-ninth
percentile of intake is 1,037 mg (25.9 mmol)/day.  Thus, nearly all
women ages > 70 years are consuming less calcium than the AI.

Summary of Approaches Used for Adolescents and Adults

Desirable rates of calcium retention, determined from balance
studies, factorial estimates of requirements, and limited data on
BMD and BMC changes, have been used as the primary indicators
of adequacy (Table 4-5).  These indicators were chosen as reason-
able surrogate markers to reflect changes in skeletal calcium con-
tent.  In general, the decision to set AIs for calcium rather than
EARs was based on the uncertainties in the these methods as dis-
cussed earlier, and the disparity between the estimates derived from
these approaches and the limited observational data on calcium
intakes of  groups within the U.S. and Canadian populations.

Pregnancy

During pregnancy, approximately 25 to 30 g (625 to 750 mmol)
of calcium are transferred to the fetus, with the majority of this
transfer occurring during the third trimester (IOM, 1990).  The
major physiological adaptation of the mother to meet this increased
calcium requirement is increased efficiency in intestinal absorption
of calcium.

Both total and “free” (calculated as the molar ratio of 1,25(OH)2D
and vitamin D binding protein) serum 1,25(OH)2D concentrations
increase during pregnancy (Bouillon et al., 1981; Cross et al., 1995a;
Kumar et al., 1979; Pitkin et al., 1979; Seki et al., 1991; Wilson et al.,
1990) and may be responsible for the increase in calcium absorp-
tion that has been observed (Cross et al., 1995a; Heaney and Skill-
man, 1971; Kent et al., 1991).  Whether the increase in 1,25(OH)2D
concentrations is a result of placental production or increases in
serum PTH that may occur late in pregnancy (Pitkin et al., 1979) is
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TABLE 4-5  Summary of Estimates of Calcium Needs
Using Three Different Approaches

Age  (y) Desirable Retention FactorialMethod
(mg Ca/d)a (mg Ca/d)b

1–3 M/F - 100 M/F - 500
4–8 M/F - 200 No data

9–13 & 14–18 M - 282 (+55) M - 1,505
F  - 212 (+55) F  - 1,276

19–30 M - 50 (+63) M - 1,437
F  - 10 (+63) F  - 1,393

31–50 M - 0 (+0) M - 1,270
F  - 0 (+102) F  - 1,360

51–70 M - 0 (+63) M - 1,380

F  - 0 (+0) F  - 1,383

> 70 No data No data

a Additional amount added to account for sweat losses given in parentheses.
b The factorial estimate was based on accretion values derived from measures of bone

mineral content and the assumption that bone contains 32.3% calcium by weight (see
text for details).

c The calcium retention model was based on balance studies from which the absolute
intake and retention of individual subjects was modeled using non-linear regression
analysis (Jackman et al., 1997). The derived equations were then solved to obtain an
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Calcium Retention
Model (mg Ca/d)c Clinical Trialsd

No data No data
Calcium intake Calcium intakes (mg/d) of 600 vs. 300 (Lee

of 800–900 gave et al., 1995); 1,600 vs. 900 (Slemenda et al.,
retention of +174 1997) resulted in greater increase in spinal

BMC for higher intake groups.
M - 1,310 Calcium intakes (mg/d) of:
F  - 1,070 1,314 vs. 960 (Lloyd et al., 1993)

1,437 vs. 728 (Chan et al., 1995)
1,612 vs. 908 (Johnston et al., 1992)
resulted in a mean increase in BMC for all
higher intake groups.

M - 1,236 No data
F  - 1,026
M/F - 840–950 Calcium intakes (mg/d) of 1,572 vs. 810
based on calcium balance resulted in reduced vertebral bone loss in

premenopausal women (Baran et al., 1990).
M - 995 Calcium intake (mg/d) of > 1,200  resulted

in no difference in bone loss in males.
F  - 1200e Calcium intake (mg/d) of > 750, 800 and
as predicted from balance studies 1,000 showed less bone loss than lower

intakes in females (see Table 4-1).
No data;e Calcium intake (mg/d) of 1,200 vs. 750

1,200 mg extrapolated resulted in reduced fracture rate and lower
from data in 51–70 year olds bone loss measured by BMD at various sites

(Chapuy et al., 1992; Dawson-Hughes et
 al., 1997).

estimate of the intake at which a desirable calcium retention would be attained (see text
for specific values used for each age group; see Appendix E for equations).

d The major outcome evaluated from the clinical trials reviewed was change in BMD
at various bone sites or fracture rate in the > 70 year age group.

e These estimates were not derived from statistical analysis of calcium intake and
retention data to determine desirable calcium intakes due to limitations in the range of
calcium intakes that had been studied.
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not clear.  Significant increases in maternal calcium accretion, bone
turnover, and intestinal absorption early in pregnancy, prior to the
mineralization of the fetal skeleton, have been observed in kinetic
and histomorphometric studies (Heaney and Skillman, 1971; Pur-
die et al., 1988).

Results from balance and calcium kinetic studies in 15 women
conducted during pregnancy demonstrated increased calcium re-
tention well in advance of when most of the mineralization of the
fetal skeleton occurs (Heaney and Skillman, 1971).  The mean cal-
cium intakes ranged from 920 to 2,020 mg (23 to 50.5 mmol)/day
throughout pregnancy.  Calcium retention exceeded the demand
for fetal growth.  A possible explanation for the increased calcium
retention in these balance studies is that the mothers were still ac-
creting bone regardless of their pregnancy state; the ages of the
mothers ranged from 15 to 28 years.

Urinary calcium excretion increases during pregnancy and is re-
lated to the elevated serum 1,25(OH)2D and increased intestinal
absorption of calcium (Gertner et al., 1986).  This physiologic ab-
sorptive hypercalciuria has led some investigators to consider preg-
nancy a “period of calcium feast rather than famine” (Gertner et
al., 1986).  Whether dietary calcium modulates the 1,25(OH)2D
response to pregnancy is not clear.

Indicator Used to Set the AI

Bone Mineral Mass. Whether significant bone resorption occurs
during pregnancy to serve as a mineral supply for fetal skeletal needs
is not clear.  In a prospective study of six women, lumbar spine
BMD decreased between prepregnancy and postpartum measure-
ments but increased to baseline values after weaning (Drinkwater
and Chesnut, 1991).  Another study reported no change in BMD
during pregnancy in the radius (Cross et al., 1995a).  However, the
radius is more cortical than trabecular bone and may not be sensi-
tive to subtle changes in bone mass.

Dietary calcium intake does not appear to influence changes in
maternal bone mass during pregnancy.  A study in undernourished
pregnant mothers found that supplementation with 300 mg (7.5
mmol)/day or 600 mg (15 mmol)/day of calcium did not increase
the metacarpal bone density of the mothers during pregnancy when
compared with unsupplemented mothers.  However, the bone den-
sity (determined from radiographs using an aluminum wedge cali-
bration) of the neonates of supplemented mothers was significantly
greater (mean of 77 percent greater averaged over four bone sites)
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than neonates of the unsupplemented mothers (Raman et al.,
1978).  Unfortunately, the baseline calcium intake of the unsupple-
mented mothers was not provided in this study, so the calcium in-
take associated with the less well-mineralized fetal bone cannot be
determined.

A final piece of evidence that supports no increased need for
dietary calcium during pregnancy is the lack of a relationship be-
tween the number of previous pregnancies and BMD (Alderman et
al., 1986; Koetting and Wardlaw, 1988; Kreiger et al., 1982; Walker
et al., 1972; Wasnich et al., 1983) or fracture risk (Johansson et al.,
1993).  Moreover, some studies support a positive correlation be-
tween the number of children born and either radial BMD or total
body calcium (Aloia et al., 1983), as well as a reduction in hip frac-
ture risk (Hoffman et al., 1993).  It was not stated in these studies
whether calcium intake modified the relationship between the num-
ber of pregnancies and BMD or fracture risk.

AI Summary for Pregnancy

Taken together, the available data on bone mineral mass during
pregnancy and the lack of correlation between the number of preg-
nancies and BMD or fracture risk provide sufficient information to
support the concept that the maternal skeleton is not used as a
reserve for fetal calcium needs.  Adaptive maternal responses to
fetal calcium needs include an enhanced efficiency of absorption,
which is modulated through changes in calciotropic hormones.
Thus, provided that dietary calcium intake is sufficient for maximiz-
ing bone accretion rates in the nonpregnant state, the AI does not
have to be increased during pregnancy.

AI for 14 through 18 years 1,300 mg (32.5 mmol)/day
Pregnancy 19 through 30 years 1,000 mg (25 mmol)/day

31 through 50 years 1,000 mg (25 mmol)/day

Based on the 1994 CSFII intake data from 33 pregnant women, as
adjusted for day-to-day variation (Nusser et al., 1996), the median
intake of calcium for pregnant women is 1,154 mg (28.9 mmol)/
day, twenty-fifth percentile of calcium intake is 939 mg (23.5
mmol)/day, and the seventy-fifth percentile of intake is 1,382 mg
(34.6 mmol)/day (see Appendix D).  Thus, the AI of 1,300 mg
(32.5 mmol)/day for pregnant women 14 through 18 years of age is
between the median and seventy-fifth percentile of calcium intake
and the AI of 1,000 mg (25 mmol)/day for pregnant women 19
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through 50 years of age is between the twenty-fifth percentile and
median intake of calcium.

Special Considerations

Adolescent Pregnancies.  The pregnant adolescent woman, theoreti-
cally, could have an increased need for calcium because of her need
to support her own bone consolidation as well as that of the fetus.
Sowers and coworkers (1985) found in a study of 86 women (20 to
35 years of age) that although the number of pregnancies was not
associated with BMD of the distal radius, history of a teenage preg-
nancy (< 20 years of age) was associated with low BMD.  Moreover, a
lower incidence of preterm delivery and low birth weight was ob-
served in 94 pregnant adolescents (< 17 years of age) randomized
to receive 2,000 mg (50 mmol)/day supplemental calcium or a con-
trol (n = 95) (Villar and Repke, 1990).  Both groups had a mean
baseline calcium intake of 1,200 mg (30 mmol)/day.  The results of
these studies indicate that pregnant adolescents may benefit from a
high calcium intake.  However, research is needed to establish the
plateau dietary intake at which these benefits may occur.

Lactation

The source of calcium utilized by a lactating woman for milk pro-
duction (approximately 210 mg [5.3 mmol]/day [IOM, 1991])
could be from higher dietary intake, increased fractional intestinal
absorption, reduced renal excretion, or stimulation of bone resorp-
tion.  Based on studies utilizing biochemical indicators of calcium
metabolism in lactating women (see Table 4-6), measures of serum
1,25(OH)2D concentrations offer the most, albeit conflicting, infor-
mation.  If there is an increase in calcium need, one would assume
this need could be met by increased serum 1,25(OH)2D leading to
enhanced calcium absorption.  Although investigators have report-
ed high serum 1,25(OH)2D concentrations in lactating women (Ku-
mar et al., 1979; Specker et al., 1987), the majority of studies have
found no difference in serum concentrations between lactating and
nonlactating women (Cross et al., 1995b; Hillman et al., 1981; Kalk-
warf et al., 1996; Kent et al., 1990; Wilson et al., 1990).  Serum
1,25(OH)2D concentrations are increased during pregnancy (Wil-
son et al., 1990), and mean 1,25(OH)2D concentrations in both
lactating and nonlactating postpartum women tend to be high in
the early postpartum period.  These higher concentrations do not
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persist during lactation, but may increase again following the initia-
tion of weaning (Kalkwarf et al., 1996; Specker et al., 1991a).

Consistent with the lack of an increase in serum 1,25(OH)2D con-
centrations in lactating women, calcium absorption also does not
appear to be increased during lactation (Kalkwarf et al., 1996; Kent
et al., 1991; Specker et al., 1994), even among women consuming a
relatively low intake (750 mg [18.8 mmol]/day of calcium) (Kalk-
warf et al., 1996).  A randomized trial of calcium supplementation
at approximately 1,000 mg (25 mmol)/day for 5 days in lactating
women accustomed to low calcium intakes (approximately 300 mg
[7.5 mmol]/day) found no difference between calcium supplemen-
tation groups in percent fractional intestinal absorption (Fairweath-
er-Tait et al., 1995).

Biochemical markers and kinetic measurements indicate that
bone resorption is increased during lactation (Affinito et al., 1996;
Dobnig et al., 1995; Kent et al., 1990) and that this increase is inde-
pendent of calcium intake (Cross et al., 1995b; Sowers et al., 1995a;
Specker et al., 1994).  Renal conservation of calcium also has been
observed during lactation (Kent et al., 1990; Specker et al., 1994),
and both the increased mobilization of calcium from bone and de-
creased urinary calcium excretion are sufficient to provide calcium
for milk production.

These adaptive changes in calcium homeostasis are independent
of the calcium intake of the mother and appear to be more depen-
dent on return of ovarian function (Kalkwarf et al., 1996; Sowers et
al., 1995b).  As a woman regains ovarian function or weans her
infant, the serum 1,25(OH)2D concentration increases (Kalkwarf et
al., 1996; Specker et al., 1991a), intestinal calcium absorption in-
creases (Kalkwarf et al., 1996), renal retention of calcium persists
(Kent et al., 1990), and biochemical markers of bone turnover be-
gin to return to normal levels (Kent et al., 1990; Sowers et al.,
1995b).

Indicators Used to Set the AI

Bone Mineral Mass and Fracture.  The primary source of calcium
secreted in human milk appears to be from increased maternal
bone resorption that occurs during lactation (Affinito et al., 1996;
Dobnig et al., 1995; Kent et al., 1990), and this increase in resorp-
tion is independent of calcium intake (Cross et al., 1995b; Sowers et
al., 1995a; Specker et al., 1994).

Data from kinetic studies of lactating and nonlactating women
consuming a wide range of calcium intakes indicate that the differ-
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ence between bone resorption and formation represents a net flow
of calcium from bone into the extracellular fluid calcium compart-
ment of approximately 2.72 mg (0.07 mmol)/kg/day (Specker et
al., 1994).  Approximately 0.68 mg (0.02 mmol)/kg/day is con-
served through reduced renal excretion.  The net result is 3.4 mg
(0.09 mmol)/kg/day of calcium entering the body pool through
stimulation of bone resorption and reduced renal excretion, with
an estimated loss in milk of 3.08 mg (0.08 mmol)/kg/day.

Results from longitudinal studies of changes in BMD with lacta-
tion indicate that the loss of bone is site specific (see Table 4-7).
Results regarding changes in the distal radius are inconsistent (Af-
finito et al., 1996; Chan et al., 1982a; Hayslip et al., 1989; Kalkwarf
and Specker, 1995; Prentice et al., 1990), whereas the majority of
studies found decreases in the lumbar spine and femoral neck (Af-
finito et al., 1996; Cross et al., 1995b; Hayslip et al., 1989; Kalkwarf
and Specker, 1995; Kent et al., 1990; Lopez et al., 1996; Sowers et
al., 1993).  The bone loss observed during lactation appears to be
regained upon return of ovarian function (Affinito et al., 1996;
Cross et al., 1995a; Kalkwarf and Specker, 1995; Kent et al., 1990;
Sowers et al., 1993).  These findings during weaning are consistent
with changes in biochemical indicators of calcium homeostasis and
intestinal absorption that are occurring at this time and with the
majority of retrospective studies showing no net deleterious effect
of prior lactation on bone mass (see discussion below).

Whether dietary calcium influences the changes in bone mass
observed during lactation or affects milk calcium concentrations
has been addressed in a few studies (summarized in Table 4-8).
The results indicate that the loss of bone mass observed during
lactation is not different between women on placebo or supplemen-
tal calcium intakes (1,000 mg [25 mmol]/day) (Cross et al., 1995b;
Kalkwarf et al., 1997; Prentice et al., 1995) and that milk calcium is
unaffected by maternal calcium intake (Kalkwarf et al., 1997; Pren-
tice et al., 1995).  The changes in bone mass that occur at this time
are likely to be more related to the effects of lack of estrogen than
to the increased demand of calcium for milk production.  There-
fore, it does not appear that dietary calcium intakes above that rec-
ommended for nonlactating women minimizes the bone loss ob-
served during lactation, nor does it augment the bone gain during
weaning.

Epidemiological studies provide additional support for the as-
sumption that the observed lactation-induced bone loss is a normal
physiological response and that after weaning this bone loss is re-
placed.  Many studies have found no association between previous
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lactation history and  BMD (Koetting and Wardlaw, 1988; Walker et
al., 1972; Wasnich et al., 1983) or fracture risk and previous lacta-
tion history, although there are studies that report either a de-
creased (Lissner et al., 1991; Wardlaw and Pike, 1986) or increased
(Aloia et al., 1983; Feldblum et al., 1992; Hreshchyshyn et al., 1988;
Melton et al., 1993b) BMD with history of lactation (see Table 4-9).
A longitudinal prospective study of over 9,000 women over the age
of 65 found that the risk of hip fracture was not associated with the
number of children who were breast-fed (Cummings et al., 1995).
Although most studies have found no increase in fracture risk with
a history of lactation, Kreiger and coworkers (1982) found that wom-
en who later in life had hip fractures lactated for fewer months than
did control women without hip fracture.

AI Summary for Lactation

The loss of calcium from the maternal skeleton that occurs dur-
ing lactation is not prevented by increased dietary calcium, and the
calcium lost appears to be regained following weaning.  There is no
evidence that calcium intake in lactating women should be in-
creased above that of nonlactating women.  Thus, the AIs for calci-
um during lactation are the same AIs for the nonlactating woman
of the same age.

AI for Lactation 14 through 18 years 1,300 mg (32.5 mmol)/day
19 through 30 years 1,000 mg (25 mmol)/day
31 through 50 years 1,000 mg (25 mmol)/day

Utilizing data as adjusted for day-to-day variation (Nusser et al.,
1996) from the 16 lactating mothers in the 1994 CSFII sample, the
twenty-fifth percentile of intake for calcium is 982 mg (24.6 mmol)/
day (see Appendix D), which is close to the AI of 1,000 mg (25
mmol)/day for lactating women ages 19 through 50 years.  The
median intake is 1,050 mg (26.3 mmol)/day, the ninety-fifth per-
centile of intake is 1,324 mg (33.1 mmol)/day, which is slightly
above the AI of 1,300 mg (32.5 mmol/day) for lactating women 14
through 18 years of age.

Special Considerations

Closely Spaced Pregnancies. Women aged 20 to 40 years, who breast-
feed their infants for at least 6 months and become pregnant within
18 months of initiating lactation have BMDs similar to those of lac-
tating women who do not have a subsequent pregnancy in 18
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TABLE 4-9  Retrospective or Cross-Sectional Studies
Concerning Lactation-Induced Bone Loss

Author Year N Site

Alderman et al. 1986 355 Fracture
562 Controls

Aloia et al. 1983 80 Radius

Cummings et al. 1995 173 Fracture
137 Controls

Feldblum et al. 1992 352 Lumbar spine
Radius

Hoffman et al. 1993 174 Fracture
Controls

Hreshchyshyn et al. 1988 151 Lumbar spine

Kent et al. 1990 80 Radius

Koetting and Wardlaw 1988 28 Hip, Radius

Kreiger et al. 1982 98 Fracture
884 Controls

Lissner et al. 1991 126 Lumbar spine
Melton et al. 1993b 304 Hip, Radius,

Lumbar spine

Walker et al. 1972 102 Metacarpal

Wardlaw and Pike 1986 21 Radius

Wasnich et al. 1983 608 Radius

months (Sowers et al., 1995b).  These findings support those from a
cross-sectional study that found similar BMD among women with
small or large families (Walker et al., 1972).  Therefore, it does not
appear, from the data available at this time, that closely spaced preg-
nancies lead to a lower bone mass in these women than in women
with pregnancies less closely spaced.

Feeding More Than One Infant. A study in women breast-feeding
twins found significantly higher serum PTH and 1,25(OH)2D con-
centrations compared to women nursing singletons.  The authors
suggest that these findings reflect an increased mineral need in the
mothers (Greer et al., 1984).  No studies have been reported in
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Major Findings

Women who lactated more than 2 years had similar risk of fracture as women
who never lactated.

Higher radius BMC with lactation (45 to 55 years of age and postmenopausal);
no effect of total body Ca.

No increased risk of fracture with history of lactation (>65 years of age).

Higher BMD associated with history of lactation in perimenopausal women 40 to
54 years of age.

No association between hip fracture in women >45 years of age and lactation
history.

Higher BMD in women 35 to 65 years of age who lactated compared to no
lactation.

BMD at ultradistal radius 7% lower in 40 lactating women at 5.6 months pp
compared to 40 controls. No difference at distal or midradius; BMD regained
4 to 6 months pw in 19 women studied.

No association between BMD at 26 to 37 years of age and lactation history.  Ca
intake not associated with bone measurements.

45 to 74 year olds with hip fractures compared to controls. Cases lactated for less
months than nontrauma controls (N = 81) and trauma controls (N = 83).

Lower BMC associated with greater months of lactation.
BMD at any site not associated with lactation.  Higher BMD of hip associated

with long-term lactation (age-stratified random sample of all adult women in
Rochester, MN).

No association between radiograph measurements at 30 to 44 years of age and
size of families. Ca intake not associated with bone measurements.

Lower BMC in women 30 to 35 years of age in those who had long-term versus
short-term lactation.

BMC in postmenopausal women (44 to 80 years of age) not associated with
months of lactation.

which calcium supplementation of lactating mothers of more than
one infant was evaluated.

Lactating Adolescents. A study in lactating adolescents found that
15 mothers consuming 900 mg (22.5 mmol)/day calcium had a
significant decrease in BMC of the distal radius over the first 16
weeks postpartum.  No change was observed in 21 mothers who
were consuming 1,850 mg (46.3 mmol)/day of calcium (Chan et
al., 1982b).  Although the results of these studies are intriguing,
several concerns about the findings have been expressed, including
not finding bone loss in the adult women, a higher rate of bone loss
than that seen in any pathological condition, and bone mass mea-
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surements greater than 4 SD above normal at baseline in two of the
women (Cunningham and Mazess, 1983; Greer and Garn, 1982).
Moreover, it is not clear whether the adolescents were randomized
to receive intensive counseling and why there were uneven sample
sizes in the two groups of lactating adolescents (n = 15 and 21).
Due to the small sample sizes and the uncertainties regarding this
study, it is not clear whether the calcium AI in lactating adolescents
should be higher than the AI of 1,300 mg (32.5 mmol)/day in the
nonlactating adolescent.

TOLERABLE UPPER INTAKE LEVELS

Hazard Identification

Calcium is among the most ubiquitous of elements found in the
human system.  As stated earlier, calcium plays a major role in the
metabolism of virtually every cell in the body and interacts with a
large number of other nutrients.  As a result, disturbances of calci-
um metabolism give rise to a wide variety of adverse reactions.  Dis-
turbances of calcium metabolism, particularly those that are charac-
terized by changes in extracellular ionized calcium concentration,
can cause damage in the function and structure of many organs
and systems.

Currently, the available data on the adverse effects of excess calci-
um intake in humans primarily concerns calcium intake from nutri-
ent supplements.  Of the many possible adverse effects of excessive
calcium intake, the three most widely studied and biologically im-
portant are: kidney stone formation (nephrolithiasis), the syndrome
of hypercalcemia and renal insufficiency with and without alkalosis
(referred to historically as milk-alkali syndrome when associated
with a constellation of peptic ulcer treatments), and the interaction
of calcium with the absorption of other essential minerals.  These
are not the only adverse effects associated with excess calcium in-
take.  However, the vast majority of reported effects are related to
or result from one of these three conditions.

Nephrolithiasis

Twelve percent of the U.S. population will form a renal stone over
their lifetime (Johnson et al., 1979), and it has generally been as-
sumed that nephrolithiasis is, to a large extent, a nutritional dis-
ease.  Research over the last 40 years has shown that there is a direct
relationship between periods of affluence and increased nephroli-
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thiasis (Robertson, 1985).  A number of dietary factors seem to play
a role in determining the incidence of this disease.  In addition to
being associated with increased calcium intakes, nephrolithiasis ap-
pears to be associated with higher intakes of oxalate, protein, and
vegetable fiber (Massey et al., 1993).  Goldfarb (1994) argued that
dietary calcium plays a minor role in nephrolithiasis because only 6
percent of the overall calcium load appears in the urine of normal
individuals.  Also, the efficiency of calcium absorption is substantial-
ly lower when calcium supplements are consumed (Sakhaee et al.,
1994).

The issue is made more complex by the association between high
sodium intakes and hypercalciuria, since sodium and calcium com-
pete for reabsorption at the same sites in the renal tubules (Gold-
farb, 1994).  Other minerals, such as phosphorus and magnesium,
also are risk factors in stone formation (Pak, 1988).  These findings
suggest that excess calcium intake may play only a contributing role
in the development of nephrolithiasis.

Two recent companion prospective epidemiologic studies in men
(Curhan et al., 1993) and women (Curhan et al., 1997) with no
history of kidney stones found that intakes of dietary calcium great-
er than 1,050 mg (26.3 mmol)/day in men and greater than 1,098
mg (27.5 mmol)/day in women were associated with a reduced risk
of symptomatic kidney stones.  This association for dietary calcium
was attenuated when the intake of magnesium and phosphorus were
included in the model for women (Curhan et al., 1997).  This ap-
parent protective effect of dietary calcium is attributed to the bind-
ing by calcium in the intestinal lumen of oxalate, which is a critical
component of most kidney stones.  In contrast, Curhan et al. (1997)
found that after adjustment for age, intake of supplemental calcium
was associated with an increased risk for kidney stones.  After adjust-
ment for potential confounders, the relative risk among women
who took supplemental calcium, compared with women who did
not, was 1.2.  Calcium supplements may be taken without food,
which limits opportunity for the beneficial effect of binding oxalate
in the intestine.  A similar effect of supplemental calcium was ob-
served in men (Curhan et al., 1993) but failed to reach statistical
significance.  Neither study controlled for the time that calcium
supplements were taken (for example, with or without meals); thus,
it is possible that the observed significance of the results in women
may be due to different uses of calcium supplements by men and
women.  Clearly, more carefully controlled studies are needed to
determine the strength of the causal association between calcium
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intake vis-à-vis the intake of other nutrients and kidney stones in
healthy individuals.

The association between calcium intake and urinary calcium ex-
cretion is weaker in children than in adults.  However, as observed
in adults, increased levels of dietary sodium are significantly associ-
ated with increased urinary calcium excretion in children (Matkov-
ic et al., 1995; O’Brien et al., 1996).

Hypercalcemia and Renal Insufficiency (Milk-Alkali Syndrome)

The syndrome of hypercalcemia and, consequently, renal insuffi-
ciency with or without metabolic alkalosis is associated with severe
clinical and metabolic derangements affecting virtually every organ
system (Orwoll, 1982).  Renal failure may be reversible but may also
be progressive if the syndrome is unrelieved.  Progressive renal fail-
ure may result in the deposition of calcium in soft tissues including
the kidney (for example, nephrocalcinosis) with a potentially fatal
outcome (Junor and Catto, 1976).  This syndrome was first termed
milk-alkali syndrome (MAS) in the context of the high milk and
absorbable antacid intake which derived from the “Sippy diet” regi-
men for the treatment of peptic ulcer disease.  MAS needs to be
distinguished from primary hyperparathyroidism, in which primary
abnormality of the parathyroid gland results in hypercalcemia, met-
abolic derangement, and impaired renal calcium resorption.  As
the treatment of peptic ulcers has changed (for example, systemi-
cally absorbed antacids and large quantities of milk are now rarely
prescribed), the incidence of this syndrome has decreased (Whit-
ing and Wood, 1997).

A review of the literature revealed 26 reported cases of MAS linked
to high calcium intake from supplements and food since 1980 with-
out other causes of underlying renal disease (Table 4-10).  These
reports described what appears to be the same syndrome at supple-
mental calcium intakes of 1.5 to 16.5 g (37.5 to 412.5 mmol)/day
for 2 days to 30 years.  Estimates of the occurrence of MAS in the
North American population may be low since mild cases are often
overlooked and the disorder may be confused with a number of
other syndromes presenting with hypercalcemia.

No reported cases of MAS in children were found in the litera-
ture.  This was not unexpected since children have very high rates
of bone turnover and calcium utilization relative to adults (Abrams
et al., 1992).  A single case of severe constipation directly linked to
daily calcium supplementation of 1,000 mg (25 mmol) or more has
been reported in an 8-year-old boy, but this may represent an idio-
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syncratic reaction of calcium ions exerted locally in the intestine or
colon (Frithz et al., 1991).

Calcium/Mineral Interactions

Calcium interacts with iron, zinc, magnesium, and phosphorus
(Clarkson et al., 1967; Hallberg et al., 1992; Schiller et al., 1989;
Spencer et al., 1965).  Calcium-mineral interactions are more diffi-
cult to quantify than nephrolithiasis and MAS, since in many cases
the interaction of calcium with several other nutrients results in
changes in the absorption and utilization of each.  Thus, it is virtual-
ly impossible to determine a dietary level at which calcium intake
alone disturbs the absorption or metabolism of other minerals.
Nevertheless, calcium clearly inhibits iron absorption in a dose-de-
pendent and dose-saturable fashion (Hallberg et al., 1992).  Howev-
er, the available human data fail to show cases of iron deficiency or
even reduced iron stores as a result of calcium intake (Snedeker et
al., 1982; Sokoll and Dawson-Hughes, 1992).  Similarly, except for a
single report of negative zinc balance in the presence of calcium
supplementation (Wood and Zheng, 1990), the effects of calcium
on zinc absorption have not been shown to be associated with zinc
depletion or undernutrition.  Neither have interactions of high lev-
els of calcium with magnesium or phosphorus shown evidence of
depletion of the affected nutrient (Shils, 1994).

Thus, in the absence of clinically or functionally significant deple-
tion of the affected nutrient, calcium interaction with other miner-
als represents a potential risk rather than an adverse effect, in the
sense that nephrolithiasis or hypercalcemia are adverse effects.  Still,
the potential for increased risk of mineral depletion in vulnerable
populations such as those on very low mineral intakes or the elderly
needs to be incorporated into the uncertainty factor in deriving a
UL for calcium.  Furthermore, because of their potential to increase
the risk of mineral depletion in vulnerable populations, calcium-
mineral interactions should be the subject of additional studies.

Dose-Response Assessment

Adults: Ages 19 through 70 Years

Data Selection.  Based on the discussion of adverse effects of excess
calcium intake above, the most appropriate data available for iden-
tifying a critical endpoint and a no-observed-adverse-effect level
(NOAEL) (or lowest-observed-adverse-effect level [LOAEL]) con-
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cern risk of MAS or nephrolithiasis.  There are few well-controlled,
chronic studies of calcium that show a dose-response relationship.
While there are inadequate data on nephrolithiasis to establish a
dose-response relationship and to identify a NOAEL (or LOAEL),
there are adequate data on MAS that can be used.

Identification of a NOAEL (or LOAEL) and Critical Endpoint. Using
MAS as the clinically defined critical endpoint, a LOAEL in the
range of 4 to 5 grams (100 to 125 mmol)/day can be identified for
adults (Table 4-10).  A review of these reports revealed calcium
intakes from supplements (and in some cases from dietary sources
as well) in the range of 1.5 to 16.5 g (37.5 to 412.5 mmol)/day.  A
median intake of 4.8 g (120 mmol)/day resulted in documented
cases.  Since many of these reports included dietary calcium intake
as well as intake from supplements, an intake in the range of 5 g
(125 mmol)/day represents a LOAEL for total calcium intake (for
example, from both supplements and food).  A solid figure for a
NOAEL is not available, but researchers have observed that daily
calcium intakes of 1,500 to 2,400 mg (37.5 to 60 mmol) (including
supplements), used to treat or prevent osteoporosis, did not result
in hypercalcemic syndromes (Kochersberger et al., 1991; McCarron
and Morris, 1985; Riggs et al., 1996; Saunders et al., 1988; Smith et
al., 1989; Thys-Jacobs et al., 1989).

Consideration of hypercalciuria may have additional relevance to
the derivation of a UL for adults.  Hypercalciuria is observed in
approximately 50 percent of patients with calcium oxalate/apatite
nephrolithiasis and is an important risk factor for nephrolithiasis
(Lemann et al., 1991; Whiting and Wood, 1997).  Therefore, it is
plausible that high calcium intakes associated with hypercalciuria
could produce nephrolithiasis.  Burtis et al. (1994) reported a sig-
nificant positive association between both dietary calcium and sodi-
um intake and hypercalciuria in 282 renal stone patients and de-
rived a regression equation to predict the separate effects of dietary
calcium and urinary sodium on urinary calcium excretion.  Setting
urinary sodium excretion at 150 mmol/day and defining hypercal-
ciuria for men as greater than 300 mg (7.5 mmol) of calcium/day
excreted (Burtis et al., 1994), the calcium intake that would be
associated with hypercalciuria was 1,685 mg (42.1 mmol)/day.  For
women, for whom hypercalcemia was defined as greater than 250
mg (6.2 mmol)/day excreted, it would be 866 mg (21.6 mmol)/
day.  The results of these calculations from the Burtis et al. (1994)
equation suggest that calcium intakes lower than AI levels derived
earlier in this chapter for females could result in hypercalciuria in
susceptible individuals.
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TABLE 4-10  Case Reports of Milk Alkali Syndrome (single
dose/day)a

Ca Intake Mitigating
Studies (g/d)b Duration Factors

Abreo et al., 1993 9.6c >3 mo None reported
3.6c >2 y None reported

10.8d Not stated None reported
Brandwein and Sigman, 2.7c 2 y, 8 mo None reported

1994
Bullimore and 6.5d 23 y Alkali in antacid

Miloszewski, 1987
Campbell et al., 1994 5d 3 mo None reported
Carroll et al., 1983 4.2d 30 y None reported

2c 5 y None reported
3.8d 2 mo Vitamins A and E
2.8d 10 y NaHCO3, 5 g/d

French et al., 1986 8c 2 y None reported
4.2c >2 y Thiazide

Gora et al., 1989 4c 2 y Thiazide
Hart et al., 1982 10.6d Not stated NaHCO3, 2 g/d
Kallmeyer and Funston, 8d 10 y Alkali in antacid

1983
Kapsner et al., 1986 10d 10 mo None reported

6.8d 7 mo None reported
4.8c 2 d 10-y history of

antacid use
Kleinman et al., 1991 16.5d 2 wk 10-y history of

antacid use
Lin et al., 1996 1.5c 4 wk None reported
Muldowney and Mazbar, 1.7c 13 mo (52 wk) None reported

1996
Schuman and Jones, 1985 9.8d 20 y None reported

4.8d 6 wk 10-y history of
antacid intake

Whiting and Wood, 1997 2.4c >1 y None reported
Whiting and Wood,

1997 2.3–4.6c >1 y None reported

Number of Subjects 26
Mean 5.9 3 y, 8 mo
Median 4.8 13 mo
Range 1.5–>16.5 2 d–23 y

a Case reports of patients with renal failure are not included in this table.
b Intake estimates provided by Whiting and Wood (1997).
c Calcium intake from supplements only.
d Calcium intake from supplements and diet.
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TABLE 4-11 Case Reports of Milk Alkali Syndrome (multi- and
increasing doses)

Ca Intake Ca Intake
(Dose 1) Duration (Dose 2)
(g/d) (mo) (g/d)  Duration

Beall and Scofield, 1995 1a 13 2.4a 2 wk
1 13 4.2 2 wk
0.3a 6 1.8a 1 mo

Carroll et al., 1983 2.5 13 3 13 mo
Dorsch, 1986 Not reported 13 2.1a 6 mo
Hakim et al., 1979 1a 13 2.5a 3.5 wk
Malone and Horn, 1971 Not reported 13 3a 4.5 wk
Newmark and Nugent, 1993 Not reported 13 8.4a <1 y

(“recent”)
Schuman and Jones, 1985 Not reported 13 4.6 6 wk

Number of Subjects 9 9
Mean 1.2 12 3.6 16.7
Median 1 13 3 4.5
Range 0.3–2.5 6–13 1.8–8.4 2–53 wk

a Data do not include intake of calcium from dietary sources.

Although Burtis et al. (1994) identified what could be defined as
LOAELs for hypercalciuria, 1,685 mg (42.1 mmol)/day in men and
866 mg (21.6 mmol)/day in women, these values are not consid-
ered as appropriate for use as the LOAEL for healthy adults as they
were based on patients with renal stones.  However, they support
for the need for conservative estimates of the Tolerable Upper In-
take Level (UL).

Uncertainty Assessment. An uncertainty factor (UF) of 2 is recom-
mended to take into account the potential for increased risk of
high calcium intake based on the following: (1) 12 percent of the
American population is estimated to have renal stones, (2) hyper-
calciuria has been shown to occur with intakes as low as 1,700 mg
(42.5 mmol)/day in male and 870 mg (21.7 mmol)/day in female
patients with renal stones (Burtis et al., 1994), and (3) concern for
the potential increased risk of mineral depletion in vulnerable pop-
ulations due to the interference of calcium on mineral bioavailabil-
ity, especially iron and zinc.
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Derivation of the UL. A UL of 2.5 g (62.5 mmol)/day is calculated
by dividing a LOAEL of 5 g (125 mmol)/day by the UF of 2.  The
data summarized in Table 4-11 show that calcium intakes of 0.3 to
2.5 g (7.5 to 62.5 mmol)/day have not been shown to cause MAS
and provide supportive evidence for a UL of 2,500 mg (62.5 mmol)/
day for adults.  The estimated UL for calcium in adults is judged to
be conservative.  For individuals who are particularly susceptible to
high calcium intakes, such as those with hypercalcemia and hyper-
absorptive hypercalciuria, this level or below should be protective.

UL for Adults 19 through 70 years 2,500 mg (62.5 mmol)/day

Infants: Ages 0 through 12 Months

The safety of calcium intakes above the levels provided by infant
formulas and weaning foods has recently been studied by Dalton et
al. (1997).  They did not find any effect on iron status from calcium
intakes of approximately 1,700 mg (42.5 mmol)/day in infants, which
was attained using calcium-fortified infant formula.  However, further
studies are needed before a UL specific to infants can be established.

UL for Infants 0 through 12 months Not possible to establish
for supplementary calcium

Toddlers, Children, and Adolescents: Ages 1 through 18 years

Although the safety of excess calcium intake in children ages 1
through 18 years has not been studied, a UL of 2,500 mg (62.5
mmol)/day is recommended for these life stage groups.  Although
calcium supplementation in children may appear to pose minimal
risk of MAS or hyperabsorptive hypercalciuria, risk of depletion of
other minerals associated with high calcium intakes may be greater.
With high calcium intake, small children may be especially suscepti-
ble to deficiency of iron and zinc (Golden and Golden, 1981;
Schlesinger et al., 1992; Simmer et al., 1988).  However, no dose-
response data exist regarding these interactions in children or the
development of adaptation to chronic high calcium intakes.  After
age 9, rates of calcium absorption and bone formation begin to
increase in preparation for pubertal development, but a conserva-
tive UL of 2,500 mg (62.5 mmol)/day (from diet and supplements)
is recommended for children due to the lack of data.

UL for Children 1 through 18 years 2,500 mg (62.5 mmol)/day
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Older Adults: Ages > 70 Years

Several physiologic differences in older adults need to be consid-
ered in setting the UL for people over age 70.  Because this popula-
tion is more likely to have achlorhydria (Recker, 1985), absorption
of calcium, except when associated with meals, is likely to be some-
what impaired, which would protect these individuals from the ad-
verse effects of high calcium intakes.  Furthermore, there is a de-
cline in calcium absorption associated with age that results from
changes in function of the intestine (Ebeling et al., 1994).  Howev-
er, the elderly population is also more likely to have marginal zinc
status, which theoretically would make them more susceptible to
the negative interactions of calcium and zinc (Wood and Zheng,
1990).  This matter deserves more study.  These effects serve to
increase the UF on the one hand and decrease it on the other, with
the final result being to use the same UL for older adults as for
younger adults.

UL for Older Adults > 70 years 2,500 mg (62.5 mmol)/day

Pregnancy and Lactation

The available data were judged to be inadequate for deriving a
UL for pregnant and lactating women that is different from the UL
for the nonpregnant and nonlactating female.

UL for Pregnancy 14 through 50 years 2,500 mg (62.5
mmol)/day

UL for Lactation 14 through 50 years 2,500 mg (62.5
mmol)/day

Special Considerations

Not surprisingly, the ubiquitous nature of calcium results in a
population of individuals with a wide range of sensitivities to its
toxic effects.  Subpopulations known to be particularly susceptible
to the toxic effects of calcium include individuals with renal failure,
those using thiazide diuretics (Whiting and Wood, 1997), and those
with low intakes of minerals that interact with calcium (for exam-
ple, iron, magnesium, zinc).  For the majority of the general popu-
lation, intakes of calcium from food substantially above the UL are
probably safe.
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Exposure Assessment

The highest median intake of calcium for any age group found in
the 1994 CSFII data, adjusted for day-to-day variation (Nusser et al.,
1996), was for boys 14 through 18 years of age with a median intake
of 1,094 mg (27.4 mmol)/day and a ninety-fifth percentile intake of
2,039 mg (51 mmol)/day (see Appendix D).  Calcium supplements
were used by less than 8 percent of young children, 14 percent of
men, and 25 percent of women in the United States (Moss et al.,
1989).  Daily dosages from supplements at the ninety-fifth percen-
tile were relatively small for children (160 mg [4 mmol]), larger for
men (624 mg [15.6 mmol]), and largest for women (904 mg [22.6
mmol]) according to Moss et al. (1989).

Risk Characterization

Although the ninety-fifth percentile of daily intake did not exceed
the UL for any age group (2,101 mg [52.5 mmol] in males 14
through 18 years old) in the 1994 CSFII, persons with a very high
caloric intake, especially if intakes of dairy products are also high,
may exceed the UL of 2,500 mg (62.5 mmol)/day.

Even if the ninety-fifth percentile of intake from foods and the
most recently available estimate of the ninety-fifth percentile of sup-
plement use (Moss et al., 1989) are added together for teenage boys
(1,920 + 928 mg/day) or for teenage girls (1,236 + 1,200 mg/day),
total intakes are just at or slightly above the UL.  Although users of
dietary supplements (of any kind) tend to also have higher intakes
of calcium from food than nonusers (Slesinski et al., 1996), it is
unlikely that the same person would fall at the upper end of both
ranges.  Furthermore, the prevalence of usual intakes (from foods
plus supplements) above the UL is well below 5 percent, even for
age groups with relatively high intakes.  Nevertheless, an informal
survey of food products in supermarkets in the Washington, D.C.
metropolitan area between 1994 and 1996 showed that the number
of calcium-fortified products doubled in the 2-year period (Park Y.,
February, 1997, personal communication).  Therefore, it is impor-
tant to maintain surveillance of the calcium-fortified products in
the marketplace and monitor their impact on calcium intake.
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RESEARCH RECOMMENDATIONS

Balance studies can be used to determine the amount of calcium
needed in the diet to support desirable calcium retention.  Such
studies need to be expanded in the following ways:

• To the extent possible, balance studies should be augmented
with stable or radioactive tracers of calcium to estimate aspects of
calcium homeostasis with changes in defined intakes (i.e., fraction-
al absorption, bone calcium balance, and bone turnover rates);

• Adaptations to changes in the amount of dietary calcium should
be followed within the same populations for short-term (2 months)
to long-term (1 to 2 years) studies.  Different experimental ap-
proaches will be needed to define the temporal response to chang-
es in dietary calcium.  Short-term studies may be conducted in a
metabolic unit whereas the longer-term studies will need to be car-
ried out in confined populations (i.e., convalescent home patients)
fed prescribed diets; human study cohorts followed carefully for
years with frequent, thorough estimates of dietary intakes; or meta-
bolic studies of individuals fed their usual diets who typically con-
sume a wide range of calcium intakes.  All studies should include a
comprehensive evaluation of biochemical measures of bone miner-
al content or metabolism.  Bone mineral content and density should
be evaluated in long-term studies.  Good surrogate markers of os-
teopenia could be used in epidemiological studies.

• Assessment of the effect of ethnicity and osteoporosis pheno-
type on the relationship between dietary calcium, desirable calcium
retention, bone metabolism, and bone mineral content.

• Evaluation of the independent impact of diet, lifestyle (especial-
ly physical activity), and hormonal changes on the utilization of
dietary calcium for bone deposition and growth in children and
adolescents.  These studies need to be done in populations for
which the usual calcium intakes range from low to above adequate.

• Epidemiological studies of the interrelationships between calci-
um intake and fracture risk, osteoporosis, prostate cancer, and hy-
pertension must be pursued to determine if calcium intake is an
independent determinant of any of these health outcomes.  Con-
trol of other factors potentially associated as other risk factors for
these health problems is essential (for example, fat intake in rela-
tion to cancer and cardiovascular disease; weight bearing activity;
and dietary components such as salt, protein and caffeine in rela-
tion to osteoporosis).  Such epidemiological studies need to be con-
ducted in middle-aged as well as older adult men and women.
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• More carefully controlled studies are needed to determine the
strength of the causal association between calcium intake vis-à-vis the
intake of other nutrients and kidney stones in healthy individuals.

• Because of their potential to increase the risk of mineral deple-
tion in vulnerable populations, calcium-mineral interactions should
be the subject of additional studies.
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5
Phosphorus

BACKGROUND INFORMATION

Overview

Phosphorus is most commonly found in nature in its pentavalent
form in combination with oxygen, as phosphate (PO4

3-). Phosphorus
(as phosphate) is an essential constituent of all known protoplasm and
its content is quite uniform across most plant and animal tissues. Ex-
cept for specialized cells with high ribonucleic acid content, and for
nervous tissue with high myelin content, tissue phosphorus occurs at
concentrations ranging approximately from 0.25 to 0.65 mmol (7.8 to
20.1 mg)/g protein. A practical consequence is that, as organisms con-
sume other organisms lower in the food chain (whether animal or
plant), they automatically obtain their phosphorus.

Phosphorus makes up about 0.5 percent of the newborn infant
body (Fomon and Nelson, 1993), and from 0.65 to 1.1 percent of
the adult body (Aloia et al., 1984; Diem, 1970). Eighty-five percent
of adult body phosphorus is in bone. The remaining 15 percent is
distributed through the soft tissues (Diem, 1970). Total phosphorus
concentration in whole blood is 13 mmol/liter (40 mg/dl), most of
which is in the phospholipids of red blood cells and plasma lipopro-
teins. Approximately 1 mmol/liter (3.1 mg/dl) is present as inor-
ganic phosphate (Pi). This inorganic phosphate component, while
a tiny fraction of body phosphorus (< 0.1 percent), is of critical
importance. In adults this component makes up about 15 mmol
(465 mg) and is located mainly in the blood and extracellular fluid.
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It is into this inorganic phosphate compartment that phosphate is
inserted upon absorption from the diet and resorption from bone
and from this compartment that most urinary phosphorus and hy-
droxyapatite mineral phosphorus are derived. This compartment is
also the primary source from which the cells of all tissues derive
both structural and high-energy phosphate.

Structurally, phosphorus occurs as phospholipids, which are a major
component of most biological membranes, and as nucleotides and
nucleic acids. The functional roles include: (1) the buffering of acid or
alkali excesses, hence helping to maintain normal pH; (2) the tempo-
rary storage and transfer of the energy derived from metabolic fuels;
and (3) by phosphorylation, the activation of many catalytic proteins.
Since phosphate is not irreversibly consumed in these processes and
can be recycled indefinitely, the actual function of dietary phosphorus
is first to support tissue growth (either during individual development
or through pregnancy and lactation) and, second, to replace excretory
and dermal losses. In both processes it is necessary to maintain a nor-
mal level of Pi in the extracellular fluid (ECF), which would otherwise
be depleted of its phosphorus by growth and excretion.

Physiology of Absorption, Metabolism, and Excretion

Food phosphorus is a mixture of inorganic and organic forms.
Intestinal phosphatases hydrolyze the organic forms contained in
ingested protoplasm, and thus most phosphorus absorption occurs
as inorganic phosphate. On a mixed diet, net absorption of total
phosphorus in various reports ranges from 55 to 70 percent in adults
(Lemann, 1996; Nordin, 1989; Stanbury, 1971) and from 65 to 90
percent in infants and children (Wilkinson, 1976; Ziegler and
Fomon, 1983). There is no evidence that this absorption efficiency
varies with dietary intake. In the data from both Stanbury (1971)
and Lemann (1996), the intercept of the regression of adult fecal
phosphorus on dietary phosphorus is not significantly different
from zero, and the relationship is linear out to intakes of at least 3.1
g (100 mmol)/day. This means that there is no apparent adaptive
mechanism that improves phosphorus absorption at low intakes.
This is in sharp contrast to calcium, for which absorption efficiency
increases as dietary intake decreases (Heaney et al., 1990b) and for
which adaptive mechanisms exist that improve absorption still fur-
ther at habitual low intakes (Heaney et al., 1989).

A portion of phosphorus absorption is by way of a saturable, ac-
tive transport facilitated by 1,25-dihydroxyvitamin D (1,25(OH)2D)
(Chen et al., 1974; Cramer, 1961). However, the fact that fractional
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phosphorus absorption is virtually constant across a broad range of
intakes suggests that the bulk of phosphorus absorption occurs by
passive, concentration-dependent processes. Also, even in the face
of dangerous hyperphosphatemia, phosphorus continues to be ab-
sorbed from the diet at an efficiency only slightly lower than normal
(Brickman et al., 1974).

Phosphorus absorption is reduced by ingestion of aluminum-con-
taining antacids and by pharmacologic doses of calcium carbonate.
There is, however, no significant interference with phosphorus ab-
sorption by calcium at intakes within the typical adult range.

Excretion of endogenous phosphorus is mainly through the kid-
neys. Inorganic serum phosphate is filtered at the glomerulus and
reabsorbed in the proximal tubule. The transport capacity of the
proximal tubule for phosphorus is limited; it cannot exceed a cer-
tain number of mmol per unit time. This limit is called the tubular
maximum for phosphate (TmP). TmP varies inversely with parathy-
roid hormone (PTH) concentration; PTH thereby adjusts renal
clearance of Pi . At filtered loads less than the TmP (for example, at
low plasma Pi values), most or all of the filtered load is reabsorbed,
and thus plasma phosphate levels can be at least partially main-
tained. By contrast, at filtered loads above the TmP, urinary phos-
phorus is a linear function of plasma phosphate (Bijvoet, 1969; Le-
mann, 1996; Nordin, 1989). In the healthy adult, urine phosphorus
is essentially equal to absorbed diet phosphorus, less small amounts
of phosphorus lost in shed cells of skin and intestinal mucosa.

This regulation of phosphorus excretion is apparent from early
infancy. In infants, as in adults, the major site of regulation of phos-
phorus retention is at the kidney. In studies of infants receiving
different calcium intakes (DeVizia et al., 1985; Moya et al., 1992;
Williams et al., 1970; Ziegler and Fomon, 1983), phosphorus reten-
tion did not differ even with high amounts of dietary calcium
(calcium:phosphorus [Ca:P] molar ratios of 0:6, 1:1, or 1.4:1). Any
reduction in absorption of phosphorus due to high amounts of
dietary calcium were compensated for by parallel reductions in re-
nal phosphorus excretion (DeVizia et al., 1985; Fomon and Nelson,
1993; Moya et al., 1992). The least renal excretory work to maintain
normal phosphorus homeostasis would be achieved with human
milk as the major source of minerals during the first year of life.

Regulation of the Serum Inorganic Phosphate Concentration

Pi levels are only loosely regulated. Normal Pi levels decline with age
from infancy to maturity (Table 5-1). The most likely reason for the
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higher Pi in newborn infants than in older children and adults is the
lower glomerular filtration rate (GFR) of infants. GFR is about 32 ml/
min/1.73 m2 at about 1 week of age, and rises to 87 at 4 to 6 months
(Brodehl et al., 1982; Svenningsen and Lindquist, 1974). In the first
months of life, plasma Pi concentration appears to be a reflection both
of renal glomerular maturity and of the amount of dietary intake.
Mean serum Pi appears to decline by about 0.3 mmol/liter (0.9 mg/
dl) across the second half of the first year of life (Specker et al., 1986).
Human milk-fed, compared with formula-fed, infants have a slightly
lower plasma Pi (2.07 versus 2.25 mmol/liter or 6.4 versus 7.0 mg/dl)
which is simply a function of differences in intake (Greer et al., 1982c;
Specker et al., 1986); Caucasian compared with African American in-
fants have a slightly higher plasma Pi irrespective of type of milk feed-
ing (Specker et al., 1986).

The general relationship between absorbed phosphorus intake
and plasma Pi in adults is set forth in Figure 5-1, derived by Nordin
(1989) from the infusion studies of Bijvoet (1969). (In Bijovet’s
studies, a neutral phosphate solution was infused intravenously at a
steadily increasing rate and produced a controlled hyperphos-
phatemia.) The achieved plasma Pi could thus be directly related to
the quantity entering the circulation. Plasma Pi rises rapidly at low
intakes, since the filtered load will be below the TmP, and little of
the absorbed phosphorus will be lost in the urine (Figure 5-1). The
steep, ascending portion of the curve thus represents a filling up of
the extracellular fluid space with absorbed phosphate. At higher
intakes, urinary excretion rises to match absorbed input and plasma
levels change much more slowly.

TABLE 5-1  Normative Values for Serum Inorganic
Phosphorus (mmol/liter) for Age

Age (y) Mean 2.5 Percentile 97.5 Percentile

0–0.5 2.15 1.88 2.42
2 1.81 1.43 2.20
4 1.77 1.38 2.15
6 1.72 1.33 2.11
8 1.67 1.29 2.06

10 1.63 1.24 2.01
12 1.58 1.19 1.97
14 1.53 1.15 1.92
16 1.49 1.10 1.88
20 1.39 1.01 1.78
Adult 1.15 0.87 1.41



150 DIETARY REFERENCE INTAKES

The relationship shown in Figure 5-1 holds only in adult individu-
als with adequate renal function; that is, the slow rise of plasma Pi
with rising phosphorus intake over most of the intake range applies
only so long as excess absorbed phosphate can be spilled into the
urine. However, in individuals with reduced renal function, phos-
phorus clearance remains essentially normal so long as GFR is at
least 20 percent of mean adult normal values, largely because tubu-
lar reabsorption is reduced to match the reduction in filtered load.
Below that level, excretion of absorbed phosphate requires higher
and higher levels of plasma Pi to maintain a filtered load at least

FIGURE 5-1 Relation of serum Pi to absorbed intake in adults with normal renal
function. (See Nordin [1989] for further details.) The solid curve can be empiri-
cally approximated by the following equation: Pi = 0.00765 × AbsP + 0.8194 × (1 –
e(–0.2635 × AbsP), in which Pi = serum Pi (in mmol/liter), and AbsP = absorbed
phosphorus intake (also in mmol). Solving this equation for the lower and upper
limits of the normal range for Pi, as well as for its midpoint, yields the values
presented in Table 5-1. The dashed horizontal lines represent approximate upper
and lower limits of the normal range, while the dashed curves reflect the relation-
ship between serum Pi and ingested intake for absorption efficiencies about 15
percent higher and lower than average. (© Robert P. Heaney, 1996. Reproduced
with permission.)
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equal to the absorbed load. This is the reason for the hyperphos-
phatemia typically found in patients with end-stage renal disease.

Another process depleting the blood of Pi is mineralization of
nucleated bone and cartilage matrix. The amorphous calcium phos-
phate formed in the first stages of mineralization exhibits a Ca:P
molar ratio of about 1.33:1, or very close to the molar ratio of Ca:P
in adult ECF. While outside of a mineralizing environment, ECF
calcium and phosphorus concentrations are indefinitely stable at
physiological pH and pCO2, ECF is supersaturated in the presence
of the hydroxyapatite crystal lattice. Hence, ECF supports calcium
phosphate deposition only in the presence of a suitable crystal nu-
cleus. As a consequence, in nonosseous tissues, ECF [Ca2+] and Pi
concentrations will be essentially what can be measured in periph-
eral venous blood. However, at active bone-forming sites, ECF is
depleted of both its calcium and its phosphate. Osteoblast function
seems not to be appreciably affected by ECF [Ca2+], but like other
tissues, the osteoblast needs a critical level of Pi in its bathing fluid
for fully normal cellular functioning. Local Pi depletion both im-
pairs osteoblast function and limits mineral deposition in previous-
ly deposited matrix. Finally, it should be noted that ECF Pi levels are
indirectly supported by two mechanisms that amount to a weak,
negative feedback type of control. One occurs via release of phos-
phate from bone, and the other via regulation of the renal 1-α
hydroxylase. Still Pi concentration affects the responsiveness of the
osteoclast to PTH: for any given PTH level, resorption is higher
when Pi levels are low, and vice versa (Raisz and Niemann, 1969).
High Pi values, by reducing bony responsiveness to PTH, lead to
increased PTH secretion in order to maintain calcium homeostasis,
and thereby to a lowering of ECF Pi. Similarly, high plasma Pi levels
suppress renal synthesis of 1,25(OH)2D (Portale et al., 1989), there-
by slightly reducing net phosphorus absorption from the diet. Both
mechanisms reduce phosphorus input into the ECF when Pi is high
and augment it when Pi is low. However, in neither circumstance is
the effect on plasma Pi more than modest. (See below for other
special circumstances.)

Factors Affecting the Phosphorus Requirement

Bioavailability

Most food sources exhibit good phosphorus bioavailability. There
is, however, one major exception. All plant seeds (beans, peas, cere-
als, nuts) contain a nonprotoplasmic, storage form of phosphate,
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phytic acid. The digestive systems of most mammals cannot hydro-
lyze phytic acid, and hence its phosphorus is not directly available.
However, some foods contain phytase, as do some colonic bacteria.
Thus, a variable amount of phytate phosphorus becomes available.
However, in gnotobiotic animals, no phytate phosphorus is ab-
sorbed (Wise and Gilburt, 1982). In at least one study (Parfitt et al.,
1964), up to 50 percent of phytate phosphorus was absorbed, repre-
senting the combined effect of food phytases and bacterial enzymes.
Also, yeasts can hydrolyze phytate, and thus whole grain cereals
incorporated into leavened bread products have higher phosphate
bioavailability than cereal grains used, for example, in unleavened
bread or breakfast cereals. Finally, unabsorbed calcium in the diges-
tate complexes with phytic acid and interferes with bacterial hydrol-
ysis of phytate (Sandberg et al., 1993; Wise and Gilburt, 1982). This
may be a part of the explanation for calcium’s interference with
phosphorus absorption.

In infants, both the quantity of ingested phosphorus and the di-
etary bioavailability vary by type of milk fed. The efficiency of ab-
sorption is highest from human milk (85 to 90 percent) (Williams
et al., 1970), intermediate from cow milk (72 percent) (Williams et
al., 1970; Ziegler and Fomon, 1983), and lowest from soy formulas,
which contain phytic acid (~59 percent) (Ziegler and Fomon, 1983).
Because infant formulas contain substantially greater amounts of
phosphorus than human milk, the absorbed phosphorus from cow
milk and soy formulas is twice that attained by human milk-fed in-
fants (Moya et al., 1992). The higher amounts of phosphorus (and
also calcium and other mineral elements) in formulas that are based
on cow milk or soy isolate protein effectively offset the lower miner-
al absorption of these formulas relative to human milk.

Relatively low intakes of phosphorus, as occur with human milk,
may actually confer an advantage to the infant by virtue of the low
residual phosphorus in the lower bowel. Low intestinal phosphorus
concentrations lower the fecal pH (Manz, 1992), which in turn may
reduce proliferation of potentially pathogenic microorganisms and
provide an immune protective effect.

Nutrient-Nutrient Interactions

Calcium.  In the past, considerable emphasis was placed on the
Ca:P ratio of the diet (for example, Chinn, 1981), particularly in
infant nutrition (for example, Fomon and Nelson, 1993). The con-
cept has some utility under conditions of rapid growth (in which a
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large share of the ingested nutrients is converted into tissue mass),
but it has no demonstrable relevance in adults. An optimal ratio
ensures that, if intake of one nutrient is adequate for growth, the
intake of the associated nutrient will also be adequate without a
wasteful surplus of one or the other. However, the ratio by itself is
of severely limited value, in that there is little merit to having the
ratio “correct” if the absolute quantities of both nutrients are insuf-
ficient to support optimal growth.

Furthermore, the intake ratio, by itself, fails to take into account
both differing bioavailabilities and physiological adaptive respons-
es. For example, in term-born infants during the first year of life, a
higher calcium content of soy-based formulas was found to reduce
phosphorus absorption, but phosphorus retention was similar be-
cause of offsetting changes in renal phosphorus output (DeVizia et
al., 1985). Substitution of lactose with sucrose and/or hydrolyzed
corn syrup solids had no effect on the efficiency of phosphorus
absorption from formulas based on cow milk (Moya et al., 1992) or
soy protein (Ziegler and Fomon, 1983).

Estimates of optimal Ca:P intake ratios have frequently been based
on the calcium and phosphorus needs of bone building. The molar
ratio of Ca:P in synthetic hydroxyapatite is 1.67:1; in actual bone
mineral, usually closer to 1.5:1; and in amorphous calcium-phos-
phate (the first mineral deposited at the mineralizing site), 1.3:1
(Nordin, 1976). However, during growth, soft tissue will be accret-
ing phosphorus as well. On average, lean soft tissue growth accounts
for about 1 mmol (31 mg) phosphorus for every 5 mmol (155 mg)
added to bone (Diem, 1970). Since soft tissue accretion of calcium
is negligible compared with skeletal calcium accretion, an absorbed
Ca:P molar ratio sufficient to support the sum of bony and soft
tissue growth would be ~1.3:1 (assuming equivalent degrees of re-
nal conservation of both nutrients). The corresponding ingested
intake ratio must consider the differing absorption efficiencies for
dietary calcium and phosphorus. In infants, with net absorptions
for calcium and phosphorus of approximately 60 and 80 percent
respectively, the intake ratio matching tissue accretion would be
~2:1 (see also the section “Birth through 12 Months,” below). This
value is somewhat higher than the Ca:P molar ratio of human milk,
which in most populations is in the range of 1.5:1 (Fomon and
Nelson, 1993).

Human milk must be presumed to be optimal for the infant’s
nutritional needs. The disparity between its ratio of ~1.5:1 and the
ingested ratio calculated above reflects both the uncertainties in
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the estimates on which the calculation is based and the limitations
inherent in using such calculations.

If growth were the only consideration, the intake ratio would have
to be substantially higher than 2:1 after infancy, because calcium
absorption drops more sharply with age than does phosphorus ab-
sorption (Abrams et al., 1997b; Fomon and Nelson, 1993). Howev-
er, as larger fractions of ingested food are used for energy (and a
correspondingly smaller proportion for growth), the notion of a
dietary Ca:P molar ratio has little meaning or value, particularly
since, on a mixed diet, there is likely to be a relative surplus of
phosphorus. Under such circumstances it would be inappropriate
to conclude, simply on the basis of a departure from some theoreti-
cal Ca:P ratio, either that calcium intake should be elevated or,
phosphorus intake reduced. In balance studies in human adults,
Ca:P molar ratios ranging from 0.08:1 to 2.40:1 (a 30-fold range)
had no effect on either calcium balance or calcium absorption
(Heaney and Recker, 1982; Spencer et al., 1965, 1978a). Thus, for
the reasons cited, there is little or no evidence for relating the two
nutrients, one to the other, during most of human life.

Intake of Phosphorus

The USDA Continuing Survey of Food Intake of Individuals (CS-
FII) in 1994, adjusted by the method of Nusser et al. (1996), indi-
cated that the mean daily phosphorus intake from food in males
aged 9 and over was 1,495 mg (48.2 mmol) (fifth percentile = 874
mg [28.2 mmol]; fiftieth percentile = 1,445 mg [46.6 mmol]; nine-
ty-fifth percentile = 2,282 mg [73.6 mmol]) (see Appendix D for
data tables). The mean daily intake in females aged 9 and over was
1,024 mg (33 mmol) (fifth percentile = 620 mg [20 mmol]; fiftieth
percentile = 1,001 mg [32.3 mmol]; ninety-fifth percentile = 1,510
mg [48.7 mmol]). In both sexes, intakes decreased at ages 51 and
over. The NHANES III data show similar median intake values
(Alaimo et al., 1994). National survey data for Canada are not avail-
able.

Both extent of usage of phosphate salts as additives and the
amount per serving have increased substantially over the past 20
years, and the nutrient databases may not reflect these changes (Cal-
vo and Park, 1996). For that reason, phosphorus intake may be
underestimated for certain individuals who rely heavily on processed
foods. However, one comparison of calculated intakes with analyzed
intake data from the U.S. Food and Drug Administration’s Total
Diet Study found slight overestimates of phosphorus intake (by an
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average of 61 mg [2 mmol]/day or 5 percent of the total intake)
when intakes were calculated using USDA’s nutrient database (Pen-
nington and Wilson, 1990).

Because of the uncertainty about phosphorus values for processed
foods in nutrient databases, trends in phosphorus intake may be
difficult to ascertain. Daily intakes of women aged 19 to 50 years
from USDA’s national surveys averaged 965 mg (31.1 mmol) in
1977, 1,039 mg (33.5 mmol) in 1985, and 1,022 mg (33.0 mmol) in
1994 (Cleveland et al., 1996; USDA, 1985). Thus, it appears that
intakes from foods increased about 8 percent between 1977 and
1985, but then decreased slightly between 1985 and 1994. Food
supply data show a larger increase in phosphorus consumption: 12
percent from 1980 through 1994 (from 1,480 to 1,680 mg [47.7 to
54.2 mmol]/day per capita) (USDA, 1997). However, disappear-
ance data may be unreliable for detecting trends because phosphate
additives (such as those in cola beverages) are not included. Disap-
pearance data on phosphorus-containing additives show that the
use of these additives has increased by 17 percent over the last de-
cade (Calvo, 1993). These figures also do not reflect actual con-
sumption, because not all phosphates included in disappearance
data are actually consumed, (for example, blends of sodium tripoly-
phosphate and sodium hexametaphosphate are used in brines for
curing meat, but the brine is rinsed off and not consumed). Never-
theless, taken together, these data suggest a substantial increase in
phosphorus consumption, in the range of 10 to 15 percent, over
the past 20 years.

Food Sources of Phosphorus

Phosphates are found in foods as naturally occurring components of
biological molecules and as food additives in the form of various phos-
phate salts. These salts are used in processed foods for nonnutrient
functions, such as moisture retention, smoothness, and binding.

In infants, dietary intake of phosphorus spans a wide range, depend-
ing on whether the food is human milk, cow milk, adapted cow milk
formula, or soy formula (see Table 5-2). Moreover, the phosphorus
concentration of human milk declines with progressing lactation, es-
pecially between 4 and 25 weeks of lactation (Atkinson et al., 1995). By
contrast, more of the variation in dietary intake of phosphorus in adults
is due to differences in total food intake and less to differences in food
composition. Phosphorus contents of adult diets average about 62 mg
(2 mmol)/100 kcal in both sexes (Carroll et al., 1983), and
phosphorus:energy ratios exhibit a coefficient of variation of only
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about one-third that of total phosphorus intake. Nevertheless, individ-
uals with high dairy product intakes will have diets with higher phos-
phorus density values, since the phosphorus density of cow milk is
higher than that of most other foods in a typical diet. The same is true
for diets high in colas and a few other soft drinks that use phosphoric
acid as the acidulant. A 12-ounce serving of such beverages contains
about 50 mg (< 2 mmol), which is only 5 percent of the typical intake
of an adult woman. However, when consumed in a quantity of five or
more servings per day, such beverages may contribute substantially to
total phosphorus intake.

Intake from Supplements

Phosphorus supplements are not widely used in the United States.
Based on a national survey in 1986, about 10 percent of U.S. adults
and 6 percent of children aged 2 to 6 years took supplements con-
taining phosphorus (Moss et al., 1989). Usage by men and women
was similar, as was the dose taken by users: a median of about 120
mg (3.9 mmol)/day and a ninety-fifth percentile of 448 mg (14.5
mmol)/day. Young children who took supplements had a median
supplemental intake of only 48 mg (1.5 mmol)/day and a ninety-
fifth percentile of intake of 200 mg (6.5 mmol)/day.

Effects of Inadequate Phosphorus Intake

Hypophosphatemia and Phosphorus Depletion

Inadequate phosphorus intake is expressed as hypophosphatemia.

TABLE 5-2  Average Phosphorus Content and
Calcium:Phosphorus Molar Ratio of Various Infant Feedings

Feeding Type P (mmol/liter) Ca:P Molar Ratio

Human milka

1 week 5.1 ± 0.9 1.3:1
4 weeks 4.8 ± 0.8 1.4:1
16 weeks 3.9 ± 0.5 1.5:1

Cows’ milk formula 12 1.0:1
Soy formulab 15 1.2:1
Whole cows’ milk 30 1.0:1

a Milk phosphorus at three different weeks of lactation (Atkinson et al., 1995).
b Phosphorus content of soy formula includes about 3 mmol/L, present as phytate

phosphorus which is likely not to be bioavailable (DeVizia and Mansi, 1992).
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Only limited quantities of phosphate are stored within cells, and
most tissues depend upon ECF Pi for their metabolic phosphate.
When ECF Pi levels are low, cellular dysfunction follows. At a whole
organism level, the effects of hypophosphatemia include anorexia,
anemia, muscle weakness, bone pain, rickets and osteomalacia,
general debility, increased susceptibility to infection, paresthesias,
ataxia, confusion, and even death (Lotz et al., 1968). The muscle
weakness, which involves especially proximal muscle groups when
prolonged or severe, can lead to muscle fiber degeneration. The
skeleton will exhibit either rickets in children or osteomalacia in
adults. In both, the disorder consists of a failure to mineralize form-
ing growth plate cartilage or bone matrix, together with impair-
ment of chondroblast and osteoblast function (Lotz et al., 1968).
These severe manifestations are usually confined to situations in
which ECF Pi falls below ~0.3 mmol/liter (0.9 mg/dl).

Phosphorus is so ubiquitous in various foods that near total starva-
tion is required to produce dietary phosphorus deficiency. Howev-
er, movement of sugar into cells pulls Pi into the cells as well. Re-
feeding of energy-depleted individuals, either orally or parenterally,
without adequate attention to supplying Pi, can precipitate extreme,
even fatal, hypophosphatemia (Bushe, 1986; Dale et al., 1986;
Knochel, 1977, 1985; Ritz, 1982; Silvis and Paragas, 1972; Stein et
al., 1966; Travis et al., 1971; Young et al., 1985). Such outcomes can
occur on recovery from alcoholic bouts, from diabetic ketoacidosis,
and on refeeding with calorie-rich sources without paying attention
to phosphorus needs. Also, aluminum-containing antacids, by bind-
ing diet phosphorus in the gut, can, when consumed in high doses,
produce hypophosphatemia in their own right, as well as aggravate
phosphate deficiency related to other problems (Lotz et al., 1968).

In full-term infants, severe hypophosphatemia from purely dietary
causes is virtually unknown. It is likely to occur only in situations of
poorly managed parenteral nutrition (in which intakes of phosphate
are inadequate), with inappropriate administration of fluid and
electrolyte therapy (which causes excessive renal phosphorus loss),
or with rapid refeeding after prolonged dietary restriction (Koo
and Tsang, 1997; Weinsier and Krumdieck, 1981). In the case of
severely malnourished infants, especially with accompanying severe
diarrhea, hypophosphatemia has been reported with an associated
hypokalemia and hypotonia (Freiman et al., 1982).
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ESTIMATING REQUIREMENTS FOR PHOSPHORUS

Selection of Indicators for Estimating the Phosphorus Requirement

In the past, indicators have not generally been used for the phos-
phorus requirement. Instead, phosphorus recommendations have
been tied to calcium, usually on an equimass or equimolar basis. As
noted above, that approach is unsatisfactory. The two indicators
that will be considered here for the Estimated Average Require-
ment (EAR) are phosphorus balance and serum Pi.

Phosphorus Balance

Although phosphorus balance might seem to be a logical indica-
tor of nutritional adequacy, it is not an adequate criterion, since an
adult can be in zero balance at an intake inadequate to maintain
serum Pi within the normal range. Even during growth, balance will
be positive in direct proportion to soft tissue and bony accumula-
tion, but so long as plasma Pi is high enough, the degree of positive
balance will be limited either by the genetic programming or by
availability of other nutrients. Furthermore, the balance data that
would be needed to bracket the requirement during growth are not
available. And during senescence, if there is loss of bone or soft
tissue mass, phosphorus balance will be negative. However, so long
as plasma Pi remains within normal limits, these balances will reflect
other changes occurring in the body and will not be an indicator of
the adequacy of dietary phosphorus.

Serum Pi

Because phosphorus intake directly affects serum Pi, and be-
cause both hypo- and hyperphosphatemia directly result in dys-
function or disease, the most logical indicator of nutritional ad-
equacy of phosphorus intake is serum Pi. If serum Pi is above the
lower limits of normal for age, phosphorus intake may be con-
sidered adequate to meet cellular and bone formation needs of
healthy individuals. The relationship between Pi and phospho-
rus intake has, however, been clearly established only for adults
(see “Regulation of the Serum Inorganic Phosphate Concentra-
tion”), and while the adverse effects of low serum Pi are well
understood during growth, it is harder to define the critical val-
ues for phosphorus intake associated with the normal range of
Pi values in infants and children. For that reason, estimates of
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requirements will be based on a factorial approach in infants,
children, and adolescents and on serum Pi in adults.

There is a clear and absolute requirement for phosphorus dur-
ing growth. At each growth stage, average net daily additions of
bone and soft tissue mass can be approximated. Thus, the ab-
sorbed phosphorus intake needed to support such tissue accu-
mulation can be readily estimated (see below for each relevant
physiological state). In the mature adult, the requirement can
be defined instead simply as the intake needed to maintain the
plasma Pi within the normal range. As with all continuous clini-
cal variables, there is a gray zone between the empirical normal
range and values associated with evident deficiency disease.
Thus, the lower end of the established normal range for serum
Pi is 0.8 to 0.9 mmol/liter (2.5 to 2.8 mg/dl). Clear evidence of
bony or soft tissue dysfunction are not common until serum Pi
levels drop below 0.3 to 0.5 mmol/liter (0.9 to 1.6 mg/dl).

Although it is not likely that all levels of Pi within the normal
range are equally salubrious for cell functioning, insufficient in-
formation exists to allow selection of any one value within the
population normal range as superior to any other. The fact that
growth and epiphyseal cartilage maturation in children are ab-
normal at even adult normal levels of Pi supports the assump-
tion that subnormal Pi values are not adequate to sustain opti-
mal tissue function. Therefore, in what follows, the requirement
will be based on the intake associated with maintenance of se-
rum Pi at the bottom end of the normal range. A limitation of
this approach lies in the fact that available data on Pi apply most-
ly to the fasting state, whereas it is the integrated, 24-hour Pi
that is most closely related to absorbed phosphorus intake and
that constitutes the actual exposure that the tissues experience.
Moreover, fasting serum Pi is only weakly correlated with cur-
rent phosphorus intake (for example, Portale et al., 1987).

The approach is to define, as well as the available evidence will
permit, the lower limit of normal for serum Pi in healthy individuals
of various ages (Table 5-1). The exclusion of formula-fed babies
from the infant data is essential since some formulas, and cow milk
especially, have higher phosphorus levels than required, and hence
they result in higher values for serum Pi. This fact precludes their
use in establishing normative data for the requirement.
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FINDINGS BY LIFE STAGE AND GENDER GROUP

Birth through 12 Months

There are no functional criteria for phosphorus status that re-
flect response to dietary intake in infants. Thus recommended
intakes of phosphorus are based on Adequate Intakes (AIs) that
reflect observed mean intakes of infants fed principally with hu-
man milk.

Indicators Used to Set the AI

Human Milk.  Human milk is recognized as the optimal source
of milk for infants throughout at least the first year of life and as a
sole nutritional source for infants during the first 4 to 6 months of
life (IOM, 1991). Furthermore, there are no reports of exclusively
human milk-fed, vitamin D-replete, full-term infants manifesting any
evidence of phosphorus deficiency. Therefore, consideration of the
AI for phosphorus in infants is based on data from term-born
healthy infants fed human milk as the principal fluid milk during
the first year of life. The approach was to set the AI at the mean of
usual intakes of phosphorus as derived from studies where intake of
human milk was measured using test weighing, and intake of food
was determined by dietary records for 3 days or more. The follow-
ing limited data on infants were also reviewed and considered as
supportive evidence for the derived AIs.

Serum Pi. Using the term-born infant fed human milk as the
model, the target range for serum Pi (the most appropriate bio-
chemical indicator of dietary phosphorus adequacy during early
life), is 2.42 to 1.88 mmol/liter (7.5 to 5.8 mg/dl). This wide range
is a function of the precipitous fall in serum Pi during the first 6
weeks of life (Greer et al., 1982b). The reasons for the well-docu-
mented decline in serum Pi in infants are: (1) an increase in GFR as
the infant’s kidneys mature postnatally (McCrory et al., 1950), (2) a
decline in phosphorus concentration in breast milk with advancing
lactation (Table 5-2), and (3) possibly an inappropriate PTH re-
sponse to rising serum Pi during early neonatal life (DeVizia and
Mansi, 1992). However, there is evidence that the parathyroid
glands can respond in early life since high phosphorus feedings
(Ca:P molar ratio 1:2.5) resulted in serum PTH, which was signifi-
cantly higher than in breast-fed infants at 2, 7, and 14 days of age
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(Janas et al., 1988). Similarly, in infants 4 to 6 months of age, the
feeding of infant cereal in addition to standard infant formula, com-
pared with formula alone, produced a significantly higher serum
PTH in young infants. This result is often attributed to the dietary
phosphorus load from the cereal (Bainbridge et al., 1996), but prob-
ably it is due to phytate complexation of food calcium with conse-
quent reduction in calcium absorption.

Balance.  Mean phosphorus intakes from human milk of 102 mg
(3.3 mmol)/day in healthy infants (n = 33) supported a positive
phosphorus balance; an efficiency of absorption of 85 percent pro-
vided a net retention of 59 mg (1.9 mmol)/day (Fomon and Nel-
son, 1993). In considering the possible functional indicators, posi-
tive rates of bone mineral accretion have been observed in human
milk-fed infants over the first 6 months of life (Hillman et al., 1988;
Mimouni et al., 1993; Specker et al., 1997). Although the absolute
amount of bone mineral accrued over the first 6 months (measured
both for the humerus alone and for the whole body) was less in
infants fed human milk than in those fed modified formulas (Hill-
man et al., 1988; Specker et al., 1997), this difference does not have
known long-term consequences. By 12 months of age whole body
mineral content was similar among groups irrespective of feeding
in the first 6 months (Specker et al., 1997). Perhaps the slower
initial accretion of bone demonstrated in human milk-fed infants
represents the physiological norm.

Accretion.  Increments of body content of phosphorus over the
first 6 months of life are estimated to range from 11 to 28 mg (0.35
to 0.9 mmol)/day (Fomon and Nelson, 1993); amounts that are
easily obtained from human milk (Fomon and Nelson, 1993; Will-
iams et al., 1970). Increments in whole body phosphorus between 6
and 12 months are calculated to be about 31 mg (1 mmol)/day.
Assuming an efficiency of absorption of 52 percent (from high-
calcium, soy-based formula) (DeVizia et al., 1985) or higher, in-
takes above 90 mg (2.9 mmol) are probably in excess of functional
needs. Unfortunately no information exists on response of infants
fed varying phosphorus intakes in the second 6 months of life.

Differences in phosphorus needs between infants fed human milk
and those fed infant formula are considered in the “Special Consid-
erations” section.
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AI Summary: Ages 0 through 6 months

The estimate of the AI is based on two studies, Allen et al. (1991)
and Butte et al. (1984), which reported mean intake of human milk of
780 ml/day based on test weighing of term-born infants, and a report-
ed average phosphorus concentration in human milk after the first
month of lactation of 124 mg/liter (4 mmol/liter) (Atkinson et al.,
1995) (Table 5-2). Using the mean value for intake of human milk
(780 ml/day), the AI would be 100 mg (3.2 mmol)/day for infants 0
through 6 months of age. Based on the available data on urinary and
serum Pi, this phosphorus intake obtained from human milk over the
first 6 months of life results in a circulating Pi concentration that does
not require excessive renal excretion of phosphorus.

AI Summary: Ages 7 through 12 months

The basis of the AI for this age group is the average intake of
phosphorus from human milk plus that obtained from infant foods.
For infants over 6 months of age, there are no available data on
dietary phosphorus intakes from the combination of human milk
and solid foods. Thus, values for the phosphorus intake from solid
food were derived from data on formula-fed infants, assuming that
infants who are fed human milk have similar intakes of solid food
during this time.

Based on the data from Dewey et al. (1984), mean milk intake by
infants was 600 ml/day, and assuming a milk phosphorus concen-
tration of 124 mg/liter (4 mmol/liter), the average phosphorus
intake from human milk alone would be 75 mg (2.4 mmol)/day. To
determine total phosphorus intake during the ages 7 through 12
months, an estimate of the contribution of solid foods must be
made. Using the recent data of Specker et al. (1997), 40 infants fed
standard formula and solid food had mean phosphorus intake from
solid food of 151 mg (4.9 mmol) and 255 mg (8.2 mmol)/day at 9
and 12 months, respectively. This finding is comparable to the di-
etary phosphorus from solid foods estimated to be 155 to 186 mg (5
to 6 mmol)/day based on data from 24-hour dietary intakes from
the 1976–1980 NHANES II for infants aged 7 to 12 months (Mon-
talto and Benson, 1986).

Based on the literature cited above, the mean daily total phosphorus
intake from human milk (75 mg [2.4 mmol]) and solid foods (200 mg
[6.5 mmol]) is 275 mg (8.9 mmol) between the ages 7 and 12 months.
The data are averaged for solid food intake based on the above obser-
vations of infants. Thus, the AI for infants ages 7 through 12 months is
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set at 275 mg (8.9 mmol)/day, which falls between the fifth and tenth
percentiles for phosphorus intake of infants 7 to 11 months of age
from the 1994 CSFII intake data. However, it must be emphasized that
this database specifically excluded infants fed human milk, and thus
the formula or cow milk in the infants’ diets would elevate the popula-
tion distribution and mean phosphorus intakes.

AI for Infants 0 through 6 months 100 mg (3.2 mmol)/day
7 through 12 months 275 mg (8.9 mmol)/day

Special Considerations

Infant Formula. Much of the available data on phosphorus intake
in infancy, particularly during the second 6 months of life, were
collected prior to the 1980s when infants were often fed diluted
evaporated milk formulas and/or undiluted cow milk, in addition
to infant cereals and solid foods. These foods were introduced at an
earlier age than is the general practice in the 1990s. If cow milk
were fed instead of human milk, the phosphorus intake from milk
and solid foods would be about 2.5-fold higher (Montalto and Ben-
son, 1986). Although dietary phosphorus is generally well absorbed
(72 percent from whole cow milk versus 85 percent from human
milk [Fomon and Nelson, 1993]), there is evidence that dietary
phosphorus intake above 310 mg (10 mmol) results in a linear in-
crease in fecal excretion.

Several studies have reported significantly lower values for serum Pi
in infants fed human milk versus modified cow milk-based formulas;
this finding is logical since formulas provide about three times the
amount of dietary phosphorus as human milk (Fomon and Nelson,
1993; Janas et al., 1988; Lealman et al., 1976; Specker et al., 1986).
However, the mean serum Pi in the formula-fed infants fell within the
range observed for human milk-fed infants within the first 6 months of
life. Thus, the higher intakes from modified formulas are not likely to
be of physiological significance. With maturation of the renal phos-
phate excretion mechanism sometime after 6 weeks of life (Brodehl et
al., 1982), infants should be able to adapt to a wide range of phospho-
rus intakes. Mean phosphorus intake from a mixed diet of formula or
cow milk and solid foods ranged between 490 and 800 mg (16 and 26
mmol)/day for infants 9 to 12 months of age (Specker et al., 1997).
Since in this study there were no significant differences in weight,
length, or bone mineral content between infant groups, the higher
intakes conferred no benefit.
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Ages 1 through 3 Years

Indicator Used to Set the EAR

Accretion.  Since there are no data on serum Pi or phosphorus
balance and limited information on bone mineral content for chil-
dren aged 1 through 3 years, a surrogate indicator had to be adopt-
ed to set the EAR. An estimation of body accretion was used based
on known tissue composition and growth rates. Rates of accretion
of phosphorus in bone and soft tissue (for example, lean mass)
during this period of growth were then corrected for predicted effi-
ciency of absorption and urinary losses to derive an EAR using the
factorial approach.

The phosphorus requirement for bone growth can be estimated
from one of two methods: (1) the phosphorus content of bony tis-
sue gained over this age range as derived from the body composi-
tion of Fomon et al. (1982), or (2) the known increments in whole
body bone mineral content using the method of dual energy x-ray
absorptiometry (DXA) (Ellis et al., 1997). For both approaches, a
value of 19 percent by weight was used as the phosphorus content
of bone. The phosphorus content of lean tissue is assumed to be
0.23 percent based on known composition of muscle (Pennington,
1994). The computations for tissue accretion are summarized in
Table 5-3. The overall estimated mean value for both sexes com-
bined is 54 mg (1.74 mmol) phosphorus accreted per day.

The value derived for phosphorus accretion in lean and osseous
tissue is supported by estimates of phosphorus retention, 10 g (323
mmol)/kg body weight gained, derived from balance studies in chil-
dren aged 4 to 12 years (Fomon et al., 1982), when corrected to the
average weight gain for children aged 1 through 3 years. When
males and females are averaged, a total of 2.36 kg of weight is gained
over this period (Fomon et al., 1982); thus a total phosphorus in-
crement of 23.6 g (768 mmol) is gained. A daily accretion of phos-
phorus is then predicted to be 62 mg (2.0 mmol), which is close to
that calculated above for lean plus osseous tissue accretion.

The value derived for phosphorus accretion was then employed
in a factorial model to obtain the EAR. It is known that phosphorus
in urine increases with phosphorus intake, described by an equa-
tion derived by Lemann (1996) in adults. This approach was adopt-
ed here since no such relationship has been developed for chil-
dren. Using the equation: Purine = 1.73 + 0.512 × Pintake (in mmol/
day), and an intake of 310 mg (10 mmol)/day, predicted urinary
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excretion would be 213 mg (6.9 mmol)/day. At this intake of phos-
phorus, obligatory losses and predicted accretion values will be gen-
erously covered. Phosphorus intakes in excess of this amount would
simply lead to increased urinary loss. When urinary excretion is
added to the accrued phosphorus of 54 mg (1.74 mmol)/day (Ta-
ble 5-3), there is a daily need for dietary phosphorus of 267 mg (8.6
mmol)/day.

A conservative estimate of efficiency of phosphorus absorption of
70 percent was used, as suggested for children aged 9 through 18
years, which is slightly higher than the 60 percent figure for adults
(Lemann, 1996). No data are available that provide a value for per-
cent efficiency of absorption from the typical mixed diet in early
childhood. Using the equation: EAR = (accretion + urinary loss)

TABLE 5-3  Accretion of Phosphorus (P) in Bone and Lean
Tissue of Children Aged 1 to 3 Years Using Growth and Body
Composition Data from Fomon et al. (1982)

Change in Total P
Lean Gainc

Change in (FFBM- Lean- (mg/d
Gender/ Weight osseous) Tissue Pa Osseous P Bone Pb [mmol/
Age (y) (g/y) (g/y) (g/y) (g/y) (g/y) d])

Males
1–2 2,440 1,539 3.54 94 17.8 58 (1.9)
2–3 2,085 2,001 4.60 84 16.0 56 (1.8)

Females
1–2 2,730 2,397 5.51 75 14.2 54 (1.7)
2–3 2,190 1,950 4.48 67 12.7 47 (1.5)

Mean, both sexes 54 (1.7)

NOTE: Based on recent data (Ellis et al., 1997), the daily accretion of phosphorus in
bone is calculated from cross-sectional measures of whole body bone mineral content
in children. The values are almost identical to those calculated using Fomon et al.
(1982) body composition data. Compared were the values listed vertically in the Bone P
column above, the data from Ellis yield values of 16 g and 14 g for males, and 15 g and
12 g for females, at the respective ages. This comparability of values obtained by two
very different methods gives credence to the method applied for this report in deriving
the EARs.

a Assuming a phosphorus content of soft tissue of 0.23 percent.
b Assuming a phosphorus content of bone of 19 percent.
c Calculated from sum of accretion of P in lean and bone/year divided by 365 days.



166 DIETARY REFERENCE INTAKES

divided by fractional absorption, an EAR of 380 mg (12.3 mmol)/
day is derived by the factorial approach.

EAR Summary: Ages 1 through 3 Years

Based on the factorial estimate, an EAR of 380 mg (12.3 mmol)/
day is set for children ages 1 through 3 years.

EAR for Children 1 through 3 years 380 mg (12.3 mmol)/day

Utilizing the 1994 CSFII intake data, adjusted for day-to-day varia-
tions (Nusser et al., 1996), the value derived for the EAR of 380 mg
(12.3 mmol)/day represents a low dietary intake of phosphorus, as it
falls below the first percentile (416 mg [13.4 mmol]/day) for phos-
phorus intake for children aged 1 through 3 years (see Appendix D).
The EAR value will provide for the calculated physiological need for
phosphorus accretion in lean and bone mass, accounting for the ex-
pected urinary phosphorus loss at that dietary intake. Because urinary
excretion rises linearly with increasing dietary intake of phosphorus, it
does not seem appropriate to set the EAR at an amount that exceeds
the physiological needs for growth and maintenance.

Determination of the Recommended Dietary Allowance:
Ages 1 through 3 Years

The variance in requirements cannot be determined from the
available data. Thus, a coefficient of variation (CV) of 10 percent
(1 standard deviation [SD]) is assumed, which results in an Recom-
mended Dietary Allowance (RDA) of 460 mg (14.8 mmol)/day.

RDA for Children 1 through 3 years 460 mg (14.8 mmol)/day

Ages 4 through 8 Years

Indicator Used to Set the EAR

Accretion.  The rationale for using a factorial approach based on
the surrogate criteria of phosphorus accretion of bone and soft
tissue is the same for children ages 4 through 8 years as for children
ages 1 through 3 years. The surrogate indicator of tissue accretion
was used since there are no data on phosphorus balance in this age
group, with the exception of a study by Wang et al. (1930). These
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data were thought to be inadmissible since the variations in intake
were accomplished by adding a calcium and phosphorus salt, and
the methods used to measure phosphorus were not those used cur-
rently and may have led to analytical differences that would have
made the data not applicable today. No data are available on serum
phosphorus or phosphorus balance at various phosphorus intakes
in children aged 4 through 8 years.

To estimate tissue accretion of phosphorus, the compositions of
lean and osseous tissue were calculated based on body weight of
children growing from 4 through 8 years and known content of
phosphorus in these tissues. (The computations are summarized in
Table 5-4.) In calculating the accretion of phosphorus over this age
interval, it is apparent that there are not great differences in phos-
phorus accumulation between ages 4 to 6 and 6 to 8 years. This

TABLE 5-4  Accretion of Phosphorus (P) in Bone and Lean
Tissue of Children Aged 4 to 8 Years Using Growth and Body
Composition Data from Fomon et al. (1982)

Change in Total P
Lean Gainc

Change in (FFBM- Lean- (mg/d
Gender/ Weight osseous) Tissue Pa Osseous P Bone Pb [mmol/
Age (y) (g/y) (g/y) (g/y) (g/y) (g/y) d])

Males
4–6 2,000 1,841 4.2 89 16.9 58 (1.9)
6–8 2,305 1,957 4.5 99 18.8 64 (2.1)

Females
4–6 1,780 1,500 3.45 54 10.3 38 (1.2)
6–8 2,660 1,647 3.79 57 10.8 40 (1.3)

Mean, both sexes 50 (1.6)

NOTE: Based on recent data (Ellis et al., 1997), the daily accretion of phosphorus in
bone is calculated from cross-sectional measures of whole body bone mineral content
in children. The values are almost identical to those calculated using Fomon et al.
(1982) body composition data. Compared were the values listed vertically in the Bone P
column above, the data from Ellis yield values of 16 g and 14 g for males, and 15 g and
12 g for females, at the respective ages. This comparability of values obtained by two
very different methods gives credence to the method applied for this report in deriving
the EARs.

a Assuming a phosphorus content of soft tissue of 0.23 percent.
b Assuming a phosphorus content of bone of 19 percent.
c Calculated from sum of accretion of P in lean and bone/year divided by 365 days.
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provides support for combining the ages of 4 through 8 years in
terms of phosphorus needs. The overall mean value for males of 62
mg (2.0 mmol)/day phosphorus accrued is in the same range as the
value 68.2 mg (2.2 mmol)/day computed from the phosphorus
composition of weight gain from Sheikh et al. as cited in the review
by Lemann (1996). The slightly lower value of 40.8 mg (1.3 mmol)/
day for females presumably reflects the differences in the amount
of bone and lean tissue between the sexes at this age interval.

The value derived for phosphorus accretion of lean and osseous
tissue is supported by estimates of phosphorus retention from bal-
ance studies in children aged 4 to 12 years; that is, phosphorus
retention of 10 g (323 mmol)/kg body weight gained (Fomon et
al., 1982), when applied to the average weight gain over this age
interval. For males, ~2.15 kg are gained each year over this period
(Fomon et al., 1982); thus a total increment of 21.6 g (697 mmol)
of phosphorus is gained each year. Daily accretion of phosphorus is
then predicted to be 60 mg (1.9 mmol). For females, daily phos-
phorus accretion calculated in this manner would be 62 mg (2.0
mmol). These estimates are similar to those calculated by summing
phosphorus accretion in lean and bony compartments (Table 5-4).

For the factorial estimate of the EAR for children ages 4 through
8 years, as outlined previously for children ages 1 through 3 years,
and an accretion value of 62 mg (2.0 mmol)/day, a value of 405 mg
(13.1 mmol)/day was derived. The assumptions for efficiency of
phosphorus absorption and urinary loss of phosphorus are identi-
cal to that used for the 1 through 3 years age group.

EAR Summary: Ages 4 through 8 Years

The estimated EAR for boys and girls ages 4 through 8 years is 405
mg (13.1 mmol)/day.

EAR for Children 4 through 8 years 405 mg (13.1 mmol)/day

Utilizing the 1994 CSFII intake data, adjusted for day-to-day varia-
tions (Nusser et al., 1996), this value derived for the EAR again
represents a low dietary intake of phosphorus, as it falls below the
first percentile of intake, 537 mg (17.3 mmol)/day, for phosphorus
intakes of children aged 4 through 8 years (see Appendix D). Since
excess phosphorus intake will be excreted, consuming intakes in
excess of physiological needs by such a magnitude is not likely of
any consequence.
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Determination of the RDA: Ages 4 through 8 Years

The variance in requirements cannot be determined from the
available data. Thus, a CV of 10 percent (1 SD) is assumed, result-
ing in an RDA of 500 mg (16.1 mmol)/day.

RDA for Children 4 through 8 years 500 mg (16.1 mmol)/day

Ages 9 through 13 and 14 through 18 Years

Indicators Used to Set the EAR

During the rapid growth period of adolescence, the most logical
basis for estimating the phosphorus requirement would be from
observation of the balance plateau, that is, the intake level above
which no further phosphorus retention occurs, just as was done for
the calcium requirement (see Chapter 4). Unfortunately, only a few
phosphorus balance studies have been conducted in this age group,
and insufficient data exist across a range of intakes to determine
maximal retention. As an alternative, the same approach using tis-
sue accretion used for the 1 through 3 and 4 through 8 years age
groups was employed.

Accretion.  Phosphorus intakes necessary to meet the needs for the
addition of bone and soft tissue during this period of rapid growth can
be calculated and adjusted for by urinary output and absorptive effi-
ciency. The main limitation of this approach for this age category is
that tissue accretion values are not available for adolescents beyond 14
years; thus, predicted needs for older adolescents may not be optimal
to support any growth spurts beyond this age.

To estimate phosphorus requirement from tissue accretion,
longitudinal data and a large database of cross-sectional data are
available and represent very recent databases. Slemenda and col-
leagues (1994) conducted a 3-year longitudinal study in 90 white
children aged 6 to 14 years at baseline. They showed increases in
weight during this time of 10.9 ± 4.3 kg for the 44 prepubertal
children, 19.6 ± 0.9 kg for the 38 peripubertal children, and
6.98 ± 4.54 kg for the 8 postpubertal children. The growth rate
is higher and later in boys than in girls. Weight gain during this
period amounts to approximately 50 percent of the ideal adult
weight. However, there is enormous variability in the timing and
extent of this growth acceleration.

To estimate tissue accretion of phosphorus, knowledge of both
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lean and osseous tissue gains is required. Gains in lean mass were
determined by subtracting fat from total weight gain. Percentage
body fat for pubertal boys aged 13.2 (standard error [SE] 1.3) was
14.2 (95 percent confidence interval [CI] 13.0 to 15.4), and 20.2
(95 percent CI 19.3 to 21.1) for pubertal girls aged 10.5 (SE 1.6)
(Deurenberg et al., 1990). Osseous tissue gains were based on a
study of 228 children in Canada where mean peak bone mineral
content velocity was 320 g/year in boys at age 13.3 years and 240 g/
year in girls at age 11.4 years (Martin et al., 1997). The computa-
tions are summarized in Table 5-5. Assuming a phosphorus content
of bone mineral of 19 percent and a phosphorus content of soft
tissue of 0.23 percent (Pennington, 1994), daily phosphorus needs
during peak growth would approximate 200 mg (6.5 mmol) for
boys and 150 mg (4.8 mmol) for girls.

Similar to younger children, the value derived for phosphorus
excretion was then employed in a factorial model to obtain the
EAR. Urinary phosphate excretion rises linearly with phosphorus
intake according to the equation derived by Lemann (1996) in
adults. This approach was adopted here since no such relationship
has been developed for adolescents. Using the equation: Purine =
1.73 + 0.512 × Pintake (in mmol/day), and an intake of 1,000 mg

TABLE 5-5  Accretion of Phosphorus (P) in Bone and Lean
Tissue During Peak Adolescent Growth Spurt

Change in Total P
Leanb Gainf

Change in (FFBM- Lean- (mg/d
Gender/ Weighta osseous) Tissue Pc Osseous Pd Bone Pe [mmol/
Age (y) (g/y) (g/y) (g/y) (g/y) (g/y) d])

Males
13.3 5,000 3,970 9.1 320 60.8 192 (6.2)

Females
11.4 5,000 3,750 8.6 240 45.6 149 (4.8)

Mean, both sexes 171 (5.5)

a See Table 1-3.
b Body fat values from Deurenberg et al., 1990.
c Assuming a phosphorus content of soft tissue of 0.23 percent.
d Martin et al., 1997.
e Assuming a phosphorus content of bone of 19 percent.
f Calculated from sum of accretion of P in lean and bone/year divided by 365.
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(32.3 mmol)/day, predicted urinary excretion would be 565 mg
(18.2 mmol)/day. When urinary phosphorus is added to the mean
accrued phosphorus for both boys and girls of 175 mg (5.6 mmol)
(Table 5-5), there is a daily need for dietary phosphorus of 740 mg
(23.9 mmol)/day. Absorption efficiency in the few balance studies
performed in this age group (Greger et al., 1978; Lutwak et al.,
1964) averaged 60 to 80 percent. This is consistent with the range
of absorption efficiencies (60 to 65 percent) found in adults (Le-
mann, 1996). Using a midpoint value of absorption efficiency of 70
percent, ingested phosphorus to cover tissue accretion and urinary
loss would need to be 1,055 mg (34 mmol)/day for both boys and
girls. Although these phosphorus intakes cover tissue accumulation
needs of the observed average adolescent, these intakes may not be
optimal at the peak of the adolescent growth spurt.

The small amount of balance data available supports this estimate
of phosphorus needs for children up to 14.5 years of age. Greger et
al. (1978) studied 14 girls aged 12.5 to 14.5 years. Their balances
averaged +82 ± 124 mg (+2.6 ± 4 mmol)/day on phosphorus intakes
of 820 ± 10 mg (26.5 ± 0.3 mmol)/day. On phosphorus intakes of
925 mg (29.8 mmol)/day, 8 of 11 girls aged 12.5 to 14.2 years were
in positive phosphorus balance with zinc intakes of 11.3 mg/day
(Greger et al., 1979). In other studies, five adolescents aged 9 to 13
years and 18 adolescents aged 8 to 11 years were in positive phos-
phorus balance at intakes exceeding 1 g (32.3 mmol)/day (Lutwak
et al., 1964; Sherman and Hawley, 1922). Of these 23 individuals, 4
boys and 13 girls aged 8 to 12 years were in positive phosphorus
balance at daily phosphorus intakes above 34.5 mg (1.1 mmol)/kg
body weight or 693 mg (22.4 mmol).

Serum Pi.  An attempt was also made to estimate the EAR during
adolescence by using the approach employed for adults, for exam-
ple, using ECF Pi as the functional indicator, and estimating the
intake needed to sustain ECF Pi at the lower limit of normal for the
age concerned (see below for corresponding approach in adults).
As Table 5-1 shows, the interpolated 2.5 percentile for Pi at age 9 is
approximately 1.25 mmol/liter (3.9 mg/dl), falling to approximate-
ly 1.05 mmol/liter (3.3 mg/dl) by age 18. The curve in Figure 5-1
relates to adults and hence cannot be used directly. However, the
lack of effective regulation of ECF Pi and the fact that it rises and
falls with intake means that the rise in Pi for any given increment
will be a function of the volume of the ECF into which the absorbed
phosphorus is inserted, or in other words, a function of body size.
Thus, a straightforward adjustment for body weight may permit a
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first approximation of the requirement for this age group. A num-
ber of assumptions related to serum Pi during adolescence and
growth needs were necessary to complete this calculation, and the
resulting value was not dissimilar from that determined using tissue
accretion and the factorial method.

EAR Summary: Ages 9 through 13 and 14 through 18 Years

The EAR for children ages 9 through 13 years can be set based on
the factorial approach at 1,055 mg (34 mmol)/day. Although accre-
tion data are not available for ages 14 through 18 years, it seems
reasonable to maintain this EAR value for the older adolescent since
a similar value was obtained using the serum phosphorus curve ex-
trapolated from adults. It should be noted, however, that this age
range (9 through 18 years) brackets a period of intense growth,
with growth rate, absorption efficiency, and normal values for ECF
Pi changing during this time. Because of the similarity of these sex-
specific estimates and the uncertainties involved, a single value of
1,055 mg (34 mmol)/day is selected for both males and females
ages 9 through 18 years.

EAR for Boys  9 through 13 years 1,055 mg (34 mmol)/day
14 through 18 years 1,055 mg (34 mmol)/day

EAR for Girls 9 through 13 years 1,055 mg (34 mmol)/day
14 through 18 years 1,055 mg (34 mmol)/day

Utilizing the 1994 CSFII intake data, adjusted for day-to-day varia-
tions (Nusser et al., 1996), this EAR of 1,055 mg (34 mmol)/day is
slightly below the twenty-fifth percentile (1,090 mg [35.2 mmol]) of
phosphorus intake for boys, aged 9 through 13 years, and slightly above
the twenty-fifth percentile of intake (1,005 mg [32.4 mmol]) for girls
in this same age range (see Appendix D). For boys ages 14 through 18,
the EAR of 1,055 mg (34 mmol)/day is close to the tenth percentile
(1,072 mg [34.6 mmol]) of phosphorus intake. The EAR of 1,054 mg
(34 mmol)/day for girls ages 14 through 18 is slightly below the fifti-
eth percentile (1,097 mg [35.4 mmol]) of phosphorus intake.

Determination of the RDA: Ages 9 through 13 and 14
through 18 Years

The variance in requirements cannot be determined from the
available data. Thus, a CV of 10 percent (1 SD) is assumed. This
results in a RDA for phosphorus of 1,250 mg (40.3 mmol)/day for
girls and boys ages 9 through 18 years.
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RDA for Boys 9 through 13 years 1,250 mg (40.3 mmol)/day
14 through 18 years 1,250 mg (40.3 mmol)/day

RDA for Girls 9 through 13 years 1,250 mg (40.3 mmol)/day
14 through 18 years 1,250 mg (40.3 mmol)/day

Ages 19 through 30 and 31 through 50 Years

Indicator Used to Set the EAR

Serum Pi.  The relationship between serum Pi and absorbed intake,
as presented in Figure 5-1, allows estimation of the intakes associated
with Pi values within the range typically considered normal.

The extrapolation from absorbed intake to ingested intake shown
in Table 5-6 is based on an absorption efficiency for phosphorus of
60 to 65 percent, the value typically observed in studies of adults on
mixed diets (Heaney and Recker, 1982; Stanbury, 1971; Wilkinson,
1976). This absorption estimate for phosphorus is fairly robust, since
variation in absorptive performance for phosphorus in adults is nar-
row (Heaney and Recker, 1982; Wilkinson, 1976).

The estimates of ingested intake in Table 5-6 apply to a typical, mixed
diet. They will underestimate intakes needed to achieve a given serum
Pi value if the dietary phosphorus consists heavily of phytate phospho-
rus. Thus, diets in which major fractions of the phosphorus intake are
derived from unleavened cereal sources will require higher intakes to
produce the curve of Figure 5-1 (which, as already noted, is for typical
mixed diets), that is, the curve will be expanded to the right when the
x-axis is expressed as ingested intake. This is shown by the lower dashed
curve in Figure 5-1. Conversely, diets in which much of the phospho-
rus is derived, for example, from the phosphoric acid in certain car-

TABLE 5-6  Phosphorus Intakes Related to Specific Serum
Inorganic Phosphorus Values in Adults

Serum Pi Absorbed Intake Ingested Intakea

(mmol/liter) (mmol/day) (mmol/day)

0.87 11.6 18.6
1.00 23.9 38.2
1.15 43.2 69.2
1.40 71.0 113.6

a Ingested intake given as (absorbed intake)/0.625.
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bonated beverages, and in which there is correspondingly little co-
ingested calcium, may be expected to yield the curve of Figure 5-1 at
lower phosphorus intakes; that is, the curve will shrink to the left—the
upper dashed curve.

EAR Summary: Ages 19 through 30 and 31 through 50 Years

These latter considerations aside, using the lower end of the
normal adult Pi range (0.87 mmol/liter [2.7 mg/dl]) yields an
ingested intake value of ~580 mg (~19 mmol)/day, which may
be the best available EAR for adults. By definition, roughly half
of all adults would not be able to maintain a Pi of 0.87 mmol/
liter (2.7 mg/dl) at this intake. (Importantly, while most adults
have fasting serum Pi values above 1.0 mmol/liter [3.1 mg/dl],
that fact cannot be used to establish the requirement, since in-
take in excess of the requirement will elevate the serum Pi.) If,
alternatively, the middle of the normal range for serum Pi (1.15
mmol/liter [3.6 mg/dl]) is taken as the basis for the EAR, a
much higher value, ~2,100 mg (~68 mmol)/day results. Since
the slope of the curve of Figure 5-1 is very gradual above the
renal threshold, intake estimates will be very sensitive to the val-
ue of serum Pi selected. Thus, the EAR for both men and women
ages 19 through 50 is set at 580 mg (18.7 mmol)/day.

EAR for Men 19 through 30 years 580 mg (18.7 mmol)/day
31 through 50 years 580 mg (18.7 mmol)/day

EAR for Women 19 through 30 years 580 mg (18.7 mmol)/day
31 through 50 years 580 mg (18.7 mmol)/day

Utilizing the 1994 CSFII intake data, adjusted for day-to-day varia-
tions (Nusser et al., 1996), all males aged 19 through 50 years have
phosphorus intakes above the EAR of 580 mg (18.7 mmol)/day
(see Appendix D). The median intake for men, aged 19 through 30
years, is 1,613 mg (52.0 mmol)/day, and the first percentile of in-
take is 809 mg (26.1 mmo1)/day. For men, aged 3l through 50
years, the median intake of phosphorus is 1,484 mg (47.9 mmol)/
day, and the first percentile of intake is 705 mg (22.7 mmol)/day.

For women aged 19 through 30 years, the median phosphorus
intake is 1,005 mg (32.4 mmol)/day, and the EAR of 580 mg (18.7
mmol)/day is at the first percentile of intake, 580 mg (18.7 mmol)/
day. For women aged 31 through 50 years, the median phosphorus
intake is 990 mg (31.9 mmol)/day. The EAR in this group of wom-
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en is slightly below fifth percentile of intake, 593 mg (19.1 mmol)/
day, based on the 1994 CSFII data.

Determination of the RDA: Ages 19 through 30 and
31 through 50 Years

The variance in requirements cannot be determined from the
available data. Thus, a CV of 10 percent (1 SD) is assumed, result-
ing in an RDA of 700 mg (22.6 mmol)/day.

RDA for Men 19 through 30 years 700 mg (22.6 mmol)/day
31 through 50 years 700 mg (22.6 mmol)/day

RDA for Women 19 through 30 years 700 mg (22.6 mmol)/day
31 through 50 years 700 mg (22.6 mmol)/day

Ages 51 through 70 and > 70 Years

The data on which the foregoing phosphorus analyses were based
were derived from adults of mixed ages, including 51 through 70
and > 70 years. Data specific to these ages are not available. Intesti-
nal absorption efficiency for phosphorus is not known to change
appreciably with age, and as noted above, changes in the renal clear-
ance of phosphorus are not sufficient to alter the curve of Figure 5-
1 until GFR is reduced by approximately 80 percent. Hence, it is
reasonable to adopt the same phosphorus EAR for older adults as
for younger adults.

EAR Summary: Ages 51 through 70 and > 70 Years

The EAR for both men and women ages 51 years and older is set
at 580 mg (18.7 mmol)/day.

EAR for Men 51 through 70 years 580 mg (18.7 mmol)/day
> 70 years 580 mg (18.7 mmol)/day

EAR for Women 51 through 70 years 580 mg (18.7 mmol)/day
> 70 years 580 mg (18.7 mmol)/day

Utilizing the 1994 CSFII intake data, adjusted for day-to-day varia-
tions (Nusser et al., 1996), the median phosphorus intake for men,
aged 51 through 70 years, is 1,274 mg (41.1 mmol)/day (see Ap-
pendix D). All of the men, aged 51 through 70 years, had phospho-
rus intakes in amounts above the EAR. The median intake for men,
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aged 71 years and older, is 1,176 mg (37.9 mmol)/day and the first
percentile of intake is 559 mg (18.0 mmol)/day, which is close to
their EAR of 580 mg (18.7 mmol)/day.

The median phosphorus intake for women aged 51 through 70 years
is 966 mg (31.2 mmol)/day, based on the adjusted 1994 CSFII intake
data. The EAR of 580 mg (18.7 mmol)/day for these women would
fall close to the fifth percentile of intake, 599 mg (19.3 mmol)/day.
The median phosphorus intake for women, aged 71 years and older, is
859 mg (27.7 mmol)/day, and the tenth percentile of phosphorus
intake is 588 mg (19.0 mmol)/day, which is slightly above the EAR of
580 mg (18.7 mmol)/day.

Determination of the RDA: Ages 51 through 70 and >70 Years

The variance in requirements cannot be determined from the
available data. Thus a CV of 10 percent (1 SD) is assumed, resulting
in an RDA for phosphorus of 700 mg (22.6 mmol)/day for men
and women ages 51 years and older.

RDA for Men 51 through 70 years 700 mg (22.6 mmol)/day
> 70 years 700 mg (22.6 mmol)/day

RDA for Women 51 through 70 years 700 mg (22.6 mmol)/day
> 70 years 700 mg (22.6 mmol)/day

Pregnancy

Indicator Used to Set the EAR

Phosphorus Content.  Phosphorus content of the term infant at
birth is 17.1 g (552 mmol), with 88.3 percent of phosphorus ac-
counted for in bone and water (Fomon et al., 1982). The major
physiological adaptations of the mother to meet the increased need
for calcium to support fetal growth also should supply the fetus with
a sufficient amount of phosphorus. The increased efficiency in in-
testinal absorption of calcium resulting from increased 1,25(OH)2D
concentrations also will lead to increased intestinal absorption of
phosphorus.

Balance studies in 24 pregnant women demonstrated positive
phosphorus balance, which increased with length of pregnancy
(Heaney and Skillman, 1971). Net phosphorus absorption in these
women averaged 70 percent, compared with absorption in the range
of 60 to 65 percent typically found in nonpregnant adults (Heaney
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and Recker, 1982; Stanbury, 1971; Wilkinson, 1976). Daily fetal
phosphorus requirements of about 62 mg (2 mmol) are needed to
produce a term infant at birth with a phosphorus content of 17.1 g
(552 mmol) (Fomon et al., 1982). The EAR for phosphorus in
adults ages 19 through 30 years is approximately 580 mg (18.7
mmol)/day at an absorption of 60 percent (resulting in an absorbed
phosphorus of 353 mg [11.4 mmol/day]). Assuming a 70 percent
absorption of phosphorus during pregnancy (Heaney and Skillman,
1971), a similar EAR of 580 mg (18.7 mmol)/day would lead to an
absorbed phosphorus of 412 mg (13.3 mmol)/day. This increase in
absorbed phosphorus during pregnancy (59 mg [1.9 mmol/day])
approximately equals the estimated fetal phosphorus requirement
of 62 mg (2 mmol)/day.

Serum phosphorus concentrations during pregnancy are within
the normal range at mean daily intakes of approximately 1,550 mg
(50 mmol) (95 percent CI range of 1,260 to 1,840 mg [40.6 to 59.4
mmol]) (Cross et al., 1995a). No studies have specifically investigat-
ed the effect of dietary intake of phosphorus on phosphorus bal-
ance during pregnancy.

EAR and RDA Summary for Pregnancy

No evidence at this time supports an increase of the EAR and
RDA during pregnancy above the level recommended during the
nonpregnant state. Intestinal absorption of phosphorus increases
by about 10 percent during pregnancy (Heaney and Skillman,
1971). That change should be sufficient to provide the necessary
phosphorus for fetal growth.

EAR for Pregnancy
14 through 18 years 1,055 mg (34.0 mmol)/day
19 through 30 years  580 mg (18.7 mmol)/day
31 through 50 years  580 mg (18.7 mmol)/day

RDA for Pregnancy
14 through 18 years 1,250 mg (40.3 mmol)/day
19 through 30 years  700 mg (22.6 mmol)/day
31 through 50 years  700 mg (22.6 mmol)/day

Utilizing the 1994 CSFII intake data for 33 pregnant women, ad-
justed for day-to-day variations (Nusser et al., 1996), the value de-
rived for the EAR of 580 mg (18.7 mmol)/day for pregnant women
ages 19 through 50 years represents a low dietary intake of phos-
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phorus, as it falls below the first percentile of intake of 773 mg (24.9
mmol)/day (see Appendix D). The EAR of 1,055 mg (34 mmol) for
pregnant women ages 14 through 18 years falls slightly above the
fifth percentile of intake of 1,012 mg (32.6 mmol)/day.

Special Considerations

Adolescent Mothers and/or Multiple Fetuses.  It is not known whether
phosphorus requirements are increased in the adolescent mother and
in mothers pregnant with more than one fetus. These conditions lead
to increased maternal or fetal needs for phosphorus that may not be
met by increased intestinal absorption. The mediating role of main-
taining calcium homeostasis is also important in these situations: a diet
insufficient in calcium may lead to increased PTH concentrations and
decreased renal tubular reabsorption of phosphorus.

Lactation

Indicators Used to Set the EAR

Human Milk.  Concentrations of phosphorus in human milk
range from approximately 3.9 to 5.1 mmol/liter (12.1 to 15.8 mg/
dl) and decrease as lactation progresses (Table 5-2). Assuming a
milk production of 780 ml/day, a lactating woman may lose approx-
imately 90 to 120 mg (2.9 to 3.9 mmol)/day of phosphorus in her
milk. No studies have investigated the effect of varying phosphorus
intake on phosphorus homeostasis during lactation.

Serum Pi.  Despite the loss of phosphorus in milk, serum phos-
phorus concentrations in lactating women are in the high-normal
or above-normal range, and they are higher in lactating women
than in nonlactating women (Figure 5-2) (Byrne et al., 1987; Chan
et al., 1982a; Cross et al, 1995a; Dobnig et al., 1995; Kalkwarf et al.,
1996; Kent et al., 1990; Lopez et al., 1996; Specker et al., 1991a).
This high serum phosphorus occurs at a time when there is an
increase in bone resorption that appears to be related to non-di-
etary factors (see Chapter 4). The elevated serum phosphorus is
due in whole or part to the fall in serum PTH which leads to high
serum Pi .

EAR and RDA Summary for Lactation

Currently no evidence supports that phosphorus requirements are



PHOSPHORUS 179

increased during lactation. Apparently, increased bone resorption
and decreased urinary excretion of phosphorus (Kent et al., 1990),
which occur independent of dietary intake of phosphorus or calci-
um, provide the necessary phosphorus for milk production. There-
fore, the EAR and RDA are estimated to be similar to that obtained
for nonlactating women of their respective age groups.

EAR for Lactation
14 through 18 years 1,055 mg (34.0 mmol)/day
19 through 30 years  580 mg (18.7 mmol)/day
31 through 50 years  580 mg (18.7 mmol)/day

RDA for Lactation
14 through 18 years 1,250 mg (40.3 mmol)/day
19 through 30 years  700 mg (22.6 mmol)/day
31 through 50 years  700 mg (22.6 mmol)/day

FIGURE 5-2 Serum phosphorus concentrations in lactating and non-lactating
women. The dotted lines represent the normal range for non-lactating women.
The circles represent the serum phosphorus levels of lactating women (Bryne et
al., 1987; Chan et al., 1982b; Cross et al., 1995a; Dobnig et al., 1995; Kalkwarf et al.,
1996; Kent et al., 1990; Lopez et al., 1996; Specker et al., 1991a).
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Utilizing the 1994 CSFII intake data, adjusted for day-to-day varia-
tions (Nusser et al., 1996), the median intake of phosphorus for the
16 lactating women in the survey is 1,483 mg (47.8 mmol)/day and
the lowest intake reported was at the first percentile of 1,113 mg
(35.9 mmol)/day (see Appendix D). All women consumed above
the phosphorus EAR of 580 to 1,055 mg (18.7 to 34 mmol)/day
during lactation.

Special Considerations

Adolescent Mothers and Mothers Nursing Multiple Infants.  As with
calcium, phosphorus requirements may be increased in lactating
adolescents and in mothers nursing multiple infants. Requirements
during these periods may be higher because of the adolescent moth-
er’s own growth requirements and the requirement for increased
milk production while nursing multiple infants. It is not known
whether decreased urinary phosphorus and increased maternal
bone resorption provides sufficient amounts of phosphorus to meet
these increased needs.

TOLERABLE UPPER INTAKE LEVELS

Hazard Identification

As shown in Figure 5-1, serum Pi rises as total phosphorus intake
increases. Excess phosphorus intake from any source is expressed as
hyperphosphatemia, and essentially all the adverse effects of phos-
phorus excess are due to the elevated Pi in the ECF. The principal
effects that have been attributed to hyperphosphatemia are: (1)
adjustments in the hormonal control system regulating the calcium
economy, (2) ectopic (metastatic) calcification, particularly of the
kidney, (3) in some animal models, increased porosity of the skele-
ton, and (4) a suggestion that high phosphorus intakes could re-
duce calcium absorption by complexing calcium in the chyme. Con-
cern about high phosphorus intake has been raised in recent years
because of a probable population-level increase in phosphorus in-
take through such sources as cola beverages and food phosphate
additives.

It has been reported that high intakes of polyphosphates, such as
are found in food additives, can interfere with absorption of iron,
copper, and zinc (Bour et al., 1984); however, described effects are
small, and have not been consistent across studies (for example,
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Snedeker et al., 1982). For this reason, as well as because trace
mineral status may be low for many reasons, it was not considered
feasible to use trace mineral status as an indicator of excess phos-
phorus intake. Nevertheless, given the trend toward increased use
of phosphate additives in a variety of food products (Calvo and
Heath, 1988; Calvo and Park, 1996), it would be well to be alert to
the possibility of some interference in individuals with marginal
trace mineral status.

Most of the studies that describe harmful effects of phosphorus
intake used animal models. In extrapolating these data to humans,
it is important to note that the phosphorus density of human diets
represents the extreme low end of the continuum of standard diets
for pets and laboratory animals. The median human dietary phos-
phorus density in the 1994 CSFII was very close to 62 mg (2.0
mmol)/100 kcal for all adults and for both sexes (Cleveland et al.,
1996). By contrast, the diets of standard laboratory rats and mice
have phosphorus densities ranging from 124 to 186 mg (4 to 6
mmol)/100 kcal. Cats and dogs have diets with densities close to
279 mg (9 mmol)/100 kcal, and laboratory primate diets average
about 155 mg (5 mmol)/100 kcal.

Adjustments in Calcium-Regulating Hormones

As noted earlier, Pi is not, strictly speaking, regulated. Thus, a
high phosphorus diet produces a higher level of plasma Pi, especial-
ly during the absorptive phase after eating. High Pi levels reduce
urine calcium loss, reduce renal synthesis of 1,25(OH)2D, reduce
serum ionized calcium, and lead to increases in PTH release (Por-
tale et al., 1989; Wood et al., 1988). These effects reflect adjust-
ments in the control system that regulates the calcium economy
and are not in themselves necessarily adverse. As already noted, the
reduction in 1,25(OH)2D synthesis may slightly mitigate the hyper-
phosphatemia by a small reduction in phosphorus absorption from
the intestine.

It is known that added dietary phosphate loads of 1.5 to 2.5 g of
inorganic phosphorus (as phosphate) in humans lead acutely to
very slight drops in ECF [Ca2+] and to correspondingly elevated
PTH concentrations (Calvo and Heath, 1988; Silverberg et al.,
1986). It has been proposed that these adjustments in circulating
calcium regulating hormones (associated with any elevation of se-
rum Pi, even though within the usual normal range) could have
adverse effects on the skeleton (Calvo and Heath, 1988; Calvo et al.,
1988, 1990; Krook et al., 1975). The increase in PTH is often pre-
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sumed to be harmful to bone. The mild hypocalcemic effect seen
with acute increases in phosphorus intake is often attributed to the
formation of calcium phosphate (CaHPO4) complexes in plasma,
which is the presumed mechanism driving down [Ca2+] (Krook et
al., 1975). However, it is doubtful that this is the correct explana-
tion. As already noted, adult plasma is undersaturated with respect
to CaHPO4 H2O, and the modest elevations in plasma Pi produced
by a high phosphorus diet are probably not sufficient to alter plas-
ma [Ca2+] directly. Moreover, causes of hypercalcemia, such as pri-
mary bone wasting and simple intravenous infusion of calcium,
cause serum Pi to rise, not fall, as might be expected if concentra-
tions of the two ions were reciprocally related to one another at
normal concentrations (Howard et al., 1953). Rather, it is more
likely that the initial fall in [Ca2+] following elevation of plasma Pi is
produced by direct inhibition of PTH-mediated osteoclastic release
of calcium from bone (Raisz and Niemann, 1969). Thus, rather
than harmful, this inhibition of bone resorption and consequent
increase in PTH may actually be beneficial to bone, since it amounts
to a relative resistance to the bone-resorbing effects of PTH. This
point had been made by an earlier expert panel (Chinn, 1981) and
is supported by more recent evidence showing that, despite the
elevated PTH, urine hydroxyproline (a measure of bone resorp-
tion) falls on high phosphorus intakes, as does urine calcium (Sil-
verberg et al., 1986).

Diets high in phosphorus and low in calcium produce a sustained
rise in PTH (Calvo et al., 1988, 1990); but diets low in calcium
without extra phosphorus produce the same change (Barger-Lux et
al., 1995), and for that reason it is unlikely that the high phospho-
rus feature of the altered intake is the culprit in the first instance.
In addition, with respect to high phosphorus intakes, chronic ad-
ministration of 2 g (65 mmol)/day phosphorus in men for at least 8
weeks produced no effect on calcium balance or calcium absorp-
tion relative to a diet containing only 806 mg (26 mmol) phospho-
rus (Spencer et al., 1965, 1978a). Calcium intake (low, normal, or
high) had no influence on this lack of effect, underscoring the lack
of physiological relevance of the dietary Ca:P ratio in adults. Fur-
ther, calcium kinetic studies performed in adult women in whom
phosphorus intake was doubled from 1.1 to 2.3 g (35.5 to 74.2
mmol), showed no effect whatsoever on bone turnover processes
after 4 months of treatment (Heaney and Recker, 1987). A similar
conclusion was reached more recently by Bizik et al. (1996), who
doubled phosphorus intake (from 800 to 1,600 mg [26 to 52
mmol]/day) for 10 days in seven healthy young men (aged 22 to 31
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years) and found no increase in urine deoxypyridinoline excretion
(a marker of bone resorption). For all these reasons, it is doubtful
whether phosphorus intakes, within the range currently thought to
be experienced by the U.S. population and/or associated with se-
rum Pi values in the normal range, adversely affect bone health.

Normal, healthy, term-born infants, like adults, can adjust to a
relatively wide range of dietary Ca:P ratios as provided in contempo-
rary infant formulas. However, as a result of developmental imma-
turity in renal handling of phosphorus by infants, ECF [Ca2+] and Pi
concentrations are closer to saturation in infancy, and infants are,
therefore, more at risk of developing hypocalcemia as a conse-
quence of hyperphosphatemia (DeVizia and Mansi, 1992). Howev-
er, in the first month of life, some infants exhibit unusual sensitivity
to phosphorus intakes above those associated with human milk. In
the past, the clinical syndrome of late neonatal hypocalcemic tetany
was observed when infants were fed whole evaporated cow milk with
a very high phosphorus content (DeVizia and Mansi, 1992). Sur-
prisingly, even with the introduction of modified cow milk formulas
with phosphorus content reduced to one-half or less than that of
evaporated whole milk, the syndrome of hypocalcemia has still been
observed in young infants (Specker et al., 1991b; Venkataraman et
al., 1985). However, the phosphorus content of such formulas is
still substantially higher than that of human milk (Specker et al.,
1991b). If such hyperphosphatemia is allowed to persist during ear-
ly infancy, parathyroid hyperplasia, ectopic calcifications, and low
serum calcitriol may occur (Portale et al., 1986). In such cases, the
compensatory mechanisms for handling phosphate loads, mainly
renal excretion, must be overwhelmed, leading to excessive phos-
phorus retention and the other metabolic consequences.

It has also been suggested that a high content of phosphorus and
calcium in an infant’s diet may be a predisposing factor for the
development of retention acidosis (Manz, 1992). It is not possible
to identify, in advance, infants at risk for these syndromes unless
they have renal dysfunction. Based on the data of Specker et al.
(1991b), the risk of hypocalcemia (serum calcium less than 1.1
mmol/liter [4.4 mg/dl]) is 30 out of 10,000 neonates fed such for-
mulas. Human milk with its low phosphorus content is both safer
and better suited to the growth needs of the infant than cow milk
(Manz, 1992). Finally, one report associates high intakes of phos-
phoric acid-containing cola beverages with slight reductions of se-
rum calcium in Mexican children (Mazariegos-Ramos et al., 1995),
but it is not clear to what extent the effect is due to the acid load of
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the colas, the associated low intake of calcium-rich beverages, or the
phosphorus itself.

Except as noted in very young infants, none of these adjustments in
calcium-regulating hormones is clearly adverse in its own right, partic-
ularly if calcium intake is adequate. Hence these effects do not provide
a useful basis for estimating the Tolerable Upper Intake Level (UL).

Metastatic Calcification

The most serious, clearly harmful effect of hyperphosphatemia is
calcification of nonskeletal tissues. This occurs when the calcium
and phosphorus concentrations of ECF exceed the limits of solubil-
ity for secondary calcium phosphate (CaHPO4). This critical con-
centration is strongly dependent on amounts of other ions in the
ECF, especially HCO3

– citrate, H+, and K+, and so cannot be unam-
biguously defined. However, tissue calcification virtually never oc-
curs at ECF calcium × phosphorus ion products less than ~4 (mmol/
liter)2 [~1(mg/dl)2]. Although ECF in adults is normally less than
half-saturated with respect to CaHPO4, elevation of plasma Pi, if
extreme, can bring the ECF to the point of saturation. Although
both calcium and phosphate are involved in such ectopic mineral-
ization, ECF calcium levels are tightly regulated and are usually af-
fected little by even large variations in calcium intake. By contrast,
the sensitivity of ECF Pi to joint effects of diet and renal clearance
means that an elevation in ECF Pi will usually be the cause of super-
saturation. When calcification involves the kidney, renal function
can deteriorate rapidly, renal phosphorus clearance drops, and ECF
Pi rises yet further, leading to a rapid downhill spiral.

Under saturated conditions, susceptible tissue matrices will begin
to accumulate CaHPO4 crystals, particularly if local pH rises above
7.4. Saturation of ECF with respect to calcium and phosphorus al-
most never occurs in individuals with normal renal function, mainly
because urine phosphate excretion rises in direct proportion to
dietary intake. As Figure 5-1 shows, the upper limit of the normal
adult range for serum Pi typically occurs at absorbed intakes above
2.2 g (71 mmol)/day. At 62.5 percent absorption, that means in-
gested intakes above 3.4 g (110 mmol)/day. The 1994 CSFII data
indicate that the reported intake at the ninety-fifth percentile was
2.5 g (81.7 mmol)/day in boys aged 14 through 18 years (see Ap-
pendix D). Hyperphosphatemia from dietary causes becomes a
problem mainly in patients with end-stage renal disease or in such
conditions as vitamin D intoxication. When functioning kidney tis-
sue mass is reduced to less than ~20 percent of normal, the GFR
becomes too low to clear typical absorbed loads of dietary phospho-
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rus, and then even sharply reduced phosphorus diets may still be
excessive as they lead to hyperphosphatemia.

Although metastatic calcification can occur in patients with end-
stage renal disease in whom ECF Pi levels are not adequately con-
trolled, it is not known to occur from dietary sources alone in per-
sons with adequate renal function. For that reason, calcification in
previously normal kidneys produced by high phosphorus intakes
has been studied mainly in rats and mice (Craig, 1959; Hamuro et
al., 1970; McFarlane, 1941; NRC, 1995). Production of calcification
has required very high phosphate loads over and above the animals’
already high basal phosphate intakes and in several reports has re-
quired partial reduction of renal tissue mass, as well.

Skeletal Porosity

Skeletal lesions associated with high phosphorus intakes have been
described in rabbits (Jowsey and Balasubramaniam, 1972) and bulls
(Krook et al., 1975). As with kidney toxicity, the bony lesions required
extremely large phosphate intakes (in rabbits, about 40-fold typical
human intakes on a body weight basis, and in bulls, feeding of a ration
designed to support milk production in cows). None of these situa-
tions has any evident direct relevance to human nutrition or to human
dietary intake of phosphate. Krook et al. (1975) also noted that bone
loss develops in household pets and zoo animals fed human table
scraps and meat. Despite acknowledging that such foods are poor in
calcium, they attribute the bone loss to the high phosphorus content
of such diets. Lacking evidence that phosphorus would produce this
effect with diets adequate in calcium, this conclusion seems unwar-
ranted. Finally, given the evidence cited above that high phosphorus
intakes in humans do not lead to negative calcium balance or to in-
creased bone resorption, it seems likely that the bone disease in other
animals is more a consequence of low effective calcium intake than of
high phosphorus intake per se.

Interference with Calcium Absorption

As noted, some concerns have been expressed that a high phos-
phorus intake could interfere with calcium nutrition by complexing
calcium in the chyme and reducing its absorption (Calvo and Heath,
1988; Calvo and Park, 1996). Given the relative absorption efficien-
cies of calcium and phosphorus, there would not be a stoichiomet-
ric excess of phosphorus relative to calcium in the chyme until the
Ca:P intake ratio fell below 0.375:1. However, even this is a purely
theoretical concern. In the studies of Spencer et al. (1978a), in
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which inorganic neutral phosphate was added to the diet, and of
Heaney and Recker (1982), who studied women on their habitual
intakes of food phosphorus, even Ca:P ratios as low as 0.08:1 did
not lower calcium absorption. Nevertheless, it must be noted that it
is more difficult for the body to compensate for impaired calcium
absorption at low dietary calcium intakes compared with higher
intakes (Heaney, 1997). As prior expert panels have noted (Chinn,
1981), even the theoretical potential for interference with the calci-
um economy by high phosphorus intakes is effectively negated if
calcium intake is adequate.

Dose-Response Assessment

Adults: Ages 19 through 70 Years

Data Selection.  A UL can be defined as an intake associated with
the upper boundary of adult normal values of serum Pi. No reports
exist of untoward effects following high dietary phosphorus intakes
in humans. Essentially all instances of dysfunction (and, hence, all
instances of hyperphosphatemia) in humans occur for nondietary
reasons (for example, end-stage renal disease, vitamin D intoxica-
tion). Therefore, data on the normal adult range for serum Pi are
used as the basis for deriving a UL for adults.

Identification of a No-Observed-Adverse-Effect Level (NOAEL) (or Low-
est-Observed-Adverse-Effect Level [LOAEL]) and Critical Endpoint.  If the
normal adult range for serum Pi is used as a first approach to esti-
mating the UL, the upper boundary of adult normal values of se-
rum Pi is reached at a daily phosphorus intake of 3.5 g (113 mmol)
(Figure 5-1). There is no evidence that individuals consuming this
intake may experience any untoward effects. As shown in Table 5-1,
infants, children, and adolescents have higher upper limits for se-
rum Pi than do adults, which indicates that their tissues tolerate the
higher Pi levels well. Values of Pi above the nominal adult human
normal range are also normally found in typical adult laboratory
animals (for example, rats) and occur regularly in adult humans
treated with the bisphosphonate, etidronate, used for the treatment
of Paget’s disease of the bone and osteoporosis (Recker et al., 1973).
No suggestion of harm comes from any of these situations, indicat-
ing that the UL is substantially higher than that associated with the
upper normal bound of serum Pi in adults.

The higher values for serum Pi in infancy are manifestly tissue-safe
levels, and if they are taken as an approximation of the upper normal
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human value (on the ground that there is no basis for assuming major
differences in tissue susceptibility to metastatic mineralization at differ-
ent ages), the corresponding ingested intake in an adult (assuming
the relationship of Figure 5-1) would be over 10.2 g (330 mmol)/day.

Uncertainty Assessment.  No benefit is evident from serum Pi val-
ues above the usual normal range in adults. Moreover, information
is lacking concerning adverse effects in the zone between normal Pi
and levels associated with ectopic mineralization. Therefore, in
keeping with the pharmacokinetic practice where the relationship
between intake and blood level is known (Petley et al., 1995), an
uncertainty factor (UF) of 2.5 is chosen.

Derivation of the UL.  A UL of ~4.0 g (~130 mmol)/day for adults
is calculated by dividing a NOAEL of 10.2 g (330 mmol)/day by a
UF of 2.5.

UL for Adults 19 through 70 years 4.0 g (130 mmol)/day

Infants: Ages 0 through 12 Months

As with adults, there are essentially no reports of adverse effects
clearly attributable to high phosphorus intake of dietary origin in
infants, children, or adolescents. Except for the sensitivity of very
young infants noted above, there are no data relating to adverse
effects of phosphorus intake for most of the first year of life. For
that reason, it was determined that it was impossible to establish a
specific UL for infants.

UL for Infants 0 through 12 months Not possible to
establish; source of
intake should be from
formula and food only

Toddlers and Children: Ages 1 through 8 Years

For toddlers and children, a UL of 3.0 g (96.8 mmol)/day is cal-
culated by dividing the NOAEL for adults (10.2 g [330 mmol]/day
by a UF of ~3.3 to account for potentially increased susceptibility
due to smaller body size.

UL for Children 1 through 8 years 3.0 g (96.8 mmol)/day
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Adolescents: Ages 9 through 18 Years

There is no evidence to suggest increased susceptibility to adverse
effects during adolescence. Therefore, the same UL specified above
for adults is selected for adolescents, 4.0 g (130 mmol)/day.

UL for Adolescents 9 through 18 years 4.0 g (130.0 mmol)/day

Older Adults: Ages > 70

Because of an increasing prevalence of impaired renal function
after age 70, a larger UF of 3.3 seems prudent, and the UL for
adults of this age is set at 3.0 g (96.8 mmol)/day.

UL for Older Adults > 70 years 3.0 g (96.8 mmol)/day

Pregnancy and Lactation

During pregnancy, absorption efficiency for phosphorus rises by
about 15 percent, and thus, the UL associated with the upper end
of the normal range will be about 15 percent lower, that is, about
3.5 g (112.9 mmol)/day. During lactation, the phosphorus econo-
my of a woman does not differ detectably from the nonlactating
state. Hence the UL for this physiologic state is not different from
the nonlactating state, 4.0 g (130 mmol)/day.

UL for Pregnancy 14 through 50 years 3.5 g (112.9 mmol)/day
UL for Lactation 14 through 50 years 4.0 g (130.0 mmol)/day

Special Considerations

It is recognized that population groups such as professional ath-
letes, military trainees, or those whose level of energy expenditure
exceeds 6,000 kcal/day, may have dietary phosphorus intakes whose
distributions overlap these limits. In such individuals with phospho-
rus intakes above the UL, no harm is known to result.

Exposure Assessment

Utilizing the 1994 CSFII data, adjusted for one day food records
(Nusser et al., 1996), the highest mean intake of phosphorus for
any age and life stage group was reported for males aged 19 through
30 years: 1.7 g (53.5 mmol)/day. The highest reported intake at the
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ninety-fifth percentile was 2.5 g (81.7 mmol)/day in boys aged 14
through 18 years (see Appendix D), which is well below the UL of
4.0 g (130 mmol)/day. In 1986, approximately 10 percent of adults
in the United States took a supplement containing phosphorus
(Moss et al., 1989), and of those, the ninetieth percentile of supple-
mental phosphorus intake was 264 mg (8.5 mmol)/day. The ninety-
fifth percentile intake for phosphorus supplements for adults was
448 mg (14.5 mmol)/day.

Risk Characterization

Phosphorus exposure data indicate that only a small percentage
of the U.S. population is likely to exceed the UL. Because phospho-
rus supplements are not widely consumed, nor is the dosage high,
total intake from diet plus supplements would infrequently exceed
the UL.

RESEARCH RECOMMENDATIONS

• The model that relates absorbed phosphorus intake to serum
phosphorus must be evaluated in clinical studies using oral phos-
phorus intakes, and investigated in children and adolescents as well
as adults.

• Bone mineral mass as a function of dietary phosphorus intake
should be investigated at all stages of the life cycle.

• The practical effect of phosphate-containing food additives on
trace mineral status (iron, copper, and zinc) should be evaluated.
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6
Magnesium

BACKGROUND INFORMATION

Overview

Total body magnesium (Mg) content is approximately 25 g (1,000
mmol), of which 50 to 60 percent resides in bone in the normal
adult. One-third of skeletal magnesium is exchangeable, and it is
this fraction that may serve as a reservoir for maintaining a normal
extracellular magnesium concentration (Elin, 1987). Extracellular
magnesium accounts for about 1 percent of total body magnesium.
The normal serum magnesium concentration is 0.75 to 0.95 mmol/
liter (1.8 to 2.3 mg/dl).

Magnesium is a required cofactor for over 300 enzyme systems
(Wacker and Parisi, 1968). It is required for both anaerobic and
aerobic energy generation and for glycolysis, either indirectly as a
part of the Mg-ATP complex or directly as an enzyme activator
(Garfinkel and Garfinkel, 1985). Magnesium has also been shown
to be required for mitochondria to carry out oxidative phosphoryla-
tion (Wacker and Parisi, 1968). The mitochondrial enzymes utilize
the magnesium chelate of ATP and ADP as the actual substrates for
phosphate transfer reactions.

Magnesium transport into or out of cells appears to require the
presence of carrier-mediated transport systems (Gunther, 1993; Ro-
mani et al., 1993). The efflux of magnesium from the cell is cou-
pled to sodium transport and requires energy. Magnesium influx
also appears to be linked to sodium and bicarbonate transport but
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by a different mechanism. The molecular characteristics of the mag-
nesium transport proteins have not been described.

Magnesium transport in mammalian cells may be influenced by
hormonal and pharmacological factors including β-agonists, growth
factors, and insulin (Gunther, 1993; Hwang et al., 1993; Romani et
al., 1993). It has been suggested that a hormonally regulated mag-
nesium uptake system controls intracellular magnesium concentra-
tion in cellular compartments. The magnesium concentration in
these compartments would then serve to regulate the activity of
magnesium-sensitive enzymes.

Magnesium presence is important for maintaining an adequate
supply of purine and pyrimidine nucleotides required for the in-
creased DNA and RNA synthesis that occurs during cell prolifera-
tion (Rubin, 1975; Switzer, 1971). Replicating cells must be able to
synthesize new protein, and this synthesis has been reported to be
highly sensitive to magnesium depletion. Many hormones, neu-
rotransmitters, and other cellular effectors regulate cellular activity
via the adenylate cyclase system, and the activation of adenylate
cyclase requires the presence of magnesium. There is also evidence
for magnesium binding through which magnesium directly increas-
es adenylate cyclase activity (Maguire, 1984).

Magnesium is necessary for sodium, potassium-ATPase activity,
which is responsible for active transport of potassium (Dorup and
Clausen, 1993). Magnesium regulates the outward movement of
potassium in myocardial cells (Matsuda, 1991). The arrhythmogen-
ic effect of magnesium deficiency may be related to magnesium’s
role in maintaining intracellular potassium.

Magnesium has been called “nature’s physiological calcium
channel blocker” (Iseri and French, 1984). During magnesium
depletion, intracellular calcium rises. Since calcium plays an im-
portant role in skeletal and smooth muscle contraction, a state
of magnesium depletion may result in muscle cramps, hyperten-
sion, and coronary and cerebral vasospasms. Magnesium deple-
tion is found in a number of diseases of cardiovascular and neu-
romuscular function, in malabsorption syndromes, in diabetes
mellitus, in renal wasting syndromes, and in alcoholism (Ma et
al., 1995). These observations have led to studies regarding the
role of inadequate magnesium intake in the development of dis-
ease, as opposed to abnormal handling of magnesium caused by
the disease process. It is important to ensure that such evalua-
tions are undertaken in apparently normal individuals for whom
dietary intake is the primary independent variable.



192 DIETARY REFERENCE INTAKES

Physiology of Absorption, Metabolism, and Excretion

In both children and adults, fractional intestinal magnesium
absorption is inversely proportional to the amount of magne-
sium ingested (Kayne and Lee, 1993). In balance studies, under
controlled dietary conditions in healthy older men, an average
of 380 mg (15.8 mmol)/day of ingested magnesium resulted in
net absorption of approximately 40 to 60 percent; true absorp-
tion ranged from 51 to 60 percent for various foodstuffs when
subjects were on a constant diet (Schwartz et al, 1984). Net ab-
sorption has been estimated to be 15 to 36 percent at higher
daily intakes (550 to 850 mg [22.9 to 35.4 mmol]) and with vary-
ing levels of dietary bran and oxalate (Schwartz et al., 1986).
Magnesium is absorbed along the entire intestinal tract, but the
sites of maximal magnesium absorption appear to be the distal
jejunum and ileum (Kayne and Lee, 1993). Both an unsaturable
passive and saturable active transport system for magnesium ab-
sorption may account for the higher fractional absorption at low
dietary magnesium intakes (Fine et al., 1991a).

A principal factor that regulates intestinal magnesium transport
has not been described. Vitamin D and its metabolites 25-hydroxyvi-
tamin D (25(OH)D) and 1,25-dihydroxyvitamin D (1,25(OH)2D)
enhance intestinal magnesium absorption to a small extent (Hard-
wick et al., 1991; Krejs et al., 1983). Recently, a low magnesium diet
in rats was shown to increase intestinal calbindin-D9k. Although
these preliminary data suggest a role for this vitamin D-dependent,
calcium-binding protein in intestinal magnesium absorption, the
severe magnesium deficiency imposed may have resulted in renal
damage (not described) (Hemmingsen et al., 1994).

The kidney is the principal organ involved in magnesium homeo-
stasis (Quamme and Dirks, 1986). The renal handling of magne-
sium in humans is a filtration-reabsorption process; there is no tu-
bular secretion of magnesium. Approximately 65 percent of filtered
magnesium is reabsorbed in the loop of Henle and 20 to 30 percent
in the proximal convoluted tubule (Quamme and Dirks, 1986).
Magnesium reabsorption in the proximal convoluted tubule appears
to be passive; it follows changes in salt and water reabsorption and
is associated with the rate of fluid flow. In the loop of Henle, there
appears to be an additional active transport system: a decrease in
magnesium reabsorption in this segment is independent of sodium
chloride transport in either hypermagnesemia or hypercalcemia
(Quamme, 1989). In vivo studies in animals and humans, however,
have demonstrated a tubular maximum for magnesium that proba-
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bly reflects a composite of these tubular reabsorptive processes
(Quamme and Dirks, 1986).

During experimental magnesium depletion in humans, magne-
sium decreases in the urine to very low levels (< 20 mg [1 mmol]/
day) within 3 to 4 days (Fitzgerald and Fourman, 1956; Heaton,
1969; Shils, 1969). Despite the close regulation of magnesium by
the kidney, no one has described a hormone or factor that is re-
sponsible for renal magnesium homeostasis. Because patients with
either primary hyper- or hypoparathyroidism usually have normal
serum magnesium concentrations and a normal tubular maximum
for magnesium, it is probable that parathyroid hormone (PTH) is
not an important regulator of magnesium homeostasis (Rude et al.,
1980). Glucagon, calcitonin, and ADH affect magnesium transport
in the loop of Henle in a manner similar to PTH, but the physiolog-
ical relevance of these actions is unknown (Quamme and Dirks,
1986). Little is known about the effect of vitamin D on renal magne-
sium handling.

Excessive alcohol intake has been shown to cause renal magnesium
wasting, which, if a diet is marginal in magnesium content, could place
an individual at risk for magnesium depletion. Indeed, nearly all chron-
ic alcoholics have symptoms of magnesium depletion (Abbott et al.,
1994). However, the evidence does not substantiate the suggestion
that alcoholism is due to magnesium deficiency.

A growing list of medications has been found to result in increased
renal magnesium excretion. Diuretics commonly used in the treat-
ment of hypertension, heart failure, and other edematous states
may cause hypermagnesuria (Ryan, 1987).

Factors Affecting the Magnesium Requirement

Bioavailability

As mentioned previously, net absorption of dietary magnesium in
a typical diet is approximately 50 percent. High levels of dietary
fiber from fruits, vegetables, and grains decrease magnesium ab-
sorption and/or retention (Siener and Hesse, 1995; Wisker et al.,
1991). Men consuming 355 mg (14.8 mmol)/day of magnesium
were in positive magnesium balance on a low-fiber (9 g/day) diet
but in negative balance on a high-fiber (59 g/day) diet (Kelsay et
al., 1979). Similar trends were observed in young women consum-
ing 243 to 252 mg (10.0 to 10.5 mmol)/day of magnesium and
receiving a lower fiber (23 g/day) versus higher fiber (39 g/day)
diet (Wisker et al., 1991).
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Nutrient-Nutrient Interactions

Phosphorus.  Many foods high in fiber contain phytate, which
may decrease intestinal magnesium absorption, probably by bind-
ing magnesium to phosphate groups on phytic acid (Brink and Bey-
nen, 1992; Franz, 1989; Wisker et al., 1991). The ability of phos-
phate to bind magnesium may explain decreases in intestinal
magnesium absorption seen in subjects on high phosphate diets
(Franz, 1989; Hardwick et al., 1991; Reinhold et al., 1991).

Calcium.  Most human studies of effects of dietary calcium on
magnesium absorption have shown no effect (Fine et al., 1991a;
Hardwick et al., 1991; Spencer et al., 1978b), but one has reported
decreased magnesium absorption rates (Greger et al., 1981). Perfu-
sion of the jejunum of normal subjects with 0 to 800 mg (0 to 20
mmol) calcium had no effect on magnesium absorption (Brannan
et al., 1976). Increased calcium intake did not affect magnesium
balance when as much as 2,000 mg (50 mmol)/day of calcium was
given to adult men (Spencer et al., 1978b, 1994), or when an addi-
tional 1,000 mg (25 mmol)/day of calcium was given to adolescents
(Andon et al., 1996). Magnesium intake ranging from 241 to 826
mg (10 to 34.4 mmol)/day did not alter calcium balance at either
241 mg (10 mmol) or 812 mg (20.3 mmol)/day of calcium (Spen-
cer et al., 1994). However, intakes of calcium in excess of 2,600 mg
(65 mmol)/day have been reported to decrease magnesium bal-
ance (Greger et al., 1981; Seelig, 1993). Several studies have found
that high sodium and calcium intake may result in increased renal
magnesium excretion (Kesteloot and Joossens, 1990; Martinez et
al., 1985; Quamme and Dirks, 1986), which may be secondary to
the interrelationship of the proximal tubular reabsorption of fil-
tered sodium, calcium, and magnesium (Quamme and Dirks, 1986).
Overall, at the dietary levels recommended in this report, the inter-
action of magnesium with calcium is not of concern.

Protein.   Dietary protein may also influence intestinal magnesium
absorption; magnesium absorption is lower when protein intake is less
than 30 g/day (Hunt and Schofield, 1969). A higher protein intake
(94 g/day) may increase renal magnesium excretion (Mahalko et al.,
1983), presumably because an increased acid load increases urinary
magnesium excretion (Wong et al., 1986). However, the increased
urinary magnesium excretion did not change overall magnesium re-
tention, which indicates an ability of subjects to adapt to this level of
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protein given the level of magnesium provided (258 mg [10.8 mmol]/
day). Other studies in adolescents have shown improved magnesium
absorption and retention when protein intakes were higher (93 versus
43 g protein/day) (Schwartz et al., 1973).

Special Populations

Physical Activity.  Dietary magnesium intake in athletes has been
reported to be at or above recommended intakes (Clarkson and
Haymes, 1995; Kleiner et al., 1994; Niekamp and Baer, 1995), pre-
sumably due to their higher food intake. Plasma/serum magnesium
concentrations have been reported to fall with chronic endurance
exercise activity, while red blood cell values appear to rise (Deuster
and Singh, 1993). Although the decrease in plasma magnesium has
been suggested to reflect magnesium depletion in athletes (Clark-
son and Haymes, 1995), no clear demonstration of magnesium de-
pletion directly related to exercise has been shown. Magnesium sup-
plements did not enhance performance in a study of marathon
runners (Terblanche et al., 1992).

Intake of Magnesium

The U.S. Department of Agriculture Continuing Survey of Food
Intakes by Individuals (CSFII) in 1994, adjusted by the method of
Nusser et al. (1996), indicated that the mean daily magnesium in-
take in males aged 9 and older was 323 mg (13.5 mmol) (fifth
percentile = 177 mg [7.4 mmol]; fiftieth percentile = 310 mg [12.9
mmol]; ninety-fifth percentile = 516 mg [21.5 mmol]) (Cleveland
et al., 1996) (see Appendix D for data tables). The mean daily in-
take for females aged 9 and older was 228 mg [9.5 mmol] (fifth
percentile = 134 mg [5.6 mmol]; fiftieth percentile = 222 mg [9.3
mmol]; ninety-fifth percentile = 342 mg [14.3 mmol]). In both sex-
es, intake decreased at age 70 and older. These intakes were similar
to those found in the National Health and Nutrition Examination
Survey (NHANES) III from l988–1991 (Alaimo et al., 1994). Nation-
al survey data for Canada are not currently available. Other surveys
have reported lower intakes in both men and women (Hallfrisch
and Muller, 1993).

The NHANES III study demonstrated ethnic differences in in-
take. In that report, non-Hispanic black subjects were found to con-
sume less than either non-Hispanic white or Hispanic subjects. An-
other study demonstrated that elderly Hispanic males consumed a
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mean of 237 ± 62 mg (9.9 ± 2.6 mmol)/day, while Hispanic females
consumed a mean of 232 ± 71 mg (9.7 ± 3.0 mmol)/day (Plucke-
baum and Chavez, 1994).

Food and Water Sources of Magnesium

Magnesium is ubiquitous in foods, but the magnesium content of
foods varies substantially. Because chlorophyll is the magnesium che-
late of porphyrin, green leafy vegetables are rich in magnesium. Foods
such as unpolished grains and nuts also have high magnesium con-
tent, whereas meats, starches, and milk are more intermediate. Analy-
ses from the 1989 Total Diet Study of the U.S. Food and Drug Admin-
istration indicated that approximately 45 percent of dietary magnesium
was obtained from vegetables, fruits, grains, and nuts, whereas about
29 percent was obtained from milk, meat, and eggs (Pennington and
Young, 1991). Refined foods generally have the lowest magnesium
content. With the increased consumption of refined and/or processed
foods, dietary magnesium intake in the United States appears to have
decreased over the years (Marier, 1986). Total magnesium intake is
usually dependent on caloric intake, which explains the higher intake
levels seen in the young and in adult males and the lower levels seen in
women and in the elderly.

Water is a variable source of intake; typically, water with increased
“hardness” has a higher concentration of magnesium salts. Since
this varies depending on the area from which water comes, much
like fluoride, and the manner in which it is stored, magnesium in-
take from water is usually not estimated except in controlled diet
studies. This omission may lead to underestimating total intake and
its variability.

Intake from Supplements

Based on a national survey in 1986, 14 percent of men and 17
percent of women in the United States took supplements contain-
ing magnesium (Moss et al., 1989). Approximately 8 percent of
young children (2 to 6 years of age) used magnesium-containing
supplements. Women and men who use magnesium supplements
took similar doses, about 100 mg (4.2 mmol)/day, although the
ninety-fifth percentile of intake was somewhat higher for women,
400 mg (16.7 mmol)/day, than for men, who were taking 350 mg
(14.6 mmol)/day. Children who took magnesium had a median
daily intake of 23 mg (1 mmol) and a ninety-fifth percentile daily
supplemental intake of 117 mg (4.9 mmol).
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Effects of Inadequate Magnesium Intake

Severe magnesium depletion leads to specific biochemical abnor-
malities and clinical manifestations that can be easily detected. Hy-
pocalcemia is a prominent manifestation of magnesium deficiency
in humans (Rude et al., 1976). Magnesium deficiency must become
moderate to severe before symptomatic hypocalcemia develops.
Even mild degrees of magnesium depletion, however, may result in
a significant fall in the serum calcium concentration, as demon-
strated in a 3-week study of dietary-induced experimental human
magnesium depletion (Fatemi et al., 1991).

Magnesium is also important in vitamin D metabolism and/or
action. Patients with hypocalcemia and magnesium deficiency are
resistant to pharmacological doses of vitamin D, 1α hydroxyvitamin
D, and 1,25(OH)2D (for a review, see Fatemi et al. [1991]).

Neuromuscular hyperexcitability is the initial problem cited in
individuals who have or are developing magnesium deficiency
(Rude and Singer, 1980). Latent tetany, as elicited by a positive
Chvostek’s and Trousseau’s sign, or spontaneous carpal-pedal spasm
may be present. Frank, generalized seizures may also occur. Al-
though hypocalcemia may contribute to the neurological signs, hy-
pomagnesemia without hypocalcemia may result in neuromuscular
hyperexcitability.

There is emerging evidence that habitually low intakes of magne-
sium and resulting abnormal magnesium metabolism are associated
with etiologic factors in various metabolic diseases. In considering
data from such studies, it is important to separate the identification
of associations between the effect of the disease on magnesium sta-
tus from the effect of inadequate intake on magnesium status and
subsequent risk of disease. The specific disease states in which mag-
nesium status is implicated are discussed in the following sections.

Cardiovascular

In normal subjects, experimental magnesium depletion results in
increased urinary thomboxane concentration, angiotensin II-in-
duced plasma aldosterone levels, and blood pressure—indicating a
potential effect of magnesium deficiency on vascular function (Nad-
ler et al., 1993; Rude et al., 1989). Magnesium depletion is associat-
ed with cardiac complications, including electrocardiographic
changes, arrhythmias, and increased sensitivity to cardiac glycosides
(Rude, 1993). Atrial and ventricular premature systoles, atrial fibril-
lation, and ventricular tachycardia and fibrillation have been re-
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ported in hypomagnesemic patients (Hollifield, 1987; Rude, 1993).
Significantly higher retention rates after magnesium load tests have
been reported in patients with ischemic heart disease compared to
normal controls (Rasmussen et al., 1988). This suggests that a low
magnesium concentration may also play a role in cardiac ischemia.
However, the extent to which the disease modifies the indicators of
magnesium deficiency rather than the deficiency resulting in the
disease manifestations varies with the symptom and the individual
studied.

The development of atheromatous disease has been associated
with magnesium in epidemiological observational studies. Areas
with increased water hardness (which is due to high calcium and
magnesium content) tend to have lower cardiovascular death rates
(Altura et al., 1990; Hammer and Heyden, 1980; Leoni et al., 1985;
Luoma et al., 1983; Neri and Johansen, 1978; Neri et al., 1985;
Rubenowitz et al., 1996). Problems with evaluating epidemiological
studies have been identified (Comstock, 1979), and some studies
have not found such an association (Hammer and Heyden, 1980;
Leoni et al., 1985). However, as presented by Tucker (1996) and
Beaton (1996), a congruence of positive studies may suggest an
association of dietary intake and disease. Animals on low magne-
sium diets develop arterial wall degeneration and calcification as
well as hypertriglyceridemia, hypercholesterolemia, and atheroscle-
rosis (Altura et al., 1990; Orimo and Ouchi, 1990). Controlled hu-
man studies that support this relationship are lacking.

Magnesium depletion in patients with cardiac diseases may be
due to concomitant medications, such as diuretics, as well as to
dietary magnesium depletion. Although cardiac arrhythmia may be
associated with the primary cardiac disorders, magnesium deple-
tion may further predispose to cardiac arrhythmias by decreasing
intracellular potassium.

Accumulation of magnesium may reduce the morbidity and mor-
tality of patients in the period following myocardial infarction. Two
large, placebo-controlled, randomized, double-blind studies of pa-
tients with myocardial infarction have shown that intravenous mag-
nesium therapy reduces the incidence of therapy-requiring arrhyth-
mias to approximately one-half that seen in control patients
(Antman, 1996; Seelig and Elin, 1996). In one study of patients with
acute myocardial infarction, magnesium therapy given before
thrombolytic therapy decreased mortality by 24 percent (Woods and
Fletcher, 1994). Another large study of myocardial infarction did
not find favorable effects of magnesium that was administered after
thrombolytic therapy (ISIS-4, 1995). Debate currently centers over
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the time of administration of magnesium in terms of its favorable
effects (for review see Antman [1996]). Evidence does not support
the concept that the patients were magnesium deficient prior to
onset of the acute attack, only that magnesium therapy was benefi-
cial to outcome.

Blood Pressure

Epidemiologic evidence suggests that magnesium may play an
important role in regulating blood pressure (Ascherio et al., 1992;
Joffres et al., 1987; Ma et al., 1995; McCarron, 1983; Witteman et al.,
1989). In these studies, populations that have low dietary intake of
magnesium have been reported to have an increased incidence of
hypertension. In one of the earlier studies, dietary intake of magne-
sium in 44 normotensive subjects was significantly greater than in-
take in 46 untreated hypertensive subjects (McCarron, 1983). In
the Honolulu heart study, magnesium intake was the dietary vari-
able that had the strongest association with blood pressure (Joffres
et al., 1987). In another nutritional survey of 58,218 Caucasian wom-
en, those who reported intakes of less than 200 mg (8.33 mmol)/
day of magnesium had a significantly higher risk of developing hy-
pertension than did women whose intakes were greater than 300
mg (12.5 mmol)/day. In a large prospective study of 30,681 men
without diagnosed hypertension, dietary magnesium intake was in-
versely related to systolic and diastolic blood pressure and to change
in blood pressure during a 4-year follow-up period (Ascherio et al.,
1992). In this study, however, only dietary fiber had an indepen-
dent inverse association. Another study of 15,248 subjects found
that dietary magnesium intake was inversely associated with systolic
and diastolic blood pressure (Ma et al., 1995).

Intervention studies with magnesium therapy for hypertensive pa-
tients have led to conflicting results. Several studies have shown a
positive blood-pressure-lowering effect of magnesium supplements
(Dyckner and Wester, 1983; Geleijnse et al., 1994; Motoyamo et al.,
1989; Widman et al., 1993; Witteman et al., 1994); others have not
(Cappuccio et al., 1985; Sacks et al., 1995; Wallach and Verch, 1986;
Yamamoto et al., 1995; Zemel et al., 1990). Other dietary factors
may also play a role. A recent study demonstrated that a diet of
fruits and vegetables, which increased magnesium intakes from an
average of 176 mg (7.3 mmol)/day to 423 mg (17.6 mmol)/day,
significantly lowered blood pressure in adults who were not classi-
fied as hypertensive (systolic blood pressure < 140 mm Hg; diastolic
blood pressure < 95 mm Hg ) (Appel et al., 1997). The addition of
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nonfat dairy products to the high fruit and vegetable diet, which
increased calcium intake as well, resulted in further lowering of
blood pressure. Potassium intake was also greatly increased in both
dietary regimens studied.

One study of hypertensive patients revealed low serum magne-
sium concentrations (Albert et al., 1958). No difference was detect-
ed in serum magnesium levels in other studies, however (Gadallah
et al., 1991; Tillman and Semple, 1988). In patients with essential
hypertension, free magnesium levels in erythrocytes were inversely
related to both the systolic and diastolic blood pressure (Resnick et
al., 1984). It is unclear whether the decrease in serum magnesium
concentration was due to magnesium depletion or to pathophysio-
logical events that lead to hypertension.

The possible relationship between hypertension and magnesium
depletion is an important consideration, as the two coexist in a high
proportion of individuals with diabetes and alcoholism (Resnick et
al., 1991). However, the role of long-term dietary intake of magne-
sium in the prevalence of hypertension seen in the United States
and Canada has not been established.

Skeletal Growth and Osteoporosis

Magnesium plays a major role in bone and mineral homeostasis
and can also directly affect bone cell function as well as influence
hydroxyapatite crystal formation and growth (Cohen, 1988).

Magnesium deficiency may be a risk factor for postmenopausal
osteoporosis. Significant reductions in the serum magnesium and
bone mineral content (BMC), but not red blood cell magnesium
concentration or bone magnesium content, have been described in
women with postmenopausal osteoporosis compared to age-
matched controls (Reginster et al., 1989). No correlations were
found in a 4-year clinical trial of magnesium intake and BMC in
pre- and postmenopausal women consuming about 250 mg (10.4
mmol)/day of magnesium (Freudenheim et al., 1986), or in four of
five skeletal sites measured in postmenopausal women also consum-
ing an average of 253 mg ± 11 mg (10.5 ± 0.4 mmol)/day of magne-
sium (Angus et al., 1988).

In contrast, BMC of the radius in postmenopausal Japanese-Ameri-
can women was weakly positively correlated with magnesium intake
(Yano et al., 1985), while elderly women who consumed less than 187
mg (7.8 mmol)/day had a significantly lower bone mineral density
(BMD) compared with women whose average magnesium intake from
diet was more than 187 mg (7.8 mmol)/day (Tucker et al., 1995).
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Two studies are available on the effect of magnesium supplemen-
tation on osteoporosis. In women with documented osteoporosis,
supplementation with 750 mg (31.3 mmol) of magnesium for the
first 6 months followed by 250 mg (10.4 mmol) supplementation
from the seventh to twenty-fourth month increased radial BMD af-
ter 12 months, but no further change was seen in BMD by the end
of the second year (Stendig-Lindberg et al., 1993). Supplementa-
tion with 500 mg (20.8 mmol) of magnesium and 600 mg (15 mmol)
of calcium in postmenopausal women who were receiving estrogen
replacement therapy and daily multivitamin and mineral tablets re-
sulted in increased calcaneous BMD in less than a year when com-
pared with the postmenopausal women who received sex steroid
therapy alone (Abraham and Grewal, 1990). These observations sug-
gest that dietary magnesium may be related to osteoporosis and
indicate a need for further investigation of the role of magnesium
in bone metabolism (Sojka and Weaver, 1995).

Diabetes Mellitus

Magnesium depletion in a few studies has been shown to result in
insulin resistance as well as impaired insulin secretion, and thereby
may worsen control of diabetes (for review, see Paolisso et al.
[1990]). An experimental magnesium depletion study was conduct-
ed to examine the development of insulin resistance. Normal male
subjects were given a controlled diet for three weeks in a depletion
metabolic study in which magnesium intake was 12 mg (0.5 mmol)/
day. Intravenous glucose tolerance tests performed at the begin-
ning and end of the 21-day depletion indicated a significant de-
crease in insulin sensitivity (Nadler et al., 1993). Such findings have
raised the possibility that insulin resistance and abnormal glucose
tolerance in individuals may be due to inadequate magnesium (Pa-
olisso et al., 1992). Magnesium depletion in clinical observational
studies has been defined by low serum magnesium concentrations
as well as a reduction of total and/or ionized magnesium in red
blood cells, platelets, lymphocytes, and skeletal muscle (Nadler et
al., 1992), in spite of subjects consuming a level of magnesium sim-
ilar to that in population studies (Schmidt et al., 1994).

Insulin resistance is commonly noted in the elderly (Fink et al.,
1983; Rowe et al., 1983). Dietary magnesium supplements have been
shown to improve glucose tolerance (Paolisso et al., 1992) and im-
prove insulin response in elderly, non-insulin-dependent patients
with diabetes (Paolisso et al., 1989). One possible cause for the
magnesium depletion seen in diabetes is glycosuria-induced renal
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magnesium wasting (Rude, 1993). However, until magnesium de-
pletion studies conducted in normal individuals can relate specific
dietary intake levels with abnormal glucose tolerance testing or oth-
er indicators of glucose metabolism, it is premature to consider the
prevalence of diabetes mellitus as a functional indicator of adequa-
cy for magnesium.

Increased Risk in the Elderly

Several studies have demonstrated that elderly people have rela-
tively low dietary intakes of magnesium (Goren et al., 1993; Lowik
et al., 1993). Their lower intake may be due to a variety of reasons,
including poor appetite, loss of taste and smell, poorly fitting den-
tures, and difficulty in shopping for and preparing meals (Moun-
tokalakis, 1987). Meals in some long-term care facilities may pro-
vide less than the recommended levels of magnesium (Lipski et al.,
1993). In addition, magnesium metabolism may change with aging.
As mentioned earlier, intestinal magnesium absorption tends to de-
crease with aging, and urinary magnesium excretion increases (Low-
ik et al., 1993; Martin, 1990). A suboptimal diet in magnesium may
therefore place this population at risk for magnesium depletion.

ESTIMATING REQUIREMENTS FOR MAGNESIUM

Selection of Indicators for Estimating the Magnesium Requirement

Serum Magnesium

The serum magnesium concentration may not reflect intracellu-
lar magnesium availability. Nevertheless, measurement of the se-
rum magnesium concentration is the most available and commonly
employed test to assess magnesium status. The serum magnesium
level may be influenced by changes in serum albumin, other anion-
ic ligands, and pH; however, correction for changes due to these
factors is seldom made (Quamme, 1993). Normal values by age and
gender have been derived from sampling the U.S. population in
NHANES I (Lowenstein and Stanton, 1986). A serum magnesium
concentration of less than 0.75 mmol/liter (1.8 mg/dl) is thought
to indicate magnesium depletion (Elin, 1987).

Experimentally induced dietary magnesium depletion consistent-
ly leads to decreased serum magnesium values in otherwise healthy
humans. This suggests that, under these circumstances, serum mag-
nesium is a sensitive indicator of magnesium status (Fatemi et al.,
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1991). Hypomagnesemia (serum magnesium < 0.75 mmol/liter [1.8
mg/dl]) usually develops concurrently with moderate to severe mag-
nesium depletion. However, in clinical studies in which concentra-
tions of magnesium in blood cells, bone cells, or muscle cells are
abnormally low (such as in diabetes mellitus, alcoholism, or malab-
sorption syndromes), serum magnesium values have been reported
to be within the normal range (Abbott et al., 1994; Nadler et al.,
1992; Rude and Olerich, 1996). These findings suggests that intrac-
ellular magnesium is a better guide to magnesium status in humans
than is the concentration in serum (Reinhart, 1988; Ryzen et al.
1986). One recent longitudinal evaluation of 8,251 subjects who
entered a study between 1971 and 1975 found 492 cardiovascular
events when the subjects were reevaluated between 1982 and 1984
(Gartside and Glueck, 1995). Subjects with serum magnesium levels
less than 0.81 mmol/liter (1.9 mg/dl) had greater risk of cardiovas-
cular disease than did those with a serum magnesium level greater
than 0.87 mmol/liter (2.1 mg/dl). Although both values were with-
in what has been considered the normal range, 0.75 to 0.95 mmol/
liter (1.8 to 2.3 mg/dl) (Elin, 1987), this variation in response ques-
tions the validity of serum magnesium levels as indicators of magne-
sium status (Gartside and Glueck, 1995). There are also reports that
elderly subjects may have a decrease in magnesium status as deter-
mined by magnesium tolerance testing (see below) despite normal
serum magnesium concentrations. Thus, serum magnesium con-
centration has not been validated as a reliable indicator of body
magnesium status.

Plasma-Ionized Magnesium

Recently, ion-specific electrodes have become available for deter-
mining ionized magnesium in the plasma. Early results suggest that
this may be a better index of magnesium status than the total serum
magnesium concentration; however, further evaluation is necessary.
Few studies have been conducted under varying conditions to assess
its validity (Altura et al., 1992; Mimouni, 1996).

Intracellular Magnesium

The total magnesium contents of several tissues, including red
blood cells, skeletal muscle, bone, and peripheral lymphocytes have
been evaluated as indices of magnesium status. However, determi-
nation of intracellular magnesium concentration should be a more
physiologically relevant measurement of magnesium status, as it is
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thought to play a critical role in enzyme activation within the cell.
In general, poor correlation exists between the serum magnesium
concentration and intracellular levels.  Lymphocyte magnesium
does not correlate well with serum or red blood cell magnesium
levels (Elin and Hosseini, 1985; Ryzen et al., 1986) and serum mag-
nesium concentration does not accurately reflect muscle magne-
sium content (Alfrey et al., 1974; Wester and Dyckner, 1980).  In
normal subjects lymphocyte and skeletal muscle magnesium did
correlate well, however not in patients with congestive heart failure
(Dyckner and Wester, 1985).  Thus, further evaluation is needed
before lymphocyte or muscle magnesium content can be utilized to
assess magnesium status.

Red blood cell magnesium has been determined by nuclear mag-
netic resonance (Rude et al., 1991). The fluorescence probe has
been utilized for determination of free magnesium in lymphocytes
and platelets (Hua et al., 1995; Nadler et al., 1992). Red blood cell
magnesium values fall within days following institution of a low-
magnesium diet in normal subjects (Fatemi et al., 1991). The mean
intracellular free magnesium was lower than normal in patients at
high risk for magnesium depletion (for example, individuals with
diabetes or alcoholism) (Hua et al., 1995; Nadler et al., 1992; Rude,
1991).

In one study, total red blood cell magnesium concentration was
found to be lower in elderly subjects (77.8 ± 2.1 years), as compared
with younger people (36.1 ± 0.4 years), when the mean magnesium
consumption of both groups was 311 ± 21 mg (13.0 ± 0.9 mmol)/
day (Paolisso et al., 1992). However, the evidence was not judged
sufficient to use red blood cell magnesium as an indicator of status.

Magnesium Balance Studies

The principal measure of adequate dietary magnesium in the past
has been the dietary balance study (Greger and Baier, 1983; Hunt
and Schofield, 1969; Mahalko et al., 1983; Schwartz et al., 1984,
1986). Most balance studies were performed at clinical research
centers where the diet was constant and controlled. However, this
technique still presents several problems, including the measure-
ment of magnesium intake and urine and stool magnesium excre-
tion. In addition, sweat and dermal losses of magnesium have not
usually been considered.

In adults, balance studies should be performed at magnesium in-
takes just below and above those at which zero balance is achieved
to obtain the approximately linear dependence of loss and reten-
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tion near balance (Beaton, 1996). The intake associated with zero
balance from each individual studied can then be grouped and the
variability of requirements estimated (Beaton, 1996). Since magne-
sium intake is related to energy intake (Clarkson and Haymes, 1995;
Niekamp and Baer, 1995), balance studies may report the findings
in relation to estimated energy requirements if the data are to be
applied to the general population. Magnesium may be obtained
from food, water, nutrient supplements, or pharmalogical agents,
but the bioavailability may differ.

Although numerous magnesium balance studies have been per-
formed, not all met the requirements of a well-designed study. Some
provided for a period of adaptation but did not include magnesium
intakes, which would have allowed average requirements to be esti-
mated. Balance studies performed prior to 1960 utilized less accu-
rate means to measure magnesium as compared with atomic ab-
sorption spectrophotometry. The minimum criteria used here for
inclusion of balance studies for the development of recommenda-
tions for magnesium requirements included either an adaptation
period of at least 12 days or a determination of balance while the
subjects consumed self-selected diets. The disadvantage of using self-
selected diets is that only one level is being evaluated. If the individ-
ual is in balance or nearly so, it is not possible to discern if this is
just an adaptation to that level or if it truly represents the minimal
level of adequacy. Similarly, if only one level of intake is provided,
no matter how accurate, it is not possible to get the dose response
data necessary to estimate the requirement. At least two levels need
to be evaluated: one below and one near the required level.

When a study is not carried out in a metabolic unit or under close
supervision, data are generally lacking on magnesium intake from
water. This omission precludes the use of many of the earlier stud-
ies conducted in free-living environments or current studies in
which intakes were calculated rather than analyzed.

Estimates of Tissue Accretion During Growth

In the absence of data regarding specific requirements for mag-
nesium for growth during various life stages, accretion rates of mag-
nesium have been estimated (Nordin, 1976; Widdowson and Dick-
erson, 1964). The rates of tissue accretion during childhood are
derived from analysis of cadavers, and the utility of these data is
limited. In some cases using data from cadavers, the estimates of
whole body mineral retention must be calculated based on mea-
surements from regional sites (Fomon and Nelson, 1993). Fomon
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and Nelson (1993) and Koo and Tsang (1997) used data from ca-
davers to estimate a net accretion of 10 mg (0.4 mmol)/day during
the second year of life. However, further information is needed
before this approach may be uniformly used to estimate magne-
sium needs throughout childhood.

The total magnesium content of an infant weighing 3.5 kg (7.7
lb) is approximately 220 mg (9.2 mmol)/kg or 760 mg (32 mmol).
Magnesium as a percentage of fat-free body mass increases during
gestation, but at birth the percentage is much less than that of an
adult (Widdowson and Dickerson, 1964). The content of magne-
sium in an adult man is estimated to total 27.4 g (1,141.7 mmol), or
about 390 mg (16.2 mmol)/kg (Widdowson and Dickerson, 1964).

In order to accumulate approximately 26.6 g (1,108.3 mmol) over
the 20 years of growth from infancy to adulthood, an average daily
accretion during this period of about 3.6 mg (0.2 mmol) would be
necessary. However, the growth rate is not linear with age. It has
been suggested that an adequate accretion rate (positive balance)
for girls 10 to 12 years of age and weighing about 40 kg (88 lb) is 8.5
mg (0.3 mmol)/day (Andon et al., 1996). For older children who
are heavier and experiencing greater growth in lean and bony tis-
sue, a positive balance in the range of 10 mg (0.4 mmol)/day would
be appropriate.

Magnesium Tolerance Test

The magnesium tolerance test, which is based on the renal excre-
tion of a parenterally administered magnesium load, has been used
for many years. It is considered by some to be an accurate means of
assessing magnesium status in adults, but not in infants and chil-
dren (Gullestad et al., 1992; Ryzen et al., 1985). However, the sensi-
tivity of this method in detecting magnesium depletion may be dif-
ferent between subjects with and without hypomagnesemia. In 15
hypomagnesemic subjects, 85 ± 3 percent of a parenterally adminis-
tered magnesium load was retained, compared to only 14 ± 4 per-
cent in 23 normal controls (Ryzen et al., 1985). In a group of 24
chronic alcoholics at risk of magnesium deficiency, retention of 51
± 5 percent was also significantly greater than the control group.
While the magnesium tolerance test has been shown in this and
other studies (Cohen and Laor, 1990; Costello et al., 1997; Gulles-
tad et al., 1992) to detect magnesium depletion in both hypo-
magnesemic and normomagnesemic subjects at risk of magnesium
depletion, the test was not sensitive to detect treatment effects of
magnesium supplementation in otherwise healthy subjects (Costel-



MAGNESIUM 207

lo et al., 1997). After 3 months of supplementation of 350 mg (14.5
mmol)/day of magnesium, the mean retention of 37 percent did
not change significantly. Thus, the sensitivity of this method in nor-
mal subjects is not yet validated and so cannot be accepted as the
primary indicator for assessing adequacy at this time.

One of the problems in using the magnesium tolerance test is
that it requires normal renal handling of magnesium. Urinary mag-
nesium loss (related to conditions such as diabetes or drug or alco-
hol use) may yield an inappropriate negative test. Moreover, im-
paired renal function may result in a false positive test (Martin,
1990). Age may also be a confounding variable, since older subjects
(73 ± 6 years) have been reported to retain significantly more mag-
nesium than younger subjects (33 ± 10 years), despite a comparable
mean daily dietary magnesium intake of 5.1 mg (0.2 mmol)/kg of
body weight (Gullestad et al., 1994). Supplements of 225 mg (9.4
mmol)/day of magnesium as magnesium lactate-citrate for 30 days
to the elderly subjects turned the test results toward normal. Martin
(1990) studied 30 elderly females (mean age of 82 years, range 72
to 93 years) who were stated to have “lower than recommended
dietary magnesium intakes.” Subjects with serum magnesium less
than 0.59 ± 0.07 mmol/liter (1.4 ± 0.2 mg/dl) retained a higher
percentage of the magnesium load (61 ± 12 percent) than subjects
with mean serum magnesium levels of 0.72 ± 0.02 mmol/liter (1.7 ±
0.05 mg/dl) whose retention was 43 ± 16 percent. Both of these
levels of retention, however, are high compared to that seen in
younger age groups. Thus the influence of renal function in this
test cannot be ignored. Of significant concern, even if this test is
validated in future studies as a primary indicator of magnesium
status, is the invasive procedure (intravenous administration) used.

Epidemiological Studies and Meta-analysis

As discussed in the previous section, epidemiologic studies have sug-
gested that individuals or groups ingesting hard water that contains
magnesium, consuming a diet higher in magnesium, or using magne-
sium supplements, have decreased morbidity from cardiovascular dis-
ease or less hypertension (Altura et al., 1990; Ascherio et al., 1992;
Hammer and Heyden, 1980; Joffres et al., 1987; Leoni et al., 1985;
Luoma et al., 1983; Ma et al., 1995; McCarron, 1983; Nadler et al.,
1993; Neri and Johansen, 1978; Neri et al., 1985; Rubenowitz et al.,
1996; Witteman et al., 1989). Low magnesium intake has also been
linked to osteoporosis (Sojka and Weaver, 1995). Because of the diffi-
culty of conclusively establishing that the lack of dietary magnesium
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was the primary causative factor in these chronic diseases, the basis for
a claim is equivocal. Thus, based on the scientific literature currently
available, these data can not serve as the indicators of adequacy in
estimating magnesium requirements. However, as recently reviewed
by Tucker (1996), the evidence from many studies, taken together,
may lend confidence to the theory that dietary magnesium intake may
indeed contribute to these disorders.

FINDINGS BY LIFE STAGE AND GENDER GROUP

Birth through 12 Months

No functional criteria of magnesium status have been demon-
strated that reflect response to dietary intake in infants. Thus, rec-
ommended intakes of magnesium are based on an Adequate Intake
(AI) that reflects the observed mean intake of infants fed principal-
ly with human milk.

Indicators Used to Set the AI

Human Milk.  Human milk is recognized as the optimal milk
source for infants throughout at least the first year of life and rec-
ommended as the sole nutritional milk source for infants during
the first 4 to 6 months of life (IOM, 1991). Therefore, determina-
tion of the AI for magnesium for infants is based on data from
infants fed human milk as the principal fluid during periods 0
through 6 and 7 through 12 months of age. The AI is set at the
mean value for observed intakes as determined from studies in
which intake of human milk was measured by test weighing volume,
and intake of food was determined by dietary records for 3 days or
more.

Balance Studies.  The limited data on magnesium balance in infants
were considered supportive evidence for the derived AI. Many of the
magnesium balance studies involving human milk-fed infants have
been performed on premature infants or infants in the first weeks of
life. Net retention of magnesium in the studies of premature infants
was 10 to 15 mg (0.4 to 0.6 mmol)/day with 45 percent absorption
(Atkinson et al., 1987; Schanler et al., 1985). This level of retention
was similar to that reported earlier in 10 breast-fed infants at 5 to 7
days of age, with repeat balance studies performed in three of these
infants again at 4 to 6 weeks of age (Widdowson, 1965).
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Differences in magnesium needs between infants fed human milk
and those fed infant formula are described in the “Special Consid-
erations” section.

AI Summary:  Ages 0 through 6 Months

Based on data from a summary of recent studies in North America
and the United Kingdom (Atkinson et al., 1995), the concentration of
magnesium in human milk is about 34 mg (1.4 mmol)/liter, and the
concentration remains relatively constant over the first year of lacta-
tion (Allen et al., 1991; Dewey et al., 1984). The AI is set based on a
reported average intake of human milk of 780 ml/day (Allen et al.,
1991; Butte et al., 1984; Heinig et al., 1993) and the average milk
magnesium concentration of 34 mg (1.4 mmol)/liter. This gives an AI
of 30 mg (1.3 mmol)/day. The balance data cited above support an AI
of 30 mg (1.3 mmol)/day for this age range, as it would allow infants
to maintain a positive magnesium balance of at least 10 mg (0.4
mmol)/day during early infancy.

AI Summary: Ages 7 through 12 Months

During the second 6 months of life, solid foods become a more
important part of the infant diet and add a significant but poorly
defined amount of magnesium. The absorption of magnesium from
solid foods and the effects of solid foods on absorption of magne-
sium from human milk are unknown. To set an AI for infants from
7 through 12 months of age, the average magnesium intake from
solid foods—55 mg (2.2 mmol)/day—for 9- to 12-month-old formu-
la-fed infants (Specker et al., 1997) was used. This approach as-
sumes that infants who are fed human milk have intakes of solid
food similar to those fed formulas.

Based on the data of Heinig et al. (1993), the mean volume of
human milk consumed between 7 and 11 months of age would be
600 ml/day. Thus, magnesium intake from human milk with an
average magnesium concentration of 34 mg (1.4 mmol)/liter would
be about 20 mg (0.8 mmol)/day. Summing the intake from human
milk and from solid food, the AI for magnesium for infants 7
through 12 months of age is set at 75 mg (3.1 mmol)/day.

AI for Infants 0 through 6 months 30 mg (1.1 mmol)/day
7 through 12 months 75 mg (3.1 mmol)/day
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Special Considerations

Infant Formulas.  Commercial infant formulas that are cow milk-
based are generally higher in magnesium concentration, 40 to 50
mg (1.7 to 2.1 mmol)/liter, than human milk. Soy-based formulas
may have even higher concentrations of magnesium, 50 to 80 mg
(2.1 to 3.3 mmol)/liter (Fomon and Nelson, 1993; Greer, 1989). In
a large series of studies (>300 balances), Fomon and Nelson (1993)
reported approximately 40 percent net absorption of magnesium in
infants fed soy or cow milk-based formulas with a net retention of
10 mg (0.4 mmol)/day based on total intakes of 53 to 59 mg (2.2 to
2.5 mmol)/day of magnesium.

Higher absorption values of 57 to 71 percent of magnesium in-
take from standard cow milk-based infant formulas have been re-
ported (Kobayashi et al., 1975; Moya et al., 1992). A dietary frac-
tional absorption rate of 64 ± 4 percent was reported in three infants
aged 4 to 10 months. Magnesium intakes of the infants exceeded
150 mg (6.3 mmol)/day in the latter study.

Direct assessment of an AI for magnesium for formula-fed infants
is not possible due to the lack of data comparing magnesium ab-
sorption from human milk and from infant formulas. Based on the
current U.S. practices of infant formula manufacturers, the increase
of 20 percent above the level of magnesium intake of human milk-
fed infants allows for the possibility of a lower bioavailability of mag-
nesium from formulas. This leads to an estimated intake of 35 mg
(1.5 mmol)/day (human milk + 20 percent) for formula-fed in-
fants. Similar absorption of magnesium from soy versus routine for-
mulas (Fomon and Nelson, 1993) does not indicate a greater need
for magnesium in soy formula-fed infants, but the practice of in-
creasing magnesium intake in soy formulas relative to cow-milk for-
mulas is widely followed by formula manufacturers.

Ages 1 through 3, 4 through 8, 9 through 13, and
14 through 18 Years

Indicators Used to Set the EAR

A possible approach to determining human magnesium require-
ments is to estimate the intake required to achieve a level of reten-
tion associated with a beneficial outcome. Although magnesium re-
tention during growth should be positive, the desirable extent of
retention for magnesium is unknown. As discussed earlier, there
are inadequate data upon which to attribute a specific benefit to
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maximal retention of magnesium. This is unlike calcium, for which
maximal retention can be associated with benefit to bone mass ac-
cretion. Since the criterion of maximal retention could not be used
for magnesium, magnesium balance data were used as the basis for
establishing Estimated Average Requirements (EARs) for these age
groups.

As mentioned previously, an adequate accretion rate (positive bal-
ance) for girls 10 to 12 years of age and weighing about 40 kg (88
lb) may be 8.5 mg (0.3 mmol)/day (Andon et al., 1996). It is proba-
ble that for older children, who are heavier and experiencing great-
er growth in lean and bony tissue, a positive balance in the range of
10 mg (0.4 mmol)/day of magnesium would be appropriate. This
would allow for the greater need for magnesium during the specific
periods of faster growth during older childhood. In the absence of
more definitive goals, a daily positive balance of 8 to 10 mg (0.3 to
0.4 mmol) of magnesium seems to be a reasonable goal upon which
to base an EAR for growing children and adolescents.

Balance Studies.  For children under 10 years of age, there is only
one report of a balance study published since 1960 (Schofield and
Morrell, 1960). For children between 10 and 15 years of age, seven
studies were available for consideration (see Table 6-1). The amount
of magnesium lost via other routes (dermal, sweat, menses, and
other losses) was not measured or estimated in the calculations of
any of these studies. Other balance studies performed in children
prior to 1960 (see review by Seelig [1981]) were not considered
because information regarding absorption over a range of intakes
was not provided and results reported may not be reliable using the
analytical methodology available at that time.

Given the information provided in the available balance studies,
expression of magnesium requirements for children is probably
more accurate on the basis of intake per day, rather than per unit
of body weight or per amount of lean tissue. When expressed on a
mg/kg/day basis, magnesium requirements determined by balance
studies in subjects who were obese were much lower than those in
subjects of normal weight (Jones et al., 1967), as fat contains less
magnesium than other tissues and body fat increases with age. Ex-
pressing EARs and Recommended Dietary Allowances (RDAs) per
kg ideal body weight or lean body mass would be more accurate
than per kg total weight. However, since most reports of balance
studies do not provide individual intake and body weight or height
data, it is seldom possible to determine the response of individuals
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to specific levels of magnesium consumed on either an ideal or
actual body weight basis. Future experiments might address require-
ments in relation to energy needs (Shils and Rude, 1996).

Because of the lack of studies in younger children, the data from
children 10 to 15 years old (see Table 6-1) were extrapolated using
reference body weights. Interpretation of the available balance data
are confounded by the lack of information provided on individual
body weights, varying age and weight ranges studied within and
between studies, and variations in dietary protein (both in amount
and source) and calcium (see “Calcium” and “Protein” below). In
reviewing the details of the studies summarized in Table 6-1, it ap-
pears that, provided the diet has adequate protein for 9 through 13
year olds, group mean positive magnesium balance in the range of
10 mg (0.41 mmol)/day is achieved at intakes of approximately 5
mg (0.21 mmol)/kg/day. In the recent short-term study using mul-
titracer stable isotope technique to assess magnesium balance in 13
adolescent girls (Abrams et al., 1997), the mean magnesium bal-
ance was slightly negative (–0.9 ± 41 mg [0.04 ± 1.7 mmol]/day) at
comparatively high levels of average intake (6.4 mg [0.27 mmol]/
kg/day of magnesium). Some of this may have been due to the
amount of calcium in the diet (1,310 mg [33 mmol]/day); however,
another recent study using multitracer stable isotopes (Sojka et al.,
1997), did not show a significant difference in magnesium balance
with two levels of dietary calcium (see “Calcium” below).

In the one balance study in which children 7 to 9 years old were
evaluated, positive magnesium balance was achieved on daily di-
etary magnesium intakes that ranged from 121 to 232 mg (5.0 to 9.7
mmol)/day (Schofield and Morrell, 1960); a magnesium intake of
5 mg (0.21 mmol)/kg/day appeared to meet some but not all of
the younger children’s needs. Taken together with the data on old-
er children, the available balance studies suggest that at a magne-
sium intake of 5 mg/kg body weight/day, some but not all children
would be in magnesium balance. The extent to which this repre-
sents 50 percent of children in these age groups and pubertal stages
meeting their needs is difficult to predict because of the confound-
ing variables of other dietary components. For establishing the EARs
for magnesium for children ages 1 through 3 and 4 through 8, for
which balance studies are unavailable, the value of 5 mg/kg/day is
adopted.
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Additional Factors Considered for the Above Studies

Calcium.  As stated earlier, increasing calcium intake may have a
negative effect on magnesium balance (Greger et al., 1981). In two
recent studies in this age group, however, little effect was noted.
Compared with a calcium intake of 667 mg (16.7 mmol)/day, in-
takes of 1,667 mg (41.7 mmol)/day (the additional 1,000 mg [25
mmol] from two divided doses of a supplement) did not decrease
magnesium retention in girls aged 10 to 12 years (Andon et al.,
1996). In a magnesium kinetic study in which five girls aged 12 to
14 years were given two stable isotopes of magnesium at two levels
of calcium, 800 mg (20 mmol) and 1,800 mg (45 mmol), no signifi-
cant differences were seen in the magnesium balances measured or
in the percentage of magnesium absorbed (Sojka et al., 1997). The
calcium contents of the diets provided in the other two balance
studies of adolescents were 1,200 mg (30 mmol) (which included
supplements) (Schwartz et al., 1973) and 1,060 to 1,080 mg (26.5 to
27 mmol) from foods (Greger et al., 1978). Supplementation with
900 mg (22.5 mmol) of calcium to a controlled, food-based diet
containing 300 to 350 mg (12.5 to 14.6 mmol) and 697 mg (17.4
mmol) calcium/day did not affect overall magnesium retention in
eight adult male subjects (Lewis et al., 1989).

Protein.  Magnesium requirements are influenced by the level of
dietary protein, apparently in part related to effects on urinary mag-
nesium excretion (Lakshmanan et al., 1984; Mahalko et al., 1983;
Wisker et al., 1991). Magnesium intakes in male adolescents on
lower protein intakes (50 g/day) were inadequate, but with higher
protein diets (94 g/day), balances became positive (Schwartz et al.,
1973). Some have suggested that the effect of protein may differ for
animal and vegetable sources. However, in one study of adolescent
girls, little difference was noted in this age group when soy was
substituted for animal protein at a level of 30 percent of the total
protein that was fed at a level of 46 to 49 g/day (Greger et al.,
1978). The influence of protein intake on magnesium requirements
needs additional study.

EAR Summary: Ages 1 through 3 and 4 through 8 Years

In the absence of adequate balance or usual accretion data in chil-
dren aged 1 through 8 years, it is necessary to interpolate data from
other age groups based on changes in body weight and linear growth.
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Based on studies in adolescents (Abrams et al., 1997; Andon et al.,
1996; Greger et al., 1978, 1979; Schwartz et al., 1973) and the one
study in 7- to 9- year-old children (Schofield and Morrell, 1960), a
magnesium intake of 5 mg (0.21 mmol)/kg/day appears to have met
some but not all the needs of those evaluated. This is the basis for the
EAR for children ages 1 through 3 years and 4 through 8 years. For
children ages 1 through 3 years with a reference weight of 13 kg
(Table 1-3), the EAR is 65 mg (2.7 mmol)/day. For children ages 4
through 8 years with a reference weight of 22 kg, the EAR is 110 mg
(4.6 mmol)/day. It is recognized that further studies specific to this
age group are needed before more precise EARs can be assigned or
distinctions made between males and females or between children of
different racial or ethnic groups.

EAR for Children 1 through 3 years   65 mg (2.7 mmol)/day
4 through 8 years 110 mg (4.6 mmol)/day

Based on the 1994 CSFII magnesium intake data, adjusted for day-to-
day variation (Nusser et al., 1996), the first percentile of intake for
children ages 1 through 3 years is 80 mg (3.3 mmol) (see Appendix
D), which is above the EAR of 65 mg (2.7 mmol)/day. The median
intake for magnesium for this age group is 180 mg (7.5 mmol). For
children ages 4 through 8 years, the first percentile of intake is 103 mg
(4.3 mmol)/day, slightly below the EAR of 110 mg (4.6 mmol)/day.
The median magnesium intake is 206 mg (8.6 mmol)/day.

Determination of the RDA: Ages 1 through 3 and 4 through 8 Years

The variance in requirements cannot be determined from the
available data. Thus, a coefficient of variation (CV) of 10 percent is
assumed, which results in an RDA for magnesium of 80 mg (3.3
mmol)/day for children ages 1 through 3 years, and an RDA of 130
mg (5.4 mmol)/day for children ages 4 through 8 years.

RDA for Children 1 through 3 years   80 mg (3.3 mmol)/day
4 through 8 years 130 mg (5.4 mmol)/day

EAR Summary: Ages 9 through 13 Years, Boys

The Abrams et al. (1997) study provides some data for boys
ages 9 through 13 years that leads to the conclusion that boys,
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not yet into maximal growth at this age, appear to require about
the same amount of magnesium as girls per kg per day. Thus,
the EAR is estimated to be 5 mg (0.21 mmol)/kg/day for boys
ages 9 through 13 years. Based on a reference weight of 40 kg
(Table 1-3) for boys ages 9 through 13 years, their EAR is 200
mg (8.3 mmol)/day.

EAR for Boys 9 through 13 years 200 mg (8.3 mmol)/day

Based on the 1994 CSFII magnesium intake data adjusted for day-
to-day variation (Nusser et al., 1996), the tenth percentile of intake
for boys ages 9 through 13 years is 181 mg (7.5 mmol)/day, and the
twenty-fifth percentile intake is 216 mg (9 mmol)/day (see Appen-
dix D). Thus the EAR of 200 mg (8.3 mmol)/day for boys ages 9
through 13 years would fall between the tenth and twenty-fifth per-
centile of intake in this age category.

EAR Summary: Ages 9 through 13 Years, Girls

Because the protein intake of the younger girls in the Andon et al.
(1996) study was not indicated, it is possible that one of the reasons
that most of the girls were in positive magnesium balance on the 176
mg (7.3 mmol)/day intake was their higher intake of dietary protein.
The second possible reason is their younger age and body size. In the
absence of additional data and assuming a protein intake of 50 g/day,
the EAR for girls ages 9 through 13 years is 5 mg (0.21 mmol)/kg/day,
based primarily on the Andon et al. (1996) study, in which all girls who
consumed this level or less were in positive balance. Their average
weights were 41 kg (90 lb), and few had yet started menarche. In the
Greger et al. study (1979), the average weight was 52.5 kg (115.7 lb),
and 6 of the 11 girls had already started menarche. Their require-
ments reflect a greater lean body mass. Thus, based on the reference
weight of 40 kg (Table 1-3) for girls ages 9 through 13 years, their EAR
is 200 mg (8.3 mmol)/day.

EAR for Girls 9 through 13 years 200 mg (8.3 mmol)/day

Based on the 1994 CSFII intake data and adjusted for day-to-day
variation (Nusser et al., 1996), the twenty-fifth percentile magne-
sium intake for girls ages 9 through 13 years is 194 mg (8.1 mmol),
and the median intake is 224 mg (9.3 mmol)/day (see Appendix
D). Thus, the magnesium EAR of 200 mg (8.1 mmol)/day would be
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between the twenty-fifth percentile and the median intake for girls
ages 9 through 13 years.

Determination of the RDA for Magnesium: Ages 9 through 13 Years

The variance in requirements cannot be determined from the
data available. Thus, a CV of approximately 10 percent is assumed
for each EAR. This results in an RDA of 240 mg (10 mmol)/day for
both boys and girls ages 9 through 13 years.

RDA for Boys 9 through 13 years 240 mg (10 mmol)/day
RDA for Girls 9 through 13 years 240 mg (10 mmol)/day

EAR Summary: Ages 14 through 18 Years

Given the available data, it seems appropriate to conclude that
for older adolescents, the average magnesium requirement is
greater than 5 mg (0.21 mmol)/kg/day. The average additional
magnesium intake necessary to result in a net retention of about
8 mg (0.33 mmol)/day is about 16 mg (0.67 mmol) or 0.3 mg
(0.12 mmol)/kg/day for a 55 kg adolescent based on an assumed
absorption rate of 40 percent (range 30 to 50 percent) (Abrams
et al., 1997). Less than 5 mg (0.21 mmol)/kg/day of magnesium
resulted in negative balances in all boys when they consumed
the lower protein intake in the Schwartz et al. (1973) study and
in most of the older girls in the Greger et al. (1978) study. In
the 2-year Schwartz et al. (1973) study, even for subjects on the
high protein diet, average magnesium retention was 6 and 15
mg (0.25 and 0.63 mmol)/day for each year, respectively, at the
240 mg (10 mmol)/day intake level. Thus, the EAR is estimated
to be 5.3 mg (0.22 mmol)/kg/day in 14- through 18-year-old
boys and girls, given that the highest average level provided in
any of the five long-term balance studies (Andon et al., 1996;
Greger et al., 1978, 1979; Schwartz et al., 1973, Sojka et al., 1997)
was 5.6 mg (0.23 mmol)/kg/day. This resulted in slightly nega-
tive nitrogen balances in the older children studied (Greger et
al., 1978; Schwartz et al., 1973). An average intake of 6.4 mg
(0.27 mmol)/kg/day resulted in net positive magnesium reten-
tion in the more recent stable isotope study of Abrams et al.
(1997). Thus, for boys ages 14 through 18 years, with reference
weight 64 kg (Table 1-3), the EAR for magnesium is 340 mg
(14.2 mmol)/day, and for girls in this age range with reference
weight of 57 kg, the EAR is 300 mg (12.5 mmol)/day.
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EAR for Boys 14 through 18 years 340 mg (14.2 mmol)/day
EAR for Girls 14 through 18 years 300 mg (12.5 mmol)/day

Based on the 1994 CSFII intake data, adjusted for day-to-day varia-
tion (Nusser et al., 1996), the magnesium EAR of 345 mg (14.4
mmol)/day for boys ages 14 through 18 years is above the median
intake of 301 mg (12.5 mmol)/day and below the seventy-fifth per-
centile of intake, 372 mg (15.5 mmol)/day (see Appendix D). For
girls in this age range, the EAR for magnesium of 300 mg (12.5
mmol)/day is just above the ninetieth percentile of intake, 296 mg
(12.3 mmol)/day.

Determination of the RDA: Ages 14 through 18 Years

The variance in requirements cannot be determined from the
available data. Thus, a CV of approximately 10 percent is assumed
for each EAR. This results in an RDA for magnesium of 410 mg
(17.1 mmol)/day for boys ages 14 through 18 years and an RDA for
magnesium of 360 mg (15.0 mmol)/day for girls ages 14 through
18 years when rounded.

RDA for Boys 14 through 18 years 410 mg (17.1 mmol)/day
RDA for Girls 14 through 18 years 360 mg (15.0 mmol)/day

Ages 19 through 30 Years

Indicators Used to Set the EAR for Men

Balance Studies.  The results of studies that have looked at magne-
sium balance in men and women aged 19 through 30 years in various
situations are included in Table 6-2. As with the balance studies con-
ducted in adolescents, no estimates or measurements of other losses of
magnesium (due to dermal, sweat, etc.) are included. Since few refer-
ences are available to estimate these losses, gross balances are present-
ed. In the controlled diet study (Greger and Baier, 1983), which was
designed to look at the influence of aluminum on mineral balances,
men (25 ± 3 years) were in positive balance on average intakes of 447
mg (18.6 mmol) from food and dietary supplements. This represents
6.4 mg (0.27 mmol)/kg/day for these subjects, but may overestimate
requirements as only one level was given.

Another controlled study, this one designed to look at the effect
of bran on mineral requirements, was conducted in seven men aged
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22 to 32 years (Schwartz et al., 1986); dietary magnesium intake was
719 ± 105 mg (30 ± 4.4 mmol)/day. With one exception, all subjects
were in magnesium equilibrium or positive balance after 48 days.
These levels were thus not low enough to accurately estimate aver-
age requirements. In a year-long study of men aged 20 to 35 years,
subjects kept daily food records for 1 year, and 1-week balance stud-
ies were conducted four times. The subjects continued to select
their own diet but provided food and beverage samples for analysis
(Lakshmanan et al., 1984). The assumption in this study was that
each subject’s average of the four weekly balances over the year
would be representative of his typical intake and requirement. The
average magnesium intake of 333 ± 120 mg (13.9 ± 5 mmol)/day
resulted in a slight overall average negative balance. Again, since
multiple levels were not evaluated, it is difficult to ascertain actual
requirements from these data; however it appears that five of the
nine subjects consuming this average intake of 333 mg (13.9
mmol)/day of magnesium were probably meeting their needs.

Indicators Used to Set the EAR for Women

Balance Studies.  The results of two balance studies for women in
this age range are also summarized in Table 6-2. The year-long study
by Lakshmanan and coworkers (1984) included young women (20
to 35 years) on self-selected diets, with duplicates of week-long in-
takes analyzed four times during the year. The average magnesium
intake of this age group of women was 239 ± 80 mg (10 ± 3.3 mmol);
this intake resulted in positive magnesium balance or equilibrium
in three of the eight subjects. A controlled food intake study in
Germany tested a low-phytate barley fiber added to two levels of
dietary protein to determine the effects of the fiber and protein on
mineral balances (Wisker et al., 1991). Magnesium intake of 243 to
252 mg (10.1 to 10.5 mmol)/day (reported to be on the average 4.3
mg [0.18 mmol]/kg/day) in women resulted in the 12 subjects be-
ing close to equilibrium on the low-fiber, high-protein diet but not
as close on the high-fiber, low-protein diet.

EAR Summary: Ages 19 through 30 Years, Men

Based primarily on the study of Lakshmanan et al. (1984) and the
others cited above, the EAR for magnesium for males ages 19
through 30 years is estimated to be 330 mg (13.8 mmol)/day. This
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is based on the assumption that the best current indicator of ade-
quacy, given the lack of supporting data for other outcomes, is for
an individual to maintain total body magnesium over time as op-
posed to being in negative magnesium balance. The absence of
confirmatory research providing causal relationships in human stud-
ies between magnesium intake and risk of cardiovascular disease
precludes use of markers for cardiovascular disease in this age group
at this time. This EAR also reflects the lack of data to support the
concept that there is a need for continued accretion of magnesium
during this life stage.

EAR for Men 19 through 30 years 330 mg (13.8 mmol)/day

Based on the 1994 CSFII intake data and adjusted for day-to-day
variation (Nusser et al., 1996), the median magnesium intake for
men ages 19 to 30 years is 331 (13.8 mmol)/day (see Appendix D),
which is approximately the same magnesium intake as the EAR of
330 mg (13.8 mmol)/day.

EAR Summary: Ages 19 through 30 Years, Women

Based on the studies described above, and primarily on the over-
all negative balances of the Lakshmanan et al. (1984) study, which
found average magnesium intakes of 239 mg (10 mmol)/day, the
EAR for women ages 19 through 30 years is estimated to be above
239 mg (10.0 mmol)/day. The Wisker et al. (1991) study had some-
what more positive balances on a slightly higher overall intake of
255 mg (10.6 mmol)/day. This EAR is also based on the assumption
that the best current indicator of adequacy, given the lack of sup-
porting data for other outcomes, is for an individual to maintain
total body magnesium over time as opposed to being in negative
magnesium balance. This EAR also reflects the lack of data that
there is a specific need for accretion of magnesium during this
period.

EAR for Women 19 through 30 years 255 mg (10.6 mmol)/day

Based on the 1994 CSFII intake data and adjusted for day-to-day
variation (Nusser et al., 1996), the median magnesium intake for
women ages 19 through 30 years is 205 mg (8.5 mmol)/day, and
the seventy-fifth percentile of magnesium intake is 250 mg (10.4
mmol)/day (see Appendix D), which is slightly below the EAR of
255 mg (10.6 mmol)/day.
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Determination of the RDA: Ages 19 through 30 Years

The variance in requirements cannot be determined from the
data available for either men or women. Thus, a CV of 10 percent is
assumed in both cases. This results in an RDA for magnesium in
men ages 19 through 30 years of 400 mg (16.7 mmol)/day, and for
women ages 19 through 30 years of 310 mg (12.9 mmol)/day.

RDA for Men 19 through 30 years 400 mg (16.7 mmol)/day
RDA for Women 19 through 30 years 310 mg (12.9 mmol)/day

Ages 31 through 50 Years

Indicators Used to Set the EAR in Men

Balance Studies.  The results of five balance studies in men aged
31 through 50 years, which met the criteria for inclusion, are shown
in Table 6-3. Two controlled-intake studies which looked at the in-
fluence of dietary oxalate and fiber on mineral balances, included
magnesium balances for men aged 34 to 58 years who were consum-
ing either high-fiber (Kelsay et al., 1979) or high-oxalate (Kelsay
and Prather, 1983) diets. Intakes ranged from 308 to 356 mg (12.8
to 14.8 mmol)/day. On a low, nondigestible fiber diet (4.9 g/day),
average magnesium balance was positive; but the magnesium intake
was not sufficient on the high-fiber or high-oxalate diets to main-
tain magnesium balance. Magnesium balance in male subjects aged
19 to 64 years given lower magnesium intakes (229 or 258 mg [9.5
or 10.8 mmol]) at two levels of dietary protein has also been esti-
mated (Mahalko et al., 1983). Average magnesium balance at either
protein level was at equilibrium for this wider-age-range group, in-
dicating that, at least based on crude magnesium balance, dietary
intake was near adequacy overall. However, in another study, mag-
nesium intakes of 240 to 264 mg (10 to 11 mmol)/day resulted in
net negative balances (–23 mg [1 mmol]/day and –26 mg [1.1
mmol]/day) in the five subjects studied (Spencer et al., 1994). Mag-
nesium intakes of 789 to 826 mg (32.9 to 34.4 mmol)/day resulted
in positive balances in these same subjects. Finally, in a year-long
study of magnesium intakes by individuals on self-selected diets with
periodic measurements of balance, average intake of seven male
subjects aged 35 to 53 years, was 310 ± 88 mg (12.9 ± 3.7 mmol)/day
(Lakshmanan et al., 1984). The individual averages of the four 1-
week balance periods during the year resulted in a group mean
negative magnesium balance, although three subjects had average
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positive balances or were in equilibrium and four were in negative
balance.

Indicators Used to Set the EAR in Women

Balance Studies.  The only study in females for this age group was
part of the year-long study of dietary intakes of men and women,
which included an estimation of magnesium balance in 10 women
aged 25 to 53 years (Lakshmanan et al., 1984). The average magne-
sium intake was 231 ± 80 mg (9.6 ± 3.3 mmol)/day. Four subjects
were in positive or zero balance, while six were in negative balance,
which suggests that 231 mg (9.6 mmol)/day is probably less than is
necessary to prevent magnesium loss in 50 percent of women ages
31 through 50 years. Thus, the average requirement for women
ages 31 through 50 years appears to be somewhat higher than 231
mgs (9.6 mmol)/day.

EAR Summary: Ages 31 through 50 years, Men

Based on the studies described above, the average requirement
for males ages 31 through 50 years does not appear to differ sub-
stantially from that of men ages 19 through 30 years. However, there
are more instances of negative balance in the intake range of 300 to
350 mg (12.5 to 14.6 mmol)/day in the older subjects studied. The
EAR is thus set at 350 mg (14.6 mmol)/day, with the expectation
that with age, consumption of diets with higher fiber content in-
creases. Since the two studies in which lower magnesium levels were
consumed resulted in predominantly negative balances (Mahalko
et al., 1983; Spencer et al., 1994), the data of the Lakshmanan et al.
study (1984) raise a concern: the self-selected magnesium intake of
the older men was more than 10 percent below that of the younger
men in the same study.

This EAR is also based on the assumption that the best current
indicator of adequacy, given lack of supporting data for other out-
comes, is for an individual to maintain total body magnesium over
time as opposed to being in negative magnesium balance. The ob-
served change from average negative magnesium retention to posi-
tive retention or vice versa caused by changes in other factors in the
diet (for example, fiber, protein) rather than the level of magne-
sium consumed provides two perspectives: (1) it gives some assur-
ance that the dietary level being evaluated is within the range of the
average requirement, and (2) it gives an indication of the many
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factors that affect magnesium requirements as evaluated by balance
studies. Thus, it is the combination of balance studies that provides
some assurance that the estimates of average requirements derived
are of value as dietary reference intakes.

EAR for Men 31 through 50 years 350 mg (14.6 mmol)/day

Based on the 1994 CSFII magnesium intake data and adjusted for
day-to-day variation (Nusser et al., 1996), the EAR of 350 mg (14.6
mmol)/day for men ages 31 through 50 years falls between the
median magnesium intake of 327 mg (13.6 mmol)/day and the
seventy-fifth percentile of magnesium intake of 397 mg (16.5
mmol)/day (see Appendix D).

EAR Summary: Ages 31 through 50 Years, Women

Based on the one study described above in which women aged 25 to
53 years were predominantly in negative magnesium balance at an
average intake of 231 mg (9.6 mmol)/day (Lakshmanan et al., 1984),
and comparing the information on younger women and on men, the
EAR for women ages 31 through 50 years is estimated to be 265 mg
(11.0 mmol)/day. This is quite close to the EAR for younger women,
which was based on data from the same study. However, two pieces of
evidence lead to the conclusion that the EAR is somewhat greater for
this age group. Since renal function is critical to maintenance of mag-
nesium status, and it has been shown to decline with age, it follows that
an increased EAR is warranted. Also, a higher percentage of the older
women were in negative balance compared to the younger women.
This was also demonstrated when comparing the older men (31
through 50 years) with the younger men (19 through 30 years). This
EAR is based on the assumption that the best current indicator of
adequacy, given lack of supporting data for other outcomes, is for an
individual to maintain total body magnesium over time.

EAR for Women 31 through 50 years 265 mg (11.0 mmol)/day

Based on the 1994 CSFII intake data and adjusted for day-to-day
variation (Nusser et al., 1996), the median magnesium intake of
women aged 31 through 50 years is 229 mg (9.5 mmol)/day (see
Appendix D). This is below the EAR of 265 mg (11.0 mmol). The
seventy-fifth percentile of intake is 277 mg (11.5 mmol)/day, which
is above the EAR.
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Determination of the RDA: Ages 31 through 50 Years

The variance in requirements cannot be determined from the
available data for either men or women. Thus, a CV of 10 percent is
assumed for both cases. This results in an RDA for men ages 31
through 50 years for magnesium of 420 mg (17.5 mmol) and for
women, 320 mg (13.3 mmol)/day.

RDA for Men 31 through 50 years 420 mg (17.5 mmol)/day
RDA for Women 31 through 50 years 320 mg (13.3 mmol)/day

Ages 51 through 70 Years

Indicators Used to Set the EAR for Men

Balance Studies.  The results of five balance studies for men aged 51
through 70 years are shown in Table 6-4. Balance studies cited in Ta-
ble 6-3 (aged 31 through 50 years) by Kelsay et al. (1979), Kelsay and
Prather (1983), Mahalko et al. (1983), and Spencer et al. (1994) in-
cluded some male subjects in this age range, so these data are also
included in this age group. Schwartz et al. (1984) assessed magnesium
balance in eight males, mean age 53 ± 5 years and mean weight 67 ± 14
kg (148 ± 31 lb). A positive magnesium balance was found in the men
who consumed an average intake of 381 mg (15.9 mmol)/day of mag-
nesium (5.9 mg or 0.25 mmol/kg/day on the average).

Indicators Used to Set the EAR for Women

No studies have been reported for women in this age group.

EAR Summary: Ages 51 through 70 Years, Men

A mean daily magnesium intake of 381 mg (15.9 mmol) main-
tained balance in all eight subjects in the Schwartz et al. (1984)
study, following a 30-day adaptation period. This would indicate
that, in the absence of other studies that might demonstrate differ-
ent results, the EAR should be less than 380 mg (15.8 mmol) in
order to prevent magnesium loss. This study, along with those dis-
cussed above in the other adult age groups, indicates that the EAR
can be expected to be somewhere between 330 and 380 mg (13.8
and 15.8 mmol)/day. Given the lower body weights in the Schwartz
et al. (1984) study compared with those in the younger age groups,
the magnesium intakes per kg body weight are greater (approxi-
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mately 5.9 mg [0.25 mmol]/kg/day). Because the data for the age
group 31 through 50 years reflect more instances of negative bal-
ance when dietary magnesium intakes were in the range of 300 to
350 mg (12.5 to 14.6 mmol)/day, it is appropriate to estimate the
EAR to be 350 mg (14.6 mmol)/day, particularly in light of the
importance of renal function to maintaining magnesium homeosta-
sis. This EAR is based on the assumption that the best current indi-
cator of adequacy, given lack of supporting data for other outcomes,
is to maintain total body magnesium over time.

EAR for Men 51 through 70 years 350 mg (14.6 mmol)/day

Based on the 1994 CSFII intake data and adjusted for day-to-day
variation (Nusser et al., 1996), the median intake of magnesium for
men aged 51 through 70 years is 295 mg (12.3 mmol)/day, and the
seventy-fifth percentile of intake is 362 mg (15.1 mmol)/day (see
Appendix D), which is slightly above the EAR of 350 mg (14.6
mmol)/day.

EAR Summary: Ages 51 to 70 Years, Women

Because there are no studies in women in this age group, the EAR
is based on the one study described in women aged 31 through 50
and on comparisons of the information in younger women and in
men. There is no basis on which to change the EAR for this age
group from that for women ages 31 through 50 years, which is esti-
mated to be 265 mg (11.0 mmol)/day, other than a concern about
the possible decline in renal function associated with aging. Howev-
er, since an adjustment for declining renal function was included in
the estimate of the 31- through 50-year-old women, no further ad-
justment is needed for this age group. Thus, the EAR is also 265 mg
(11.0 mmol)/day for women ages 51 through 70 years. This EAR is
also based on the assumption that the best current indicator of
adequacy, given lack of supporting data for other outcomes, is to
maintain total body magnesium over time.

EAR for Women 51 through 70 years 265 mg (11.0 mmol)/day

Based on the 1994 CSFII intake data and adjusted for day-to-day
variation (Nusser et al., 1996), the median intake of magnesium for
women aged 51 through 70 years is 230 mg (9.6 mmol)/day, and
the seventy-fifth percentile of intake is 276 mg (11.5 mmol)/day
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(see Appendix D), which is slightly above the EAR of 265 mg (11.0
mmol)/day for women in this age range.

Determination of the RDA: Ages 51 through 70 Years

The variance in requirements cannot be determined from the
data available for either men or women ages 51 through 70 years.
Thus, a CV of 10 percent is assumed for both cases. This results in
an RDA for men ages 51 through 70 years of approximately 420 mg
(17.5 mmol)/day, and for women, 320 mg (13.3 mmol)/day.

RDA for Men 51 through 70 years 420 mg (17.5 mmol)/day
RDA for Women 51 through 70 years 320 mg (13.3 mmol)/day

Ages >70 Years

Indicators Used to Set the EAR

Studies in this age group have aggregated data from both men
and women, and therefore the requirements will be considered to-
gether. The greater numbers of individuals with chronic diseases in
this population, and the comparative lack of research studies car-
ried out in healthy free-living individuals in this age category, make
estimation of requirements problematic.

Balance Studies.  No magnesium balance studies that meet the
criteria previously described have been reported in subjects over 70
years of age.

Magnesium Tolerance Tests.  One study with 36 healthy elderly
subjects (8 males and 28 females) 65 years of age and older (aver-
age age 73 ± 6 years), used magnesium tolerance testing as the
indicator of adequacy (Gullestad et al., 1994). The self-selected di-
etary magnesium intake was estimated from food frequency ques-
tionnaires to be 380 ± 94 mg (15.8 ± 3.9 mmol)/day in the males
and 300 ± 61 mg (12.5 ± 2.5 mmol)/day in the females. When
corrected for body weight, this intake was similar in both sexes, 5.1
mg (0.21 mmol)/kg/day. Magnesium retention from the load giv-
en was 28 ± 16 percent in the elderly and was significantly greater
than the 3.6 percent retention in a reference group of 53 subjects
aged 55 ± 12 years. However, no correlation was seen between esti-
mated magnesium intake and magnesium retention from the load
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given. These data do not provide convincing evidence on which to
base an estimated requirement.

Intracellular Studies.  Intracellular magnesium was assessed in two
studies in elderly subjects. Total red blood cell magnesium was mea-
sured in 381 institutionalized, elderly subjects aged 80 ± 9.5 years
(Touitou et al., 1987). The mean dietary magnesium intake was 240
mg (10 mmol)/day. Abnormally low blood cell magnesium was
found in 21 percent of the subjects (about 10 percent had low plas-
ma magnesium concentrations as well). A large number of these
subjects had conditions and/or had been on medications that con-
tributed to the apparent poor magnesium status. After excluding
these factors, the prevalence of low red blood cell magnesium in
the remaining 198 subjects was not significantly different (19 per-
cent). Again, no correlation was found between dietary intake and
red blood cell magnesium values. In another study, red blood cell
magnesium values in 12 nonobese elderly subjects (6 males, 6 fe-
males) aged 78 ± 2 years were compared with those of 25 young
healthy subjects (13 males, 12 females) aged 36 ± 0.4 years (Paolisso
et al., 1992). Self-selected dietary magnesium intakes of both groups
were estimated to be 311 ± 21 mg (13.0 ± 0.9 mmol)/day. Red
blood cell magnesium levels in the elderly were 1.86 mmol/liter
(4.5 mg/dl), which was significantly less than that of the control
subjects, with average levels of 2.18 mmol/liter (5.2 mg/dl). Mag-
nesium therapy in the elderly resulted in a rise in red blood cell
magnesium and an increase in insulin secretion and action, which
suggests that the low red blood cell magnesium was physiologically
relevant in this population.

EAR Summary: Ages > 70 Years

Because no balance studies meeting appropriate criteria are avail-
able, other possible indicators of magnesium requirements for this
age group were reviewed. However, no conclusive studies were
found. The methods used in the studies of magnesium tolerance
testing and intracellular magnesium discussed above have yet to be
validated sufficiently to serve as the basis for estimating average
requirements.

The reported magnesium intakes from the three available studies
using these methodologies, however, are consistent with balance
studies in younger age groups. The study by Gullestad et al. (1994),
using magnesium tolerance testing, found an estimated average di-
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etary magnesium intake in males of 380 mg (15.8 mmol)/day and
300 mg (12.5 mmol)/day in females. The study of intracellular mag-
nesium by Touitou and coworkers (1987) suggests that the average
requirement would be approximately 240 mg [10 mmol]/day). The
study by Paolisso and colleagues (1992) found that in elderly sub-
jects, an average dietary magnesium intake of 311 mg (13.0 mmol)/
day was accompanied by a lower mean red blood cell magnesium
concentration, which was not found in younger controls.

Given the uncertainty in the above methods, and the lack of bal-
ance data in healthy, elderly individuals to support the intake levels
that may appear to be warranted based on the above analysis, esti-
mates of magnesium requirements are suggested to remain at the
level established for the other older adult age groups. These esti-
mates would be within the range identified above as estimating the
average requirement for elderly. It must be remembered, though,
that urinary magnesium excretion has been shown to increase with
age (Lowik et al., 1993, Martin, 1990), indicating a decrease in re-
nal function.

EAR for Men > 70 years 350 mg (14.6 mmol)/day
EAR for Women > 70 years 265 mg (11.0 mmol)/day

Based on the 1994 CSFII intake data and adjusted for day-to-day
variation (Nusser et al., 1996), the median magnesium intake for
men aged > 70 years is 274 mg (11.4 mmol)/day (see Appendix D).
The EAR of 350 mg (14.6 mmol)/day falls between the seventy-fifth
percentile of magnesium intake of 334 mg (13.9 mmol)/day and
the ninetieth percentile of intake of 394 mg (16.4 mmol)/day. For
women in this same age range, the median magnesium intake is 205
mg (8.5 mmol)/day. As for men ages > 70 years, the magnesium
EAR for women of 265 mg (11.0 mmol)/day falls between the sev-
enty-fifth percentile of intake of 248 mg (10.3 mmol)/day and the
ninetieth percentile of intake of 290 mg (12.1 mmol)/day.

Determination of the RDA for Magnesium: Ages > 70 Years

The variance in requirements could not be determined from the
available data for either men or women ages > 70 years. Thus, a CV
of 10 percent is assumed for the > 70 years age group. This results
in an RDA for men ages > 70 years for magnesium of approximately
420 mg (17.5 mmol)/day and for women ages > 70 years of 320 mg
(13.3 mmol)/day.
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RDA for Men > 70 years 420 mg (17.5 mmol)/day
RDA for Women > 70 years 320 mg (13.3 mmol/day

Pregnancy

Indicators Used to Set the EAR

Serum Magnesium Concentrations.  Because serum magnesium con-
centration is reduced during pregnancy (Kurzel, 1991; Weissberg et
al., 1992), the use of magnesium sulfate as a tocolytic agent has led
some investigators to study the possible role of magnesium status in
determining pregnancy and infant outcome, including the inci-
dence of preterm labor and pregnancy-induced hypertension and
fetal growth retardation, mental retardation, and cerebral palsy in
the newborn (Conradt et al., 1984; Rudnicki et al., 1991; Schendel
et al., 1996). However, the reduction in serum magnesium concen-
tration during pregnancy is thought to be due, in part, to hemodi-
lution, and this decrease parallels the decrease seen in serum pro-
tein (Seydoux et al., 1992). Serum ionized magnesium has also been
reported to decrease late in pregnancy (Bardicef et al., 1995; Hand-
werker et al., 1996). Therefore, serum magnesium concentrations
do not appear to be adequate indicators of magnesium status.

Intracellular Magnesium.  Inconsistent findings have been report-
ed on changes in lymphocyte magnesium concentrations during
pregnancy. Some investigators report no change (Seydoux et al.,
1992), while others find intracellular magnesium depletion
(Bardicef et al., 1995). Such indicators of magnesium status have
not been adequately assessed during pregnancy and thus are not
used here as the basis for determining requirements.

Balance Studies.  Few magnesium balance studies have been per-
formed in pregnant subjects. One study of 48 magnesium balances
conducted in 10 subjects for 7-day periods at various stages of preg-
nancy has been reported (Ashe et al., 1979). The balances, which
were not carried out in a metabolic unit setting, demonstrated an
average negative magnesium balance of –40 mg (–1.7 mmol)/day
on a mean daily magnesium intake of 269 ± 55 mg (11.2 ± 2.3
mmol) (Ashe et al., 1979).

Magnesium Tolerance Tests.  Parenteral magnesium load tests in
postpartum American and Thai women have been conducted to
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evaluate the methodology (Caddell et al., 1973, 1975). In 185 Amer-
ican women, the mean magnesium retention was 51 percent. High-
er magnesium retention was associated with lower serum magne-
sium concentrations as well as with diets low in magnesium-rich
foods (Caddell et al., 1975). In Thai women, who consumed a diet
containing more magnesium-rich foods, a mean retention of 23
percent was observed (Caddell et al., 1973).

Pregnancy Outcome.  Several cross-sectional studies have investi-
gated whether magnesium status is altered in women with gestation-
al diabetes, preterm labor, pregnancy-induced hypertension, or
preeclampsia (Bardicef et al., 1995; Kurzel, 1991; Seydoux et al.,
1992; Weissberg et al., 1992). The results of these studies are not
consistent, possibly due to the control groups that were used or the
inability to distinguish whether altered magnesium status precedes
the outcome or the outcome influences magnesium status.

In one cross-sectional study, lower serum magnesium concentra-
tions were observed in women during preterm labor (n = 71) com-
pared with normal pregnant women in labor (n = 128) (Kurzel,
1991). Although this study found no difference in serum magne-
sium concentrations between the two groups, others have observed
reduced serum magnesium during labor (Weissberg et al., 1992).
Therefore, it is not clear whether hypomagnesemia induces uterine
irritability and leads to preterm labor or whether labor results in a
reduction in serum magnesium concentration.

Longitudinal studies have an advantage over cross-sectional stud-
ies in that changes in magnesium intake or status can be deter-
mined prior to knowing the final outcome of pregnancy. A prospec-
tive observational study of 965 women who were followed from 30
weeks gestation found no effect of magnesium intake on birth-
weight, as determined by a self-administered questionnaire and a
structured interview (Skajaa et al., 1991). The mean reported daily
magnesium intake was relatively high at 445 mg (18.5 mmol) for
the entire population, with a 95 percent range of 256 to 631 mg
(10.7 to 26.3 mmol). The subgroups of women who gave birth to a
small-for-gestational age infant, had preterm labor, or who later
developed preeclampsia all had similar mean magnesium intakes
and serum magnesium concentrations during their third trimester
compared with women who had normal pregnancies. There were
no differences in tissue magnesium concentrations determined
from either abdominal rectus or myometrial muscle biopsies among
women delivering by cesarean section because of intrauterine
growth retardation (n = 5), preeclampsia (n = 12), or labor difficul-
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ties (n = 14). The results of this study appear to indicate that intrau-
terine growth retardation, preterm labor, and preeclampsia are not
associated with daily magnesium intakes around 445 mg (18.5
mmol) or with serum magnesium concentrations at approximately
30 weeks gestation; and in a small number of women with adverse
outcomes, tissue concentrations of magnesium were not abnormal
at the time of delivery (Skajaa et al., 1991).

A retrospective study by Conradt and coworkers (1984) found
that magnesium supplementation had a beneficial effect on preg-
nancy outcome. Pregnancy outcomes were studied during a period
when the practice of magnesium supplementation changed. Wom-
en with high-risk pregnancies were routinely supplemented with 36
to 72 mg (1.5 to 3 mmol)/day magnesium throughout the study (n
= 660), whereas during the previous 2 years women were routinely
supplemented with 360 to 480 mg (15 to 20 mmol)/day magnesium
(n = 264). Unfortunately, the study groups were not randomized,
and baseline estimates of magnesium intakes were not determined.
Pregnancy outcomes among these two groups were compared with
outcomes among high-risk women not receiving magnesium sup-
plements (n = 4,023). The results showed that women receiving
either level of magnesium did not develop pregnancy-induced hy-
pertension and preeclampsia; among those not receiving supple-
ments, 97 cases (2 percent) occurred. Women with the higher in-
take of magnesium had a lower incidence of intrauterine growth
retardation than did women with the lower intake.

Three prospective trials of magnesium supplementation during
pregnancy have been conducted (Table 6-5). One study was a dou-
ble-blind, randomized, controlled trial (Sibai et al., 1989), one was
a quasi-randomized trial (group assignment determined by moth-
er’s date of birth) (Spatling and Spatling, 1988), and the random-
ization method of the other was not clear (Kuti et al., 1981). In the
first two studies, women were supplemented with magnesium aspar-
tate-hydrochloride containing 365 mg (15.2 mmol)/day of magne-
sium. In the third study, women were supplemented with magne-
sium citrate, which provided a daily magnesium average intake of
170 to 340 mg (7.1 to 14.2 mmol). Women were categorized into
three levels of total magnesium consumed throughout the pregnan-
cy. Daily magnesium intake from supplements was estimated to be
127 to 202 mg (5.3 to 8.4 mmol) for the category with the highest
level of magnesium consumed (Table 6-5).

Baseline magnesium intake was not reported in any of the studies.
The mean daily magnesium intake for women in Hungary at the
time the study by Kuti and coworkers (1981) was conducted was 330
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mg (13.8 mmol). Daily magnesium intakes by pregnant women in
the United States, where the study by Sibai and coworkers was com-
pleted, ranged from 158 to 259 mg (6.6 to 10.8 mmol) (Franz,
1987). Based on these baseline estimates of dietary magnesium in-
take and the amounts provided in the above trials, total magnesium
intakes in the supplemented groups would have ranged from 420 to
625 mg (17.5 to 26 mmol). The results of magnesium supplementa-
tion trials indicate that the incidence of preeclampsia and intrau-
terine growth retardation was not affected by magnesium supple-
mentation in two studies, the incidence of preterm delivery
decreased in only one of three studies, and preterm labor was less
frequent in one of two studies (see Table 6-5).

Accretion Rate during Pregnancy.  The increase in body weight
caused by lean tissue accretion during pregnancy is expected to
result in a greater requirement for magnesium if there are no preg-
nancy-induced increases in intestinal absorption and renal reabsorp-
tion. Data are not available on accretion of magnesium in lean tis-
sue during pregnancy, but this accretion can be estimated (see
following section). Given that fat-free body mass contains about 470
mg (19.6 mmol) of magnesium/kg (Widdowson and Dickerson,
1964), it is possible to determine the amount necessary for accre-
tion for an appropriate weight gain.

EAR Summary for Pregnancy

Inconsistent findings on the effect of magnesium supplementa-
tion on pregnancy outcome make it difficult to determine whether
magnesium intakes greater than those recommended for non-preg-
nant women are beneficial. In addition, there are no data indicat-
ing that magnesium is conserved during pregnancy or intestinal
absorption is increased. The gain in weight associated with preg-
nancy alone may result in a greater requirement for magnesium.

The EAR for pregnancy is set at an additional 35 mg (1.5
mmol)/day. This additional requirement is based on the follow-
ing assumptions:

• Appropriate added lean body mass (LBM) is 6 to 9 kg with a
midpoint of 7.5 kg (IOM, 1991).

• The magnesium content of 1 kg of LBM is 470 mg (19.6 mmol)
(Widdowson and Dickerson, 1964).

• The adjustment factor for a bioavailability of 40 percent (Abrams
et al., 1997) is 2.5.
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Calculation: (7.5 kg /270 days) × 470 mg/kg × 2.5 = 33 mg/day
(rounded up to 35) This value is to be added to the EAR for the
woman’s age group.

EAR for Pregnancy All ages + 35 mg (1.5 mmol)/day

Based on the 1994 CSFII intake data for 33 pregnant women and
adjusted for day-to-day variation (Nusser et al., 1996), the median
magnesium intake of pregnant women is 292 mg (12.2 mmol)/day,
and the seventy-fifth percentile of intake is 332 mg (13.8 mmol)/
day (see Appendix D). The EAR of 290 mg (12.1 mmol)/day for
pregnant women ages 19 through 30 years and the EAR of 300 mg
(12.7 mmol)/day for pregnant women ages 31 through 50 would
fall close to the median of magnesium intake. The seventy-fifth per-
centile of intake, 332 mg (15.3 mmol)/day, is near the magnesium
EAR of 335 mg (15.2 mmol)/day for pregnant women ages 14
through 18 years.

Determination of the RDA: Pregnancy

The variance in requirements cannot be determined from the
available data for pregnant women. Thus a CV of 10 percent is
assumed. This results in an increase in the RDA for pregnancy for
magnesium as follows:

EAR for Pregnancy
14 through 18 years 335 mg (14.0 mmol)/day
19 through 30 years 290 mg (12.7 mmol)/day
31 through 50 years 300 mg (12.7 mmol)/day

RDA for Pregnancy
14 through 18 years 400 mg (16.7 mmol)/day
19 through 30 years 350 mg (15.0 mmol)/day
31 through 50 years 360 mg (15.0 mmol)/day

Special Considerations

Diabetes Mellitus.  Infants of mothers with Type I insulin-depen-
dent diabetes mellitus are at risk of hypocalcemia and hypo-
magnesemia, possibly due to magnesium deficiency in the mother
(Mimouni et al., 1986; Tsang et al., 1976). Lower intracellular mag-
nesium concentrations have been recently reported in women with
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gestational diabetes (Bardicef et al., 1995). It is not known whether
this is a sequellae of the condition or a factor in its causation.

Pregnant Adolescents, Multiparous Births.  A prospective study of
53 nulliparous teenagers found no difference in serum or erythro-
cyte magnesium concentrations between those pregnant adolescents
who developed pregnancy-induced hypertension and those who had
normal term deliveries, with both groups having decreasing con-
centrations of magnesium over gestation (Boston et al., 1989). How-
ever, Caddell and coworkers (1975) found a greater renal retention
of a parenteral load of magnesium in pregnant adolescents and
women with twin pregnancies, suggesting that magnesium require-
ments during these periods may be increased.

Lactation

Indicators Used to Set the EAR

Human Milk Content.  The concentration of magnesium in hu-
man milk averages between 25 to 35 mg (1.0 to 1.5 mmol)/liter and
is not influenced by the mother’s magnesium intake (Moser et al.,
1983, 1988). Assuming a milk production of 780 ml/day, a lactating
woman may secrete from 9 to 26 mg (0.4 to 1.1 mmol)/day of
magnesium in her milk (Allen et al., 1991).

Despite the secretion of magnesium in milk during lactation, plas-
ma and erthyrocyte magnesium concentrations do not differ be-
tween lactating and nonlactating women at daily magnesium in-
takes of approximately 250 mg (10.4 mmol) (Moser et al., 1983),
and milk concentrations do not change throughout lactation (Dew-
ey et al., 1984; Moser et al., 1983; Rajalakshmi and Srikantia, 1980).

Balance Studies. A magnesium balance study in six lactating wom-
en, six nonlactating postpartum women, and seven women who were
never pregnant found lower urinary magnesium concentrations in
lactating women compared with women who were never pregnant
(Dengel et al., 1994). A positive magnesium balance of 20 mg (0.84
mmol)/day was reported in lactating women consuming a daily
magnesium intake of 217 mg (9 mmol). However, there was only a
5-day adaptation period, and although the women appeared to con-
serve magnesium, the small number of subjects may have lead to an
insufficient ability to detect a difference. Whether the increased
bone resorption that occurs during lactation contributes to the mag-
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nesium pool available for milk production, or whether renal con-
servation is sufficient to meet the increased need, is unknown. Uri-
nary magnesium concentrations in the lactating women were simi-
lar to those of nonlactating postpartum women; however, the
24-hour urinary magnesium losses in these lactating women were
similar to urinary losses in women determined to be magnesium
depleted based on the results of magnesium loading tests (Cad-
dell et al., 1975). Although this study found lower urinary mag-
nesium excretion in lactating women consuming an estimated
daily average magnesium intake of 217 mg (9 mmol), another
study found no difference in urinary magnesium concentrations
between lactating and never-pregnant women who consumed
higher average daily intakes of magnesium, around 270 mg (11.3
mmol) (Klein et al., 1995).

EAR and RDA Summary for Lactation

Currently, no consistent evidence exists to support an increased
requirement for dietary magnesium during lactation. It appears that
decreased urinary excretion of magnesium and increased bone re-
sorption during lactation may provide the necessary magnesium for
milk production. Therefore, the EAR and RDA are estimated to be
the same as that obtained for nonlactating women of similar age
and body weight.

EAR for Lactation
14 through 18 years 300 mg (12.5 mmol)/day
19 through 30 years 255 mg (11.3 mmol)/day
31 through 50 years 265 mg (11.3 mmol)/day

RDA for Lactation
14 through 18 years 360 mg (15.0 mmol)/day
19 through 30 years 310 mg (13.3 mmol)/day
31 through 50 years 320 mg (13.3 mmol)/day

Based on the 1994 CSFII intake data and adjusted for day-to-
day variation (Nusser et al., 1996), the median intake of magne-
sium in 16 lactating women is 316 mg (13.2 mmol)/day; the
fifth percentile of intake for the 16 women (of unspecified age)
was 267 mg (11.1 mmol)/day (see Appendix D), which is slightly
above the magnesium EAR for lactating women 19 through 30
years and close to the magnesium EAR of 265 mg (11.3 mmol)/
day for lactating women ages 31 through 50 years. The twenty-
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fifth percentile intake is 296 mg (12.3 mmol)/day, which is
slightly below the EAR of 300 mg (13.8 mmol)/day for lactating
women ages 14 through 18 years.

Special Considerations

Mothers Nursing Multiple Infants.  Increased intakes of magne-
sium during lactation, as with calcium, should be considered in
mothers nursing multiple infants concurrently. Magnesium require-
ments may be higher due to the increased milk production of a
mother while nursing multiple infants. It is not known whether de-
creased urinary magnesium and increased maternal bone resorp-
tion provide sufficient amounts of magnesium to meet these in-
creased needs.

TOLERABLE UPPER INTAKE LEVELS

Hazard Identification

Magnesium, when ingested as a naturally occurring substance in foods,
has not been demonstrated to exert any adverse effects. However, ad-
verse effects of excess magnesium intake have been observed with in-
takes from nonfood sources such as various magnesium salts used for
pharmacologic purposes. Thus, a Tolerable Upper Intake Level (UL)
cannot be based on magnesium obtained from foods. All reports of
adverse effects of excess magnesium intake concern magnesium taken
in addition to that consumed from food sources. Therefore, for the
purposes of this review, magnesium intake that could result in adverse
effects was from that obtained from its pharmacological use.

The primary initial manifestation of excessive magnesium intake
from nonfood sources is diarrhea (Mordes and Wacker, 1978; Rude
and Singer, 1980). Magnesium has a well-known cathartic effect and is
used pharmacologically for that purpose (Fine et al., 1991b). The diar-
rheal effect produced by pharmacological use of various magnesium
salts is an osmotic effect (Fine et al., 1991b) and may be accompanied
by other mild gastrointestinal effects such as nausea and abdominal
cramping (Bashir et al., 1993; Marken et al., 1989; Ricci et al., 1991).
Osmotic diarrhea has not been reported with normal dietary intakes
of magnesium. Magnesium ingested as a component of food or food
fortificants has not been reported to cause this mild, osmotic diarrhea
even when large amounts are ingested.

Magnesium is absorbed much more efficiently from the normal
concentrations found in the diet than it is from the higher doses
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found in nonfood sources (Fine et al., 1991a). The presence of
food likely counteracts the osmotic effect of the magnesium salts in
the gut lumen (Fine et al., 1991a). In normal individuals, the kid-
ney seems to maintain magnesium homeostasis over a rather wide
range of magnesium intakes. Thus, hypermagnesemia has not been
documented following the intake of high levels of dietary magne-
sium in the absence of either intestinal or renal disease (Mordes
and Wacker, 1978).

Hypermagnesemia can occur in individuals with impaired renal
function and is most commonly associated with the combination of
impaired renal function and excessive intake of nonfood magne-
sium (for example, as antacids) (Mordes and Wacker, 1978; Ran-
dall et al., 1964). Hypermagnesemia resulting from impaired renal
function and/or intravenous administration of magnesium can re-
sult in more serious neurological and cardiac symptoms, but elevat-
ed serum magnesium concentrations greater than 2 to 3.5 mmol/
liter (4.8 to 8.4 mg/dl) must be attained before onset of these symp-
toms (Rude and Singer, 1980). Intakes of nonfood magnesium have
rarely been reported to cause symptomatic hypermagnesemia in
individuals with normal renal function.

Although magnesium supplements are used (see Table 2-2), com-
paratively few serious adverse reactions are reported until high dos-
es are ingested (see data following). However, some individuals in
the population may be at risk of a mild, reversible adverse effect
(diarrhea) even at doses from nonfood sources that are easily toler-
ated by others. Thus, diarrhea was chosen as the most sensitive tox-
ic manifestation of excess magnesium intake from nonfood sources.

It is not known if all magnesium salts behave similarly in the induc-
tion of osmotic diarrhea. In the absence of evidence to the contrary, it
seems prudent to assume that all dissociable magnesium salts share
this property. Reports of diarrhea associated with magnesium frequent-
ly involve preparations that include aluminum, and therefore a specif-
ic magnesium-associated effect cannot be ascertained.

Large pharmacological doses of magnesium can clearly result in
more serious adverse reactions. An 8-week-old infant suffered meta-
bolic alkalosis, diarrhea, and dehydration after receiving large
amounts of magnesium oxide powder on each of two successive
days (Bodanszky and Leleiko, 1985). Urakabe et al. (1975) reported
that a female adult suffered from metabolic alkalosis and hypokale-
mia from the repeated daily ingestion of 30 g (1,250 mmol) of
magnesium oxide. Several cases of paralytic ileus were encountered
in adult patients who had taken large, cathartic doses of magne-
sium: in one case, two bottles of magnesium citrate and several
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doses of milk of magnesia, and in the other case, several doses of
magnesium sulfate in a patient with mild renal impairment (Golzari-
an et al., 1994). Cardiorespiratory arrest was encountered in a sui-
cidal patient given 465 g (19.1 mol) of magnesium sulfate as a ca-
thartic to counteract an intentional drug overdose (Smilkstein et
al., 1988). Deaths from very large exposures to magnesium in the
form of magnesium sulfate or magnesium oxide have been report-
ed following cardiac arrest, especially in individuals with renal in-
sufficiency (Randall et al., 1964; Thatcher and Rock, 1928).

Dose-Response Assessment

Adolescents and Adults: Ages > 8 Years

Data Selection.  A review of the scientific literature revealed rela-
tively few reports that were useful in establishing a UL for magne-
sium. Because magnesium has not been shown to produce any toxic
effects when ingested as a naturally occurring substance in foods, a
UL cannot be established for dietary magnesium at this time. In
addition, studies involving intravenous administration of compara-
tively large doses of magnesium used in the treatment of preterm
labor, pregnancy-induced hypertension, or other clinical conditions
were not considered applicable for the derivation of ULs. Based on
limited data described below, a UL can be established for magne-
sium from nonfood sources.

Identification of a NOAEL (or LOAEL) and Critical Endpoint.  As the
primary initial manifestation of excessive magnesium intake, diar-
rhea was selected as the critical endpoint. The few studies that re-
port mild diarrhea and other gastrointestinal symptoms from uses
of magnesium salts were reviewed to identify a No-Observed-Ad-
verse-Effect Level (NOAEL) (or Lowest-Observed-Adverse-Effect-
Level [LOAEL]). Gastrointestinal symptoms, including diarrhea,
developed in 6 of 21 patients (51- to 70-year-old males and females)
receiving long-term magnesium chloride therapy at levels of 360
mg (15 mmol) of magnesium (Bashir et al., 1993). Gastrointestinal
manifestations developed in 5 of 25 pregnant women being given
384 mg (16 mmol) of daily magnesium as magnesium chloride sup-
plements for the prevention of preterm delivery, although one pa-
tient receiving the placebo treatment also developed diarrhea (Ric-
ci et al., 1991). Diarrhea was also noted in 18 of 50 healthy white
and black men and women (aged 31 through 50 years) who were
ingesting 470 mg (19.6 mmol) of magnesium as magnesium oxide
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daily (Marken et al., 1989). Levels of fecal output of soluble magne-
sium and fecal magnesium concentration were elevated in individu-
als with diarrhea induced by 168 to 2,320 mg (7 to 97 mmol) of
magnesium as magnesium hydroxide (Fine et al., 1991b).

However, other studies using similar or even higher levels of sup-
plemental magnesium reported no diarrhea or other gastrointesti-
nal complaints. Healthy 18- to 38-year-old males given diets enriched
with magnesium oxide at levels up to 452 mg (18.9 mmol) daily for
6 days did not report the occurrence of any gastrointestinal symp-
toms (Altura et al., 1994). This study of the effect of magnesium-
enriched diets on absorption involved the fortification of foods with
magnesium, which may have different effects from the administra-
tion of magnesium supplements outside the normal diet. Further-
more, no diarrhea was reported in patients of varying ages receiving
an average of 576 mg (24 mmol)/day of supplemental magnesium
as magnesium oxide in a metabolic balance study for 28 days (Spen-
cer et al., 1994). Diarrhea or other gastrointestinal complaints were
not observed in patients receiving up to 1,200 mg (50 mmol) of
magnesium in the form of an aluminum-magnesium-hydroxycar-
bonate antacid over a 6-week trial period (Nagy et al., 1988). In a
longer-term study, a group of postmenopausal women received dai-
ly supplements of 226 to 678 mg (9.4 to 28.3 mmol) of magnesium
as magnesium hydroxide for 6 months followed by 226 mg (9.4
mmol) of magnesium for 18 months without any observations of
gastrointestinal complaints (Stendig-Lindberg et al., 1993). Dia-
betics were supplemented with 400 mg (16.7 mmol) of magnesium
daily for 8 weeks in the form of magnesium oxide or magnesium
chloride without any gastrointestinal complications (Nadler et al.,
1992). Elderly subjects supplemented with 372 mg (15.5 mmol) of
magnesium daily over a 4-week period did not report any diarrheal
effects or other gastrointestinal complaints (Paolisso et al., 1992).

The LOAEL identified for magnesium-induced diarrhea in adults
is 360 mg (15 mmol)/day of magnesium from nonfood sources
based on the results of Bashir et al. (1993). Studies by Fine et al.
(1991b), Marken et al. (1989), and Ricci et al. (1991) provide evi-
dence to support the use of this dose as the LOAEL.

Uncertainty Assessment.  Due to the very mild, reversible nature of
osmotic diarrhea caused by ingestion of magnesium salts, an uncer-
tainty factor (UF) of approximately 1.0 was selected. Unlike possi-
ble adverse effects of other nutrients, osmotic diarrhea is quite ap-
parent to the individual and thus is not a symptom that is masked
until serious consequences result.
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Derivation of the UL.  Because excessive magnesium intake from
nonfood sources causes adverse effects, the UL will be established
for magnesium from nonfood sources. The UL for magnesium for
adolescents and adults is established at 350 mg (14.6 mmol)/day,
based on a LOAEL of 360 mg (15 mmol)/day and a UF very close
to 1.0. Although a few studies have noted mild diarrhea and other
mild gastrointestinal complaints in a small percentage of patients at
levels of 360 to 380 mg (15.0 to 15.8 mmol)/day, it is noteworthy
that many other individuals have not encountered such effects even
when receiving substantially more than this UL of supplementary
magnesium, as indicated previously.

UL for Adolescents and Adults  > 8 years 350 mg (14.6 mmol) of
supplementary
magnesium

Infants: Ages 0 through 12 Months

No specific toxicity data exist on which to establish a UL for in-
fants, toddlers, and children. The lack of any available data regard-
ing the effects of magnesium supplements in infants makes it im-
possible to establish a specific UL for infants. Thus, it is important
to get magnesium via food sources only in this age group.

UL for Infants 0 through 12 months Not possible to
establish for
supplementary
magnesium

Children: Ages 1 through 8 Years

It is assumed that children are as susceptible to the osmotic ef-
fects of nonfood sources of magnesium as are adults. Thus, adjust-
ing the value for adults on a body-weight basis established a UL for
children at a magnesium intake of 5 mg/kg/day (0.2 mmol/kg/
day) (see Table 1-3 for reference weights).

UL for Children 1 through 3 years 65 mg (2.7 mmol) of
supplementary
magnesium

4 through 8 years 110 mg (4.6 mmol) of
supplementary
magnesium
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Pregnancy and Lactation

No evidence suggests increased susceptibility to adverse effects of
supplemental magnesium during pregnancy and lactation. There-
fore, the UL for pregnant and lactating women is set at 350 mg
(14.6 mmol)/day—the same value as used for other adults.

UL for Pregnancy 14 through 50 years 350 mg (14.6 mmol) of
supplementary
magnesium

UL for Lactation 14 through 50 years 350 mg (14.6 mmol) of
supplementary
magnesium

Special Considerations

Individuals with impaired renal function are at greater risk of
magnesium toxicity. However, as noted above, magnesium levels
obtained from food are insufficient to cause adverse reactions even
in these individuals. Patients with certain clinical conditions (for
example, neonatal tetany, hyperuricemia, hyperlipidemia, lithium
toxicity, hyperthyroidism, pancreatitis, hepatitis, phlebitis, coronary
artery disease, arrhythmia, and digitalis intoxication [Mordes and
Wacker, 1978]) may benefit from the prescribed use of magnesium
in quantities exceeding the UL in the clinical setting.

Exposure Assessment

In 1986, the most recent year that data were available to estimate
nonfood nutrient supplement intakes, approximately 15 percent of
adults in the United States reported taking a supplement contain-
ing magnesium (although it is unclear whether supplements were
taken on a daily basis) (Moss et al., 1989). Of those, the ninetieth
percentile of daily supplemental magnesium intake was 200 mg (9.1
mmol) for men and 240 mg (10 mmol) for women; the ninety-fifth
percentile was 350 mg (14.4 mmol) for men and 400 mg (16.6
mmol) for women. Thus, approximately 5 percent of the men and
over 5 percent of the women who used magnesium supplements
exceeded the UL of 350 mg (14.6 mmol)/day in 1986.

Children’s intakes from nonfood nutrient supplements were esti-
mated to be much lower. The ninetieth percentile of intake for
children 2 to 6 years of age who used magnesium supplements in
1986 was 70 mg (2.9 mmol)/day, which is approximately the UL for
a 2-year-old child weighing 14 kg; the ninety-fifth percentile of in-
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take from supplements was 117 mg (4.9 mmol)/day, or approxi-
mately the UL (115 mg [4.8 mmol]/day) for a 6-year-old child
weighing 23 kg. Assuming older children were taking the higher
doses, it appears that about 5 percent of the users  in this study were
exceeding the UL.

Risk Characterization

Using data from 1986, almost 1 percent of all adults in the United
States took a nonfood magnesium supplement that exceeded the
reference UL of 350 mg (14.6 mmol)/day in the 2-week period
preceding the survey (Moss et al., 1989). It is important to note that
many of the individuals whose intakes of supplemental magnesium
exceeded the UL may be self-selected as not experiencing diarrhea,
but this is uncertain. More recent data on estimates of supplement
intakes of a national sample have not been published, but it is un-
likely that usage has declined.

The data on supplement use in 1986 also indicate that at least 5
percent of young children who used magnesium supplements ex-
ceeded the UL for magnesium, 5 mg (0.2 mmol)/kg/day. However,
because less than 10 percent of the children had taken a magne-
sium supplement in the past 2 weeks, less than 1 percent of all
children would be at risk of adverse effects. These estimates assume
that older children (with a higher UL) are taking the higher doses;
the percentage at risk would be higher if dosage were not related to
age (and, therefore, to body size). More information on supple-
ment use by specific ages is needed.

RESEARCH RECOMMENDATIONS

The ability to determine reference dietary intakes for magnesium is,
as indicated throughout this chapter, hampered by available data. Ar-
eas of investigation that are particularly needed include the following:

• Reliable data on population intakes of magnesium are required
based on dietary surveys that include estimates of intakes from food,
water, and supplements in healthy populations in all life stages.

• Biochemical indicators that provide an accurate and specific
marker(s) of magnesium status must be investigated in order to
assess their ability to predict functional outcomes that indicate ade-
quate magnesium status over prolonged periods.
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• Basic studies need to be initiated in healthy individuals, includ-
ing experimental magnesium depletion studies that measure chang-
es in various body magnesium pools.

• Magnesium balance studies may be one indicator utilized. If so,
strict adherence to criteria suggested in the chapter would improve
their application to dietary recommendations. Moreover, a determina-
tion of the most valid units to use in expressing estimates of require-
ments (body weight, fat-free mass, or total body unit) is needed.

• Investigations are needed to assess the inter-relationships be-
tween dietary magnesium intakes, indicators of magnesium status,
and possible health outcomes that may be affected by inadequate
magnesium intakes, such as hypertension, hyperlipidemia, athero-
sclerotic vascular disease, altered bone turnover, and osteoporosis.

• Based on the evidence of abnormal magnesium status and
health outcomes (as noted above), intervention studies to improve
magnesium status and to assess its impact on specific health out-
comes would be appropriate.

• The toxicity of pharmacological doses of magnesium requires
investigation.



250

7
Vitamin D

BACKGROUND INFORMATION

Overview

Vitamin D (calciferol), which comprises a group of fat soluble
seco-sterols that are found in very few foods naturally, is photosyn-
thesized in the skin of vertebrates by the action of solar ultraviolet B
radiation (Holick, 1994). Vitamin D comes in many forms, but the
two major physiologically relevant ones are vitamin D2 (ergocalcif-
erol) and vitamin D3 (cholecalciferol) (Fieser and Fieser, 1959).
Vitamin D2 originates from the yeast and plant sterol, ergosterol;
vitamin D3 originates from 7-dehydrocholesterol, a precursor of cho-
lesterol, when synthesized in the skin (Figure 7-1). Major metabolic
steps involved with the metabolism D2 are similar to those of the
metabolism of D3. Vitamin D without a subscript represents either
D2 or D3 or both and is biologically inert, requiring two obligate
hydroxylations to form its biologically active hormone, 1,25-dihy-
droxyvitamin D (1,25(OH)2D) (DeLuca, 1988; Reichel et al., 1989).

Vitamin D’s major biologic function in humans is to maintain
serum calcium and phosphorus concentrations within the normal
range by enhancing the efficiency of the small intestine to absorb
these minerals from the diet (DeLuca, 1988; Reichel et al., 1989)
(Figure 7-2). 1,25(OH)2D enhances the efficiency of intestinal cal-
cium absorption along the entire small intestine, but primarily in
the duodenum and jejunum. 1,25(OH)2D3 also enhances dietary
phosphorus absorption along the entire small intestine (Chen et
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FIGURE 7-1 The photochemical, thermal, and metabolic pathways for vitamin D3.
Specific enzymes abbreviated as follows: ∆7ase,7-dehydrocholesterol reductase; 25-
OHase, vitamin D-25-hydroxylase; 1α-OHase, 25-OH-D-1α-hydroxylase; 24R-OHase,
25(OH)D-24R-hydroxylase. Inset: the structure of vitamin D2. Reproduced with
permission, Holick (1996).
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FIGURE 7-2 Photosynthesis of vitamin D3 and the metabolism of vitamin D3 to
25(OH)D3 and 1,25 (OH)2D3. Once formed, 1,25(OH)2D3 carries out the biolog-
ic functions of vitamin D3 on the intestine and bone. Parathyroid hormone (PTH)
promotes the synthesis of 1,25(OH)2D3, which, in turn, stimulates intestinal calci-
um transport and bone calcium mobilization, and regulates the synthesis of PTH
by negative feedback. Reproduced with permission, Holick (1996).
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al., 1974), but its major influence is in the jejunum and ileum.
When dietary calcium intake is inadequate to satisfy the body’s cal-
cium requirement, 1,25(OH)2D, along with parathyroid hormone
(PTH), mobilizes monocytic stem cells in the bone marrow to be-
come mature osteoclasts (Holick, 1995; Merke et al., 1986). The
osteoclasts, in turn, are stimulated by a variety of cytokines and
other factors to increase the mobilization of calcium stores from
the bone (Figure 7-2). Thus, vitamin D maintains the blood calcium
and phosphorus at supersaturating concentrations that are deposit-
ed in the bone as calcium hydroxyapatite.

A multitude of other tissues and cells in the body can recognize
1,25(OH)2D (Stumpf et al., 1979). Although the exact physiologic
function of 1,25(OH)2D in the brain, heart, pancreas, mononucle-
ar cells, activated lymphocytes, and skin remains unknown, its ma-
jor biologic function has been identified as a potent antiprolifera-
tive and prodifferentiation hormone (Abe et al., 1981; Colston et
al., 1981; Eisman et al., 1981; Smith et al., 1987). There is little
evidence that vitamin D deficiency leads to major disorders in these
organ and cellular systems.

Physiology of Absorption, Metabolism, and Excretion

Because dietary vitamin D is fat soluble once it is ingested, it is incor-
porated into the chylomicron fraction and absorbed through the lym-
phatic system (Holick, 1995). It is estimated that approximately 80
percent of the ingested vitamin D enters the body via this mechanism.
Vitamin D is principally absorbed in the small intestine.

Vitamin D is principally excreted in the bile. Although some of it
is reabsorbed in the small intestine (Nagubandi et al., 1980), the
enterohepatic circulation of vitamin D is not considered to be an
important mechanism for its conservation (Fraser, 1983). However,
since vitamin D is metabolized to more water-soluble compounds, a
variety of vitamin D metabolites, most notably calcitroic acid, are
excreted by the kidney into the urine (Esvelt and DeLuca, 1981).

Once vitamin D enters the circulation from the skin or from the
lymph via the thoracic duct, it accumulates in the liver within a few
hours. In the liver, vitamin D undergoes hydroxylation at the 25-
carbon position in the mitochondria, and soon thereafter, it ap-
pears in the circulation as 25-hydroxyvitamin D (25(OH)D) (DeLu-
ca, 1984) (Figures 7-1 and 7-2). The circulating concentration of
25(OH)D is a good reflection of cumulative effects of exposure to
sunlight and dietary intake of vitamin D (Haddad and Hahn, 1973;
Holick, 1995; Lund and Sorensen, 1979). In the liver, vitamin D-25-
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hydroxylase is regulated by vitamin D and its metabolites, and there-
fore, the increase in circulating concentration of 25(OH)D after
exposure to sunlight or ingestion of vitamin D is relatively modest
compared with cumulative production or intake of vitamin D (Hol-
ick and Clark, 1978). The appearance in the blood of the parent
compound, vitamin D, is short-lived as it is either stored in the fat or
metabolized in the liver (Mawer et al., 1972). The half-life of
25(OH)D in the human circulation is approximately 10 days to 3
weeks (Mawer et al., 1971; Vicchio et al., 1993). Administration of
25(OH)D results in approximately two to five times more activity
than giving vitamin D itself in curing rickets and in inducing intesti-
nal calcium absorption and mobilization of calcium from bones in
rats. However, at physiologic concentrations, it is biologically inert
in affecting these functions (DeLuca, 1984).

In order to have biologic activity at physiologic concentrations,
25(OH)D must be hydroxylated in the kidney on the 1-carbon posi-
tion to form 1,25(OH)2D (Holick et al., 1971; Lawson et al., 1971)
(Figures 7-1 and 7-2). It is 1,25(OH)2D that is thought to be the
biologically active form of vitamin D and that is responsible for
most, if not all, of its biologic functions (DeLuca, 1988; Fraser, 1980;
Reichel et al., 1989). The production of 1,25(OH)2D in the kidney
is tightly regulated, principally through the action of PTH in re-
sponse to serum calcium and phosphorus levels (DeLuca, 1984; Por-
tale, 1984; Reichel et al., 1989) (Figure 7-2). The half-life of
1,25(OH)2D in the circulation of humans is approximately 4 to 6
hours (Kumar, 1986). Because of the tight regulation of the pro-
duction of 1,25(OH)2D and its relatively short serum half-life, it has
not proven to be a valuable marker for vitamin D deficiency, ade-
quacy, or excess.

25(OH)D and 1,25(OH)2D may undergo a hydroxylation on the
24-carbon to form their 24-hydroxy counterparts, 24,25-dihydrox-
yvitamin D (24,25(OH)2D) (Figure 7-1) and 1,24,25-trihydroxyvita-
min D (DeLuca, 1984; Holick, 1995). It is believed that the 24-
carbon hydroxylation is the initial step in the metabolic degradation
of 25(OH)D and 1,25(OH)2D (DeLuca, 1988). The final degrada-
tive product of 1,25(OH)2D3 is calcitroic acid, which is excreted by
the kidney into the urine (Esvelt and DeLuca, 1981) (Figure 7-1).

Although the kidney supplies the body with 1,25(OH)2D to regu-
late calcium and bone metabolism, it is recognized that activated
macrophages, some lymphoma cells, and cultured skin and bone
cells also make 1,25(OH)2D (Adams et al., 1990; Holick, 1995; Pillai
et al., 1987). Although the physiologic importance of locally pro-
duced 1,25(OH)2D is not well understood, the excessive unregulat-
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ed production of 1,25(OH)2D by activated macrophages and lym-
phoma cells is responsible for the hypercalciuria associated with
chronic granulomatous disorders and the hypercalcemia seen with
lymphoma (Adams, 1989; Davies et al., 1994).

Factors Affecting the Vitamin D Requirement

Special Populations

Elderly.  Aging significantly decreases the capacity of human skin to
produce vitamin D3 (MacLaughlin and Holick, 1985). In adults over
age 65 years, there is a fourfold decrease in the capacity to produce
vitamin D3 when compared with younger adults aged 20 to 30 years
(Holick et al., 1989; Need et al., 1993). Although one study suggested
that there may be a defect in intestinal calcium absorption of tracer
quantities of vitamin D3 in the elderly (Barragry et al., 1978), two other
studies demonstrated that aging does not significantly affect absorp-
tion of pharmacologic doses of vitamin D (Clemens et al., 1986; Hol-
ick, 1986). It is not known whether the absorption of physiologic
amounts of vitamin D is altered in the elderly.

Malabsorption Disorders. Patients suffering from various intestinal
malabsorption syndromes such as severe liver failure, Crohn’s dis-
ease, Whipple’s disease, and sprue often suffer from vitamin D defi-
ciency because of their inability to absorb dietary vitamin D (Lo et
al., 1985). Thus, patients who are unable to secrete adequate
amounts of bile or who have a disease of the small intestine are
more prone to develop vitamin D deficiency owing to their inability
to absorb this fat-soluble vitamin.

Sources of Vitamin D

Vitamin D intake from food and nutrient supplements is ex-
pressed in either international units (IU) or micrograms (µg). One
IU of vitamin D is defined as the activity of 0.025 µg of cholecalcif-
erol in bioassays with rats and chicks. Thus, the biological activity of
1 µg of vitamin D is 40 IU. The activity of 25(OH)D is 5 times more
potent than cholecalciferol; thus, 1 IU = 0.005 µg 25(OH)D.

Sunlight

Throughout the world, the major source of vitamin D for humans
is the exposure of the skin to sunlight (Holick, 1994). During sun
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exposure, the ultraviolet B photons with energies between 290 and
315 nm are absorbed by the cutaneous 7-dehydrocholesterol to form
the split (seco) sterol previtamin D3 (Holick et al., 1980; MacLaugh-
lin et al., 1982). This photosynthesis of vitamin D occurs in most
plants and animals (Holick et al., 1989).

However, a variety of factors limit the cutaneous production of vita-
min D3. Excessive exposure to sunlight causes a photodegradation of
previtamin D3 and vitamin D3 to ensure that vitamin D3 intoxication
cannot occur (Holick, 1994; Holick et al., 1981; Webb et al., 1989)
(Figure 7-2). An increase in skin melanin pigmentation or the topical
application of a sunscreen will absorb solar ultraviolet B photons and
thereby significantly reduce the production of vitamin D3 in the skin
(Clemens et al., 1982; Matsuoka et al., 1987). Latitude, time of day,
and season of the year have a dramatic influence on the cutaneous
production of vitamin D3. Above and below latitudes of approximately
40° N and 40° S, respectively, vitamin D3 synthesis in the skin is absent
during most of the three to four winter months (Ladizesky et al., 1995;
Webb et al., 1988). The far northern and southern latitudes extend
this period for up to 6 months (Holick, 1994; Oliveri et al., 1993).

Dietary Intake

Accurate estimates of vitamin D intakes in the United States are not
available, in part because the vitamin D composition of fortified foods
is highly variable (Chen et al., 1993; Holick et al., 1992) and because
the U.S. intake surveys do not include estimates of vitamin D intake.
Using food consumption data from the second National Health and
Nutrition Examination Survey (NHANES II), median vitamin D in-
takes from food by young women were estimated to be 2.9 µg (114
IU)/day, with a range of 0 to 49 µg (0 to 1,960 IU)/day (Murphy and
Calloway, 1986). A similar median vitamin D intake, 2.3 µg (90 IU)/
day, was estimated for a sample of older women (Krall et al., 1989).

Food Sources

In nature, very few foods contain vitamin D. Those that do in-
clude some fish liver oils, the flesh of fatty fish, the liver and fat
from aquatic mammals such as seals and polar bears, and eggs from
hens that have been fed vitamin D (Holick, 1994; Jeans, 1950). Al-
most all of the human intake of vitamin D from foods comes from
fortified milk products and other fortified foods such as breakfast
cereals. The vitamin D content of unfortified foods is generally low,
with the exception of fish, many of which contain 5 to 15 µg (200 to
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600 IU)/100 g; Atlantic herring contain up to as much as 40 µg
(1,600 IU)/100 g (USDA, 1991).

After vitamin D was recognized as being critically important for the
prevention of rickets, the United States, Canada, and many other coun-
tries instituted a policy of fortifying some foods with vitamin D (Steen-
bock and Black, 1924). Milk was chosen as the principal dietary com-
ponent to be fortified with either vitamin D2 or vitamin D3. In other
countries, some cereals, margarine, and breads also have small quanti-
ties of added vitamin D (Lips et al., 1996). In the United States and
Canada, all milk, irrespective of its fat content, is fortified with 10 µg
(400 IU)/quart and 9.6 µg (385 IU)/liter, respectively, of vitamin D.
However, during the past decade, three surveys in which the vitamin D
content in milk was analyzed revealed that up to 70 percent of milk
sampled throughout the United States and Canada did not contain
vitamin D in the range of 8 to 12 µg (320 to 480 IU)/quart (the 20
percent variation allowed by current labeling standards). Furthermore,
62 percent of 42 various milk samples contained less than 8 µg (320
IU)/quart of vitamin D, and 14 percent of skim milk samples had no
detectable vitamin D (Chen et al., 1993; Holick et al., 1992; Tanner et
al., 1988). All proprietary infant formulas must also contain vitamin D
in the amount of 10 µg (400 IU)/liter. However, these products have
also been found to have wide variability in their vitamin D content
(Holick et al., 1992).

Intake from Dietary Supplements

In the one available study of dietary supplement intake in the
United States, use of vitamin D supplements in the previous 2 weeks
in 1986 was reported for over one-third of the children 2 to 6 years
of age, over one-fourth of the women, and almost 20 percent of the
men (Moss et al., 1989). For supplement users, the median dose
was the same for men, women, and children: 10 µg (400 IU)/day.
However, the ninety-fifth percentile was the same as the median for
the children (still 10 µg [400 IU]/day), indicating little variation in
the upper range for young children, while the ninety-fifth percen-
tile for adults was considerably higher: 20 µg (800 IU)/day for men
and 17.2 µg (686 IU)/day for women.

Effects of Vitamin D Deficiency

Vitamin D deficiency is characterized by inadequate mineral-
ization or demineralization of the skeleton. In children, vitamin
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D deficiency results in inadequate mineralization of the skele-
ton causing rickets, which is characterized by widening at the
end of the long bones, rachitic rosary, deformations in the skele-
ton including frontal bossing, and outward or inward deformi-
ties of the lower limbs causing bowed legs and knocked knees,
respectively (Goldring et al., 1995). In adults, vitamin D defi-
ciency leads to a mineralization defect in the skeleton causing
osteomalacia. In addition, the secondary hyperparathyroidism
associated with vitamin D deficiency enhances mobilization of
calcium from the skeleton, resulting in porotic bone (Favus and
Christakos, 1996).

Any alteration in the cutaneous production of vitamin D3, the
absorption of vitamin D in the intestine, or the metabolism of vita-
min D to its active form, 1,25(OH)2D, can lead to a vitamin D-
deficient state (Demay, 1995; Holick, 1995). In addition, an alter-
ation in the recognition of 1,25(OH)2D by its receptor can also
cause vitamin D deficiency, metabolic bone disease, and accompa-
nying biochemical abnormalities (Demay, 1995).

Vitamin D deficiency causes a decrease in ionized calcium in
blood, which in turn leads to an increase in the production and
secretion of PTH (Fraser, 1980; Holick, 1995). PTH stimulates the
mobilization of calcium from the skeleton, conserves renal loss of
calcium, and causes increased renal excretion of phosphorus lead-
ing to a normal fasting serum calcium with a low or low-normal
serum phosphorus (Holick, 1995). Thus, vitamin D deficiency is
characterized biochemically by either a normal or low-normal se-
rum calcium with a low-normal or low-fasting serum phosphorus
and an elevated serum PTH. Serum alkaline phosphatase is usually
elevated in vitamin D deficiency states (Goldring et al., 1995). The
elevated PTH leads to an increase in the destruction of the skeletal
tissue in order to release calcium into the blood. The bone collagen
by-products, including hydroxyproline, pyridinoline, deoxypyridin-
oline, and N-telopeptide, are excreted into the urine and are usual-
ly elevated (Kamel et al., 1994).

It is well recognized that vitamin D deficiency causes abnormali-
ties in calcium and bone metabolism. The possibility that vitamin D
deficiency is associated with an increased risk of colon, breast, and
prostate cancer was suggested in epidemiologic surveys of people
living at higher latitudes (Garland et al., 1985, 1990; Schwartz and
Hulka, 1990). At this time, it is premature to categorically suggest
that vitamin D deficiency increases cancer risk. Prospective studies
need to be carried out to test the hypothesis.
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ESTIMATING REQUIREMENTS FOR VITAMIN D

Selection of Indicators for Estimating the Vitamin D Requirement

Serum 25(OH)D

The serum 25(OH)D concentration is the best indicator for de-
termining adequacy of vitamin D intake of an individual since it
represents a summation of the total cutaneous production of vita-
min D and the oral ingestion of either vitamin D2 or vitamin D3
(Haddad and Hahn, 1973; Holick, 1995). Thus, serum 25(OH)D
will be used as the primary indicator of vitamin D adequacy.

The normal range of serum 25(OH)D concentration is the mean
serum 25(OH)D ± 2 standard deviations (SD) from a group of
healthy individuals. The lower limit of the normal range can be as
low as 20 nmol/liter (8 ng/ml) and as high as 37.5 nmol/liter (15
ng/ml) depending on the geographic location where the blood
samples were obtained. For example, the lower and upper limits of
the normal range of 25(OH)D in California will be higher than
those limits in Boston (Clemens and Adams, 1996). Two pathologic
indicators, radiologic evidence of rickets (Demay, 1995) and bio-
chemical abnormalities associated with metabolic bone disease, in-
cluding elevations in alkaline phosphatase and PTH concentrations
in the circulation (Demay, 1995), have been correlated with serum
25(OH)D. A 25(OH)D concentration below 27.5 nmol/liter (11
ng/ml) is considered to be consistent with vitamin D deficiency in
infants, neonates, and young children (Specker et al., 1992) and is
therefore used as the key indicator for determining the vitamin D
reference value.

Little information is available about the level of 25(OH)D that is
essential for maintaining normal calcium metabolism and peak bone
mass in older children and in young and middle-aged adults. For the
elderly, there is mounting scientific evidence to support their increased
requirement for dietary vitamin D in order to maintain normal calci-
um metabolism and maximize bone health (Dawson-Hughes et al.,
1991; Krall et al., 1989; Lips et al., 1988). Therefore, the serum
25(OH)D concentration was utilized to evaluate vitamin D deficiency
in this age group, but it was not the only indicator used to determine
the vitamin D reference value for the elderly.

Serum PTH concentrations are inversely related to 25(OH)D se-
rum levels (Krall et al., 1989; Kruse et al., 1984; Lips et al., 1988;
Webb et al., 1990; Zeghoud et al., 1997). Therefore, the serum PTH
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concentration, in conjunction with 25(OH)D, has proven to be a
valuable indicator of vitamin D status.

The few studies conducted in African Americans and Mexican
Americans suggest that these population groups have lower cir-
culating concentrations of 25(OH)D and higher serum concen-
trations of PTH and 1,25(OH)2D when compared with Cauca-
sians (Bell et al., 1985; Reasner et al., 1990). It is likely that
increased melanin pigmentation (which decreases the cutane-
ous production of vitamin D) and the lack of dietary vitamin D
(due to a high incidence of lactose intolerance) are the contrib-
uting causes for this.

Serum Vitamin D

The serum concentration of vitamin D is not indicative of vitamin
D status. As stated previously, its half-life is relatively short, and the
blood concentrations can range from 0 to greater than 250 nmol/
liter (0 to 100 ng/ml) depending on an individual’s recent inges-
tion of vitamin D and exposure to sunlight.

Serum 1,25(OH)2D

Similarly, the serum 1,25(OH)2D level is not a good indicator of
vitamin D. This hormone’s serum concentrations are tightly regu-
lated by a variety of factors, including circulating levels of serum
calcium, phosphorus, parathyroid hormone, and other hormones
(Fraser, 1980; Holick, 1995).

Evaluation of Skeletal Health

The ultimate effect of vitamin D on human health is maintenance
of a healthy skeleton. Thus, in reviewing the literature for deter-
mining vitamin D status, one of the indicators that has proven to be
valuable is an evaluation of skeletal health. In neonates and chil-
dren, bone development and the prevention of rickets, either in
combination with serum 25(OH)D and PTH concentrations, or by
itself, are good indicators of vitamin D status (Gultekin et al., 1987;
Koo et al., 1995; Kruse et al., 1984; Markested et al., 1986; Meul-
meester et al., 1990). For adults, bone mineral content (BMC), bone
mineral density (BMD), and fracture risk, in combination with se-
rum 25(OH)D and PTH concentrations, have proven to be the most
valuable indicators of vitamin D status (Brazier et al., 1995; Dawson-
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Hughes et al., 1991, 1995; Lamberg-Allardt et al., 1989, 1993; Sorva
et al., 1991; Webb et al., 1990).

Recommendations for Adequate Intake

The recommendation for how much vitamin D is required to
maintain adequate calcium metabolism and good bone health for
all ages may be considered the easiest, as well as at times the most
difficult, to determine. Humans of all ages, races, and both sexes
can obtain all of their body’s requirement for vitamin D through
exposure to an adequate amount of sunlight. However, the sun-
light-mediated synthesis of vitamin D in the skin is profoundly af-
fected by a wide variety of factors, including degree of skin pigmen-
tation, latitude, time of day, season of the year, weather conditions,
and the amount of body surface covered with clothing or sunscreen
(Holick, 1994). Therefore, it is very difficult to determine an accu-
rate value for an Estimated Average Requirement (EAR) as most of
the studies are subject to one or more of these variables, especially
exposure to sunlight, which is difficult to quantitate.

Vitamin D is a hormone, and therefore, when considering the
requirements for vitamin D, EARs would represent gross estimates
of the need for the active hormone. The only studies that provide
an approximation of how much vitamin D is required to maintain
an individual’s serum 25(OH)D concentration above that associat-
ed with abnormalities in BMD are ones that have been conducted
in the winter at far northern and southern latitudes where exposure
to sunlight does not produce any significant quantities of vitamin D
(Ladizesky et al., 1995; Markestad and Elzouki, 1991). However,
these studies still do not account for subjects’ exposure to sunlight
in the spring, summer, and fall when the cutaneous synthesis of
vitamin D occurs and it is stored in the body fat for use in the
winter.

Another limitation of the reported studies is the assumption made
regarding the vitamin D content of various foods. Despite govern-
ment mandates for vitamin D fortification of milk in both the Unit-
ed States and Canada, actual analysis has shown this fortification to
be highly variable (Chen et al., 1993; Holick et al., 1992; Tanner et
al., 1988). Furthermore, the amount of vitamin D found naturally
in foods, such as fish liver oils, fatty fish, and egg yolks, is very de-
pendent on the time of the year these foods are harvested. Studies
that report the dietary intake of vitamin D based on the expected
amount of vitamin D fortification of milk, margarine, cereals, and
breads are highly suspect because the analysis of the vitamin D con-
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tent in the foods at the time of the studies may have been either
inadequate or not determined (Chen et al., 1993; Holick et al.,
1992; Tanner et al., 1988). Although dietary intake studies rarely
conduct simultaneous analysis of the chemical composition of food,
it is assumed that the data in the food composition database are
adequate.

Infants aged 0 to 6 months who are born in the late fall in far
northern and southern latitudes can only obtain vitamin D from
their own stores, which have resulted from transplacental transfer
in utero, or from that provided by the diet, including mother’s
breast milk, infant formula, or supplements. Because human milk
has very little vitamin D, breast-fed infants who are not exposed to
sunlight are unlikely to obtain adequate amounts of vitamin D from
mother’s milk to satisfy their needs beyond early infancy (Nakao,
1988; Specker et al., 1985b). Therefore, an Adequate Intake (AI)
for infants ages 0 through 12 months is based on the lowest dietary
intake of vitamin D that has been associated with a mean serum
25(OH)D concentration greater than 2.2 IU (11 mg)/liter (the low-
er limit of normal). Further, it is assumes no exogenous source of
vitamin D from sunlight exposure.

Children aged 1 through 18 years and most adults obtain some of
their vitamin D requirement from sunlight exposure. Since the is-
sue of sunlight exposure confounds the literature, intake data are
not available to determine an EAR, a true estimated average re-
quirement, that can be strongly supported as a value at which half
of the population group for which it is derived would be at in-
creased risk of inadequate serum 25(OH)D. In addition, no studies
have evaluated how much vitamin D is required to maintain normal
blood levels of 25(OH)D and PTH in children or adults who have
been deprived of sunlight and dietary vitamin D for a period of
more than 6 months. Because sufficient scientific data are not avail-
able to estimate an EAR, an AI will be the reference value devel-
oped for vitamin D. The AI represents the intake that is considered
likely to maintain adequate serum 25(OH)D for individuals in the
population group who have limited but uncertain sun exposure
and stores, multiplied by a safety factor of 100 percent for those
unable to obtain sunlight. When consumed by an individual, the AI
is sufficient to minimize the risk of low serum 25 (OH)D and may
actually represent an overestimate of true biological need.

The recommended AI assumes that no vitamin D is available from
sun-mediated cutaneous synthesis. This synthesis is especially im-
portant for calcium metabolism and bone health for the very young
and for older adults. It is well documented that infants and young
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children who live in far northern latitudes are at high risk for devel-
oping rickets (Lebrun et al., 1993). At the other end of the age
spectrum, older adults are more prone to developing vitamin D
deficiency (Holick et al., 1989; Need et al., 1993). Indeed, vitamin
D deficiency is now a significant concern in adults over the age of
50 years who live in the northern industrialized cities of the world
(Dawson-Hughes et al., 1991; Gloth et al., 1995; Lips et al., 1988).

FINDINGS BY LIFE STAGE AND GENDER GROUP

Ages 0 through 6 Months

Indicators Used to Estimate the AI

Human Milk.  The vitamin D available to the infant during the
first 6 months of life depends initially on the vitamin D status of the
mother during pregnancy and later on the infant’s exposure to
sunlight and diet. Conservative estimates of the length of time a
human milk-fed infant in the Midwest must be exposed to sunlight
to maintain serum concentrations above the lower limit of normal
are 2 hours/week with only the face exposed to sunlight or 30 min-
utes/week with just a diaper on (Specker et al., 1985b). Human
milk contains low amounts of vitamin D, and colostrum averages
397 ± 216 ng (15.9 ± 8.6 IU)/liter of vitamin D (Nakao, 1988). In a
population of 25 Caucasian and African American women who had
a mean vitamin D intake of 11.4 µg (457 IU)/day, milk concentra-
tions of vitamin D and 25(OH)D were 315 ng (12.6 IU)/liter and
188 ng (37.6 IU)/liter respectively, with a total of 51 IU/liter of
biologic activity (1 IU of vitamin D = 25 ng and 1 IU of 25(OH)D =
5 ng). Women consuming 15 to 17.5 µg (600 to 700 IU)/day of
vitamin D had total milk vitamin D concentrations ranging from
120 to 3,400 ng (5 to 136 IU)/liter with a predicted mean of 645 ng
(26 IU)/liter (Specker et al., 1985b). Although maternal vitamin D
intake is associated with the vitamin D content of human milk, the
latter is not correlated with the infant’s serum 25(OH)D concentra-
tions, due to the overwhelming effect of sunlight exposure on the
infant’s vitamin D status (Ala-Houhala, 1985; Ala-Houhala et al.,
1986; Feliciano et al., 1994; Hillman, 1990; Markestad and Elzouki,
1991).

Serum 25(OH)D, Linear Growth, and Bone Mass.  Although an in-
dividual’s serum 25(OH)D concentration is the best biochemical
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marker of vitamin D status, functional indicators of bone length
and reduced bone mass (rickets in the extreme form) serve as use-
ful evaluative outcomes of deficiency. Vitamin D intakes between
8.5 and 15 µg (340 and 600 IU)/day would have the maximum
effect on linear growth (Feliciano et al., 1994; Fomon et al., 1966;
Jeans and Stearns, 1938; Stearns, 1968). At intakes greater than 45
µg (1,800 IU)/day, linear growth may be reduced (Jeans and
Stearns, 1938).

A recent study in Chinese infants (Specker et al., 1992) demon-
strated that both latitude and intake of vitamin D over a relatively
narrow range affect infant vitamin D status. Although there was no
evidence of rickets in any of the infants from northern China (40 to
47° N), vitamin D supplements of 2.5 or 5 µg (100 or 200 IU)/day
resulted in 17 of 47 and 11 of 37 infants, respectively, having serum
25(OH)D concentrations less than 27.5 nmol/liter (11 ng/ml) by 6
months of age. For infants supplemented with 10 µg (400 IU)/day,
only 2 of 33 had deficient vitamin D status. In contrast, Chinese
infants from two southern cities (22° N and 30° N) maintained
normal vitamin D status even on 2.5 µg (100 IU)/day of vitamin D.

Seasonal variation in vitamin D status of infants is also apparent.
In studies from the United States (Greer et al., 1982a; Specker and
Tsang, 1987) and Norway (Markestad and Elzouki, 1991), serum
25(OH)D concentrations in human milk-fed infants not receiving
vitamin D supplements decreased in winter due to less sunlight ex-
posure. However, this decrease did not occur in infants receiving a
vitamin D supplement of 10 µg (400 IU)/day beginning at 3 weeks
of age (Greer et al., 1982a). The impact of the seasonal reduction
in vitamin D status on bone mineral mass has not been clearly de-
lineated. In Greer’s (1982) study, BMC of the placebo group was
significantly less than the vitamin D-supplemented group at 12
weeks, but this difference was no longer significant by 26 weeks of
age. However, there were no differences in the mean serum calci-
um, alkaline phosphatase, or PTH levels between the placebo and
vitamin D-supplemented groups.

AI Summary: Ages 0 through 6 Months

With habitual small doses of sunshine, breast- or formula-fed in-
fants do not require supplemental vitamin D. For infants who live in
far northern latitudes or who are restricted in exposure to sunlight,
a minimal intake of 2.5 µg (100 IU)/day of vitamin D will likely
prevent rickets (Glaser et al., 1949; Specker et al., 1992). However,
at this intake and in the absence of sunlight, many infants will have
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serum 25(OH)D concentrations within the range often observed in
cases of rickets (Specker et al., 1992). For this reason, and assuming
that infants are not obtaining any vitamin D from sunlight, an AI of
at least 5 µg (200 IU)/day is recommended.

AI for Infants 0 through 6 months 5.0 µg (200 IU)/day

Special Considerations

Infant Formula.  Dietary needs for vitamin D are similar for in-
fants fed formula or human milk. Koo et al. (1995) studied infants
of very low birth weight who were fed high-calcium and high-phos-
phorus infant formulas. They found that an average intake of vita-
min D as low as 4 µg (160 IU)/day in the experimental formula
maintained normal and stable vitamin D status, physical growth,
biochemical and hormonal indices of bone mineral metabolism,
and skeletal radiographs. In another study of exclusively formula-
fed Norwegian infants who received 7.5 µg (300 IU)/day of vitamin
D, all infants attained a serum 25(OH)D concentration above 27.5
nmol/liter (11 ng/ml) (Markestad and Elzouki, 1991). This result
was similar to the concentrations attained by infants studied at the
end of the summer who were fed human milk.

From a physiological perspective, whether infants are fed human
milk or formula, their needs for dietary vitamin D when not ex-
posed to sunlight are the same. Thus, vitamin D intake of formula-
fed infants not exposed to sunlight should be at least 5 µg (200
IU)/day. However, 10 µg (400 IU)/day, the current amount includ-
ed in 1 liter of standard infant formula or 1 quart of commercial
cow milk, would not be excessive.

Ages 7 through 12 Months

Indicator Used to Estimate the AI

Serum 25(OH)D.  Studies from three countries provide evidence
for the lower range of intake of vitamin D that will support normal
serum 25(OH)D concentration in infants between 7 and 12 months
of age. In Norway, Markestad and Elzouki (1991) reported that in
the winter, older infants who had received a vitamin preparation
containing on average 5 µg (200 IU)/day of vitamin D achieved
serum 25(OH)D levels that were intermediate between those of the
infants studied at the end of summer and formula-fed infants. In
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the United States, Greer et al. (1982a) followed groups of infants
who were fed human milk and exposed on average to 35 minutes/
day of sunshine. Those who received either a placebo or 10 µg (400
IU)/day of vitamin D had similar serum 25(OH)D concentrations
at 1 year of age. Similarly, in Hong Kong, Leung et al. (1989) fol-
lowed 150 formula-fed infants who had a mean intake of 8.6, 3.9,
and 3.8 µg (345, 154, and 153 IU)/day of vitamin D at 6, 12, and 18
months, respectively. They observed that none of the infants at 18
months had a serum 25(OH)D level less than 25 nmol/liter (10
ng/ml) and that the mean values in May and June were higher than
in January through April.

AI Summary: Ages 7 through 12 Months

In the absence of any sunlight exposure, an AI of 5 µg (200 IU)/
day will result in few infants ages 7 through 12 months with serum
25(OH)D concentrations less than 27.5 nmol/liter (11 ng/ml). This
is based on the observation that, in the absence of sun-mediated
vitamin D synthesis, approximately 5 µg (200 IU)/day of vitamin D
maintained 25(OH)D levels in the normal range, but below circu-
lating concentrations attained by infants in the summer. However,
an intake of 10 µg (400 IU), which is supplied by 1 liter of most
infant formulas or 1 quart of milk, would not be excessive.

AI for Infants 7 through 12 months 5 µg (200 IU)/day

Ages 1 through 3 and 4 through 8 Years

Indicator Used to Estimate the AI

Serum 25(OH)D.  Essentially no scientific literature exists that
systematically evaluates the influence of different amounts of vita-
min D intake on either BMC, bone radiography, or serum 25(OH)D
in children aged 1 through 3 and 4 through 8. Although vitamin D
intake was not reported, Meulmeester et al. (1990) measured circu-
lating concentrations of 25(OH)D and PTH in 8-year-old children
in an observational study and found that the serum PTH increased
when the 25(OH)D levels were below 20 nmol/liter (8 ng/ml).
Because serum 25(OH)D concentrations in children correlate well
with cumulative exposure to sunlight or dietary intake of vitamin D,
this biochemical marker is appropriate for assessment of vitamin D
needs of growing children. The major limiting factor in interpret-
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ing relevant studies in this age group is the inconsistency in control
of sun exposure when measuring dietary intake as the intervention
and vice versa. Often, relative sun exposure has to be presumed
from the country where the study was conducted.

When sun exposure is consistently adequate throughout the year,
as it is presumed to be in South Africa, 1- to 8-year-old children of
mixed race showed no evidence of vitamin D deficiency (serum
25(OH)D > 77.5 nmol/liter [31 ng/ml]) (Pettifor et al., 1978b).
Unfortunately, dietary intake was not evaluated. When vitamin D
intakes were less than 2.5 µg (100 IU)/day (mean intakes 0.6 ± 1.8
µg or 25 ± 70 IU/day) in vegetarian children younger than 6 years
living in Boston, 4 out of 70 children in this 3-year longitudinal
study developed radiologic evidence of vitamin D deficiency (Dwyer
et al., 1979).

In the absence of age-specific data, additional observations in
slightly older children were considered. In a longitudinal study in
Norway, where sun exposure is presumed to vary over the year, an
intake of vitamin D of about 2.5 µg (100 IU)/day from fortified
margarine maintained normal vitamin D status in children aged 8
to 18 years (Aksnes and Aarskog, 1982). In 6- to 17-year-old Indian
children in Turkey, a daily average intake (calculated from a 1-week
diet history) of 2.0 ± 0.4 µg (78.6 ± 17.9 IU) compared with 1.1 ± 0.3
µg (45.3 ± 10.8 IU) vitamin D, appeared to support a better serum
25(OH)D status in most children in this observational study
(Gultekin et al., 1987). In neither study was sun exposure mea-
sured. Taken together, these studies suggest that a dietary vitamin
D intake of 1.9 to 2.5 µg (75 to 100 IU)/day may be adequate when
skin synthesis of vitamin D is limited by sun exposure or skin pig-
mentation.

Children aged 2 to 8 years obtain most of their vitamin D from
exposure to sunlight (Ala-Houhala et al., 1984; Gultekin et al., 1987;
Meulmeester et al., 1990; Oliveri et al., 1993; Pettifor et al., 1978a;
Riancho et al., 1989; Taylor and Norman, 1984) and therefore do
not normally need to ingest vitamin D. However for children who
live in far northern latitudes such as in northern Canada and Alas-
ka, vitamin D supplementation may be necessary.

AI Summary: Ages 1 through 3 and 4 through 8 Years

There are no data on how much vitamin D is required to prevent
vitamin D deficiency in children aged 1 through 8 years. Extrapolat-
ing from available data in slightly older children (Aksnes and Aar-
skog, 1982; Gultekin et al., 1987) and from different continents for
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children who are not exposed to adequate sunlight, most children
who had a mean dietary intake of 1.9 to 2.5 µg (75 to 100 IU)/day
(Gultekin et al., 1987) showed no evidence of vitamin D deficiency
and had normal serum 25(OH)D values. To cover the needs of
almost all children ages 1 though 8, regardless of exposure to sun-
light, the above value is doubled for an AI of 5 µg (200 IU)

AI for Children 1 through 3 years 5.0 µg (200 IU)/day
AI for Children 4 through 8 years 5.0 µg (200 IU)/day

Ages 9 through 13 and 14 through 18 Years

Indicator Used to Estimate the AI

Serum 25(OH)D.  During puberty, the metabolism of 25(OH)D
to 1,25(OH)2D increases (Aksnes and Aarskog, 1982). The in-
creased blood concentrations of 1,25(OH)2D enhance intestinal
calcium absorption to provide adequate calcium for the rapidly
growing skeleton. However, there is no scientific evidence that dem-
onstrates an increased requirement for vitamin D. In boys and girls
aged 8 to 18 years, who are estimated to ingest 2.5 µg (100 IU)/day
of vitamin D from margarine, the mean 25(OH)D concentration in
the children in late March was 55 ± 2.5 nmol/liter (22 ± 1 ng/ml)
(Aksnes and Aarskog, 1982).

In the few studies available, children during the pubertal years main-
tained a normal serum 25(OH)D level with dietary vitamin D intakes
of 2.5 to 10 µg (100 to 400 IU)/day. Aksnes and Aarskog (1982) had
the same result in Scandinavian children aged 8 to 18 years consuming
2.5 µg (100 IU)/day from margarine or 10 µg (400 IU)/day from
supplements during the winter months. At intakes less than 2.5 µg
(100 IU)/day, Turkish children aged 12 to 17 years had mean serum
25(OH)D concentrations that were consistent with vitamin D deficien-
cy (< 27.5 nmol/liter [< 11 ng/ml]) (Gultekin et al., 1987). In those
with mean intakes of 2.0 ± 0.5 µg (79 ± 18 IU)/day of vitamin D, serum
25(OH)D levels were 32.75 ± 2.75 nmol/liter (13.1 ± 1.1 ng/ml) for
boys and 14.5 ± 1.75 nmol/liter (5.8 ± 0.7 ng/ml) for girls. With regu-
lar sun exposure, there would not be a dietary need for vitamin D (Ala-
Houhala et al., 1984; Gultekin et al., 1987; Pettifor et al., 1978a; Rian-
cho et al., 1989; Taylor and Norman, 1984). However, children who
live in the far northern and southern latitudes, may be unable to syn-
thesize enough vitamin D in their skin that can be stored for use in the
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winter. These children may need a vitamin D supplement (Oliveri et
al., 1993).

AI Summary: Ages 9 through 13 and 14 through 18 Years

Vitamin D that is synthesized in the skin during the summer and
fall months can be stored in the fat for use in the winter (Mawer et
al., 1972), thereby minimizing the requirement for vitamin D. There
is no reason to believe that the increased conversion of 25(OH)D to
1,25(OH)D seen in puberty results in a change in the borderline
amount of circulating 25(OH)D that would be considered the min-
imum for adequacy. Thus, in the absence of additional data, 27.5
nmol/liter (11 ng/ml) is the appropriate cutoff for this age group.
Most children aged 8 to 18 years who ingested 2.5 µg (100 IU)/day
of vitamin D from margarine had no evidence of vitamin D defi-
ciency and had a normal serum 25(OH)D level (Aksnes and Aar-
skog, 1982). To cover the needs of all children ages 9 through 18
years, regardless of exposure to sunlight, the above value is doubled
for an AI of 5 µg (200 IU)/day.

AI for Boys 9 through 13 years 5.0 µg (200 IU)/day
14 through 18 years 5.0 µg (200 IU)/day

AI for Girls 9 through 13 years 5.0 µg (200 IU)/day
14 through 18 years 5.0 µg (200 IU)/day

Ages 19 through 30 and 31 through 50 Years

Indicator Used to Estimate the AI

Serum 25 (OH)D.  There is little scientific information that re-
lates vitamin D intake, bone health, and vitamin D status as deter-
mined by serum 25(OH)D and PTH concentrations in young adult
and adult age groups. A descriptive longitudinal study of seven adult
female patients in Great Britain (age range 20 to 46 years) who
consumed a diet that contained from 0.4 to 1.7 µg (15 to 68 IU)/
day of vitamin D revealed that the women developed clinical and
biochemical features of osteomalacia after 1 to several years. No
information about sunlight exposure was provided, and the patients
achieved a positive calcium balance when consuming 2.5 µg (100
IU)/day of vitamin D (Smith and Dent, 1969).

Racial differences were not evident in measures of serum
25(OH)D and PTH in a cross-sectional study in 67 Caucasian (age
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36.5 ± 6.4 years) and 70 African American (age 37 ± 6.7 years)
premenopausal women living in the New York City area, who were
active and exposed to sunlight. With an average daily intake of 3.5 ±
2.1 µg (139 ± 84 IU) and 3.6 ± 1.8 µg (145 ± 73 IU)/day, respective-
ly, as measured by food frequency questionnaires and interviews,
the Caucasian and African American women had similar normal
serum 25(OH)D and PTH concentrations. However, BMD in both
the lumbar spine and radius was significantly higher in the African
American women (Meier et al., 1991). During the winter months
(November through May) in Omaha, Nebraska, all except 6 per-
cent of a group of young women aged 25 to 35 years (n = 52)
maintained serum 25(OH)D levels greater than 30 nmol/liter (12
ng/ml) when daily vitamin D intake was estimated to be 3.3 to 3.4
µg (131 to 135 IU)/day (Kinyamu et al., 1997). Taken together,
these studies suggest that adults younger than 50 years of age in the
United States depend on sunlight for most of their vitamin D re-
quirement. Physiological reliance on dietary vitamin D probably
only occurs in the winter months in a small proportion who are not
exposed to sunlight during the summer.

Indirect evidence of the importance of sunlight to vitamin D sta-
tus was obtained from a recent study in 22 young male submariners
(aged 18 to 32 years) who were not exposed to sunlight but who
maintained their serum 25(OH)D at concentrations similar to those
measured just before entering the submarine for 3 months with 15
µg (600 IU)/day of vitamin D (Holick, 1994). Those submariners
who did not receive a vitamin D supplement had a 38 percent de-
cline in serum 25(OH)D concentration after 1.5 and 3 months in
the submarine. Lower supplement doses were not studied. The se-
rum 25(OH)D levels of the nonsupplemented group increased by
more than 80 percent when the submariners were exposed to sun-
light for one month.

The importance of dietary sources of vitamin D was demonstrated by
observations of significantly lower serum 25(OH)D (67.5 ± 47.5 nmol/
liter [27 ± 19 ng/ml]) concentrations in males and females who were
strictly vegetarian (mean age 42 ± 10 years) in the winter in Helsinki,
Finland, compared with a control group of healthy omnivorous wom-
en with mean serum 25(OH)D concentration of 117.5 ± 37.5 nmol/
liter (47 ± 15 ng/ml). Six of the 10 strict vegetarians had 25(OH)D
levels below the lower reference limit of the group (62.5 nmol/liter
[25 ng/ml]) indicating vitamin D deficiency (Lamberg-Allardt et al.,
1993). Based on a 2-week food record, vitamin D intake in the strict
vegetarians (0.3 µg or 10 IU/day) was markedly lower than in the
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control group (4.5 µg or 180 IU/day). Serum PTH concentrations
were significantly higher in the vegetarians (57 ng/liter) compared
with the control group (28 ng/liter), and 3 out of 10 subjects had
concentrations that were higher than the upper reference limit (65
ng/liter), indicating secondary hyperparathyroidism.

AI Summary: Ages 19 through 30 and 31 through 50 Years

Based on the available literature, both sunlight and diet play an
essential role in providing vitamin D to this age group. Because cuta-
neous vitamin D synthesis is markedly diminished or absent in the
winter, young and middle-aged adults who live in northern (> 40°N)
and southern latitudes (> 40°S) can become vitamin D deficient
(Kinyamu et al., 1997). During the winter months in Omaha,
Nebraska, most women with an average intake of 3.3 to 3.4 µg (131
to 135 IU)/day of vitamin D had serum 25(OH)D concentrations
greater than 30 nmol/liter (12 ng/ml) (Kinyamu et al., 1997). Be-
cause there are no data for men only, other than those from subma-
riners at a high supplement intake, it is assumed that the AI for
men is similar to that for women. To cover the needs of adults ages
19 through 50 years, regardless of exposure to sunlight, the above
value is rounded down to 2.5 µg (100 IU) and then doubled for an
AI of 5.0 µg (200 IU)/day.

AI for Men 19 through 50 years 5.0 µg (200 IU)/day
AI for Women 19 through 50 years 5.0 µg (200 IU)/day

Ages 51 through 70 Years

Indicators Used to Estimate the AI

Serum 25(OH)D.  Although this age group also depends on sun-
light for most of its vitamin D requirement, this population may be
more prone to developing vitamin D deficiency, owing to a variety
of factors that reduce the cutaneous production of vitamin D3. In-
creased use of clothing to cover the skin and prevent the damaging
effects of sunlight (Matsuoka et al., 1992) and increased use of sun-
screen can increase the risk of vitamin D deficiency (Holick, 1994).
Aging also decreases the capacity of the skin to produce vitamin D
(Holick et al., 1989; Need et al., 1993).
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Bone Loss.  Dietary supplementation of vitamin D in older women
has been shown to influence bone loss. When vitamin D intake from
food (2.5 to 5.0 µg or 100 to 200 IU/day) was supplemented with 2.5
or 17.5 µg (100 or 700 IU)/day in a double-blind, randomized 2-year
trial in 247 postmenopausal women (mean age 64 ± 5 years) from
Boston, loss of BMD of the femoral neck was less (–1.06 ± 0.34 per-
cent) in the group supplemented with 17.5 µg (700 IU)/day than in
the group supplemented with 2.5 µg (100 IU)/day (–2.54 ± 0.37 per-
cent) (Dawson-Hughes et al., 1995).

Two further studies underline the importance of dietary intakes
of vitamin D during the winter season in older adult populations. In
333 ambulatory Caucasian women (mean age 58 ± 6 years), serum
PTH concentrations were elevated in winter (between March and
May) in women consuming less than 5.5 µg (220 IU)/day of vita-
min D, whereas no seasonal variation in serum PTH concentration
occurred when vitamin D intakes were greater than 5.5 µg (220
IU)/day (Krall et al., 1989). In a study that measured bone loss
between seasons in older women (62 ± 0.5 years) who had usual
vitamin D intakes of 2.5 µg (100 IU)/day, dietary supplements of 10
µg (400 IU)/day appeared to reduce loss of spinal bone, at least
during the 1 year of this randomized intervention trial (Dawson-
Hughes et al., 1991). This finding is similar to that reported above
regarding bone loss in the femoral neck, which was less in post-
menopausal women who supplemented their diet containing 2.5 µg
(100 IU)/day of vitamin D with 17.5 µg (700 IU)/day vitamin D
compared with those who did not (Dawson-Hughes et al., 1995).
Taken together, these studies provide evidence, at least in women,
that dietary intakes of vitamin D higher than 2.5 µg (100 IU)/day
are necessary at ages 51 through 70 years to prevent higher rates of
bone loss during periods of low sun exposure.

AI Summary: Ages 51 through 70 Years

Using bone loss as an indicator of adequacy and data from studies
of women, described above, a dietary vitamin D intake of 2.5 µg
(100 IU)/day is inadequate. Although data do not exist for males in
this age range, there is no reason to believe that their dietary vita-
min D requirement should be different from that for females. At a
vitamin D intake greater than 5.5 µg (220 IU)/day, there was no
seasonal variation in serum PTH concentration (Krall et al., 1989).
Given that there are few data from individuals with limited but un-
certain sun exposure and stores to precisely determine a value be-
tween 2.5 µg (100 IU) and 17.5 µg (700 IU), 5 µg (200 IU) was
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chosen. To cover the needs of all adults ages 51 through 70 years,
the above value was doubled for an AI of 10 µg (400 IU).

AI for Men 51 through 70 years 10 µg (400 IU)/day
AI for Women 51 through 70 years 10 µg (400 IU)/day

Ages > 70 Years

Indicator Used to Estimate the AI

Serum 25(OH)D.  There is strong evidence for a decrease in cir-
culating concentrations of 25(OH)D and increased risk of skeletal
fractures with aging, and it is most apparent after the age of 70
years (Chevalley et al., 1994; Dawson-Hughes et al., 1991; Hordon
and Peacock, 1987; Lamberg-Allardt et al., 1989; Lips et al., 1988;
McGrath et al., 1993; Ng et al., 1994; Ooms et al., 1995; Villareal et
al., 1991; Webb et al., 1990). Villareal et al. (1991) concluded that
subclinical vitamin D deficiency with serum 25(OH)D concentra-
tions of less than 37.5 nmol/liter (15 ng/ml) was associated with
mild secondary hyperparathyroidism, lower serum calcium and
phosphate levels, lower urinary calcium, and higher serum alkaline
phosphatase.

Information from descriptive studies in the aging population sug-
gests that both lack of sunlight and low intake of vitamin D influ-
ence serum 25(OH)D concentration in elderly subjects. During the
winter months (November to May) in Omaha, Nebraska, all but 8
percent of 60 women living in nursing homes (mean age 84 years)
and all but 1.6 percent of 64 free-living women (mean age 71 years)
maintained serum 25(OH)D levels greater than 30 nmol/liter (12
ng/ml), when daily vitamin D intake was estimated to be 5.2 µg
(207 IU) for the nursing home residents and 3.4 µg (135 IU) for
the free-living women (Kinyamu et al., 1997). In another study dur-
ing the winter months (January to May) in New York City with 109
male and female nursing home residents (mean age 82 years), se-
rum 25(OH)D concentration was greater than 37.5 nmol/liter (15
ng/ml) in those taking a vitamin D supplement of 10 µg (400 IU)/
day (O’Dowd et al., 1993). In those residents with mean vitamin D
intakes of 7.1 µg (283 IU)/day, 14 percent had serum 25(OH)D
levels below 25 nmol/liter (10 ng/ml). Similarly, in 116 subjects
(mean age 81) who were confined indoors for at least 6 months in
Baltimore, serum 25(OH)D concentration was below 25 nmol/liter
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(10 ng/ml) in 45 percent with vitamin D intakes ranging from 3.0
to 7.1 µg (121 to 282 IU)/day (Gloth et al., 1995).

Based on several randomized, double-blind clinical trials with eld-
erly women or both men and women, a vitamin D intake of 10 µg
(400 IU)/day is needed to maintain normal 25(OH)D and serum
PTH status. This result was observed when the duration of the vita-
min D intervention was for 1 year (Lips et al., 1988) or 3.5 years
(Lips et al., 1996). In the latter study, there was no advantage to 10
µg (400 IU)/day versus placebo in the incidence of hip fractures or
other peripheral fractures despite the better vitamin D status. How-
ever, a subset of the women who participated in the Lips et al.
(1996) study and who were supplemented with 10 µg (400 IU)/day
of vitamin D had a significant gain in change in BMD at the femoral
neck after 2 years, in addition to increased 25(OH)D and decreased
circulating PTH (Ooms et al., 1995). No significant BMD effects
were found in the other bone sites measured: the femoral trochant-
er and the distal radius.

Studies in both women and men supplemented with 10 to 25 µg
(400 to 1,000 IU)/day of vitamin D have shown reduced bone re-
sorption by various urinary markers (Brazier et al., 1995; Chapuy et
al., 1992; Egsmose et al., 1987; Fardellone et al., 1995; Kamel et al.,
1996; Sebert et al., 1995; Sorva et al., 1991). In women supplement-
ed for 18 months with both calcium and 20 µg (800 IU)/day of
vitamin D, BMC increased significantly, and vertebral and nonverte-
bral fractures decreased significantly (Chapuy et al., 1992).

AI Summary: Ages > 70 Years

Evidence is strong that the elderly are at high risk for vitamin D
deficiency, which causes secondary hyperparathyroidism and osteoma-
lacia and exacerbates osteoporosis, resulting in increased risk of skele-
tal fractures (Chapuy et al., 1992; Egsmose et al., 1987; Honkanen et
al., 1990; McKenna, 1992; Pietschmann et al., 1990). In a comparison
of vitamin D status in the elderly in Europe and North America, Byrne
et al. (1995) and McKenna (1992) concluded that the elderly are
prone to hypovitaminosis D and associated abnormalities of bone
chemistry and that a supplement of 10 to 20 µg (400 to 800 IU)/day
would be of benefit. In support of this, 8, 14, and 45 percent of elderly
subjects who had daily dietary vitamin D intakes of 9.6, 7.1, and 5.2 µg
(384, 283, and 207 IU), respectively, were considered to be vitamin D
deficient based on low serum 25(OH)D levels (Gloth et al., 1995; Kin-
yamu et al., 1997; O’Dowd et al., 1993). Therefore, based on the avail-
able literature, a value of 7.5 µg (300 IU)/day may be prudent for
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those individuals over 70 years of age with limited sun exposure and
stores. In order to cover the needs of adults over age 70, regardless of
exposure to sunlight and stores, the above value is doubled for an AI
of 15 µg (600 IU)/day.

AI for Men > 70 years 15 µg (600 IU)/day
AI for Women > 70 years 15 µg (600 IU)/day

Special Consideration

Medications.  Glucocorticoids are well known for their anti-in-
flammatory properties. One of the most undesirable side effects of
glucocorticoid therapy is severe osteopenia. One of the mechanisms
by which glucocorticoids induce osteopenia is by inhibiting vitamin
D-dependent intestinal calcium absorption (Lukert and Raisz,
1990). Therefore, patients on glucocorticoid therapy may require
additional vitamin D in order to maintain their serum 25(OH)D
levels in the mid-normal range (25 to 45 ng/ml [62.5 to 112.5
nmol/liter]).

Medications to control seizures, such as phenobarbital and dilan-
tin, can alter the metabolism and the circulating half-life of vitamin
D (Favus and Christakos, 1996). Holick (1995) recommended that
patients on at least two antiseizure medications who are institution-
alized, and therefore not obtaining most of their vitamin D require-
ment from exposure to sunlight, increase their vitamin D intake to
approximately 25 µg (1,000 IU)/day to maintain their serum
25(OH)D levels within the mid-normal range of 25 to 45 ng/ml
(62.5 to 112.5 nmol/liter). This should prevent the osteomalacia
and vitamin D deficiency associated with antiseizure medications.

Pregnancy

Indicators Used to Set the AI

Serum 25(OH)D.  Paunier et al. (1978) evaluated the vitamin D
intake from foods, supplements, and sunshine exposure of 40 healthy
women at the time of delivery of their babies during the months of
January and February. Women taking less than 3.8 µg (150 IU)/day
had an average serum 25(OH)D concentration of 9.1 ± 1.5 ng/ml
(22.75 ± 3.75 nmol/liter), while women taking more than 12.5 µg (500
IU)/day had a concentration of 11.1 ± 1.3 ng/ml (27.75 ± 3.25 nmol/
liter). Although the authors noted no significant difference between
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these two values in the mothers, newborns of mothers who received
the vitamin D supplement had a statistically higher serum calcium
level on the fourth day of life than those from mothers with the lower
vitamin D intake. Several studies have evaluated supplementation after
the pregnant woman’s first trimester with either 10 or 25 µg (400 or
1,000 IU)/day of vitamin D. It was concluded that vitamin D supple-
mentation increased circulating concentrations of 25(OH)D in the
mother (Anderson et al., 1988; Cockburn et al., 1980; Delvin et al.,
1986; Mallet et al., 1986; Markested et al., 1986; Reddy et al., 1983) and
may improve neonatal handling of calcium (Cockburn et al., 1980;
Delvin et al., 1986).

During pregnancy, there is a gradual rise in a woman’s serum
1,25(OH)2D concentration that is paralleled by an increase in her
blood concentration of vitamin D binding protein (Bikle et al., 1984;
Bouillon et al., 1981). However, during the last trimester, the wom-
an’s serum 1,25(OH)2D level continues to rise without any change
in the vitamin D binding protein level, causing an increase in the
free concentration of 1,25(OH)2D. Evidence is strong that the pla-
centa metabolizes 25(OH)D to 1,25(OH)2D and therefore contrib-
utes to the maternal and possibly fetal blood levels of 1,25(OH)2D
(Gray et al., 1979; Weisman et al., 1979).

AI Summary: Pregnancy

Although there is ample evidence for placental transfer of
25(OH)D from the mother to the fetus (Paunier et al., 1978), the
quantities are relatively small and do not appear to affect the over-
all vitamin D status of pregnant women. Women, whether pregnant
or not, who receive regular exposure to sunlight do not need vita-
min D supplementation. However, at vitamin D intakes less than 3.8
µg (150 IU)/day, pregnant women during the winter months at
high latitudes had a mean 25(OH)D concentration of 9.1 ng/ml
(22.75 nmol/liter) at delivery (Paunier et al., 1978). Thus, there is
no additional need to increase the vitamin D age-related AI during
pregnancy above that required for nonpregnant women. However,
an intake of 10 µg (400 IU)/day, which is supplied by prenatal
vitamin supplements, would not be excessive.

AI for Pregnancy 14 through 18 years 5.0 µg (200 IU)/day
19 through 30 years 5.0 µg (200 IU)/day
31 through 50 years 5.0 µg (200 IU)/day
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Lactation

Indicator Used to Set the AI

Serum 25(OH)D.  During lactation, small and probably insignificant
quantities of maternal circulating vitamin D and its metabolites are
secreted into human milk (Nakao, 1988; Specker et al., 1985a). Al-
though there is no reason to expect the mother’s vitamin D require-
ment to be increased during lactation, some investigators have deter-
mined whether the infant can be supplemented via the mother’s milk.
Ala-Houhala (1985) and Ala-Houhala et al. (1986) evaluated the vita-
min D status of mothers and their infants supplemented with  vitamin
D. Healthy mothers delivering in January received either 50 µg (2,000
IU)/day, 25 µg (1,000 IU)/day, or no vitamin D. Their infants were
exclusively breast-fed and received 10 µg (400 IU)/day of vitamin D if
their mothers received none. After 8 weeks of lactation, 25(OH)D
concentrations of infants who were breast-fed from women receiving
50 µg (2,000 IU)/day of vitamin D were similar to those of infants
supplemented with 10 µg (400 IU)/day. The serum 25(OH)D levels in
the infants from mothers receiving 25 µg (1,000 IU)/day were signifi-
cantly lower. None of the infants showed any clinical or biochemical
signs of rickets, and all infants showed equal growth. Although it was
concluded that postpartum maternal supplementation with 50 µg
(2,000 IU)/day of vitamin D, but not 25 µg (1,000 IU)/day, seemed to
normalize serum 25(OH)D concentration in infants fed human breast
milk in the winter, the maternal 25(OH)D level increased in the two groups
of mothers receiving 50 or 25 µg (2,000 or 1,000 IU)/day of vitamin D
compared with mothers who received no vitamin D supplementation.

AI Summary: Lactation

There is no scientific literature that has determined a minimum
vitamin D intake to sustain serum 25(OH)D concentration in the
normal range during lactation, and there is no evidence that lacta-
tion increases a mother’s AI for vitamin D. Therefore, it is reason-
able to extrapolate from observations in nonlactating women that
when sunlight exposure is inadequate, an AI of 5.0 µg (200 IU)/day
is needed. However, an intake of 10 µg (400 IU)/day, which is
supplied by postnatal vitamin supplements, would not be excessive.

AI for Lactation 14 through 18 years 5.0 µg (200 IU)/day
19 through 30 years 5.0 µg (200 IU)/day
31 through 50 years 5.0 µg (200 IU)/day
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TOLERABLE UPPER INTAKE LEVELS

Hazard Identification

Hypervitaminosis D is characterized by a considerable increase in
plasma 25(OH)D concentration to a level of approximately 400 to
1,250 nmol/liter (160 to 500 ng/ml) (Jacobus et al., 1992; Stamp et
al., 1977). Because changes in circulating levels of 1,25(OH)2D are
generally small and unreliable, the elevated levels of 25(OH)D are
considered the indicator of toxicity. However, increases in circulating
levels of 1,25(OH)2D in the range of 206.5 to 252.6 pmol/liter (85.9 to
105.1 pg/ml) have been reported (DeLuca, 1984; Holick, 1995; Reich-
el et al., 1989), which might contribute to the expression of toxic
symptoms. As indicated earlier, serum 25(OH)D is a useful indicator
of vitamin D status, both under normal conditions and in the context
of hypervitaminosis D (Hollis, 1996; Jacobus et al., 1992).

The data in Table 7-1 suggest a direct relationship between vita-
min D intake and 25(OH)D levels. Serum levels of 25(OH)D have
diagnostic value, particularly in distinguishing the hypercalcemia
due to hypervitaminosis D from that due to other causes, such as
hyperparathyroidism, thyrotoxicosis, humoral hypercalcemia of
malignancy, and lymphoma (Lafferty, 1991; Martin and Grill, 1995).

The adverse effects of hypervitaminosis D are probably largely
mediated via hypercalcemia, but limited evidence suggests that di-
rect effects of high concentrations of vitamin D may be expressed in
various organ systems, including kidney, bone, central nervous sys-
tem, and cardiovascular system (Holmes and Kummerow, 1983).
Human case reports of pharmacologic doses of vitamin D over many
years describe severe effects at intake levels of 250 to 1,250 µg/day
(10,000 to 50,000 IU/day) (Allen and Shah, 1992). The available
evidence concerning the adverse effects of hypervitaminosis D me-
diated by hypercalcemia and direct target tissue toxicity are briefly
discussed below.

Hypercalcemia of Hypervitaminosis D

Hypercalcemia results primarily from the vitamin D-dependent
increase in intestinal absorption of calcium (Barger-Lux et al., 1996)
and the enhanced resorption of bone. Resorption of bone (hyper-
osteolysis) has been shown to be a major contributor to the hyper-
calcemia associated with hypervitaminosis D in studies that demon-
strated rapid decreases in blood calcium levels following the
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administration of a bone resorption inhibitor, bisphosphonate (Riz-
zoli et al., 1994; Selby et al., 1995).

As Table 7-1 illustrates, hypercalcemias can result either from
clinically prescribed intakes of vitamin D or from the inadvertent
consumption of high amounts of the vitamin. The plasma (or se-
rum) calcium levels reported range from 2.82 to 4.00 mmol/liter
(normal levels are 2.15 to 2.62 mmol/liter) in those individuals with
intakes of 1,250 µg (50,000 IU)/day or higher. There is no apparent
trend relating “vitamin D intake-days” with plasma calcium levels.

The hypercalcemia associated with hypervitaminosis D gives rise
to multiple debilitating effects (Chesney, 1990; Holmes and Kum-
merow, 1983; Parfitt et al., 1982). Specifically, hypercalcemia can
result in a loss of the urinary concentrating mechanism of the kid-
ney tubule (Galla et al., 1986), resulting in polyuria and polydipsia.
A decrease in glomeruler filtration rate also occurs. Hypercalciuria
results from the hypercalcemia and the disruption of normal reab-
sorption processes of the renal tubules. In addition, the prolonged
ingestion of excessive amounts of vitamin D and the accompanying
hypercalcemia can cause metastatic calcification of soft tissues, in-
cluding the kidney, blood vessels, heart, and lungs (Allen and Shah,
1992; Moncrief and Chance, 1969; Taylor et al., 1972).

The central nervous system may also be involved: a severe depres-
sive illness has been noted in hypervitaminosis D (Keddie, 1987).
Anorexia, nausea, and vomiting have also been observed in hyper-
calcemic individuals treated with 1,250 to 5,000 µg (50,000 to
200,000 IU)/day of vitamin D (Freyberg, 1942). Schwartzman and
Franck (1987) reviewed cases in which vitamin D was used to treat
osteoporosis in middle-aged and elderly women. These women had
health problems in addition to osteoporosis. Intake of vitamin D
between 1,250 µg (50,000 IU)/week and 1,250 µg (50,000 IU)/day
for 6 weeks to 5 years was found to be associated with reduced renal
function and hypercalcemia.

Renal Disease

Some evidence supports calcification of renal and cardiac tissue
following excess vitamin D intake that is not associated with hyper-
calcemia. In a study of 27 patients with hypoparathyroidism, Parfitt
(1977) found that a mean intake of 2,100 µg (84,000 IU)/day of
vitamin D for 5 years was associated with reduced renal function,
nephrolithiasis, and nephrocalcinosis. Parfitt hypothesized that
these results were a direct effect of vitamin D, since it was not associ-
ated with hypercalcemia in these patients. However, these results
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were judged inappropriate for use in deriving a tolerable upper
intake level (UL) since the study subjects had hypoparathyroidism,
which possibly increased their susceptibility to vitamin D toxicity.
Irnell (1969) also reported a case of nephrocalcinosis and renal
insufficiency in a thyroidectomized patient taking 1,125 µg (45,000
IU)/day of vitamin D for 6 years.

Cardiovascular Effects

Animal data in monkeys (Peng and Taylor, 1980; Peng et al.,
1978), rabbits (Lehner et al., 1967), and pigs (Kummerow et al.,
1976) suggest that calcification may also occur in nonrenal tissue.
Human studies of cardiovascular effects are largely negative or
equivocal. Although Linden (1974) observed that myocardial in-
farct patients in Tromso, Norway, were more likely to consume vita-
min D in excess of 30 µg (1,200 IU)/day than were matched con-
trols, two subsequent studies (Schmidt-Gayk et al., 1977; Vik et al.,
1979) failed to confirm these results.

Although the data for nephrocalcinosis and arteriosclerosis are
insufficient for determination of a UL, they point to the necessity
for conservatism. There is a large uncertainty about progressive
health effects, particularly on cardiovascular tissue and the kidney,
with regular ingestion of even moderately high amounts of vitamin
D over several decades.

Dose-Response Assessment

Adults: Ages > 18 Years

Data Selection.  The most appropriate data available for the deri-
vation of a UL for adults are provided by several studies evaluating
the effect of vitamin D intake on serum calcium in humans (Hon-
kanen et al., 1990; Johnson et al., 1980; Narang et al., 1984). The
available animal data were not used to derive a UL for adults be-
cause the data were judged to have greater associated uncertainty
than the human data.

Identification of a NOAEL (or LOAEL) and a Critical Endpoint.
Narang et al. (1984) studied serum calcium levels in humans, with
and without tuberculosis, where diet was supplemented with daily
vitamin D doses of 10, 20, 30, 60, and 95 µg (400, 800, 1,200, 2,400,
and 3,800 IU) for 3 months. Thirty healthy males and females rang-
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ing in age from 21 to 60 years and without tuberculosis were in one
study group. Statistically significant increases in serum calcium were
observed in these subjects at vitamin D doses of 60 and 95 µg (2,400
and 3,800 IU)/day. However, increases in serum calcium level in
some subjects, while statistically significant, were not necessarily ad-
verse, or indicative of hypercalcemia (for example, serum calcium
levels above 2.75 mmol/liter). For example, the mean serum calci-
um level in normal controls following administration of 60 µg (2,400
IU)/day of vitamin D increased from 2.43 mmol/liter to 2.62
mmol/liter (p < 0.01). The mean serum calcium level in normal
controls treated with 95 µg (3,800 IU)/day of vitamin D increased
from 2.46 mmol/liter to 2.83 mmol/liter. At 30 µg (1,200 IU)/day,
in normal controls, the increase was from 2.35 mmol/liter to 2.66
mmol/liter, but this was not a significant increase. The study thus
demonstrates an effect of relatively low doses of supplementary vita-
min D on serum calcium levels, although the degree of hypercalce-
mia was modest. It should also be noted that the effect developed
over a relatively short time (3 months or less), so it is not known
whether the effect would have progressed and worsened, or wheth-
er it would have disappeared, over a longer time period.

Hypercalcemia, defined as a serum calcium level above 2.75
mmol/liter (11 mg/dl), was observed at the highest dose of 95 µg
(3,800 IU)/day, which is, therefore, the lowest-observed-adverse-ef-
fect level (LOAEL). Although a significant rise in serum calcium
levels occurred at 60 µg (2,400 IU)/day, they were still within a
normal range. Therefore, 60 µg (2400 IU)/day is designated as a
no-observed-adverse-effect level (NOAEL).

Uncertainty and Uncertainty Factors.  In using a NOAEL of 60 µg
(2,400 IU)/day based only on the results of Narang et al. (1984) to
derive a UL for adults, it appears to be uncertain whether any increase
in serum calcium, even though still within normal limits, might be
adverse for sensitive individuals and whether the short duration of this
study and small sample size affected the results. The selected uncer-
tainty factor (UF) of 1.2 was judged to be sufficiently conservative to
account for the uncertainties in this data set. A larger UF was judged
unnecessary due to the availability of human data and a reasonably
well-defined NOAEL in a healthy population.

Derivation of a UL.  Based on a NOAEL of 60 µg (2,400 IU)/day
divided by a composite UF of 1.2, the estimated UL for adults is 50
µg (2,000 IU)/day. Supportive evidence for a UL of 50 µg (2,000
IU)/day is provided by Johnson et al. (1980) and Honkanen et al.
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(1990). Johnson et al. (1980) conducted a double-blind clinical tri-
al of men (all over 65 years) and women (all over 60 years) treated
with 50 µg (2,000 IU)/day of vitamin D for approximately 6 months.
Assuming a normally distributed population, these data as present-
ed would appear to suggest that the risk of hypercalcemia in a pop-
ulation exposed to intakes of 50 µg (2,000 IU)/day ranges from 5/
1,000 to less than 1/10,000. In addition, Honkanen et al. (1990)
reported that 45 µg (1,800 IU)/day of supplementary vitamin D
administered to Finnish women aged 65 to 72 years for 3 months
produced no ill effects.

UL for Adults > 18 years 50 µg (2,000 IU)/day

Infants: Ages 0 through 12 Months

Data Selection.  Data from several studies in infants (Fomon et
al., 1966; Jeans and Stearns, 1938; Stearns, 1968) were judged ap-
propriate for use in deriving a UL for infants up to 1 year of age
since the data document the duration and magnitude of intake,
and as an aggregate, they define a dose-response relationship. Avail-
able data from animal studies were judged inappropriate due to
their greater uncertainty.

Identification of a NOAEL (or LOAEL) and Critical Endpoint.  Jeans
and Stearns (1938) found retarded linear growth in 35 infants up to
1 year of age who received 45 to 112.5 µg (1,800 to 4,500 IU)/day
of vitamin D as supplements (without regard to sunlight exposure,
which was potentially considerable during the summer months)
when compared with infants receiving supplemental doses of 8.5 µg
(340 IU)/day or less for a minimum of 6 months. At 45 weeks of
age, infants were found to have a linear growth rate 7 cm lower
than the controls.

Fomon et al. (1966), in a similar study, explored the effects on
linear growth in infants (n = 13) ingesting 34.5 to 54.3 µg (1,380 to
2,170 IU)/day of dietary vitamin D (mean = 44.4 µg or 1,775 IU/
day) from fortified evaporated milk formulas as the only source of
vitamin D compared with infants who were receiving 8.8 to 13.8 µg
(350 to 550 IU)/day (n = 11) from another batch of formula. No
effect was found in infants who were enrolled in the study during
the first 9 days after birth up to 6 months of age. Given the small
sample size used in this study, it was deemed appropriate to deviate
from the model for the development of ULs (see Chapter 3 which
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defines a NOAEL as the highest intake at which no adverse effects
have been observed) and identify the NOAEL for infants in this
study based on the mean intake (for example, 44.4 µg or 1,775 IU/
day) rather than the high end of the range. The NOAEL was round-
ed up to 45 µg (1,800 IU)/day. Stearns (1968) subsequently com-
mented that Fomon et al. (1966) did not study the infants long
enough since the greatest differences in the Jeans and Stearns
(1938) study appeared after 6 months. However, taken together,
these papers support a NOAEL of 45 µg (1,800 IU)/day.

In two different surveys at two different time periods, the British
Paediatric Association (BPA) (BPA, 1956, 1964) reported a marked
decline in hypercalcemia in infants, from 7.2 cases per month in a
1953–1955 survey, to 3.0 cases per month in a 1960–1961 survey.
This change occurred at the same time as new guidelines were in-
troduced for fortification of food products with vitamin D. Data
from BPA (1956) and Bransby et al. (1964) also show the estimated
total vitamin D intake in infants at the seventy fifth percentile of
100 µg (4,000 IU)/day declining to a range of 18.1 to 33.6 µg (724
to 1,343 IU)/day between the two surveys.

Graham (1959) studied 38 infants aged 3 weeks to 11 months with
hypercalcemia in Glasgow from 1951 to 1957. The data as reported
offer no definitive proof of a relationship between vitamin D intake
and hypercalcemia. However, Graham does report that the highest
serum calcium value obtained, 4.65 mmol/liter (18.6 mg/dl), oc-
curred in an infant with an estimated daily intake of 33 µg (1,320
IU)/day of vitamin D and that the infant made a complete recovery
when vitamin D was omitted from the diet.

Taken together, these data indicate that excessive vitamin D intake is
probably a risk factor for hypercalcemia in a few sensitive infants. How-
ever, these data are inadequate for quantitative risk assessment be-
cause the daily dosage is so uncertain. This is because of the inaccura-
cies of survey data, but also and more importantly, because sunlight
exposure was not reported, and the level of fortification of food was
probably not accurately determined, and was most likely underestimated.

Uncertainty and Uncertainty Factors.  Given the insensitivity of the
endpoint, the fact that sample sizes were small, and that little data
exist about sensitivity at the tails of the distributions, an adjustment
in the NOAEL or use of a UF of 1.8 is warranted.

Derivation of the UL.  Based on a NOAEL of 45 µg (1,800 IU)/
day for infants and a UF of 1.8, the UL for infants up to 1 year of
age is set at 25 µg (1,000 IU)/day.
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UL for Infants 0 through 12 months 25 µg (1,000 IU)/day

Children: Ages 1 through 18 Years

No specific data are available for age groups other than adults
and infants. Increased rates of bone formation in toddlers (1 year
of age and older), children, and adolescents suggest that the adult
UL is appropriate for these age groups. In addition, serum calcium
levels must support the increased deposition occurring, and no data
indicate impairment or insufficiency in renal handling mechanisms
by 1 year of age. Therefore, the UL of 50 µg (2,000 IU)/day for
adults is also specified for toddlers, children, and adolescents.

UL for Children 1 through 18 years 50 µg (2,000 IU)/day

Pregnancy and Lactation

The available data were judged inadequate to derive a UL for
pregnant and lactating women that is different from other adults.
Given the minor impact on either circulating vitamin D levels or
serum calcium levels in utero or in infants seen with vitamin D
supplements of 25 and 50 µg (1,000 and 2,000 IU)/day as previous-
ly discussed (Ala-Houhala et al., 1984, 1986), a concern about in-
creased sensitivity during this physiologic period is not warranted.

UL for Pregnancy 14 through 50 years 50 µg (2,000 IU)/day
UL for Lactation 14 through 50 years 50 µg (2,000 IU)/day

Special Considerations

The UL for vitamin D, as with the ULs for other nutrients, only
applies to healthy individuals. Granulomatous diseases (for exam-
ple, sarcoidosis, tuberculosis, histoplasmosis) are characterized by
hypercalcemia and/or hypercalciuria in individuals on normal or
less-than-normal vitamin D intakes or with exposure to sunlight.
This association is apparently due to the extrarenal conversion of
25(OH)D to 1,25(OH)2D by activated macrophages (Adams, 1989;
Sharma, 1996). Increased intestinal absorption of calcium and a
proposed increase in bone resorption contributes to the hypercal-
cemia and hypercalciuria, and the use of glucocorticoids is a well-
established treatment in these disorders (Grill and Martin, 1993).
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Exposure Assessment

The vitamin D content of unsupplemented diets is, for the most
part, low and averages about 2.5 µg (100 IU)/day for women (Krall
et al., 1989; Murphy and Calloway, 1986). Diets high in fish, an
exceptionally rich natural source of vitamin D (USDA, 1991) are
considerably higher in vitamin D. Because milk is fortified to con-
tain 10 µg (400 IU)/quart (9.6 µg [385 IU]/liter) of vitamin D,
persons with high milk intakes also may have relatively high vitamin
D intakes. A 1986 survey estimated that the ninety-fifth percentile of
supplement intake by users of vitamin D supplements was 20 µg
(800 IU)/day for men and 17.2 µg (686 IU)/day for women (Moss
et al., 1989).

The endogenous formation of vitamin D3 from sunlight irradia-
tion of skin has never been implicated in vitamin intoxication. This
is due to the destruction of the previtamin and vitamin D3 remain-
ing in skin with continued exposure to ultraviolet irradiation (Hol-
ick, 1996).

Risk Characterization

For most people, vitamin D intake from food and supplements is
unlikely to exceed the UL. However, persons who are at the upper
end of the ranges for both sources of intake, particularly persons
who use many supplements and those with high intakes of fish or
fortified milk, may be at risk for vitamin D toxicity.

RESEARCH RECOMMENDATIONS

• Research is needed to evaluate different intakes of vitamin D
throughout the lifespan by geographical and racial variables that
reflect the mix of the Canadian and American population and the
influence of sunscreens.

• Regarding puberty and adolescence, research is needed to eval-
uate the effect of various intakes of vitamin D on circulating con-
centrations of 25 (OH)D and 1,25(OH)2D during winter at a time
when no vitamin D comes from sunlight exposure. During this time,
the body adapts by increasing the renal metabolism of 25(OH)D to
1,25(OH)2D and the efficiency of intestinal calcium absorption,
thereby satisfying the increased calcium requirement by the rapidly
growing skeleton.

• It is very difficult to determine the reference values for vitamin
D in healthy young adults aged 18 through 30 and 31 through 50
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years in the absence of sunlight exposure because of their typically
high involvement in outdoor activity and the unexplored contribu-
tion of sunlight to vitamin D stores. More studies are needed that
evaluate various doses of vitamin D in young and middle-aged adults
in the absence of sunlight exposure.

• A major difficulty in determining how much vitamin D is ade-
quate for the body’s requirement is that a normal range for serum
25(OH)D is 25 to 137.5 nmol/liter (10 to 55 ng/ml) for all gender
and life stage groups. However, there is evidence, especially in the
elderly, that in order for the PTH to be at the optimum level, a
25(OH)D of 50 nmol/liter (20 ng/ml) or greater may be required.
Therefore, more studies are needed to evaluate other parameters
of calcium metabolism as they relate to vitamin D status including
circulating concentrations of PTH.

• The development of methodologies to assess changes in body
stores of vitamin D is needed to accurately assess requirements in
the absence of exposure to sunlight. Such work would markedly
assist in the estimation of reference values for all life stage groups.
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8
Fluoride

BACKGROUND INFORMATION

Overview

Fluoride is the ionic form of fluorine, a halogen and the most
electronegative of the elements of the periodic table. It is ubiqui-
tous in nature. Fluoride combines reversibly with hydrogen to form
the acid, hydrogen fluoride (HF). Much of the physiological behav-
ior of fluoride (for example, its absorption from the stomach, distri-
bution between extra- and intracellular fluid compartments and re-
nal clearance) is due to the diffusion of HF (Whitford, 1996). Owing
to its high affinity for calcium, fluoride is mainly associated with
calcified tissues. Its ability to inhibit, and even reverse, the initiation
and progression of dental caries is well known. It also has the unique
ability to stimulate new bone formation, and as such, it has been
used as an experimental drug for the treatment of osteoporosis
(Kleerekoper and Mendlovic, 1993). Recent evidence has shown an
especially positive clinical effect when fluoride (23 mg/day) is ad-
ministered in a sustained release form (Pak et al., 1997) rather than
in forms that are quickly absorbed from the GI tract.

The ingestion of fluoride during the pre-eruptive development of
the teeth has a cariostatic effect (it reduces the risk of dental caries)
due to the uptake of fluoride by enamel crystallites and formation
of fluorhydroxyapatite, which is less acid soluble than hydroxyapa-
tite (Brown et al., 1977; Chow, 1990). Fluoride in the oral fluids,
including saliva and dental plaque, also contributes to the cariostat-
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ic effect. This posteruptive effect is due mainly to reduced acid
production by plaque bacteria and to an increased rate of enamel
remineralization during an acidogenic challenge (Bowden, 1990;
Hamilton, 1990; Marquis, 1995).

Physiology of Absorption, Metabolism, and Excretion

Fifty percent of orally ingested fluoride is absorbed from the gas-
trointestinal tract after approximately 30 minutes. In the absence of
high dietary concentrations of calcium and certain other cations
with which fluoride may form insoluble and poorly absorbed com-
pounds, 80 percent or more is typically absorbed. Body fluid and
tissue fluoride concentrations are proportional to the long-term lev-
el of intake; they are not homeostatically regulated (Guy, 1979).
About 99 percent of the body’s fluoride is found in calcified tis-
sues—to which it is strongly but not irreversibly bound. Fluoride in
bone appears to exist in both a rapidly exchangeable pool and a
slowly exchangeable pool. The former is located in the hydration
shells on bone crystallites, where fluoride may be exchanged isoion-
ically or heteroionically with ions in the surrounding extracellular
fluids. Mobilization from the slowly exchangeable pool results from
the resorption associated with the process of bone remodeling.

The elimination of absorbed fluoride occurs almost exclusively
via the kidneys. The renal handling of fluoride is characterized by
unrestricted filtration through the glomeruli followed by a variable
degree of tubular reabsorption. The extent of reabsorption is in-
versely related to tubular fluid pH. The renal clearance of fluoride
in adults is about 30 to 40 ml/minute (Cowell and Taylor, 1981;
Schiffl and Binswanger, 1982; Waterhouse et al., 1980). The rate of
fluoride removal from plasma, which in healthy adults is approxi-
mately 75 ml/minute, is virtually equal to the sum of the renal and
calcified tissues clearances.

The fractional retention or balance of fluoride at any age de-
pends on the quantitative features of absorption and excretion. For
healthy, young, or middle-aged adults, approximately 50 percent of
absorbed fluoride is retained by uptake in calcified tissues, and 50
percent is excreted in the urine. For young children, as much as 80
percent can be retained owing to increased uptake by the develop-
ing skeleton and teeth (Ekstrand et al., 1994a, b). Such data are not
available for persons in the later years of life, but based on bone
mineral dynamics, it is likely that the fraction excreted is greater
than the fraction retained.

Under most dietary conditions, fluoride balance is positive.
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Whether it is positive or negative appears to be due to the blood-
bone fluoride steady state. When chronic intake is insufficient to
maintain or gradually increase plasma concentrations, fluoride ex-
cretion by infants (Ekstrand et al., 1984) and adults (Largent, 1952)
can exceed the amounts ingested due to mobilization from calci-
fied tissues.

Cariostatic Effect of Fluoride

The cariostatic action of fluoride on erupted teeth of children
and adults is due to its effects on the metabolism of bacteria in
dental plaque and on the dynamics of enamel de- and remineraliza-
tion during an acidogenic challenge (Marquis, 1995; Tatevossian,
1990). Plaque fluoride concentrations are directly related to the
fluoride concentrations in and frequencies of exposure to water,
beverages, foods, and dental products. Fluoride can be deposited in
plaque by direct uptake from these sources as well as from the saliva
and gingival crevicular fluid after ingestion and absorption from
the gastrointestinal tract. Its effects on plaque bacteria involve inhi-
bition of several enzymes, which limits the uptake of glucose and
thus reduces the amount of acid produced and secreted into the
extracellular plaque fluid (Kanapka and Hamilton, 1971; Marquis,
1995). These effects attenuate the pH drop in plaque fluid that
would otherwise occur and, hence, the severity of the acidic chal-
lenge to the enamel (Birkeland and Charlton, 1976).

The effects of fluoride on the processes of enamel de- and re-
mineralization in erupted teeth include: (1) a reduction in the acid
solubility of enamel; (2) promotion of remineralization of incipient
enamel lesions, which are initiated at the ultrastructural level sever-
al times each day according to the frequency of eating or drinking
foods containing carbohydrates metabolizable by plaque bacteria;
(3) increasing the deposition of mineral phases in plaque, which,
under acidic conditions produced during plaque metabolism, pro-
vide a source of mineral ions (calcium, phosphate, and fluoride)
that retard demineralization and promote remineralization; and (4)
a reduction in the net rate of transport of minerals out of the enam-
el surface by inducing the reprecipitation of fluoridated hydroxyap-
atite within the enamel (Margolis and Moreno, 1990; Ten Cate,
1990). These various mechanisms underlying the protective effects
of fluoride on the erupted teeth of children and adults require
frequent exposures to fluoride throughout life in order to achieve
and maintain adequate concentrations of the ion in dental plaque
and enamel.



FLUORIDE 291

Factors Affecting the Nutrient Requirement

Bioavailability

In general, the bioavailability of fluoride is high, but it can be
influenced to some extent by the vehicle with which it is ingested.
When a soluble compound such as sodium fluoride is ingested with
water, absorption is nearly complete. If it is ingested with milk, baby
formula, or foods, especially those with high concentrations of cal-
cium or certain other divalent or trivalent ions that form insoluble
compounds, absorption may be reduced by 10 to 25 percent
(Ekstrand and Ehrnebo, 1979; Spak et al., 1982). The absorption of
fluoride from ingested toothpaste, whether added as sodium fluo-
ride or monofluorophosphate (MFP), is close to 100 percent
(Ekstrand and Ehrnebo, 1980).

Fluoride-Food Component Interactions

The rate and extent of fluoride absorption from the gastrointesti-
nal tract are reduced somewhat by ingestion with solid foods and
some liquids, particularly those rich in calcium, such as milk or
infant formulas (Spak et al., 1982). Results from studies with rats
that had chronically elevated plasma fluoride concentrations
showed that a diet high in calcium increases fecal fluoride excre-
tion such that fluoride loss can equal or exceed fluoride intake
(Whitford, 1994). It has been suggested that the co-ingestion of
fluoride and caffeine or some other methylxanthines increases the
bioavailability of fluoride (Chan et al., 1990), but other studies failed
to confirm this effect (Chen and Whitford, 1994).

Intake of Fluoride

The halo or diffusion effect reduces the utility of the local water
fluoride concentration for estimating daily fluoride intake. This ef-
fect results from the transport of foods and beverages prepared
with fluoridated water to communities served with water having low
fluoride concentrations, and vice versa. The consumption of bever-
ages in the United States and Canada is displacing the consumption
of tap or well water (Clovis and Hargreaves, 1988; Pang et al., 1992).
In a study of fluoride intake by 225 children aged 2 to 10 years,
Pang et al. (1992) reported that total fluid intake ranged from 970
to 1,240 ml/day. Consumption of soft drinks, juices, tea, and other
beverages accounted for more than 50 percent of fluid intake and
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ranged from 585 to 756 ml/day. The fluoride concentrations ranged
from nondetectable to 6.7 mg/liter. The estimated average (± stan-
dard deviation [SD]) fluoride intakes from beverages for children
aged 2 to 3, 4 to 6 and 7 to 10 years were 0.36 ± 0.3, 0.54 ± 0.5, and
0.60 ± 0.5 mg/day. The maximum fluoride intakes for individual
children within these age groups were 1.4, 2.4, and 2.0 mg/day.

The fluoride concentration in human milk ranges from 0.007 to
0.011 mg/liter (Ekstrand et al., 1984; Esala et al., 1982; Spak et al.,
1982). Using the mean value of intake of human milk of 780 ml/
day (Allen et al., 1991; Butte et al., 1984), this food provides about
0.005 to 0.009 mg/day of fluoride to the nursing infant. Intake by
formula-fed infants spans a wide range depending on whether the
product is ready to feed or requires the addition of water. The
fluoride concentrations of ready-to-feed formulas currently made in
the United States generally range from 0.1 to 0.2 mg/liter (Johnson
and Bawden, 1987; McKnight-Hanes et al., 1988). Using a mean
intake value of 860 ml/day of formula (Specker et al., 1997), bottle-
fed infants receive about 0.09 to 0.17 mg/day of fluoride. Ready-to-
feed formulas manufactured in Canada have concentrations rang-
ing from 0.15 to 0.3 mg/liter (fluoride content of infant formulas
as published by infant formula manufacturers, personal communi-
cation to Atkinson S, 1997).

The fluoride concentrations of powdered or liquid-concentrate
infant formulas depend mainly on the fluoride concentration of
the water used to reconstitute the products. They may be less than
or several times higher than those of the ready-to-feed products.
Thus, daily intakes by individual infants from these products are
highly variable and can range from as little as 0.1 to over 1.0 mg/
day of fluoride.

Table 8-1 summarizes the results of seven studies of dietary fluo-
ride intake of children in the United States or Canada that were
published from 1943 to 1988. The drinking water fluoride concen-
trations in fluoridated communities were between 0.7 and 1.1 mg/
liter, whereas those in nonfluoridated communities were less than
0.4 mg/liter. The average daily dietary fluoride intakes (expressed
on a body weight basis) in fluoridated areas have been relatively
constant at about 0.05 mg/kg/day from infancy to early childhood
since 1980. In communities without fluoridated water, average in-
takes have been about 50 percent lower than in fluoridated areas.
As noted previously, as beverage consumption by children increas-
es, particularly in communities without fluoridated water, fluoride
intake may rise if the water source in the beverage is fluoridated
(Pang et al., 1992).
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Ten independent U.S. and Canadian studies published from 1958
to 1987 have shown that dietary fluoride intakes by adults range
from 1.4 to 3.4 mg/day in areas where the water fluoride concentra-
tion was 1.0 mg/liter. In areas where the water concentration was
less than 0.3 mg/liter, the daily intakes ranged from 0.3 to 1.0 mg/
day (Cholak, 1959; Dabeka et al., 1987; Filippo and Battistone, 1971;
Kramer et al., 1974; McClure and Zipkin, 1958; Osis et al., 1974;
Singer et al., 1980, 1985; Spenser et al., 1981; Taves, 1983). With
the exception of the study by Taves (1983), each of these studies
included fluoride intake from water. On a body weight basis, there-
fore, dietary fluoride intake by adults is generally lower than it was
during the growth period. There was no evidence that dietary fluo-
ride intake in the 1970s and 1980s had increased over that in the
1950s.

Intake from Food

Most foods have fluoride concentrations well below 0.05 mg/100
g (Taves, 1983). Exceptions to this include fluoridated water, bever-
ages and some infant formulas that are made or reconstituted with

TABLE 8-1  Dietary Fluoride (F) Intake by Childrena

mg F/day mg F/kg body wt/day

Non- Non-
Fluori- fluori- Fluori- fluori-

Age dated dated dated dated Reference

1–3 years 0.42–0.83 —b 0.03–0.10 — McClure, 1943
4–6 years 0.56–1.11 — 0.02–0.09 — McClure, 1943
7–9 years 0.70–1.38 — 0.02–0.07 — McClure, 1943
2 months 0.63 0.05 0.13 0.01 Singer and Ophaug, 1979
4 months 0.68 0.10 0.10 0.02 Singer and Ophaug, 1979
6 months 0.76 0.15 0.09 0.02 Singer and Ophaug, 1979
6 months 0.54 0.35 0.07 0.04 Ophaug et al., 1980a
2 years 0.61 0.32 0.05 0.03 Ophaug et al., 1980b
3–6 months 0.42 0.25 0.06 0.04 Dabeka et al., 1982
9–12 months 0.56 0.28 0.05 0.03 Dabeka et al., 1982
6 months 0.42 0.23 0.05 0.03 Ophaug et al., 1985
2 years 0.62 0.21 0.05 0.02 Ophaug et al., 1985
6 months 0.4 0.2 0.05 0.03 Featherstone and Shields,

1988

a Data presented as means or ranges.
b No data.
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fluoridated water, teas, and some marine fish. Because of the ability
of tea leaves to accumulate fluoride to concentrations exceeding 10
mg/100 g dry weight, brewed tea contains fluoride at concentra-
tions ranging from 1 to 6 mg/liter depending on the amount of dry
tea used, the water fluoride concentration, and brewing time (Cre-
mer and Buttner, 1970; Wei et al., 1989). The concentrations in
decaffeinated teas are approximately twice those of caffeinated teas
(Chan and Koh, 1996). Muhler (1970) reported fluoride concen-
trations in marine fish ranging from 0.6 to 2.7 mg/100 g. The sam-
ples, however, may have contained bones. More recent studies re-
ported average fluoride values for fish close to 0.05 mg/100 g and a
range of 0.01 to 0.17 mg/100 g (Taves, 1983; Whitford, 1996).

Table 8-2 shows the fluoride concentrations of prepared foods
that were served to adult hospital patients (Taves, 1983). When
preparation required the use of water (for example, some juices,
boiling vegetables), the local water, which contained 1.0 mg/liter
fluoride, was used. Nonclassifiable foods included certain soups and
puddings. The average daily fluoride intake was 1.8 mg, but intake
from drinking water was not taken into account. Other investigators
(Filippo and Battistone, 1971; Singer et al., 1980) reported an aver-
age intake of fluoride of 2.2 and 1.2 mg/day, respectively.

TABLE 8-2  Fluoride Concentrations of Foods

Fluoride Concentration (mg/liter or kg)

Food Average Range

Fruits 0.06 0.02–0.08
Meat, fish, poultry 0.22 0.04–0.51
Oils and fats 0.25 0.02–0.44
Dairy products 0.25 0.02–0.82
Leafy vegetables 0.27 0.08–0.70
Sugar and adjunct substances 0.28 0.02–0.78
Root vegetables 0.38 0.27–0.48
Grain and cereal products 0.42 0.08–2.01
Potatoes 0.49 0.21–0.84
Legume vegetables 0.53 0.49–0.57
Nonclassifiable 0.59 0.29–0.87
Beverages 0.76 0.02–2.74

SOURCE:  Taves, 1983.
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Intake from Dietary Supplements

Table 8-3 shows the recently revised dietary fluoride supplement
dosage schedule that was approved for U.S. and Canadian children
by the American Dental Association and the American Academy of
Pediatrics (ADA, 1994) and the Canadian Paediatric Society (1996).
Supplements are available only by prescription and are intended
for use by children living in areas with low water fluoride concentra-
tions so that their intake is similar to that by children whose water
fluoride concentrations are approximately 1.0 mg/liter. Based on
the 1986 National Health Interview Survey (NHIS) data, it is esti-
mated that 15 percent of children in the United States up to aged 5
years and 8 percent of those aged 5 to 17 years use dietary fluoride
supplements (Wagener et al., 1995). Supplements are rarely pre-
scribed for adults.

Intake from Dental Products

Intake from fluoridated dental products adds considerable fluo-
ride (Burt, 1992; Whitford et al., 1987), often approaching or ex-
ceeding intake from the diet, particularly in young children who
have poor control of the swallowing reflex. Although exposures to
professionally applied products (for example, rinses and gels with
high fluoride concentrations) occur less frequently, they also con-
tribute to fluoride intake. The major contributors to nondietary
fluoride intake are toothpastes (Osuji et al., 1988; Simard et al.,
1989, 1991), mouth rinses (Bell et al., 1985), and dietary fluoride
supplements (Ismail et al., 1990; Pendrys and Stamm, 1990).

Table 8-4 summarizes the findings from several studies of fluoride

TABLE 8-3  Dietary Fluoride Supplement Dosage Schedule for
U.S. and Canadian Children

Drinking Water Fluoride Concentration (mg/liter)

Age of Child < 0.3 0.3–0.6 > 0.6

6 months to 3 years 0.25a 0 0
3 to 6 years 0.50 0.25 0
6 to 16 years 1.00 0.50 0

a Fluoride supplement values are given in mg of fluoride per day (2.2 mg sodium
fluoride = 1.0 mg fluoride).
SOURCE:  ADA, 1994; Canadian Paediatric Society, 1996.
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ingestion by children resulting from the use of toothpastes, the
products of most interest because of their widespread and frequent
use from an early age (Ronis et al., 1993). Dowell (1981) reported
that brushing began for nearly 50 percent of his sample by the age
of 12 months and that 75 percent had their teeth brushed at 18
months of age. As shown in Table 8-4, children 7 years of age or
younger introduce approximately 0.8 mg of fluoride into the mouth
with each brushing; the fraction that is swallowed and absorbed
(Ekstrand and Ehrnebo, 1980) ranges from about 10 percent to
nearly 100 percent. An average of about 0.30 mg of fluoride is in-
gested with each brushing by young children. Thus, brushing might
contribute about 0.6 mg of fluoride daily, especially if a water rinse
is not used after brushing. Similar findings were reported by Bruun
and Thylstrup (1988), who studied Danish children.

TABLE 8-4  Fluoride Ingestion Resulting from the Use of
Fluoride-Containing Toothpastes

Weight Fluoride
Used per Ingested per %
Brushing (g) Brushing (mg)a Ingested

Age
(years) Mean Range Mean Range Mean Range Reference Study

3–6 —b — — 0–2.6c — — Hargreaves et al., 1970
3–6 1.38 0.12–3.69 0.38 0–1.69 28 0–97 Hargreaves et al., 1972
2–4 0.86 0.19–2.41 0.30 — 35 — Barnhart et al., 1974
5–7 0.94 0.15–2.08 0.13 — 14 — Barnhart et al., 1974
11–13 1.10 0.31–2.00 0.07 — 6 — Barnhart et al., 1974
20–25 1.39 0.42–3.29 0.04 — 3 — Barnhart et al., 1974
8–10 1.04 0.23–2.57 0.12 0–0.41 12 0–32 Glass et al., 1975
2–5 0.66 — 0.33 — 45 — Simard et al., 1989
3–10 1.00 1.00–1.00 0.36 0.08–0.82 36 8–82 Salama et al., 1989
3–5 0.49 — 0.14 — 29 — Naccache et al., 1990
2 0.62 — 0.36 — 65 — Naccache et al., 1992
3 0.53 — 0.28 — 49 — Naccache et al, 1992
4 0.45 — 0.24 — 49 — Naccache et al., 1992
5 0.52 — 0.23 — 42 — Naccache et al, 1992
6 0.48 — 0.18 — 34 — Naccache et al., 1992
7 0.50 — 0.18 — 34 — Naccache et al., 1992

a Some studies measured the weight (g) of toothpaste ingested which, for a 1,000
ppm F product, would be proportional to the weight (mg) of fluoride ingested.

b No data.
c Toothpaste fluoride concentration = 2,400 ppm. Amounts of fluoride ingested were

based on 24-hour urinary excretions and expressed as mg/day, not mg/brushing.
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Effects of Inadequate Fluoride Intake

Many studies conducted prior to the availability of fluoride-con-
taining dental products demonstrated that dietary fluoride expo-
sure is beneficial, owing to its ability to inhibit the development of
dental caries in both children and adults (Russell and Elvove, 1951).
The results of most of these studies showed that the prevalence of
dental caries in communities with optimal water fluoride concen-
trations (range 0.7 to 1.2 mg/liter, depending on average regional
temperature) was 40 to 60 percent lower than in areas with low
water fluoride concentrations. The lower concentrations within the
optimal range are recommended for warm climates where water
intake tends to be greater than in cooler climates. Other studies
have shown that the earlier children are exposed to fluoridated
water or dietary fluoride supplements, the greater the reduction in
dental caries in both the primary and permanent teeth (Hargreaves
et al., 1988; Lewis, 1976; Stephen et al., 1987). The lack of exposure
to fluoride or the ingestion of inadequate amounts of fluoride at
any age places the individual at increased risk for dental caries.

Both the inter-community transport of foods and beverages and
the use of fluoridated dental products have blurred the historical
difference in the prevalence of dental caries between communities
with and without water fluoridation. Brunelle and Carlos (1990)
summarized the results of the 1986–1987 national survey conducted
by the National Caries Program of the National Institute of Dental
Research. The overall difference in caries prevalence between fluo-
ridated and nonfluoridated regions in the United States was 18 per-
cent whereas the majority of earlier studies reported differences of
approximately 50 percent. After children with a reported history of
exposure to dietary fluoride supplements or topical fluorides were
excluded from the analysis, the difference increased to 25 percent.
Further, the differences in the prevalence of caries in the seven
geographic regions of the United States were inversely proportional
to the percentages of water supplies that were fluoridated. In re-
gion VII (Pacific), where only 19 percent of the population is served
with fluoridated water, the difference in caries scores between fluo-
ridated and nonfluoridated areas was 61 percent. In region III (Mid-
west), where 74 percent of the population is served with fluoridated
water, the difference was only 6 percent. These findings suggested
an important role for the halo or diffusion effect. The results of this
survey, like that of the 1979–1980 national survey conducted by the
National Caries Program of the National Institute of Dental Re-
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search, indicate that water fluoridation continues to be of major
importance in the control of dental caries.

ESTIMATING REQUIREMENTS FOR FLUORIDE

Selection of Indicators for Estimating the Fluoride Requirement

Dental Caries

The cariostatic effect of fluoride is a strong indicator for an Ade-
quate Intake (AI) of the ion. Figure 8-1 summarizes the results of
the pioneering epidemiological studies of the relationships between
the concentration of fluoride in drinking water and dental caries
and enamel fluorosis (mottling) (Dean, 1942). Enamel fluorosis is
caused by excessive fluoride intake but only during the preeruptive
development of the teeth. A fluorosis index value of 0.6 in a com-
munity was judged to represent the threshold for a problem of pub-
lic health significance. As can be seen in Figure 8-1, this value oc-
curred in communities having water fluoride concentrations in the
1.6 to 1.8 mg/liter range. The figure also shows that reduction in
the average number of dental caries per child was nearly maximal
in communities having water fluoride concentrations close to 1.0
mg/liter. This is how 1.0 mg/liter became the “optimal” concentra-
tion. That is, it was associated with a high degree of protection
against caries and a low prevalence of the milder forms of enamel
fluorosis. The average dietary fluoride intake by children living in
optimally fluoridated communities was (and remains) close to 0.05
mg/kg/day (range 0.02 to 0.10 mg/kg/day; Table 8-1).

Both pre- and posteruptive exposures to fluoride have cariostatic
effects (Dawes, 1989; Hargreaves, 1992; Horowitz, 1990). Based on
data from their long-term study of the cariostatic effects of fluori-
dated water in the Netherlands, Groeneveld et al. (1990) conclud-
ed that: (1) the best effect on dental caries in the permanent teeth
was achieved when fluoride was consumed from birth, (2) about 85
percent of the greatest reduction in caries was obtained when fluo-
ride consumption started between ages 3 and 4, (3) about 66 per-
cent of the protective effect for surfaces with high caries susceptibil-
ity (pits and fissures) derived from preeruptive fluoride exposure,
and (4) about 25 percent of the protective effect for the lower risk,
smooth surfaces was attributable to preeruptive fluoride exposure.
Several other retrospective clinical studies have shown that the ear-



FLUORIDE 299

lier children are exposed to fluoridated water or dietary fluoride
supplements, the greater the reduction in dental caries in both the
primary and permanent teeth (Hargreaves et al., 1988; Lewis, 1976;
Stephen et al., 1987).

A large number of studies have shown that fluoridated drinking
water increases resistance to dental caries at all ages. For example,
Jackson et al. (1973) recorded caries experience among 3,902 resi-
dents of York and Hartlepool, England. The water fluoride concen-
trations in these cities were 0.2 mg/liter and 1.5 to 2.0 mg/liter,
respectively. Caries experience in people in five different age groups
(ranging from 15 to 19 to > 44 years) was significantly lower in
Hartlepool (44 percent lower in the > 44-year-old group). In a study
of Swedish subjects aged 30 to 40 years (n = 496), who were life-long
residents of Uppsala (1.0 mg/liter fluoride in water) or Enköping
(0.3 mg/liter fluoride in water), Wiktorsson et al. (1992) found that
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FIGURE 8-1 Relationships among caries experience (solid line), dental fluorosis
index (dashed line), and the fluoride concentration of drinking water. A fluorosis
index value of 0.6 was judged to represent the threshold for a problem of public
health significance. The data are based on the examination of 7,257 12- to 14-year-
old children (Dean, 1942).
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the percentage of decayed and filled surfaces was 21 percent lower
in the fluoridated community. Multiple regression analysis indicat-
ed that this difference was due to the community of residence but
not to differences in past dental treatment, frequency of toothbrush-
ing with a fluoridated toothpaste, or the frequency of drinking tea.

Bone Mineral Content

Several reports published 30 to 40 years ago suggested that the
long-term ingestion of fluoride at levels slightly above optimum for
caries prevention improved the quality of the human skeleton and
that the risk of osteoporosis might thereby be reduced (Bernstein
et al., 1966; Leone et al., 1955, 1960). A recent Finnish study con-
cluded that, compared with the low-fluoride control group, verte-
bral bone mineral density (BMD) was increased slightly while femo-
ral neck BMD was not affected among perimenopausal women who
had used fluoridated water (1.0 to 1.2 mg/liter) for 10 years or
more (Kröger et al., 1994). There was no difference between the
groups in the prevalence of self-reported bone fractures. Richards
et al. (1994) reported that the normal, age-related increase in bone
fluoride concentrations (range 463 to 4,000 mg/kg) had no effect
on the compressive strength or ash density of vertebra in Danish
men and women whose ages ranged from 20 to 91 years. Sowers et
al. (1986, 1991), however, reported a marginal increase in bone
fractures (self-reported) and lower bone densities among women
whose drinking water contained 4 mg/liter of fluoride.

Some evidence exists that fluoride may inhibit the calcification of
soft tissues (Taves and Neuman, 1964; Zipkin et al., 1970), includ-
ing the aorta (Bernstein et al., 1966). Taves (1978) reported that
the standardized mortality rate due to ischemic heart disease in
cities with optimally fluoridated water was lower than in cities with
low water fluoride concentrations. Data are insufficient to justify
using these effects as the basis for estimating an AI for fluoride.

Fluoride Balance

As shown in studies with infants (Ekstrand et al., 1984, 1994a, b)
and adults (Largent, 1952; Maheshwari et al., 1981), the balance of
fluoride can be negative. This occurs when chronic intake is re-
duced sufficiently to allow plasma fluoride concentrations to fall,
which promotes the mobilization of the ion from calcified tissues.
However, no data document the effects of a long-term negative fluo-
ride balance on enamel, on salivary or plaque concentrations, or on



FLUORIDE 301

caries development. At this time, therefore, the use of balance data
to estimate an adequate intake of fluoride is not warranted.

AI Definition

Because data are not available to determine an Estimated Average
Requirement (EAR), the reference value that will be used for fluoride
is the AI. The AI is based on estimated intakes that have been shown to
reduce the occurrence of dental caries maximally in a population with-
out causing unwanted side effects including moderate dental fluorosis.

FINDINGS BY LIFE STAGE AND GENDER GROUP

General Observations

The cariostatic effect associated with residence in communities
served with optimally fluoridated water (ca. 1 mg/liter) has been
confirmed by numerous epidemiological studies conducted in
countries throughout the world (Horowitz, 1996). The average di-
etary intake by U.S. infants and children since 1980 in these areas
has been close to 0.05 mg/kg/day (Table 8-1). The slightly higher
average intakes by infants aged 2 to 6 months, reported by Singer
and Ophaug (1979) were largely due to intake from formulas that
had been manufactured with fluoridated water. Since then, most
formula manufacturers in the United States have used low-fluoride
water (Burt, 1992). Although the total amount of fluoride ingested
daily by older children and adults is greater than by infants or
young children, it is generally lower when expressed in terms of
body weight. As noted earlier, average dietary fluoride intakes by
adults living in fluoridated communities have ranged from 1.4 to
3.4 mg/day, or from 0.02 to 0.05 mg/kg/day for a 70 kg person.

Adequate Intake

Infants: Ages 0 through 6 Months

As noted earlier, fluoride intake among infants varies widely, es-
pecially during the first 6 months of life, depending on whether the
infant is fed human milk or formula and whether the formula is
ready-to-feed or requires reconstitution with water. Human milk-
fed infants receive about 0.01 mg/day (0.001 to 0.003 mg/kg). In-
fants fed a formula reconstituted with fluoridated water may receive
as much as 1.0 mg/day. Some evidence shows that the prevalence of
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mild enamel fluorosis in the primary teeth, but not the permanent
teeth, is higher among formula-fed infants than infants fed cow’s
milk, which has a low fluoride concentration similar to that of hu-
man milk (Larsen et al., 1988). The current dosage schedule for
dietary fluoride supplements in the United States (ADA, 1994) and
Canada (Canadian Paediatric Society, 1996) recommends starting
supplementation at 6 months of age. Since the intake of fluoride by
human milk-fed infants during this period of life does not appear
to significantly increase the risk of dental caries, fluoride from hu-
man milk is deemed adequate in early life.

AI for Infants 0 through 6 months 0.01 mg/day

Ages > 6 Months

Based on the extensively documented relationships between caries
experience and both water fluoride concentrations and fluoride in-
take, the AI for fluoride from all sources is set at 0.05 mg/kg/day. This
intake range is recommended for all ages greater than 6 months be-
cause it confers a high level of protection against dental caries and is
associated with no known unwanted health effects. The cariostatic ef-
fect is due both to preeruptive fluoride incorporation into tooth enam-
el and to continuing, frequent posteruptive fluoride exposures of the
teeth. Indicative of the benefit of continuing posteruptive exposures,
several studies have shown that caries experience increases among per-
sons who were raised in a fluoridated community but then moved to
an area with a lower water fluoride concentration (Russell, 1949), or
when a water system is defluoridated (Lemke et al., 1970).

AI Summary:  Ages 7 through 12 Months

Based on an AI for fluoride from all sources of 0.05 mg/kg/day
and a reference weight of children in this age range of 9 kg (Table
1-3), the AI is 0.5 mg/day.

AI for Children 7 through 12 months 0.5 mg/day

AI Summary: Ages 1 through 3 Years

Based on an AI for fluoride from all sources of 0.05 mg/kg/day
and a reference weight of children 1 through 3 years of age of 13 kg
(Table 1-3), the AI is 0.7 mg/day.
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AI for Children 1 through 3 years 0.7 mg/day

AI Summary:  Ages 4 through 8 Years

Based on an AI for fluoride from all sources of 0.05 mg/kg/day
and a reference weight for children 4 through 8 years of age of 22
kg (Table 1-3), the AI is 1.1 mg/day.

AI for Children 4 through 8 years 1 mg/day

AI Summary: Ages 9 through 13 Years

Based on an AI for fluoride from all sources of 0.05 mg/kg/day
and a reference weight for both boys and girls ages 9 through 13
years of 40 kg (Table 1-3), the AI is 2.0 mg/day.

AI for Boys 9 through 13 years 2 mg/day
AI for Girls 9 through 13 years 2 mg/day

AI Summary: Ages 14 through 18 Years

Based on an AI for fluoride from all sources of 0.05 mg/kg/day
and a reference weight for boys ages 14 through 18 years of 64 kg
(Table 1-3), the AI is 3.2 mg/day for boys. Based on a reference
weight for girls ages 14 through 18 years of 57 kg, the AI is 2.9 mg/
day for girls.

AI for Boys 14 through 18 years 3 mg/day
AI for Girls 14 through 18 years 3 mg/day

AI Summary: Ages 19 Years and Over

Based on an AI for fluoride from all sources of 0.05 mg/kg/day
and a reference weight for males ages 19 and over of 76 kg (Table
1-3), the AI is 3.8 mg/day. Based on a reference weight for females
ages 19 and above of 61 kg, the AI for females is 3.1 mg/day.

AI for Males 19 years and over 4 mg/day
AI for Females 19 years and over 3 mg/day

Pregnancy

It is known that fluoride crosses the placenta, enters the fetal circula-
tion (Brambilla et al., 1994; Shen and Taves, 1974), and is incorporat-
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ed into the developing primary teeth (Gedalia et al., 1964; Hargreaves,
1972; LeGeros et al., 1985). Studies conducted shortly after the begin-
ning of water fluoridation indicated that the greatest reduction in car-
ies was seen in children who had the longest exposure to fluoridated
water (Arnold et al., 1956; Blayney and Hill, 1964). This raised the
possibility of a beneficial effect of prenatal fluoride for the primary
teeth.  The results of several studies suggested that the ingestion of
supplemental fluoride during pregnancy was beneficial to the primary
teeth (Feltman and Kosel, 1961; Glenn, 1981; Glenn et al., 1984; Hosk-
ova, 1968; Kailis et al., 1968; Prichard, 1969; Schutzmannsky, 1971).  In
contrast, other studies have reported no effects or statistically nonsig-
nificant effects of prenatal fluoride administration on caries in the
primary dentition (Carlos et al., 1962; Horowitz and Heifetz, 1967;
Leverett et al., 1997).  The Leverett et al. (1997) study was the first
prospective, randomized, double blind study conducted in this area
and the authors concluded that “the data do not support the hypothe-
sis that the observed low carie levels are attributable to prenatal fluo-
ride exposure.”  At this time, scientific evidence is insufficient to sup-
port a recommendation for prenatal fluoride supplementation.  This
is in line with the current recommendation of the American Dental
Association. Further, when fluoride supplements are taken during
pregnancy, the United States Food and Drug Administration prohibits
making claims of benefit to the teeth of children.

The results from two studies indicated that fluoride balances in
pregnant and nonpregnant women were not markedly different
(Maheshwari et al., 1981, 1983). In the former study, 16 women
aged 19 to 31 years were studied. Ten were in the second half of
pregnancy, and six served as nonpregnant controls. The diets had a
low fluoride content (less than 0.45 mg/day), which, as in some of
the infant studies described above, resulted in negative fluoride bal-
ances. The average balances for the pregnant and nonpregnant
groups were –0.32 and –0.15 mg/day, respectively. In the second
study 18 women aged 19 to 33 years were supplemented with 1.0
mg/day so the average total intake was 1.35 mg/day. Seven of the
women were not pregnant, six were in the second quarter of preg-
nancy, and five were in the fourth quarter of pregnancy. The higher
fluoride intake in this study resulted in positive balances in each
group. The differences among the groups were small and not statis-
tically significant.

AI Summary:  Pregnancy

There is no evidence at this time that the AI for women during
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pregnancy should be increased above the level recommended for
women during the nonpregnant state.

AI for Pregnancy 14 through 18 years 3 mg/day
AI for Pregnancy 19 through 50 years 3 mg/day

Lactation

No data from human studies document the metabolism of fluoride
during lactation. Because fluoride concentrations in human milk are
very low and relatively insensitive to differences in the fluoride concen-
trations of the mother’s drinking water, fluoride supplementation dur-
ing lactation would not be expected to significantly affect fluoride
intake by the nursing infant or the fluoride requirements of the moth-
er. The AI for women during lactation is therefore not increased above
that for women in the nonpregnant state.

AI for Lactation 14 through 18 years 3 mg/day
AI for Lactation 19 through 50 years 3 mg/day

Special Considerations

Fluoride Supplements in Areas without Water Fluoridation.  Infants
and children living in nonfluoridated water areas will not easily
achieve the AI for fluoride. Thus, fluoride supplements have been
recommended based on life stage and level of water fluoridation.
Table 8-3 shows the recently revised dietary fluoride supplement
dosage schedule that was approved for United States children by
the American Dental Association and American Academy of Pediat-
rics (ADA, 1994) and for Canadian children by the Canadian Paedi-
atric Society (1996). The daily fluoride dose is based on the age of
the child and the fluoride concentration of the child’s main drink-
ing water source. Compared with the previous dosage schedule that
was adopted in 1979, the current schedule represents a reduction
of approximately 50 percent in the amount of fluoride to be pre-
scribed for children up to the age of 6 years. Other changes from
the previous schedule include starting supplementation at 6 months
instead of at birth and reducing the water fluoride concentration to
a level above which supplements should not be prescribed from 0.7
mg/liter to 0.6 mg/liter. The main reasons for these changes were
the increased prevalence of enamel fluorosis in the United States
and Canada and the identification of dietary supplements as one of
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the risk factors (see below). The decision to delay the start of sup-
plementation until 6 months of age was based on the fact that ap-
proximately two-thirds of infants are formula-fed and that many
human milk-fed infants receive nourishment from other sources
that contain variable amounts of fluoride at an early age.

TOLERABLE UPPER INTAKE LEVELS

Hazard Identification

The primary adverse effects associated with chronic, excess fluo-
ride intake are enamel and skeletal fluorosis.

Adverse Cosmetic Effect: Enamel Fluorosis

Enamel fluorosis is a dose-response effect caused by fluoride in-
gestion during the preeruptive development of the teeth. After the
enamel has completed its preeruptive maturation, it is no longer
susceptible. Inasmuch as enamel fluorosis is regarded as a cosmetic
effect, it is the anterior teeth that are of most concern. The preerup-
tive maturation of the crowns of the anterior permanent teeth is
finished and the risk of fluorosis is over by 8 years of age (Fejerskov
et al., 1977). Therefore, fluoride intake up to the age of 8 years is of
most interest. Several reports suggest that enamel in the transition-
al or early maturation stage of development is most susceptible to
fluorosis, which for the anterior teeth, occurs during the second
and third years of life (Evans, 1989; Evans and Darvell, 1995; Pend-
rys and Katz, 1989; Pendrys and Stamm, 1990). Some evidence indi-
cates that the risk of mild enamel fluorosis in the primary teeth is
somewhat increased as a result of the relatively high fluoride intake
associated with feeding some infant formulas reconstituted with flu-
oridated water (Larsen et al., 1988).

Fluorosed enamel has a high protein content. This results in in-
creased porosity which, in the moderate and severe forms, may even-
tually become stained and pitted (Fejerskov et al., 1977; Kaminsky
et al., 1990). Clinically, the milder forms of enamel fluorosis are
characterized by opaque striations that run horizontally across the
surfaces of teeth. The striations may become confluent giving rise
to white opaque patches, often most apparent on the incisal edges
of anterior teeth or cusp tips of posterior teeth (“snow-capping”).
Mild fluorosis has no effect on tooth function and may render the
enamel more resistant to caries. It is not readily apparent to the
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affected individual or casual observer and often requires a trained
specialist to detect. In contrast, the moderate and severe forms of
enamel fluorosis are generally characterized by esthetically objec-
tionable changes in tooth color and surface irregularities. Most in-
vestigators regard even the more advanced forms of enamel fluoro-
sis as a cosmetic effect rather than a functional adverse effect (Clark
et al., 1993; Kaminsky et al., 1990).

Adverse Functional Effect: Skeletal Fluorosis

Three recent reviews of the literature attempted to identify ad-
verse functional effects of fluoride ingestion in adults (Kaminsky et
al., 1990; NRC, 1993; USPHS, 1991). Fluoride exposures included
those associated with drinking water containing as much as 8 mg/
liter of fluoride and the use of dental products. These reviews indi-
cate that the primary functional adverse effect associated with ex-
cess fluoride intake is skeletal fluorosis.

In the asymptomatic, preclinical stage of skeletal fluorosis, patients
have slight increases in bone mass that are detectable radiographically,
bone ash fluoride concentrations that range from 3,500 to 5,500 mg/
kg, and bone concentrations that are 2 to 5 times higher than those of
life-long residents of optimally fluoridated communities (Eble et al.,
1992). Stage 1 skeletal fluorosis is characterized by occasional stiffness
or pain in joints and some osteosclerosis of the pelvis and vertebra.
Bone ash fluoride concentrations usually range from 6,000 to 7,000
mg/kg. In stages 2 and 3, bone ash concentrations exceed 7,500 to
8,000 mg/kg (Hodge and Smith, 1977). The clinical signs in stages 2
and 3, which may be crippling, may include dose-related calcification
of ligaments, osteosclerosis, exostoses, possibly osteoporosis of long
bones, muscle wasting, and neurological defects due to hypercalcifica-
tion of vertebra (Krishnamachari, 1986).

The development of skeletal fluorosis and its severity is directly
related to the level and duration of exposure. Most epidemiological
research has indicated that an intake of at least 10 mg/day for 10 or
more years is needed to produce clinical signs of the milder forms
of the condition. Hodge (1979) reported that evidence of crippling
fluorosis “was not seen in communities in the United States where
water supplies contained up to 20 ppm.”  In such communities daily
fluoride intakes of 20 mg would not be uncommon. In a recent case
report, severe joint pain and stiffness in a 64-year-old man were
attributed to a fluoride intake of approximately 50 mg/day for 6
years. The well water ingested had a fluoride concentration of 25
mg/liter and a low calcium concentration (Boyle and Chagnon,
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1995). Stevenson and Watson (1957) surveyed 170,000 radiographs
of patients from Texas and Oklahoma whose drinking water fluo-
ride concentrations ranged from 4 to 8 mg/liter. They identified 23
cases of osteosclerosis but no evidence of skeletal fluorosis.

Crippling skeletal fluorosis continues to be extremely rare in the
United States (only 5 cases have been confirmed during the last 35
years), even though for many generations there have been commu-
nities with drinking water fluoride concentrations in excess of those
that have resulted in the condition in other countries (Singh and
Jolly, 1970). This puzzling geographic distribution has usually been
attributed to unidentified metabolic or dietary factors that rendered
the skeleton more or less susceptible.

Dose-Response Assessment

Infants and Children Ages 0 through 8 Years

Data Selection.  The most appropriate data available for identifying
a no-observed-adverse-effect level (NOAEL) (or lowest-observed-ad-
verse-effect level [LOAEL]) are provided by two studies evaluating the
severity of enamel fluorosis in children (Dean, 1942; Dean and Elvove,
1937). In these early studies, fluoride intake was almost exclusively
from the diet and not confounded by intake from dental products.

Identification of a NOAEL (or LOAEL) and Critical Endpoint.  Den-
tal fluorosis has a strong dose-response relationship with fluoride
intake. Dean (1942) established that the milder forms of enamel
fluorosis affected the permanent teeth of 10 to 12 percent of per-
manent residents in communities where the drinking water had a
fluoride concentration close to 1.0 mg/liter. The fluoride intake of
children with developing teeth in these communities averaged 0.05
mg/kg/day and ranged from 0.02 to 0.10 mg/kg/day. In areas
where the water contained low concentrations of fluoride (0.3 mg/
liter), fewer than 1 percent of the permanent residents had enamel
fluorosis. Mild enamel fluorosis affected about 50 percent of resi-
dents where the water contained 2.0 mg/liter of fluoride. At this
concentration, a few cases (< 5 percent) of moderate fluorosis were
recorded (Dean, 1942). Fluoride intake by most children in these
communities would have ranged from approximately 0.08 to 0.12
mg/kg/day. An average, chronic daily fluoride intake of 0.10 mg/
kg appears to be the threshold beyond which moderate enamel
fluorosis appears in some children. Where the water fluoride con-
centration was 4.0 mg/liter, nearly 90 percent of the residents had
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enamel fluorosis, and about one-half of the cases were classified as
moderate or severe.

Because the cosmetic effects of the milder forms of enamel fluorosis
are not readily apparent, moderate enamel fluorosis was selected as
the critical adverse effect for susceptible age groups (infants, toddlers,
and children through the age of 8 years). Thus, a fluoride intake of
0.10 mg/kg/day was identified as a LOAEL for moderate enamel fluo-
rosis in children from birth through the age of 8 years, at which age
the risk of developing fluorosis of the anterior teeth is over.

Uncertainty Assessment.  The relationship between fluoride intake
and enamel fluorosis is based on results from human studies and
enamel fluorosis is considered a cosmetic effect rather than an ad-
verse functional effect. Therefore, an uncertainty factor (UF) of 1
was selected.

Derivation of the UL.  Based on a LOAEL of 0.10 mg/kg/day for
moderate enamel fluorosis and a UF of 1, a Tolerable Upper Intake
Level (UL) of 0.10 mg/kg/day was established for infants, toddlers,
and children through 8 years of age. The extensive epidemiological
research conducted in the United States during the 1930s and 1940s
(Dean, 1942) established, with a high degree of certainty, that a chron-
ic fluoride intake of less than 0.10 mg/kg/day by children at risk of
enamel fluorosis was associated with a low prevalence (for example,
approximately 10 percent) of the milder forms of the condition.

Based on a UL of 0.10 mg/kg/day of fluoride and a reference
weight for infants ages 0 through 6 months of 7 kg (Table 1-3), the
UL is 0.7 mg/day. For children ages 7 through 12 months with a
reference weight of 9 kg, the UL is 0.9 mg/day.

UL for Infants 0 through 6 months 0.7 mg/day
UL for Infants 7 through 12 months 0.9 mg/day

Based on a UL of 0.10 mg/kg/day of fluoride and a reference
weight for children ages 1 to 3 years of 13 kg (Table 1-3), the UL is
1.3 mg /day for children ages 1 through 3 years. For children ages 4
through 8 years with a reference weight of 22 kg, the UL is 2.2 mg/
day.

UL for Children 1 through 3 years 1.3 mg/day
UL for Children 4 through 8 years 2.2 mg/day
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Older Children and Adults:  Ages > 8 Years

Data Selection.  Although some recent recommendations have
been made for additional research in the areas of intake, dental
fluorosis, bone strength, and carcinogenicity, extensive reviews of
the scientific literature revealed no adverse effects unless fluoride
intakes were greater than 10 mg/day for 10 or more years (Kamin-
sky et al., 1990; NRC, 1993; USPHS, 1991). At these high, chronic
intake levels, the risk of skeletal changes consistent with preclinical
or stage 1 skeletal fluorosis increases. Therefore, the data deemed
most appropriate for identifying a NOAEL (or LOAEL) for older
children and adults are provided by studies on skeletal fluorosis.

Identification of a NOAEL (or LOAEL) and Critical Endpoint. Epide-
miological studies reported no detectable radiographic changes in
bone density in persons in the United States exposed to drinking
water containing less than 4 mg/liter of fluoride (McCauley and
McClure, 1954; Schlesinger et al., 1956; Sowers et al., 1986; Steven-
son and Watson, 1957). Leone et al. (1955) compared bone x-rays
of long-term residents of Bartlett and Cameron, Texas, which had
water supplies with fluoride concentrations of 8.0 and 0.4 mg/liter,
respectively. In this study, osteosclerosis was detected radiographi-
cally in 10 to 15 percent of individuals exposed to water containing
8.0 mg/liter of fluoride for an average of 37 years. However, no
clinical symptoms of skeletal fluorosis were reported. Another re-
port dealing with a variety of other medical conditions among resi-
dents of Bartlett and Cameron revealed no significant differences
except for a slightly higher rate of cardiovascular abnormalities in
Cameron residents (Leone et al., 1954). Therefore, based on
the available data addressing the association between fluoride
intake and skeletal fluorosis in North America, a NOAEL of 10
mg/day of fluoride was identified. This level of intake for some
individuals would occur in areas where the drinking water has a
fluoride concentration of 5 mg/liter and the diet is the main
source of fluoride.

Uncertainty Assessment.  Based on the fact that the NOAEL de-
rives from human studies and the lack of evidence for symptomatic
skeletal fluorosis observed at this level of fluoride intake, a UF of 1
was selected.

Derivation of the UL.  The risk of developing early signs of skele-
tal fluorosis is associated with a fluoride intake greater than 10 mg/
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day for 10 or more years. Therefore, a UL of 10 mg/day was estab-
lished for children older than 8 years and for adults. Data from
studies of fluoride exposure from dietary sources or work environ-
ments (Hodge and Smith, 1977) indicate that a UL of 10 mg/day
for 10 or more years carries only a small risk for an individual to
develop preclinical or stage 1 skeletal fluorosis.

UL for Children and Adults  > 8 years 10 mg/day

Pregnancy and Lactation

No data indicate an increased susceptibility to fluorosis during
pregnancy. Therefore, the UL for adults of 10 mg/day was also
established for pregnant women. A UL of 10 mg/day was estab-
lished for lactation, because an extremely small proportion of fluo-
ride in drinking water is transferred to the breast milk (Ekstrand et
al., 1981, 1984; Esala et al., 1982; Spak et al., 1982).

UL for Pregnancy
  and Lactation 14 through 50 years 10 mg/day

Special Considerations

Reports of relatively marked osteofluorotic signs and symptoms
have been associated with concentrations of fluoride in drinking
water of approximately 3 mg/liter in tropical climates. This adverse
effect has been attributed to poor nutrition, hard manual labor,
and high levels of water intake (Krishnamachari, 1986; Singh and
Jolly, 1970; WHO, 1984). Therefore, an increased risk of skeletal
fluorosis from excess fluoride intake may exist for malnourished
individuals living in hot climates or tropical areas.

Exposure Assessment

Prior to the 1960s, the diet, including water, was the only signifi-
cant source of fluoride. Since then, fluoride ingestion resulting from
the use of dental products and fluoride supplements has increased
the risk of enamel fluorosis in children. The results of several stud-
ies (Kumar et al., 1989; Leverett, 1986; Pendrys and Stamm, 1990;
Williams and Zwemer, 1990) have indicated that mild enamel fluo-
rosis in communities with optimally fluoridated water (1.0 mg/li-
ter) is now more than twice as prevalent as in the 1930s and 1940s;
that is, the prevalence has increased from an average of about 10
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percent to an average approaching 25 percent. In communities
where the water has a low fluoride concentration (0.3 mg/liter or
less), the prevalence has increased from less than 1 percent to slight-
ly more than 10 percent. These findings reflect levels of fluoride
ingestion by some children with developing teeth that are higher
than heretofore.

Moreover, a recent national survey (Wagener et al., 1995) found
that dietary fluoride supplements were used by 15 percent of chil-
dren under 2 years of age, 16 percent by those 2 through 4 years of
age, and 8 percent by those 5 to 17 years of age. In their study of
infants born in Iowa City, a university community with a high socio-
economic status, Levy et al. (1995) reported that from 19 to 25
percent of infants between the ages of 6 weeks and 9 months were
given fluoride supplements. Pendrys and Morse (1990) and Levy
and Muchow (1992) are among those who have found that supple-
ments are often prescribed at the wrong dosage and in areas where
they are not recommended because the water is already fluoridated
at recommended levels. Recommendations have been made to re-
duce fluoride intake from nondietary sources (NRC, 1993; USPHS,
1991; Workshop Reports, 1992).

Risk Characterization

Although the prevalence of enamel fluorosis in both fluoridated and
nonfluoridated communities in the United States and Canada is sub-
stantially higher than it was when the original epidemiological studies
were done some 60 years ago, the severity remains largely limited to
the very mild and mild categories. As recorded in the original studies,
the prevalence of cases classified as moderate or severe increases with
the concentration of fluoride in the drinking water. These relation-
ships are illustrated in Table 8-5, which summarizes data from several
U.S. studies done in the 1980s (USPHS, 1991).

These data suggest that the UL (0.1 mg/kg/day) is exceeded by
approximately 1 in 100 children in areas where the water fluoride
concentration is 1.0 mg/liter or slightly higher. In the 1930s and
1940s, no moderate or severe cases of enamel fluorosis were record-
ed in these areas, and because fluoride intake from water and the
diet appears not to have increased since that time, the additional
intake by children at risk of enamel fluorosis almost certainly de-
rives from the use of fluoride-containing dental products.

The virtual absence of evidence of skeletal changes consistent with a
diagnosis of skeletal fluorosis indicates that the UL for older children
and adults is not being exceeded in the United States or Canada.
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RESEARCH RECOMMENDATIONS

• Epidemiological studies (especially analytical studies) of the rela-
tionships among fluoride exposures from all major sources and the
prevalence of dental caries and enamel fluorosis at specific life stages
should continue for the purposes of detecting trends and determining
the contribution of each source to the effects demonstrated.

• Epidemiological and basic laboratory studies should further re-
fine our understanding of the effects of fluoride on the quality and
biomechanical properties of bone and on the calcification of soft
tissue.

• Studies are needed to define the effects of metabolic and envi-
ronmental variables on the absorption, excretion, retention, and
biological effects of fluoride. Such variables would include the com-
position of the diet (for example, calcium content), acid-base bal-
ance, and the altitude of residence.

TABLE 8-5  Prevalence and Severity of Enamel Fluorosis as a
Function of Drinking Water Fluoride Concentration

Drinking Water Prevalence of Enamel Fluorosis, %a

No. of No. of Fluoride
Studies Subjects (mg/liter) Very Mild/Mild Moderate/Severe

4 1,885 ca. 1.0 21.5 (9.0–39.1) 1.0 (0–2.4)
3 526 1.3–1.4 25.1 (15.6–31.6) 0.7 (0–1.1)
6 1,080 2.0–3.0 64.5 (39.9–86.5) 12.6 (3.3–32.8)
4 631 3.0–4.3 53.1 (34.9–72.5) 21.7 (4.4–36.1)

a Range of the mean values of prevalence from the individual studies is shown in
parentheses.
SOURCE:  USPHS, 1991.
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9
Uses of Dietary

Reference Intakes

OVERVIEW

In the past, Recommended Dietary Allowances (RDAs) in the U.S.
and Recommended Nutrient Intakes (RNIs) in Canada were the
only values available to health professionals for planning and assess-
ing diets of individuals and groups and for making judgments about
excessive intake. However, the RDAs and RNIs were not ideally
suited for many of these purposes (IOM, 1994). The Dietary Refer-
ence Intakes (DRIs) developed in this report—Estimated Average
Requirements (EARs), RDAs, Adequate Intakes (AIs), and Tolerable
Upper Intake Levels (ULs)—are a more complete set of reference
values. Each type of DRI has specific uses. The most widespread
uses of DRIs—diet assessment and planning—are described in this
chapter. EARs, RDAs, AIs, and ULs refer to average daily intake over
1 or more weeks.

Three of the DRIs—the EAR, RDA, and AI—were set with refer-
ence to a specific criterion of adequacy. The criterion of adequacy
may be the same for each gender and life stage group, but some-
times it is not. For example, the criterion of adequate calcium in-
take is desirable calcium retention for most age groups, but calcium
balance is the criterion for men and women ages 31 through 50
years. Desirable calcium retention, in itself, would not be used to
determine adequacy. Instead, it is the presumed relationship be-
tween desirable calcium retention and reduced risk of fracture in
later life that provides a basis for selection of this indicator. Re-
duced fracture risk is the functional outcome chosen as the hall-
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mark of adequacy for calcium, and its indicator is desirable calcium
retention to the extent that retention can be affected by dietary
intake. Each nutrient chapter (Chapters 4 through 8) identifies the
primary indicator or criterion that defines adequacy for the specific
life stage and gender group. (See also Tables S-1 to S-5.)

USING RECOMMENDED DIETARY ALLOWANCES

Nutrient Recommendations for Individuals

The RDA is the value to be used in guiding individuals to achieve
adequate nutrient intake. RDAs are given separately for specified
life stage groups and by gender if applicable; they are intended to
apply to healthy individuals. Due to the large variation in intakes,
the RDAs are seldom appropriate for planning diets for or assessing
the nutrient intakes of free-living groups (Beaton, 1994).

The RDA for each nutrient is set at a value that should be ade-
quate for 97 to 98 percent of all individuals in a life stage group,
given a specified definition of adequacy. The RDA is a target or
recommended intake. Nutrient intake that is less than the RDA
does not necessarily indicate that the criterion of adequacy has not
been met by a given individual.

The RDA is expressed as a single absolute value and not in rela-

Dietary Reference Intakes (DRIs)*

EAR (Estimated Average Requirement): the intake that meets the estimated
nutrient need of 50 percent of the individuals in that group.

RDA (Recommended Dietary Allowance): the intake that meets the nutrient
need of almost all (97 to 98 percent) individuals in that group.

AI (Adequate Intake): observed or experimentally derived intake by a
defined population or subgroup that, in the judgment of the DRI
Committee, appears to sustain a defined nutritional state, such as
normal circulating nutrient values, growth, or other functional indicators
of health.

UL the highest level of daily nutrient intake that is likely to pose no
risk of adverse health effects to almost all individuals in the general
population.  As intake increases above the UL, the risk of adverse
effects increases.

*Refers to daily intakes, averaged over time.
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tion to weight or height. For example, from Chapter 5, the RDA
and thus the recommended daily intake of phosphorus for women
aged 19 through 30 years is 700 mg (22.6 mmol)/day. This would
be the case for a woman in this age range weighing 50 kg (110 lb),
55 kg (121 lb), or 70 kg (154 lb).

One would expect larger individuals to have larger skeletal mass
and therefore a greater requirement for calcium, phosphorus, mag-
nesium, vitamin D, and fluoride. However, given the variety of re-
search designs and subject variability used in the studies that pro-
vided the data for deriving the DRIs, it would be somewhat
misleading to express them per kilogram of body weight or per
centimeter of height. This would imply a greater precision in the
estimate than is possible, given the available data. Reference weights
are provided (Table 1-3) to allow a calculation, when necessary, of
the amount per unit of body weight for individuals who are outside
the typical range of body size. For some nutrients (for example
magnesium), requirements may be closely related to lean tissue; for
others, the relationship is weak.

Needs for energy are not necessarily useful for adjusting nutrient
needs for this group of nutrients. For example, the RDA for phos-
phorus would be the same for an 18-year-old long-distance runner
whose energy needs were 4,000 kcal/day and an 18-year-old seden-
tary individual with energy needs of 2,000 kcal/day.

From Chapter 6, the RDA for magnesium is 130 mg (5.4 mmol)/
day for healthy boys and girls ages 4 through 8 years. This recom-
mended intake, consumed on a daily basis, on average, would allow
essentially all children to achieve the positive magnesium balance
needed for normal growth. Because the RDA was based on studies
of requirements in children or adolescents with a normal range of
body weights for their age, a reference weight and height for the
age group are given. It is thus possible to determine the amount of
the nutrient per kilogram of body weight that is recommended and
to use this value for adjusting the RDA for individuals in the age
category whose weights and heights deviate substantially from the
reference. This might be done, for example, for small 4-year-old
children or for large 8-year-old children.

Assessing the Adequacy of Nutrient Intakes of an Individual

The RDA is of limited use in assessing the adequacy of an individ-
ual’s nutrient intake. An individual’s nutrient requirement is never
known with certainty. If the individual’s intake, on average, meets
or exceeds the RDA, there is good assurance that the intake is ade-
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quate for the specified criterion, given current knowledge. When
an individual’s intake is less than the RDA, the risk of an inade-
quate intake is present. The risk increases as the intake falls further
below the RDA. At 2 standard deviations (SD) below the EAR, it
would be nearly certain that the individual’s requirements would
not be met (NRC, 1986). Neither reported dietary intake nor any
other single criterion can be used, by itself, to evaluate the nutri-
tional status of individuals. A usual intake that is well below the
RDA may be an indication of the need for further assessment of
nutritional status by biochemical tests or clinical examination.

USING ADEQUATE INTAKES

An AI is based on observed or experimentally determined ap-
proximations of the average nutrient intake, by a defined popula-
tion or subgroup, that appears to be sufficient to sustain a defined
nutritional state in the specified population. It is emphasized that,
in contrast to the EAR, which is an estimate of the requirement that
applies to individuals, the AI is usually derived from mean intakes
of groups—the group rather than the individual is the unit of ob-
servation. The AI is therefore higher than the EAR would be, if it
could be determined, since by definition, the EAR is the intake that
meets the nutrient need of only 50 percent of the individuals in a
group. Because of uncertainties about the relationship of the AI to
the actual average requirement, the AI provides an imprecise basis
for the assessment of nutrient intakes of population groups. Thus,
the applications of the AI must be quite different from those of the
EAR. However, healthy individuals with an intake at or above the AI
are assumed to have a low risk of intake inadequate for a defined
state of nutrition.

USING TOLERABLE UPPER INTAKE LEVELS

The UL is the highest level of daily nutrient intake that is likely to
pose no risk of adverse health effects to almost all individuals in the
general population.  As intake increases above the UL, the risk of
adverse effects increases. In most cases it applies to usual intakes
from all sources, but in the case of magnesium, it does not apply to
intake from food or local water supplies.

Similar to the situation for nutrient requirements, the intake at
which a given individual will develop adverse effects as a result of
taking high amounts of a nutrient from food and/or nonfood
sources cannot be known with certainty. If the individual’s intake is
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below the UL, there is good assurance that the intake will not cause
adverse effects, given current knowledge. At intakes above the UL,
the risk of adverse effects increases. Although there is no estab-
lished benefit for healthy individuals associated with consumption
of nutrients or food components above the RDA or AI, there is little
concern of an increased risk of harmful effects of consumption up
to the UL.

Ordinarily, the UL refers to intake from food, fortified food, wa-
ter, and supplements. Nutrients are often available from a variety of
food and nonfood sources. For fluoride, for example, intake from
all sources must be considered, including water and dental prod-
ucts. Combined with other sources of fluoride, the over-use of fluo-
ride-containing dental products may place many young children at
risk of dental fluorosis.

To avoid exceeding the adult UL for calcium of 2.5 g (62.5
mmol)/day, intake from food, fortified food, and supplements must
all be considered. The UL for calcium was determined based in
part on studies in which hypercalciuria was related to both dietary
and supplemental intakes of calcium. For phosphorus, intakes from
both food and supplements are to be considered when comparing
intakes with the UL of ~4.0 g (130 mmol)/day for adults. However,
for individuals requiring very high energy intakes, phosphorus in-
take from diet alone may exceed the UL without adverse effects.

To avoid exceeding the UL for vitamin D of 50 µg (2,000 IU)/
day, considering intake from all sources is important, but ordinarily
only intake from food, fortified food, and nutrient supplements
provides notable amounts. (Apart from fatty fish and liver, high
concentrations of vitamin D do not occur naturally in commonly
eaten foods in the United States and Canada.) Individuals who have
high intakes of vitamin D-fortified foods (such as milk and marga-
rine) and of vitamin D supplements (in multivitamin preparations,
alone, or in fish oil) should keep the combined average daily intake
below the UL of 50 µg (2,000 IU)/day to minimize the risk of devel-
oping hypercalcemia.

For many nutrients, such as magnesium, adverse effects associat-
ed with high levels of intake from food sources have not been re-
ported. The UL of 350 mg (14.6 mmol)/day was set for magnesium
from nonfood, over-the-counter pharmacologic products. This is
the intake at which an individual might first experience an adverse
effect (diarrhea) from ingestion of a nonfood source of magnesium
for at least 1 week. Since the UL for magnesium applies only to
nonfood sources, individuals should not be concerned with trying
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to avoid excessive amounts of magnesium from that occurring natu-
rally in food or water.

USING ESTIMATED AVERAGE REQUIREMENTS

The EAR is particularly useful for evaluating the possible adequa-
cy of nutrient intakes of population groups and for planning in-
takes of groups. In 1986, the National Research Council (NRC)
proposed an approach to calculating the prevalence of inadequate
nutrient intakes among a population group, using the mean (or
EAR) and SD of the requirement (NRC, 1986). Beaton (1994) has
noted that the prevalence of inadequate nutrient intakes can be
estimated by the proportion of the population with intakes below
the EAR, assuming that the variance of the intakes is greater than
the variance of the EAR (which is generally the case). The EAR may
also be used in setting a recommended mean intake for a popula-
tion group, such that only 2 to 3 percent of the population falls
below the EAR. These methods are described briefly below. A more
detailed explanation of the methodology is given in Beaton (1994)
and by the World Health Organization, Food and Agriculture Orga-
nization of the United Nations, and International Atomic Energy
Agency (WHO/FAO/IAEA) Expert Consultation in Trace Elements
in Human Nutrition and Health (WHO, 1996). It is anticipated that
methods of using the EAR for these purposes will be addressed in a
subsequent Food and Nutrition Board report.

Assessing the Adequacy of Nutrient Intake of Groups

An estimate of the prevalence of inadequate intakes of a nutrient
by a specific gender or life stage group can be obtained by deter-
mining the percentage of the individuals in the group whose usual
intakes are less than the EAR (Beaton, 1994) (see Figure 9-1). The
estimate is most accurate if the requirements are symmetrically dis-
tributed and the SD of intakes is at least twice as large as the SD of
requirements. It is also important that the intake data reflect usual
intakes; methods have been developed to remove the day-to-day
variance in the distributions of intake data (Nusser et al., 1996).
This adjustment narrows the distribution and thus gives a better
estimate of the proportion of the group with intakes below the EAR.
This concept is illustrated in Figure 9-2. Estimates of the prevalence
of inadequate intakes also can be affected by biases in the intake
data (such as underreporting). (See Chapter 2 for a discussion of
the many potential sources of error in self-reported dietary data.)
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FIGURE 9-1 Prevalence of inadequate intakes in a population group.  Adapted
from Beaton (1994).

FIGURE 9-2 Effect of multiple days of observation on the apparent distribution of
nutrient intake and how it changes the prevalence of inadequacy as estimated by
comparison to EAR.  Adapted from Hegsted (1972).
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Table 9-1 illustrates the importance of adjusting distributions be-
fore calculating intake percentiles for groups. The means and seven
percentiles of intakes of phosphorus from the 1994 CSFII are shown
for teenage boys and for young women, with and without adjust-
ment for usual intake using the Nusser et al. procedure (1996). If
unadjusted 1-day intake data are used to estimate the prevalence of
inadequate phosphorus intakes for young women, the actual preva-
lence of usual intakes below an EAR of 580 mg (18.7 mmol)/day
will be overestimated. As shown in Table 9-1, between 10 and 25
percent of 1-day intakes fall below 580 mg (18.7 mmol)/day, while
less than 5 percent of the adjusted intakes are below the EAR. For
teenage boys, less than 10 percent would have inadequate intakes
using the adjusted distribution and an EAR of 1,055 mg (34 mmol)/
day, while almost 25 percent would have inadequate intakes if only
the unadjusted distribution were examined.

The adjustment procedure is also crucial when examining the
percentage of the population that is above the UL. Using an unad-
justed distribution for adolescent boys, 5 percent of the population
would have phosphorus intakes above 3,350 mg (108.1 mmol)/day,
a level that is approaching the UL of 4,000 mg (129 mmol)/day.
This might be considered unacceptably high unless the adjusted

TABLE 9-1  Adjusted and Unadjusted Phosphorus Intakes
(mg/day) of Young Women and Adolescent Boys in the
United States

Percentile

Category Mean SEb 5th 10th 25th 50th 75th 90th 95th

Females 20–29a

(n = 272)
Unadjusted 1,098 54 342 465 694 1,041 1,376 1,722 2,066
 Adjusted 1,097 61 703 780 917 1,080 1,259 1,436 1,551

Males 12–19
(n = 286)

Unadjusted 1,619 53 565 745 1,077 1,416 1,932 2,610 3,350
Adjusted 1,612 54 976 1,091 1,300 1,564 1,871 2,194 2,413

a Females include pregnant and lactating women.
b Standard error of the mean.

SOURCE: One-day unadjusted intake data from the 1994 CSFII, provided by USDA/
ARS Food Survey Research Group, 1996. The data have been adjusted using the method
developed by Nusser et al. (1996).
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distribution were also examined: the ninety-fifth percentile of usual
intakes is just 2,413 mg (77.8 mmol)/day implying that intakes sel-
dom exceed the UL.

When assessing the intake of populations, a number of other ques-
tions need to be considered:

• To what extent does the nutrient requirement affect intake?
Such a relationship, described by WHO/FAO/IAEA (WHO, 1996),
would limit the validity of the probability approach.

• What kinds of adjustments can be made, if any, for biases in the
food intake data?

• What factors should be considered in interpreting the findings
in different populations?

• What is the allowable level of inadequate intake in a population
before concern is raised?

Planning Nutrient Intakes of Groups

The EAR also may be used as a basis for planning or making
recommendations for the nutrient intakes of free-living groups. If
nutrient intakes are normally distributed, a target intake for a pop-
ulation group can be estimated based on the EAR and the variance
of intake. The objective might be to set a value for the mean intake
of the group that will ensure that most individuals (usually 97 to 98
percent) meet their nutrient requirement. In order that less than 2
to 3 percent of intakes fall below the EAR, a group’s mean intake
must be at least two SDs of intake above the EAR. Because the SD
usually varies in relation to the magnitude of intake, the coefficient
of variation (CV) of intake is used to calculate the target mean
intake. The following formula has been derived for this calculation
(see Beaton [1994] and WHO [1996] for more details):

Target mean intake for a group = EAR/(1 – [2 × CV of intake])
Where CV = SD of intake/mean intake.

For example, if a group of women in a nursing home had phos-
phorus intakes with a CV of 0.16, and intakes were normally distrib-
uted, achieving a group mean intake of 853 mg (27.5 mmol)/day
would ensure that only 2 to 3 percent would have intakes below the
EAR of 580 mg (18.7 mmol)/day (580/1-[2 × 0.16]) = 853). If in-
takes are not normally distributed, other mathematical approaches
will be needed.
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Another approach would be to implement programs that focus
on increasing intakes at the lower end of the distribution, rather
than trying to shift the entire distribution of intakes upward. For
example, in a nursing home, persons with low phosphorus intakes
could be given foods especially high in phosphorus, or meal plan-
ning could focus on increasing intakes of phosphorus from many
sources. Although it is beyond the scope of this report, an evalua-
tion of the various approaches that could be used to reduce the
prevalence of inadequate intakes in population subgroups should
be pursued. Such approaches include nutrition education, meal
planning, nutrient fortification, and nutrient supplementation. The
most efficient and effective strategy would vary from nutrient to
nutrient and depend on the distribution of current intakes com-
pared to the EAR.

The use of the EAR in planning intakes for groups is a process
that involves a number of key decisions and analysis of questions
such as the following:

• Should actual or ideal distributions of populations intakes be
used to calculate recommendations for groups? (Actual distribu-
tions are seldom normally distributed.)

• What factors should influence the selection of the degree of risk
that can be tolerated when planning for groups?

• Should other adjustments be made for factors that would re-
duce or increase actual intake of the nutrients?

OTHER USES OF DIETARY REFERENCE INTAKES

For many years, the U.S. Recommended Dietary Allowances and
the Canadian Recommended Nutrient Intakes have been used by
many national and federal agencies for a variety of purposes. For
example, they have been considered in setting regulations for feed-
ing programs, setting standards for feeding in group facilities (nurs-
ing homes, school cafeterias, correctional facilities), developing rec-
ommended intakes for the military, and setting reference values for
food labels. They have been used for comparative purposes in many
computer programs for nutrient analysis and by dietitians in modi-
fying diets for patients. Guidance for using DRIs for these and many
other purposes is beyond the scope of this report, but should be
addressed in future reports.
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ADDRESSING DISCREPANCIES BETWEEN
USUAL INTAKE AND THE AI

Chapter 4 reveals major discrepancies between estimates of usual
intakes of calcium and the AI for calcium for some of the life stage
groups. For example, mean calcium intake from foods for U.S. fe-
males aged 9 years and older is about 650 mg (16.3 mmol)/day, but
the AI for calcium ranges from 1,000 to 1,300 mg (25 to 32.5
mmol)/day, depending on the age group. However, this discrepan-
cy does not necessarily mean that dietary intakes are generally inad-
equate because the relationship between the AI and the distribu-
tion of requirements for the nutrient is not known. Nevertheless,
for individuals who wish to increase their calcium consumption,
there are several possible strategies. These include increasing in-
take of foods high in calcium, such as low- or nonfat milk products,
and increasing consumption of foods fortified with calcium, such as
calcium-fortified orange juice or breakfast cereals. For those indi-
viduals at high risk, use of calcium supplements may be desirable in
order to meet the AI. Identifying the most appropriate strategies to
improve nutrient intake should be the focus of a research agenda.

SUMMARY

The correct reference value must be used for its intended pur-
pose, which usually involves either planning for an adequate intake
or the assessment of adequacy of intake. It is anticipated that future
publications will address the interpretation and appropriate uses of
DRIs in more detail in order to assist both the health professional
and those interested in nutrition policy and analysis.
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A
Origin and Framework of the

Development of Dietary
Reference Intakes

This report is the first in a series of publications resulting from
the comprehensive effort being undertaken by the Food and Nutri-
tion Board’s (FNB) Standing Committee on the Scientific Evalua-
tion of Dietary Reference Intakes (DRI Committee) and its panels
and subcommittees.

ORIGIN

This initiative began in June 1993, when the FNB organized a
symposium and public hearing entitled “Should the Recommended
Dietary Allowances Be Revised?” Shortly thereafter, to continue its
collaboration with the larger nutrition community on the future of
the Recommended Dietary Allowances (RDAs), the FNB took two
major steps: (1) it prepared, published, and disseminated the con-
cept paper “How Should the Recommended Dietary Allowances Be
Revised?” (IOM, 1994), which invited comments regarding the pro-
posed concept, and (2) it held several symposia at nutrition-focused
professional meetings to discuss the FNB’s tentative plans and to
receive responses to this initial concept paper.

The five general conclusions presented in the 1994 concept pa-
per are as follows:

1. Sufficient new information has accumulated to support a reas-
sessment of RDAs.

2. Where sufficient data for efficacy and safety exist, reduction in
the risk of chronic degenerative disease is a concept that should be
included in the formulation of future recommendations.
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3. Upper levels of intake should be established where data exist
regarding risk of toxicity.

4. Components of food of possible benefit to health, although
not meeting the traditional concept of a nutrient, should be re-
viewed, and if adequate data exist, reference intakes should be es-
tablished.

5. Serious consideration must be given to developing a new for-
mat for presenting future recommendations.

Subsequent to the symposium and release of the concept paper,
the FNB held workshops at which invited experts discussed many
issues related to the development of nutrient-based reference val-
ues, and FNB members have continued to provide updates and en-
gage in discussions at professional meetings. In addition, the FNB
gave attention to the international uses of the earlier RDAs and the
expectation that the scientific review of nutrient requirements
should be similar for comparable populations.

Concurrently, Health Canada and Canadian scientists were re-
viewing the need for revision of the Recommended Nutrient Intakes
(RNIs) (Health Canada, 1990). Consensus following a symposium
for Canadian scientists cosponsored by the Canadian National Insti-
tute of Nutrition and Health Canada in April 1995 was that the
Canadian government should pursue the extent to which involve-
ment with the developing FNB process would be of benefit to both
Canada and the United States in terms of leading toward harmoni-
zation.

Based on extensive input and deliberations, the FNB initiated ac-
tion to provide a framework for the development and possible in-
ternational harmonization of nutrient-based recommendations that
would serve, where warranted, for all of North America. To this
end, in December 1995, the FNB began a close collaboration with
the government of Canada and took action to establish the DRI
Committee. It is hoped that representatives from Mexico will join in
future deliberations.

RATIONALE FOR THE FRAMEWORK

The 1993 symposium and subsequent activities have provided sub-
stantial evidence that a comprehensive, coordinated approach to
developing DRIs is needed for diet planning, nutritional assessment,
and nutrition policy development. The current framework is based
on the following four assumptions:
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1. Since the publication of the tenth edition of Recommended Di-
etary Allowances (NRC, 1989a) in the United States and Canadian
Recommended Nutrient Intakes (Health Canada, 1990), there has been
a significant expansion and evolution of the research base in rela-
tion to a move toward defining functional endpoints that are rele-
vant to the understanding of nutrient requirements and food con-
stituents and their relationship to a number of aspects of human
health.

2. These advances allow the refinement of the conceptual frame-
work for defining nutrient requirements quantitatively and a clear-
er determination of the legitimate uses of nutrient requirement
estimates and their derivatives in the interpretation and use of di-
etary intake data. Such uses might broadly be categorized according
to whether they are (a) prescriptive or planning applications, where
suitable levels of nutrient intake by individuals and/or population
groups are established, and (b) diagnostic or assessment applications,
where determinations are made about the likely nutritional adequa-
cy of the observed intake when considered in relation to appropri-
ate nutrient requirement data. Major differences in the types of
information required about nutrient needs and relevant nutrient
intake data are fundamental to appropriately focusing on the indi-
vidual or on a defined population group (Beaton, 1994).

3. Neither the RDAs nor the Canadian RNIs have been applied
appropriately in many settings. The availability of only a single type of
reference value in the face of various needs has led to inappropriate
applications. Moreover, inconsistent methods and criteria for deriving
certain RDAs and RNIs and insufficient documentation of approaches
and criteria have also contributed to inappropriate applications.

4. In these times of extensive international collaboration, agricul-
tural and food exchange, and global nutrition-related health prob-
lems, harmonization of nutrient-based dietary standards between
Canada and the United States is viewed as a first step, with the
expectation that Mexico will be able to join in the near future. Such
harmonization within the North American continent would further
global development of similar efforts. Although the same general
approaches have been used by most countries in developing recom-
mended nutrient intakes (e.g., RDAs in the United States, RNIs in
Canada, and Dietary Reference Values [DRVs] in Great Britain),
and physiological requirements for nutrients are expected to be
similar across healthy population groups, many of the quantitative
values that have emerged from the different national expert groups
are quite divergent, largely reflecting differences in the interpreta-
tion and use of scientific data and often based on different food
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habits and indigenous diets. A mechanism is needed to determine
the commonality of the bases on which recommendations are made
and to use scientific data to indicate differences in requirements
among apparently similar population groups in different geograph-
ic locations.

DESCRIPTION OF THE FRAMEWORK

In 1995, the DRI Committee was appointed to oversee and conduct
this project. To accomplish this task over a period of 5 years, the DRI
Committee devised a plan that involves the work of seven or more
expert related nutrient group panels and two overarching subcommit-
tees (Figure A-1). The process described below is expected to be used
for subsequent panels, which will interact with an additional Subcom-
mittee on the Uses and Interpretation of the DRIs.

The related nutrient group panels, composed of experts on
those nutrients, are responsible for (1) reviewing the scientific
literature concerning specific nutrients under study for each
stage of the lifespan, (2) considering the roles of nutrients in
decreasing risk of chronic and other diseases and conditions,
and (3) interpreting the current data on intakes in North Amer-
ican population groups. The panels are charged with analyzing
the literature, evaluating possible criteria or indicators of ade-
quacy, and providing substantive rationales for their choices of
each criterion. Using the criterion or criteria chosen for each
stage of the lifespan, the panels estimate the average require-
ment for each nutrient or food component reviewed, assuming
that adequate data are available. As the panel members review
data on requirements, they also interact with two subcommittees
regarding their group of nutrients. The Subcommittee on Up-
per Reference Levels is charged with reviewing possible risk as-
sessment models for estimating levels of nutrients that may in-
crease risk of toxicity or adverse effects and then assisting the
panel to apply the model to each nutrient or food component
reviewed. Similarly, a Subcommittee on the Uses and Interpreta-
tion of the DRIs is proposed to assist the panels and DRI Com-
mittee in the development of practical information and guid-
ance using the many DRIs appropriately. Based on interaction
with and from information provided by the panels and subcom-
mittees, the DRI Committee determined the DRI values to be
included in the report.
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CHARGE TO THE PANEL ON CALCIUM AND
RELATED NUTRIENTS AND SUBCOMMITTEE

ON UPPER REFERENCE LEVELS

The National Institutes of Health’s National Heart, Lung and
Blood Institute, the U.S. Food and Drug Administration, and the
U.S. Department of Agriculture’s Agricultural Research Service re-
quested that the Institute of Medicine review and develop dietary
reference intakes for calcium, phosphorus, magnesium, vitamin D,
and fluoride. In part, this nutrient group was given priority because
of the high prevalence of osteoporosis among the growing popula-
tion of people over 50 years of age, in addition to possible links of
these nutrients to the development of risk factors for stroke and
cardiovascular disease. Additionally, the need to establish upper lev-
els of intake, which although not evaluated as having any benefit to
the individual, would also not result in increased risk, was an impor-
tant component of the task.

In April 1996, the DRI Committee of the FNB established the
Panel on Calcium and Related Nutrients and the Subcommittee on
Upper Reference Levels. The panel was charged with the following:

FIGURE A-1   Dietary Reference Intakes.
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• Review the literature and interpret the depth of current knowl-
edge of calcium, phosphorus, magnesium, vitamin D, and fluoride
requirements for each stage of the lifespan.

• Analyze the literature coupled with information available from
large epidemiological studies to determine dietary intakes of calci-
um, phosphorus, magnesium, vitamin D, and fluoride in the U.S.
and Canadian populations and the potential for such intakes to be
associated with decreased risk of chronic disease.

• Review the other components in foods that affect the utilization
of calcium and related nutrients in human diets, including bioavail-
ability from nonfood sources.

• Evaluate comparable standards from other countries and multi-
national groups for whom recommended nutrient ranges have been
developed and consider the applicability of the recommended nu-
trient range for use in North America.

• Develop dietary reference intake values for calcium, phospho-
rus, magnesium, vitamin D, and fluoride, where adequate data are
available, for each stage of the lifespan including people older than
50 years.

• Identify research needed to improve knowledge of calcium,
phosphorus, magnesium, vitamin D, and fluoride requirements.

The Subcommittee on Upper Reference Levels was charged with
the following:

• Develop a model to estimate the maximum level of nutrient
intake that would pose a low risk of adverse effects.

• Apply the model to calcium, phosphorus, magnesium, vitamin
D, and fluoride to develop Tolerable Upper Intake Levels.
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C
Options for Dealing with

Uncertainties

Methods for dealing with uncertainties in scientific data are gen-
erally understood by working scientists and require no special dis-
cussion here, except to point out that such uncertainties should be
explicitly acknowledged and taken into account whenever a risk
assessment is undertaken. More subtle and difficult problems are
created by uncertainties associated with some of the inferences that
need to be made in the absence of directly applicable data; much
confusion and inconsistency can result if they are not recognized
and dealt with in advance of undertaking a risk assessment.

The most significant inference uncertainties arise in risk assess-
ments whenever attempts are made to answer the following ques-
tions (NRC, 1994):

• What set(s) of hazard and dose-response data (for a given sub-
stance) should be used to characterize risk in the population of
interest?

• If animal data are to be used for risk characterization, which
endpoints for adverse effects should be considered?

• If animal data are to be used for risk characterization, what mea-
sure of dose (e.g., dose per unit body weight, body surface, dietary
intake) should be used for scaling between animals and humans?

• What is the expected variability in dose response between ani-
mals and humans?

• If human data are to be used for risk characterization, which
adverse effects should be used?
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• What is the expected variability in dose response among mem-
bers of the human population?

• How should data from subchronic exposure studies be used to
estimate chronic effects?

• How should problems of differences in route of exposure with-
in and between species be dealt with?

• How should the threshold dose be estimated for the human
population?

• If a threshold in the dose-response relationship seems unlikely,
how should a low-dose risk be modeled?

• What model should be chosen to represent the distribution of
exposures in the population of interest, when data relating to expo-
sures are limited?

• When interspecies extrapolations are required, what should be
assumed about relative rates of absorption from the gastrointestinal
tract of animals and of humans?

• For which percentiles on the distribution of population expo-
sures should risks be characterized?

Depending on the nutrient under review, at least partial, empiri-
cally based answers to some of these questions may be available, but
in no case is scientific information likely to be sufficient to provide
a highly certain answer; in many cases there will be no relevant data
for the nutrient in question.

It should be recognized that, for several of these questions, cer-
tain inferences have been widespread for long periods of time, and
thus, it may seem unnecessary to raise these uncertainties anew.
When several sets of animal toxicology data are available, for exam-
ple, and data are insufficient to identify the set (i.e., species, strain,
adverse effects endpoint) that “best” predicts human response, it
has become traditional to select that set in which toxic responses
occur at lowest dose (“most sensitive”). In the absence of definitive
empirical data applicable to a specific case, it is generally assumed
that there will not be more than a 10-fold variation in response
among members of the human population. In the absence of ab-
sorption data, it is generally assumed that humans will absorb the
chemical at the same rate as the animal species used to model hu-
man risk. In the absence of complete understanding of biological
mechanisms, it is generally assumed that, except possibly for certain
carcinogens, a threshold dose must be exceeded before toxicity is
expressed. These types of long-standing assumptions, which are nec-
essary to complete a risk assessment, are recognized by risk assessors
as attempts to deal with uncertainties in knowledge (NRC, 1994).
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A past National Research Council (NRC) report (1983) recom-
mended the adoption of the concepts and definitions that have
been discussed in this paper. The NRC committee recognized that
throughout a risk assessment, data and basic knowledge will be lack-
ing and that risk assessors will be faced with several scientifically
plausible options (called “inference options” by the NRC) for deal-
ing with questions such as those presented above. For example,
several scientifically supportable options for dose-scaling across spe-
cies and for high-to-low dose extrapolation, but no ready means to
identify those that are clearly best supported. The NRC committee
recommended that regulatory agencies in the United States identi-
fy the needed “inference options” in risk-assessment and specify,
through written risk assessment guidelines, the specific options that
will be used for all assessments. Agencies in the United States have
identified the specific models to be used to fill gaps in data and
knowledge; these have come to be called default options (EPA, 1986).

The use of defaults to fill knowledge and data gaps in risk assess-
ment has the advantage of ensuring consistency in approach (the
same defaults are used for each assessment) and for minimizing or
eliminating case-by-case manipulations of the conduct of risk assess-
ment to meet predetermined risk management objectives. The ma-
jor disadvantage of the use of defaults is the potential for displace-
ment of scientific judgment by excessively rigid guidelines. A remedy
for this disadvantage was also suggested by the NRC committee: risk
assessors should be allowed to replace defaults with alternative fac-
tors in specific cases of chemicals for which relevant scientific data
were available to support alternatives. The risk assessors’ obligation
in such cases is to provide explicit justification for any such depar-
ture. Guidelines for risk assessment issued by the U.S. Environmen-
tal Protection Agency, for example, specifically allow for such de-
partures (EPA, 1986).

The use of preselected defaults is not the only way to deal with mod-
el uncertainties. Another option is to allow risk assessors complete
freedom to pursue whatever approaches they judge applicable in spe-
cific cases. Because many of the uncertainties cannot be resolved scien-
tifically, case-by-case judgments without some guidance on how to deal
with them will lead to difficulties in achieving scientific consensus, and
the results of the assessment may not be credible.

Another option for dealing with uncertainties is to allow risk as-
sessors to develop a range of estimates, based on application of
both defaults and alternative inferences that, in specific cases, have
some degree of scientific support. Indeed, appropriate analysis of
uncertainties would seem to require such a presentation of risk re-
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sults. Although presenting a number of plausible risk estimates has
clear advantages in that it would seem to reflect more faithfully the
true state of scientific understanding, there are no well-established
criteria for using such complex results in risk management.

The various approaches to dealing with uncertainties inherent to
risk assessment, and discussed in the foregoing sections, are sum-
marized in Table C-1.

As will be seen in the chapters on each nutrient, specific default
assumptions for assessing nutrient risks have not been recommend-
ed. Rather, the approach calls for case-by-case judgments, with the
recommendation that the basis for the choices made be explicitly
stated. Some general guidelines for making these choices will, how-
ever, be offered.

TABLE C-1 Approaches for Dealing with Uncertainties in a
Risk-Assessment Program

Program Model

Case-by-case
judgments by
experts

Written guidelines
specifying
defaults for data
and model
uncertainties
(with allowance
for departures in
specific cases)

Assessors asked to
present full array
of estimates,
using all
scientifically
plausible models

Advantages

Flexibility
High potential to

maximize use of most
relevant scientific
information bearing
on specific issues

Consistent treatment of
different issues

Maximize transparency
of process

Allow resolution of
scientific
disagreements by
resort to defaults

Maximize use of
scientific information

Reasonably reliable
portrayal of true state
of scientific
understanding

Disadvantages

Potential for inconsistent
treatment of different issues

Difficulty in achieving
consensus

Need to agree on defaults

May be difficult to justify
departure, or to achieve
consensus among scientists
that departures are justified
in specific cases

Danger that uncertainties will
be overlooked

Highly complex
characterization of risk, with
no easy way to discriminate
among estimates

Size of required effort may not
be commensurate with utility
of the outcome
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D
1994 CSFII Adjusted Data
for Calcium, Phosphorus,

and Magnesium

Tables D-1 through D-3 are the 1994 CSFII data adjusted for
day-to-day variation (Nusser et al., 1996) for calcium, phosphorus,
and magnesium.
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TABLE D-1 Daily Calcium Intake (mg): Mean, standard error
of the mean, selected percentiles, and associated standard
errors for usual intake

Percentile

Sex/Age Category n Mean 1st 5th

0-6 mo 69 460.6 110 191
SE 33.3 36.3 43.5

7-12 mo 45 725.8 243 351
SE 78.6 58.9 61.6

1-3 y 702 792.5 287 399
SE 16.8 14.4 13.8

4-8 y 666 838.1 339 455
SE 25.0 21.4 21.3

M 9-13 y 180 1025 358 499
SE 50.2 28.4 33.4

M 14-18 y 191 1169 409 554
SE 55.7 24.3 25.0

M 19-30 y 328 1013 355 484
SE 35.4 21.2 24.2

M 31-50 y 627 912.6 313 429
SE 32.0 15.8 21.7

M 51-70 y 490 747.7 265 362
SE 26.1 18.3 19.1

M >70 y 237 729.2 267 368
SE 30.5 17.9 22.8

F 9-13 y 200 918.5 361 486
SE 40.4 28.7 31.7

F 14-18 y 169 752.9 246 348
SE 38.7 28.9 32.9

F 19-30 y 302 647.2 214 300
SE 46.3 19.0 24.4

F 31-50 y 590 636.8 209 297
SE 15.4 10.5 13.7

F 51-70 y 510 599.4 215 294
SE 16.6 10.7 11.2

F >70 y 221 535.7 204 277
SE 22.6 13.8 13.9

8 y and under 1482 800.3 257 382
SE 17.3 19.6 18.4

M 9+ y 2053 924.5 312 431
SE 19.3 11.3 14.4

F 9+ y 1992 657.4 228 316
SE 9.9 9.4 9.6

F Pregnanta 33 1168 481 656
SE 90.4 86.7 80.8

F Lactatinga 16 1053 619 794
SE 330.3 427 492

All Indiv (+P/L) 5576 796.5 239 349
SE 10.8 7.5 7.9

NOTE:  n represents the actual unweighted sample size in each group.  Estimates were
obtained using C-SIDE v1.0 (C-SIDE courtesy of Iowa State University Statistical Labora-
tory).  Standard errors (SE) were estimated via jacknife replication.  Each standard
error has 43  d.f.
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10th 25th 50th 75th 90th 95th 99th

245 343 457 569 674 745 898
44.9 43.7 36.3 35.1 38.8 43.3 66.5

418 544 703 883 1062 1177 1410
63.7 69.4 79.7 95.6 117.0 135.0 179.0

468 599 766 957 1151 1276 1533
13.7 14.5 17.1 22.0 28.7 34.0 47.1

524 649 808 993 1190 1325 1618
21.4 22.2 24.7 29.2 36.7 43 58.9

587 756 980 1245 1520 1702 2084
36.7 42.9 50.7 60.2 72.7 83.5 113.0

647 834 1094 1422 1785 2039 2601
26.9 34.2 49.3 73.0 104.0 128.0 188.0

566 729 954 1232 1536 1746 2206
26 29.3 34.3 43.9 62.1 79.4 128

503 651 857 1112 1393 1588 2015
24.4 27.3 31.4 40.4 51.7 63.8 127.0

424 545 708 908 1122 1268 1581
19.8 21.6 25.3 31.9 41.6 49.7 71.1

430 548 702 880 1064 1185 1434
25.3 28.0 31.2 37.1 42.7 48.4 80.8

562 705 889 1100 1313 1452 1737
35.7 37.3 41.9 55.4 60.9 69.5 163.0

413 541 713 922 1144 1293 1611
35.1 38.8 42.3 45.3 50.1 56.3 79.8

355 464 612 792 985 1116 1397
28.0 35.2 44.9 56.6 69.2 77.9 97.2

353 461 606 779 961 1082 1337
14.4 12.7 13.8 23.2 32.0 40.1 83.2

344 441 571 727 891 1001 1234
11.6 12.7 15.5 21.5 30.7 38.1 56.7

322 407 517 644 774 860 1037
14.7 17.1 22.0 29.3 37.2 42.6 57.3

457 595 767 969 1183 1330 1652
17.7 17.3 17.8 19.8 24.4 29.1 43.4

507 658 865 1126 1416 1620 2077
15.9 16.3 19.0 25.8 32.4 49.6 150

372 480 625 800 985 1109 1372
9.5 9.5 9.8 11.8 16.2 20.2 30.7

758 939 1154 1382 1596 1729 1986
78.3 77.9 87.3 112.0 150.0 180.0 248.0

875 982 1050 1120 1233 1324 1519
513.0 460.0 304.0 214.0 237.0 313.0 547.0
418 555 742 977 1241 1429 1855

8.2 9.1 10.8 13.5 17.4 21.1 33.7

aThese estimates are less reliable due to extremely small sample size.
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TABLE D-2  Daily Phosphorus Intake (mg): Mean, standard
error of the mean, selected percentiles, and associated standard
errors for usual intake

Percentile

Sex/Age Category  n Mean  1st  5th

0-6 mo 69  325 72  131
SE 26.2 37.3 38.8

7-12 mo 45  642  212  302
SE 70.9 45.1 47.0

1-3 y 702    943.9  416  552
SE 13.1 18.2 15.0

4-8 y 666 1088  537  677
SE  23.7 21.8 18.1

M 9-13 y 180 1407  589  771
SE  54.3 50.3 48.5

M 14-18 y 191 1642  767  956
SE  61.8 46.8 46.4

M 19-30 y 328 1659  809 1002
SE  51.9 38.3 39.9

M 31-50 y 627 1530  705  907
SE  36.7 32.0 34.5

M 51-70 y 490 1307  604  769
SE  39.5 30.4 31.0

M >70 y 237 1191  559  721
SE  30.3 37.0 34.7

F 9-13 y 200 1203  606  768
SE  44.1 44.9 43.7

F 14-18 y 169 1128  484  632
SE  45.1 47.7 61.9

F 19-30 y 302 1031  433  580
SE  63.1 29.1 31.9

F 31-50 y 590 1014  448  593
SE  20.1 22.2 21.1

F 51-70 y 510   986.5  468  599
SE 20.4 20.7 19.8

F >70 y 221  874.3  406  521
SE 27.7 26.9 26.0

8 y and under  1482   982.4  313  483
SE 15.8 22.2 20.3

M 9+ y  2053 1495  684  874
SE  24.2 17.8 18.3

F 9+ y  1992 1024  485  620
SE 13.0 15.1 12.8

F Pregnanta 33 1572  773 1012
SE 292.6  294.0  327.0

F Lactatinga 16 1496 1113 1211
SE 309.1  313.0  348.0

All Indiv (+P/L)  5576 1222  445  620
SE  12.9 9.6 8.0

NOTE:  n represents the actual unweighted sample size in each group. Estimates were
obtained using C-SIDE v1.0 (C-SIDE courtesy of Iowa State University Statistical Labora-
tory). Standard errors (SE) were estimated via jackknife replication. Each standard
error has 43 d.f.
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10th 25th 50th 75th 90th 95th 99th

 171  244 322  399  479  532  642
36.9 38.0 31.5 27.2 32.5 42.0 83.1

 358  467 612  784  965 1086 1338
49.7 57.6 71.2 88.8  109.0  124.0  159.0

 629  764 926 1104 1280 1396 1635
13.8 12.9 13.6 16.9 22.1 26.2 36.7

 755  892 1059 1250 1455 1596 1910
17.6 18.3 21.4 28.5 40.1 49.8 75.0

 882 1090 1359 1672 1993 2203 2640
48.1 49.3 53.9 62.8 76.4 88.1  119.0

1072 1292 1582 1927 2290 2534 3053
47.3 51.5 60.7 75.6 96.3  113.0  157.0

1119 1336 1613 1932 2258 2472 2917
42.0 46.8 51.3 64.1 83.7  101.0  159.0

1022 1229 1484 1780 2094 2312 2791
34.3 32.8 36.3 45.2 65.5 86.1  144.0

 866 1047 1274 1531 1789 1956 2295
32.1 35.2  40.0 46.2 53.9 60.1 76.7

 814  979 1176 1386 1587 1712 1957
33.8 32.8 32.5 33.7 38.1 43.0 57.4

 856 1005 1178 1372 1579 1725 2052
44.0 44.4 45.3 49.3 57.1 64.5 88.6

 722  888 1097 1335 1573 1727 2040
67.6 62.3 47.8 57.1 65.9 61.2  101.0

 665  818 1005 1215 1429 1571 1871
35.4 50.1 70.7 78.2 81.2 87.6  123.0

 674  818 990 1183 1382 1516 1802
20.2 18.4 18.5 24.5 36.2 46.0 70.8

 674  806 966 1144 1325 1444 1693
20.1 19.6 20.1 25.9 33.4 38.5 55.3

 588  710 859 1022 1181 1282 1482
25.9 26.3 28.3 32.2 38.1 42.9 55.2

 581  750 953 1181 1419 1582 1935
18.5 14.3 15.6 18.8 27.8 36.2 57.4

 985 1189 1445 1745 2063 2282 2761
19.0 20.7 23.8 28.7 36.2 43.2 64.3

 697  834 1001 1188 1381 1510 1783
11.8 10.8 12.1 16.1 22.5 28.4 46.6

1137 1348 1581 1804 1996 2108 2314
 345.0  356.0 348.0  308.0  232.0  182.0  245.0
1266 1365 1483 1613 1741 1822 1985
 369.0  362.0 283.0  254.0  311.0  374.0  548.0
 724  915 1164 1463 1790 2020 2544

8.8 10.2 12.1 16.6 22.3 27.2 43.6

aThese estimates are less reliable due to extremely small sample size.
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TABLE D-3 Daily Magnesium Intake (mg): Mean, standard
error of the mean, selected percentiles, and associated standard
errors for usual intake

Percentile

Sex/Age Category  n Mean  1st  5th

0-6 mo 69  57.8 12 21
SE 5.9 4.7 5.2

7-12 mo 45   112.7 46 61
SE 10.4 6.7 6.9

1-3 y 702 183.4 80  106
SE  2.6 3.3 3.0

4-8 y 666  211.5  102  128
SE  4 4.0 3.2

M 9-13 y 180  271  106  140
SE 12.0  9.5 9.8

M 14-18 y 191  315.6  132  168
SE 12.0 6.7 7.4

M 19-30 y 328   343.1  144  185
SE 13.1 7.1 7.9

M 31-50 y 627  341.2  149  194
SE  8.6 8.0 7.0

M 51-70 y 490  304.9  130  169
SE  8.4 6.3 6.6

M >70 y 237  282.1  123  160
SE  7.5 6.1 6.3

F 9-13 y 200  229.5  111  142
SE  7.8  8.6 8.4

F 14-18 y 169  224.5 90  123
SE  9.0 9.4 10.5

F 19-30 y 302  210.6 89  118
SE  8.8 6.0  6.3

F 31-50 y 590 236.1  100  133
SE  4.5 5.5 5.5

F 51-70 y 510 238.5  110  141
SE  6.5 5.3 4.7

F >70 y 221 209.4 89  118
SE  6.7 6.9 6.5

8 y and under  1482 190.3 59 91
SE  2.7 4.2 3.5

M 9+ y  2053  323.6  135  177
SE  5.5  4.4 4.5

F 9+ y  1992  228.1  104  134
SE  2.7 3.0 2.5

F Pregnanta 33   292.5  144  187
SE  23.4 28.8 26.1

F Lactatinga 16  316.8  218  244
SE 58.1 37.5 43.7

All Indiv (+P/L)  5576   263.9 90  128
SE  3.0 1.6 1.5

NOTE:  n represents the actual unweighted sample size in each group. Estimates were
obtained using C-SIDE v1.0 (C-SIDE courtesy of Iowa State University Statistical Labora-
tory).  Standard errors (SE) were estimated via jackknife replication. Each standard
error has 43 d.f.
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10th 25th 50th 75th 90th 95th 99th

27 39  55 73 93  105  131
5.3 5.2 5.4 7.6 12.5 17.2 30

70 86 109  134  161  179  216
7.3 8.7 10.8 13.1 15.5 17.4 22.1

 121  148 180  215  250  274  323
2.9 2.7 2.6 3.2 4.6 5.9 9.4

 143  171 205  245  287  315  377
 2.9 2.9 3.8 5.3 7.3 8.9 12.9

 161  203 258  325  397  445  548
10.1 10.7 11.9 14.6 19.2 23.5 35.1

 191  236 298  376  462  522  656
8.1 9.6 11.8 14.9 19.9 24.5 38.0

 211  261 328  408  495  553  679
8.8 10.8 13.4 16.1 19.3 22.4 32.2

 220  268 329  401  477  529  645
7.7 9.2 8.6 12.1 15.3 18.3 31.5

 193  238 295  362  429  474  566
6.9 7.3 8.2 10 12.5 14.6 21.3

 182  223 275  333  392  429  507
6.4 6.9 7.8 9.2 11.6 13.9 20.0

 159  188 223  263  307  339  412
8.4 8.3 8.3 8.8 10.5 12.2 18.0

 142  175 217  266  318  352  423
10.0 9.4 10.6 11.2 11.6 12.1 19.7

 135  166 205  250  293  322  379
 6.6 7.4 8.7 10.7 13.3 15.2 19.8

 152  187 229  278  329  363  437
6.0 4.9 4.0  7.4 9.7 11.9 28.8

 159  191 231  277  327  362  438
4.6 4.8 6.0 8.2 10.8 12.6 16.6

 136  167 206  248  288  314  365
6.4 6.3 6.7 8.0 10.5 12.7 18.5

 110  144 184  230  278  310  379
3.1 2.5 2.5 3.5 5.1 6.3  9.7

 202  249 310  384  462  516  634
 4.7 5.0 5.5 6.4 8.0 9.7 15.2

 152  184 222  266  311  342  407
2.3 2.2 2.5 3.5 4.9 6.1 9.5

 210  249 292  336  375  399  444
25.5 23.5 24.3 30.7 31.6 30.6 40.0

 259  285 315  347  377  396  433
47.3 53.5 59.7 64.9 69.3 72.3 79.5

 151  193 248  318  396  452  578
1.6 2.0 2.9 4.0 5.4 6.7 10.7

aThese estimates are less reliable due to extremely small sample size.
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E
Model for Estimating

Calcium Intake for Desirable
Calcium Retention

The model used for fitting the relationship between calcium in-
take and calcium retention is described by the equation: Y = aeL/(1
+ eL) + d, where Y is retention and L is a linear function of intake (L
= b + c [intake]; where b is the intercept and c is the slope of
function) (Jackman et al., 1997).  The model was used to determine
an estimate of calcium intake required to achieve the selected value
for desirable calcium retention.1

As described in the initial version of this report, when the applica-
tion of this model to the data was proposed it was thought that it
could predict the lowest value of the plateau intake of calcium at
which mean percent maximal calcium retention would occur in a
group of individuals. This was considered advantageous in that it
estimated a relative measure (percent of an individual’s maximum)
rather than an absolute measure (a quantified pre-set level of reten-
tion) as errors often associated with balance studies would have
negligible impact.

Subsequent to the release of the initial version of this report, sta-
tistical issues were raised related to the use of percent maximal
retention in the way initially described in the prepublication report.
The non-linear regression curves derived by applying the Jackson et

1 It should be recognized that the model is most appropriate only over the ranges
of intake from which it was derived, and the model as described does not estimate
the range of intakes that would result in the desired level of retention.
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al. model (Y = aeL/(1 + eL)) (1997) were asymptotic, thus never
reaching 100 percent, but approaching that goal at higher levels of
intake.  In a strict statistical sense, 100 percent of an individual’s
maximal retention due to calcium intake could never be achieved,
regardless of intake, if it was an asymptotic relationship.  Biological-
ly, this was not a logical conclusion, in that maximal retention, at
least to the extent that it can be measured, is a finite number for
each individual at a given point in time.  The second statistical issue
raised was the appropriateness of selecting the level of calcium in-
take at which the upper limit of the confidence interval for the non-
linear asymptotic regression curve first coincided with 100 percent
maximal retention;  although this could be defended statistically, it
was of concern biologically.  For some of the curves to which it was
applied, this level of intake was associated with a mean percent
maximal retention of 26 percent, which made it difficult to justify as
a goal for the average intake of individuals.

Given these concerns, the DRI Committee, supporting the con-
cept that maximizing calcium retention and decreasing calcium loss
to the extent possible via calcium intake is of benefit to maintaining
bone mineral content and subsequent risk of fracture, had the data
recalculated using the Jackman et al. non-linear regression model
(1997).  In this revised approach, absolute retention (corrected for
predicted sweat loss) was employed in place of the percent maximal
retention as the value of Y, which was then solved for x, the intake
of calcium.  Thus, for each age group, a specified desirable level of
retention was estimated for the purposes of quantifying an intake
associated with the designated calcium retention.  Where necessary,
the desirable level was based on the same estimates for growth and
absorption used in the factorial approach.

To derive the estimates of calcium intake using the Jackman et al.
model to achieve this absolute measure of desirable calcium reten-
tion (or minimize calcium loss), a value for sweat loss was added to
the estimate of retention needed since the balance studies used had
not accounted for calcium loss in sweat.  The derived estimates of
calcium intake which would provide for desirable calcium retention
were used as part of the basis for establishing an AI for each age
group.  Table 4-5 provides the specific values used for desirable
calcium retention and sweat loss for each age group for which the
model was utilized.  The non-linear regression curves derived from
this method follow (Figures E-1 through E-3).  The 95 percent con-
fidence intervals shown on the curves represent the goodness-of-fit
of the regression lines.
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FIGURE E-1 Calcium retention as a function of intake in adolescents. The equa-
tion which describes the nonlinear regression model of Jackman et al. (1997) and
applied as depicted in this figure to the balance study data of Jackman et al. (1997)
as circles, Matkovic et al. (1990) as squares, and Greger et al. (1978) as diamonds is
Y = 436.90 eL/(1 + eL), where L = –2.96 + 0.0032 (intake).
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FIGURE E-2 Calcium retention as a function of intake in young adults aged 18–30
years as compiled by Matkovic and Heaney (1992). The equation which describes
the nonlinear regression model of Jackman et al. (1997) and applied as depicted
in this figure to the balance study data of Matkovic and Heaney (1992) is Y =
–133.79 + 290.16 eL/(1 + eL), where L = –3.15 + 0.0040 (intake).
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FIGURE E-3 Calcium retention as a function of intake in adult men from Spencer
et al. (1984). The equation which describes the nonlinear regression model of
Jackman et al. (1997) and applied as depicted in this figure to the balance study
data of Spencer et al. (1984) is Y = –130.73 + 274.93 eL/(1 + eL), where L = –2.75 +
0.0036 (intake).
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in biology from the Massachusetts Institute of Technology and his
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of Connecticut. Dr. Allen’s research focuses on the causes, conse-
quences, and prevention of micronutrient deficiencies (vitamin B12,
folic acid, iron, zinc, and riboflavin) in developing countries and on
vitamin B12 deficiency in the elderly in the United States. She is an
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the Food and Nutrition Board and the DRI Panel on Folate and
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Committee on International Nutrition, Institute of Medicine, Na-
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BESS DAWSON-HUGHES, M.D., is a professor of medicine at
Tufts University and chief of the Calcium and Bone Metabolism
Laboratory at the Jean Mayer U.S. Department of Agriculture Hu-
man Nutrition Research Center on Aging at Tufts University. She
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ees of the National Osteoporosis Foundation and serves on the
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journal articles, book chapters, abstracts, and reviews.
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the Tufts Medical School and School of Nutrition Science and Poli-
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Department of Agriculture Human Nutrition Research Center on
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related concerns such as the prevention of diet-related disease in
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Nutrition Today and on the editorial board for Family Economics and
Nutrition Reviews. She received her D.Sc. and M.Sc. from the Har-
vard School of Public Health, an M.S. from the University of Wis-
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from Cornell University. She is a member of the Food and Nutri-
tion Board, the Technical Advisory Committee of the Nutrition
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Education.
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macology, and behavioral neuroscience at the University of Pitts-
burgh School of Medicine and director, Basic Neuroendocrinology
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ber of the Board of Directors of the National Osteoporosis Founda-
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the Pew Foundation Dental Project. He chaired the Scientific Advi-
sory Panel on Osteoporosis of the U.S. Office of Technology Assess-
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pert and lecturer in this field. He is the author of three books and
has published over 300 original papers, chapters, monographs, and
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the Kappa Delta Award of the American Academy of Orthopedic
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and Dr.P.H. from the Harvard School of Public Health. Dr. Hen-
nekens is president of the American Epidemiological Society, past
president of the Society for Epidemiologic Research, and is a mem-
ber of the Association of American Physicians. He has served as
editor-in-chief of the American Journal of Preventive Medicine and
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versity Medical Center. He received his Ph.D. and M.D. from the
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derstanding the biologic importance of vitamin D for human health.
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Mainz, Germany. He was an intern surgeon at the County Hospital,
Hersfeld, and assistant resident at the Medical University Hospital,
Frankfurt, Germany. He went to the National Institute of Health at
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the National Institutes of Health, the Food and Nutrition Board
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microbial and chemical hazards in food and the nutritional quality
of the Canadian food supply. He has contributed significantly to
the development of risk assessment procedures in the field of pub-
lic health, both nationally and internationally, through member-
ship on various committees dealing with the regulatory aspects of
risk assessment and risk management of public health hazards. Dr.
Munro is a graduate of McGill University in biochemistry and nutri-
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the author of Calculated Risks, a non-technical introduction to toxi-
cology and risk assessment.

IRWIN H. ROSENBERG, M.D., is an internationally recognized
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Prize of the Institut National de la Sante et de la Researche Medi-
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Index

A
Achlorhydria, 74, 142
Adenylate cyclase, 191
Adequate Intakes (AIs), see also Calcium AIs;

Fluoride, AIs; Vitamin D, AIs
applicable population, 22
criteria used to derive, 12-13
defined, 4, 6, 24, 25, 48, 301, 315, 317
derivation of, 4, 5-8, 32-33, 48-50, 317
discrepancies between usual intakes and,

324
extrapolation from other age groups, 26
gender and, 17, 34
increasing consumption of nutrients, 10-

12, 28, 323
indicators used to set, 27, 40, 91, 261-

263, 298-301
RDAs compared, 5-8, 26
replacement of, 25
safety factors, 8
uncertainty in, 317
uses, 4, 5, 11, 28, 317

Adolescents, 9 through 18 years. See also
Puberty

ages 9 through 13 years, 34, 41, 99-106,
169-173, 210-218, 268-269, 303; see
also Puberty

ages 14 through 18 years, 34, 99-106,
169-173, 179, 180, 186-187, 210-218,
219, 239, 240, 241, 303

Body Mass Index, 36
bone mass, 102, 104, 105
bone mineral content, 100, 101-102,

103, 133-134
bone mineral density, 100, 102, 103,

104-105
calcium , 41, 73, 75, 87, 99-106, 143, 144,

215, 324, 396
fluoride, 295, 296, 303
indicators used to set AIs, 100-105
indicators used to set EARs, 169-172,

210-212
lactation, 133-134, 179, 180, 241
magnesium, 194, 195, 206, 210-213, 214-

215, 216-219, 240, 241, 244-246, 268
phosphorus, 154, 159, 165, 169-173, 177-

178, 179, 180, 184-185, 186, 187-189,
321

pregnancy, 114, 177-178, 239, 240, 276
RDAs, 172-173, 218, 219, 239
supplements, 96-97, 215
ULs, 141-142, 188, 244-246, 285, 310-311
vitamin D, 262, 268-269, 276, 277, 284-

285, 286
weights and heights, reference, 35-36

Adults, 19 through 30 years
Body Mass Index, 36, 37
bone mass, peak, 34, 106-107
calcium, 75-76, 87, 106-109, 111, 397
derivation of DRIs for, 34-35
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energy expenditure, 34-35
fluoride, 289, 303
indicators used to set AIs, 107-108, 269-

270
indicators used to set EARs, 173-174,

219-221
lactation, 179, 241
magnesium, 219-223, 239, 241, 244-246
phosphorus, 173-175, 177-179, 186-187,

188-189
RDAs, 173, 175, 179, 223, 239
ULs, 137-141, 186-187, 244-246, 281-283,

310-311
vitamin D, 269-271, 281-283
weights and heights, reference, 36

Adults, 31 through 50 years
calcium, 109-110, 398
derivation of DRIs for, 34-35
energy metabolism, 35
fluoride, 303
indicators used to set AIs, 109-110, 269-

270
indicators used to set EARs, 173-174,

223-226
lactation, 179, 241
magnesium, 207, 223-228, 239, 241, 244-

246
phosphorus, 173-175, 177-179, 186-187
RDAs, 175, 179, 228, 239
ULs, 137-141, 186-187, 244-246, 281-283,

310-311
vitamin D, 269-271, 281-283

Adults, 51 through 70 years
bone loss, 271-272
bone mineral density, 112, 113-114
calcium, 111-115
derivation of DRIs for, 35
energy expenditures, 35
fluoride, 303
indicators used to set EARs, 228
indicators used to set AIs, 111-114, 271-

272
magnesium, 228-231, 244-246
phosphorus, 154, 175-176
RDAs, 176, 231
ULs, 137-141, 186-187, 244-246, 281-283,

310-311
vitamin D, 263, 271-272, 281-283

Adults, +70 years
bone mineral density, 116
calcium, 87-88, 115-117, 142

fluoride, 303
fracture rates, 115-116
indicators used to set AIs, 115-116, 231-

232, 273-274
magnesium, 195, 200, 201-202, 203, 204,

207, 231-234, 245
phosphorus, 154, 175-176, 188
RDAs, 176, 233-234
ULs, 142, 188, 244-246, 281-283, 310-311
vitamin D, 255, 273-274, 287

Adverse effect, 52, 63
African Americans

blood pressure, 89
bone mass, 73
bone mineral content, 97
bone fractures, 73, 90
calcium, 73, 80, 89, 100
lactose intolerance, 80
magnesium, 195
phosphorus, 149
puberty, 34
vitamin D, 260, 263, 269, 270

Alcohol consumption and alcoholism, 157,
191, 193, 200, 203, 204, 206, 207

Aluminum, 148, 157, 219, 243, 245
American Academy of Pediatrics, 32, 33,

295, 305
American Dental Association, 295, 304, 305
Anemia, 157
Animal studies

extrapolation of data from, 54, 57, 62-63
relevance of, 63, 65-66

Anorexia, 157, 280
Antacids, 139, 148, 157, 243, 245
Asians

blood pressure, 89
calcium, 89, 98
magnesium, 200
osteoporosis, 83, 200
vitamin D, 264, 266

Atherosclerosis, 198, 249
Athletes, 188, 195, 316

B
Balance studies. See also Calcium balance

studies
adolescents, 169, 212, 214-215
adults, 228, 229, 271
calcium, 314
children, 164, 168, 211-212
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fluoride, 289, 300-301, 304
infants, 161, 208-209
lactating women, 17, 240-241
magnesium, 17, 40-41, 192, 204-205, 208-

209, 211-212, 214-215, 218, 219-221,
223-227, 228, 229, 231, 234, 240-241,
245, 249

methodological considerations, 40-41,
42, 50, 88

older adults (+70), 231
phosphorus, 9, 40, 154, 158, 161, 164,

166-167, 168, 169, 171, 176-177
young adults, 219-221

Bioavailability of nutrients
calcium, 47-48, 59, 61, 73-74, 80, 94-95
cross-cultural differences in, 47-48
defined, 60, 69
factors affecting, 59, 60-62, 73-74, 151-

154
fluoride, 291
from infant formula, 94-95
magnesium, 193, 205, 210, 238
phosphorus, 151-152, 153
and risk assessment, 59, 60-62, 66
from supplements, 62, 74
vegetarian diets and, 80

Bisphosphonate, 278
Blood pressure, 199-200. See also

Hypertension
Body mass. See Lean body mass
Body Mass Index, 36
Bone

biologically significant nutrients, 38-39,
288-289

collagen by-products, 258
malignancy, 278
matrix proteins, 38-39
metabolism, 41, 38-39, 71, 99-100, 120,

144, 201, 254, 257-258, 284-285
pain, 157
remodeling, 41, 71, 86-87, 88, 102, 114,

289
Bone fracture

calcium and, 6, 9, 13, 76, 83, 84-85, 90,
112-113, 115-116, 121, 123, 126-127,
144, 314-315

fluoride and, 300
gender differences, 90
hip, 47-48, 76, 83, 85, 121, 127
lactation and, 123, 126-127
older adults, 115-116

osteoporotic, 9, 47-48, 83, 84-85
predictors of risk, 85
race/ethnicity and, 73, 83, 84-85, 90
vitamin D and, 260, 273, 274

Bone loss
caffeine and, 76
calcium intakes and, 75, 76, 77-80, 82-83,

87-88, 112
lactation and, 122
menopausal status and, 77-80
sodium and, 75
vitamin D and, 271-272

Bone mass
adults, 86, 105, 106-107
calcium intake and, 13, 15, 74, 85-87
children, 85, 89
fluoride and, 307
and fractures, 13
gender and, 106-107
measurements, 9, 85-86, 89, 102, 104
peak, 34, 86, 87, 102, 106-107, 259
physical activity and, 74-75
race/ethnicity and, 73
vitamin D and, 259, 263-264, 271-272,

278
Bone mineral content (BMC)

and body weight, 97
calcium, 6, 7, 9, 15, 38, 78-79, 97-98, 100,

101-102, 103, 106-107, 144
children, 97-98
defined, 85
fluoride, 38, 288, 300, 307
infants, 95
magnesium, 38, 200
phosphorus, 38, 68, 146, 151, 153, 161,

163, 164, 170, 189
race/ethnicity and, 97
vitamin D and, 38, 260, 266
young adults, 106-107

Bone mineral density (BMD)
in adults, 110, 112, 113-114
caffeine and, 76
calcium and, 6, 9, 71, 74 76, 78-79, 80-

81, 102, 103, 104-105, 110, 112, 113-
114, 116, 120-121, 123, 126-129, 132,
144

defined, 85
lactation and, 123, 126-129, 132
magnesium and, 200, 201
pregnancy and, 127, 132
research recommendations, 189
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vegetarian diets and, 80-81
vitamin D and, 14, 260, 261, 264, 271-

272, 274
Boron, 38, 39
Breastfeeding. See also Human milk;

Lactation
recommendation, 25, 32, 208
twins, 132-133

British Paediatric Association, 284

C
Caffeine, 76, 144, 291, 294
Calcification of tissues, 136, 180, 183, 184-

185, 187, 198, 280, 281, 300, 307
Calcitonin, 193
Calcium

absorption, 72-73, 76, 77, 85, 92, 93, 94-
96, 97, 100, 104, 115, 117, 120, 122,
123, 124-125, 126, 134, 135, 141, 142,
147, 154, 180, 185-186, 250, 254, 255,
275

accretion, 6, 7, 9, 15, 87, 92-93, 95, 97,
98, 99, 107, 111, 120

adolescents, 49, 71, 75, 99-106, 215
bioavailability, 59, 61
data availability, 90-91
estimating requirements for, 84-91; see

also Calcium AIs
excretion, 72-73, 75, 76 80, 96-97, 104,

111, 120, 122, 126, 136
intakes, see Calcium intakes
interactions with other nutrients, see

Calcium interactions
intervention studies, 97-98, 110
kinetic studies, 182-183
metabolism, 48, 73, 87, 134, 259, 261; see

also Calcium balance studies
physiological role, 71
research recommendations, 13, 144-145
supplements, 45-46, 74, 77-80, 82, 86, 89,

97-98, 102, 110, 112, 114, 116, 120-
121, 123, 126, 130-131, 134, 135, 137,
138, 213, 318, 324

Tolerable Upper Intake Levels, see
Calcium ULs

uncertainty factor, 68
Calcium AIs

adolescents, 99-106, 118-119, 122, 133-
134, 324

adults, middle age, 109-115, 118-119

balance studies, 6-7, 9, 15, 48-50, 93-94,
96-97, 98, 100-101, 107-108, 109-110,
111-115, 314-315

biochemical and absorption studies, 124-
125

bone mass measurements and, 85-87
bone mineral content, 95, 97-98, 100,

101-102, 103, 117, 118-119, 122, 133-
134

bone mineral density and, 110, 116, 117,
118-119, 120-121, 123, 126-131

calcium accretion and, 92-93, 97, 98, 99,
100, 102, 107

calcium retention and, 87-89, 93, 99,
100-101, 104, 105, 107-108, 109-110,
394-398

for children, 12, 75, 96-99, 118-119
chronic disease risk and, 89-90, 99
clinical trials, 6, 7, 48, 49, 101-102, 103,

104, 105, 119, 123
cross-cultural considerations, 47
derivation, 6-7, 41, 48-50, 96-97; see also

Calcium balance studies; Calcium
retention

discrepancies between usual intakes and,
324

epidemiological evidence, 104-105
factorial approach, 6, 15, 48, 49, 102,

104, 105, 108, 109, 110-111, 118-119
fracture risk, 84-85, 115-116, 123, 126-127
gender differences, 71, 75, 99-100, 104,

107, 109, 111-115, 388-389
human milk intake and, 92
indicators used to set, 9, 84-91, 91-94, 96-

98, 100-105, 107-108, 109-114, 115-
116, 117, 120-121, 123, 126-127, 137,
314-315

infants, 71, 91-96, 183
lactation and, 122-134
by life-stage group, 12, 15, 91-134, 388-

389
older adults (70+), 12, 115-117, 118-119,

127
physical activity and, 74-75, 76
pregnancy and, 12, 15, 20, 72, 89-90,

117, 120-122, 127, 132
puberty and, 49, 71, 99-100
racial/ethnic differences, 73, 100
sexual maturity and, 99-100
special considerations, 115, 127, 132
young adults, 108-109, 111
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Calcium balance studies, 215, 314
AI derivation, 6-7, 9, 15, 48-50, 93-94, 96-

97, 100-101, 105, 107-108, 109-110,
111-115

adults, middle age, 109-110, 113, 114
bone mass measurements and, 86
children, 96-97, 98
infants, 92, 93-94
methodological considerations, 40-41,

50, 88
pregnancy, 120
protein interaction, 75-76
research recommendations, 144-145
uncertainties in values from, 7, 50, 91
young adults, 75-76, 107-108, 109

Calcium deficiency, 182, 183
amenorrheic women, 76
and bone loss, 75, 76, 77-80, 82-83, 132-

133
and fractures, 6, 9, 13, 76, 83, 84-85, 90,

112-113, 115-116, 121, 123, 126-127,
314-315

lactose intolerance and, 80
and osteopenia, 83
and osteoporosis, 9, 47-48, 76, 82, 83, 84-

85, 113, 115
and prostate cancer, 13

Calcium for Preeclampsia Prevention trial,
89-90

Calcium intakes
and absorption of calcium, 71, 72, 97,

100
adolescents, 105-106, 194, 324, 396
adults, middle age, 194, 398
bioavailability, 47-48, 73-74, 80, 92
and bone mass, 13, 15, 74, 85-88, 106-

107
and bone mineral content, 6, 7, 15, 38,

78-79, 98
and bone mineral density, 74, 76, 78-79,

80-81, 112
and calcium retention, 111-112, 114
children, 99, 136
and colon cancer, 90
and chronic disease risk, 89-90, 99
cross-cultural differences, 47-48, 82
disappearance data, 45
experimentally derived, 7, 100-101
food and water sources, 45, 47, 73-74,

80, 81-82, 110, 318, 324
and fracture risk, 84-85, 90

gender differences, 44, 81, 82, 105-106,
117, 388-389

human milk, 91-94
and hypertension, 89-90
inadequate, see Calcium deficiency
increasing, strategies for, 324
lactation and, 127
lactose intolerance and, 80
by life-stage group, 43, 44, 81-82, 388-

389
menopausal status and, 72, 75, 76, 77-81,

112-113, 201
older adults (+70), 117
plateau, 87, 101, 108, 109-110, 115, 116,

394
pregnancy and, 121-122
quality of data, 100
vegetarian diets and, 80-81
young adults, 75-76, 106-107, 109, 397

Calcium interactions, 59, 68, 152-154, 195
boron and,  38, 39
caffeine, 76
chloride, 61
dietary fiber, 135
estrogen, 76, 77, 88, 113, 115, 126
fluoride, 288, 289, 290, 291
iron, 137, 140, 141, 142
magnesium, 135, 137, 142, 191, 194,

197, 200, 201, 213, 214-215, 225, 229,
239

parathyroid hormone, 72, 73, 75, 82-83,
117, 120, 132

phosphorus, 61, 135, 137, 151, 152-154,
156, 158, 160-161, 174, 176, 178, 180,
181-184, 185-186

protein, 48, 61, 75-76, 135
sodium, 48, 61, 75, 135
vitamin D, 14, 38, 39, 77, 83, 85, 116,

117, 122, 132, 250-253, 254, 255, 258-
263, 264, 265, 273, 274, 275, 278,
281-282, 285, 286, 287

zinc, 137, 140, 141, 142
Calcium-regulating hormones, 181-184
Calcium retention

adolescents, 87, 99, 100-101, 104, 105,
117, 118-119, 396

adults, middle age, 109-110, 111-112,
398

AI derivation, 87-89, 93, 99, 100-101,
104, 105, 107-108, 394-398

bone mass measurements, 85-86
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calcium intakes and, 111-112, 114
children, 85-86, 96-97, 99
desirable, 6-7, 15, 48-49, 87-88, 91, 107-

108, 110, 111-112, 117, 118-119, 144,
314-315, 394-398

extrapolation from other age groups, 15
factors affecting, 49, 71, 72, 87
gender differences, 111-114, 118-119
infants, 92, 94, 96
methodological considerations, 41
older adults, 87, 115-116
plateau, 112, 114
pregnancy and, 120
protein and, 75-76
young adults, 87, 107-108, 397

Calcium ULs, 13, 20, 318. See also Calcium
interactions

adults, 137-141
children, 136, 141-142, 143
critical endpoint, 137-138, 140
data selection, 137-138
derivation of, 140-141
dose-response assessment, 68, 137-143
exposure assessment, 143
gender differences, 135
hazard identification, 134-137
infants, 141
and milk-alkali syndrome, 136-137, 138,

139, 140-141
and nephrolithiasis (renal stones), 13,

68, 134-136, 137, 138
NOAEL/LOAEL, 137-138, 140
older adults (70+), 142
pregnancy and lactation, 142
risk characterization, 143
special considerations, 142-143
supplements, 137-138, 143
uncertainty assessment, 140

Canada
bone mineral content in adolescents,

170
dietary intake data, 43, 47, 81, 292-293
fluoride, 292-293, 295, 302, 305, 312
magnesium standards, 30
osteoporosis, 83
phosphorus standards, 31
reference nutrient values, 29-31
weights and heights, reference, 36

Canadian Paediatric Society, 32, 33, 295,
305

Cancer. See individual sites

Cardiovascular diseases, 9, 144
fluoride and, 300, 310
magnesium and, 14, 191, 197-200, 203,

204, 207, 222, 243, 247
vitamin D and, 281

Caucasians
blood pressure, 89
bone fracture in, 73, 90
bone mineral content, 97
calcium, 89, 97
lactose intolerance, 80
magnesium, 195, 199
osteoporosis, 83
phosphorus, 149
vitamin D, 260, 263, 270, 272

Children, ages 4 through 8 years. See also
Life-stage groups; Toddlers

balance studies, 164, 168, 211-212
blood pressure, 89
bone mass, 85-86, 88
bone mineral accretion, 14, 88, 89, 97-98
calcium, 14, 46, 73, 74, 75, 82, 85-86, 88,

89, 96-99, 136, 141-142, 143, 144
chronic illness, 99
derivation of DRIs for, 34, 37
fluoride, 289, 290, 291-292, 293, 294-296,

298-299, 301, 303, 304, 305, 306, 308-
309, 311-312

growth spurts, 14
indicators used to set AIs, 96-98, 266-267
indicators used to set EARs, 166-168,

210-212
magnesium, 14, 30, 41, 46, 196, 205-206,

210-212, 213, 216, 246, 247-248
phosphorus, 14, 30, 31, 46, 149, 156,

158-159, 164, 166-169, 186, 187
physical exercise, 74
sodium, 75
supplements, 46, 82
vitamin D, 14, 46, 257-258, 259, 260, 262-

263, 266-268, 284-285
weights and heights, reference, 35-36, 37

Cholecalciferol, 250, 251, 252, 255, 256,
259, 271

Chromium, 66
Chronic disease. See also specific diseases

risk reduction as indicator of nutrient
adequacy, 8, 40

Collagen cross-linking, 38, 75-76
Colon cancer, 90, 258
Constipation, 136
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Continuing Survey of Food Intakes by
Individuals, 42, 43, 387

calcium intakes, 81, 109, 115, 117, 121-
122, 127, 143, 388-389

magnesium intakes, 195, 216, 217-218,
219, 222, 227, 230-231, 238, 239, 241-
242, 392-393

phosphorus intakes, 154, 163, 166, 168,
172, 174-176, 177-178, 184, 188-189,
321, 390-391

Copper, 38, 59, 180-181, 189
Coronary artery disease, 247
Critical endpoint

calcium, 137-138, 140
defined, 66
fluoride, 308-309
magnesium, 244-245
phosphorus, 186-187
vitamin D, 68, 281-282, 283-284

Cross-cultural differences. See Race/
ethnicity

D
Dairy products

calcium, 47, 73, 74, 80, 81-82, 89, 110,
143

fortified, 256, 261-262
lactose intolerance, 80
magnesium, 200
phosphorus, 156
vitamin D, 268, 269

Data and database issues
availability of data, 68, 167, 169, 175
critical data set, 66
for dose-response assessment, 281, 283
for hazard identification, 62-63
human studies, 62, 65
magnesium, 244
phosphorus, 68, 167, 169, 175
quality and completeness of, 64
selection for dose-response assessment,

65-66, 244
uncertainties in, 54, 58
vitamin D, 281, 283

Dental caries, 8, 19, 288-289, 290, 291, 297-
300, 301, 302, 313

Dental products, fluoride in, 45, 291, 295-
296, 300, 311-312, 318

Diabetes mellitus
calcium and, 99

magnesium and, 14, 191, 200, 201-202,
203, 204, 207, 239-240

phosphorus and, 157
Diarrhea, 157, 242, 243, 244-245, 318
Diet and Health report, 8, 40, 63
Dietary fiber, 127, 192, 193, 199, 219, 221,

223, 224, 226, 229
Dietary intakes. See also Supplements; specific

nutrients
adjustment of, 319-323
and bioavailability, 61
breast-fed infants, 93-94
cross-cultural differences, 47-48
disappearance data, 45, 155
fluoride, 291-296, 301, 308-309
food composition databases, 42-43, 262
form of, 62, 63 n.1
gender differences, 387-393
self-reported, 42, 43, 81, 319
sources of data, 43-44
uses of data, 47

Dietary Reference Intakes (DRIs)
applicable population, 22
assessment applications, 10, 11, 21, 314,

316-317, 319-322
categories; 2-5, 6, 23-27; see also

Adequate Intakes; Estimated Average
Requirements; Recommended
Dietary Allowance; Tolerable Upper
Intake Levels

country reference values compared, 28-
31

criteria for, 9-10, 21-22, 38
defined, 21-22, 37
dietary intakes compared, 43
extrapolation from other age groups, 33
framework, 378-379
generalizability to other populations, 2,

47
group applications, 11, 317, 319-323
individuals applications, 11, 315-317
international application, 2, 10
by national and federal agencies, 323
origin, 375-376
parameters for, 31-37; see also Life-stage

groups; Reference weights and
heights

planning applications, 11, 21, 314, 322-
323

rationale for, 376-378
sources of data, 9-10, 39-40; see also

Methodological considerations
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uses, 10, 11, 21, 27-28, 47, 314-317, 319-
323

WHO/FAO/IAEA approach compared,
22

1,25-Dihydroxyvitamin D, 260
biologic role, 250-253, 255
calcium regulation, 38, 77, 117, 120,

122-123, 132, 250
and granulomatous diseases, 255, 285
half-life, 254
and hypercalcemia, 255
and hypercalciuria, 255
and hypervitaminosis D, 278
and hypovitaminosis D, 258, 268
as indicator of vitamin D status, 260
lactation and, 122-123, 132
magnesium and, 192, 197
metabolism, 251, 254-255
phosphorus and, 38, 147-148, 151, 176,

181, 250, 254
pregnancy and, 117, 120, 276
puberty and, 268, 269, 286

24,25-Dihydroxyvitamin D, 254
Diuretics, 142, 193, 198
Dose-response assessment

adolescents, 187-188, 244-246, 310-311
adults, 137-141, 186-187, 281-282, 310-311
calcium, 68, 137-143
children, 187, 284-285, 308-309
components and process, 55, 57, 65-69
critical endpoint, 66, 137-138, 140, 186-

187, 244-245, 308-309
data selection, 65-66, 137-138, 244, 281,

283, 308, 309, 310
derivation of UL, 68, 282-283, 309, 310-

311
fluoride, 68, 308-311
infants, 187, 283-284, 308-309
lactation, 188, 285, 311
magnesium, 68, 244-247
NOAEL/LOAEL identification, 66, 137-

138, 140, 186-187, 244-245, 281-282,
283-284, 308-309, 310

older adults, 188
phosphorus, 68, 186-187
pregnancy, 188, 285, 311
special considerations, 68-69, 285
toddlers, 187, 308-309
uncertainty assessment, 66-68, 187, 245,

282, 284, 309, 310
vitamin D, 68, 281-285

Drinking water
calcium in, 198
fluoride in, 45, 291-292, 293, 295, 297-

300, 301, 305, 307, 308, 310, 312-313,
318

magnesium in, 196, 198, 205
Dual-energy x-ray absorptiometry, 9, 85, 89,

97, 102, 104, 164

E
Early childhood. See Children, ages 4

through 8 years
Education of consumers, 10, 28, 323
Elderly people. See Adults, +70 years
Enamel fluorosis, 298-299, 300-302, 305-307,

308-309, 311-313, 318
End-stage renal disease, 151, 184-185, 186
Energy metabolism, 9, 12, 20, 23, 24, 28, 29,

34-35, 190, 205, 212, 316
Environmental exposures to dietary agents,

53, 58
Ergocalciferol, 250, 257, 259
Estimated Average Requirements (EARs).

See also individual nutrients
coefficient of variation, 3, 322-323
country comparisons, 29
defined, 2-3, 6, 23, 24, 315
derivation of, 3, 13, 40
indicators used to set, 27, 158-159, 164-

166
and RDA, 3-4, 23-25, 26
standard deviation, 3
uses, 3, 10, 11, 23, 24, 25, 319-323

Estrogen
and calcium, 76, 77-80, 88, 109-110, 115,

126
and magnesium, 201

Ethnic background. See Race/ethnicity
Exposure

duration of, 64
route of, 63, 66

Exposure assessment
calcium, 143
fluoride, 311-312
magnesium, 247-248
phosphorus, 188-189
process, 55, 57-58
vitamin D, 285-286
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F
Factorial approach

calcium, 6, 7, 48, 49, 102, 104, 105, 108,
109, 110-111

phosphorus, 16, 40, 164-166, 168, 170,
172

Fetal
calcium needs, 117
growth retardation, 234, 235-237
sensitivity to nutrients, 60, 303-304

Fiber. See Dietary fiber
Fluorhydroxyapatite, 288
Fluoride

absorption, 289, 291, 313
adolescents, 295, 296, 303
adults, 289, 293, 296, 301, 303
AIs, 8, 14, 19, 40, 50, 298-300, 301-306
balance studies, 289, 300-301, 304
bioavailability, 291
and bone mineral content, 38, 288, 300,

307, 310
and caffeine, 291, 294
and calcification of tissues, 300, 307, 313
and calcium, 288, 289, 290, 291
children, 289, 290, 291-292, 293, 294-

296, 298-299, 301, 303, 304, 305, 306,
308-309, 311-312

and dental caries, 8, 14, 19, 50, 288-289,
290, 297-300, 301, 302, 313

in dental products, 45, 291, 295-296,
300, 307, 311-312, 318

derivation of DRI, 8, 40, 50
in drinking water, 45, 291-292, 293, 295,

297-300, 301, 305, 307, 308, 310, 318
and enamel fluorosis, 298-299, 300-302,

305-307, 308-309, 311-313, 318
excretion, 289-290, 313
factors affecting nutrient requirement,

291
food sources, 291, 293-294
gender differences, 19, 303
and geographic differences, 298-300,

307-308
in human milk, 19, 291, 292, 301, 302,

305, 306, 311
indicators of nutrient requirements, 19,

40, 298-301
infants, 290, 293, 295, 300, 301-302, 304,

305-306, 309, 311, 312
intakes, 45, 291-296, 301, 306, 308

interactions with food components, 291
international comparisons, 298-300
lactation and, 12, 19, 305-306
life-stage group and, 19, 301-306
menopausal status and, 300
metabolism, 289-290, 305
and osteoporosis, 288, 300, 307
and osteosclerosis, 307, 308, 310
phosphate, 290
physiological role, 288-289
pregnancy and, 12, 19, 303-305
research recommendations, 14, 313
skeletal fluorosis, 307-308, 310-311
sources of, 45, 318
special considerations, 305-306, 311
supplements, 295, 298-299, 302, 304,

311-312
sustained release form, 288
toddlers, 293, 302-303, 309
toothpastes, 291, 295-296, 300
ULs, 13, 20, 68, 306-313, 318
uncertainty factor, 68, 310
young adults, 289

Food additives, 57, 154, 155, 180, 189
Food and Agriculture Organization, 22, 52,

319, 322
Food composition databases, 42-43
Food sources

calcium, 45, 47, 81-82
fluoride, 291, 293-294
magnesium, 193, 196, 199-200
phosphorus, 151-152, 155-156, 161, 173-

174, 180, 181, 183-184, 189
vitamin D, 256-257, 261-262, 268, 269,

270, 271, 283, 284, 285-286
Formulas, infant

bioavailability of nutrients from, 32, 94-
95, 96, 210

calcium, 94-96, 141
fluoride in, 291, 292, 293, 301-302, 306
magnesium, 210
phosphorus, 149, 152, 153, 155, 159,

161, 163, 183
special considerations, 163, 210, 265
vitamin D, 257, 262, 265, 266

Fortified foods, 4, 10-11, 12, 26, 28, 59, 143,
256, 261-262, 283, 284, 285-286, 318.
See also Formulas, infant

Fracture. See Bone fracture
Fruits and vegetables, 82, 193, 196, 199-200,

229
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G
Gender differences. See also Men; Women

bone fracture rates, 90
bone mass, peak, 106-107
calcium, 44, 46, 81, 82, 99-100, 104, 106,

107, 109, 388-389
extrapolation between groups, 90-91
fluoride, 12, 19, 303
magnesium, 12, 17, 46, 196, 199, 214-

215, 216-231, 392-393
phosphorus, 46, 154, 155, 156, 168, 172-

173, 174-176, 390-391
puberty onset, 34
supplement intakes, 46, 82
vitamin D, 14, 256, 257, 269, 271, 272,

274
Geographic variables

fluoride, 298-300, 307-308
vitamin D, 14, 259, 264-267, 269-270,

271, 273, 274, 281, 284, 286
Glomerular filtration rate (GFR), 27, 149,

150, 160, 175, 184-185, 280, 289
Grain products, 73, 81-82, 152, 161, 173,

193, 195, 256
Growth

factors, 191
linear, 263-264, 283
magnesium and, 205-206
phosphorus and, 169-170, 172
velocity, 169-170, 172
vitamin D and, 263-264, 283

H
Hazard identification, 69

calcium, 134-137
components of, 62-64, 65
evaluation process, 55, 57, 63-64
fluoride, 306-308
magnesium, 242-244
phosphorus, 180-186
vitamin D, 277-281

Health Canada, 1
Height. See Reference weights and heights
Hispanics

blood pressure, 89
bone mineral content, 97
calcium, 89, 97
magnesium, 195-196
vitamin D, 260

Hormones, calcium-regulating, 181-184
Human milk. See also Breastfeeding;

Lactation
bioavailability of nutrients, 88
calcium, 15, 91-94
fluoride, 19, 291, 292, 301, 302, 305, 311
magnesium, 17, 208, 240
phosphorus, 16, 148, 149, 152, 153, 155,

160-163, 178, 183
vitamin D, 262, 263, 264, 265-266, 276-

277
Hydroxyapatite, 71, 147, 151, 153, 200, 288
25-Hydroxyvitamin D

AI indicator, 8, 18, 27, 50
and bone mass, 263-264, 273
and granulomatous diseases, 285
half-life, 254
and hypervitaminosis D, 277-278, 285
and hypovitaminosis D, 259-260, 263-277
lactation and, 276-277
and linear growth, 263-264
and magnesium, 192, 197
metabolism, 251, 253
normal range, 286-287
parathyroid hormone and, 259-260
placental transfer, 276
and pregnancy, 275-276
and puberty, 286

Hypercalcemia, 134, 136, 137, 138, 141, 182,
192, 255, 278, 280, 281-283, 284, 285

Hypercalciuria, 120, 135, 138, 140, 141, 255,
318

Hyperlipidemia, 247, 249
Hypermagnesemia, 192, 243-248
Hyperparathyroidism, 84, 136, 193, 258,

270, 273, 274, 278, 280
Hyperphosphatemia, 148, 151, 158, 180-189
Hypertension, 9

calcium intake and, 89-90, 144
magnesium and, 14, 199-200, 207, 234-

237, 244, 249
preeclampsia, 89-90, 234, 235-238, 244

Hypervitaminosis D, 184-185, 186, 256, 277-
287

Hypocalcemia, 96, 182, 183, 197, 239
Hypomagnesemia, 191, 193, 195, 197-203,

206, 235, 239, 249
Hypoparathyroidism, 193
Hypophosphatemia, 156-157, 158
Hypovitaminosis D, 253, 254, 257-258, 259,

263-264, 267, 271
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I
Immune system, 152, 157
Indicators of nutrient adequacy. See also

specific indicators, nutrients, and life
stages

deficiency-based, 8-9
methodological considerations, 39-40
risk reduction-based, 8-9, 40

Infants, premature, 95, 122, 208, 236
Infants, 0 to 12 months. See also Formulas,

infant; Human milk
accretion of nutrients, 161
ages 0 through 6 months, 32-33, 48, 93-

94, 163, 209, 263-265, 301-302
ages 7 through 12 months, 33, 94, 161,

162-163, 209, 265-266, 302
AI derivation for, 4, 5, 25, 26, 31-33, 40,

48, 91-96, 162-163, 209, 264-265, 266
balance studies, 161, 208-209
bone mass, 263-264
breast-fed, 4, 5, 32, 48, 91-94, 160, 183,

208, 263
calcium, 72, 91-96, 120, 122, 141, 183
country comparison of groups, 29
fluoride, 290, 293, 295, 300, 301-302,

304, 305, 306, 309, 311, 312
formula-fed, 141, 265
indicators used to set AIs, 160-161, 208-

209, 263-266
linear growth, 263-264
low birth weight, 122, 235, 265
magnesium, 206, 208-210, 234, 235, 236,

243, 246
phosphorus, 32, 146, 148-149, 152, 153,

155, 157, 158-159, 160-163, 176-177,
183, 186-187

sensitivity to nutrients, 60
serum inorganic phosphorus, 160-161
serum 25(OH)D, 263-266
solid foods, 33, 94, 96, 141, 161, 162,

209
ULs, 141, 187, 246, 283-284, 308-309
vitamin D, 68, 259, 260, 262-266, 269-

270, 275, 277, 283-284
Insulin, 191, 232
Interactions. See Nutrient-nutrient

interactions
International reference values

comparison, by country, 28-31
fluoride comparisons, 298-300
generalizability of DRIs, 10

magnesium, 30, 209, 234-235
phosphorus, 30

Intracellular magnesium, 17, 203-204, 232,
234

Iron, 59, 61, 64, 66, 137, 140, 141, 142, 180-
181, 189

J
Japanese-American women, 85, 200
Joint FAO/WHP Expert Commission on

Food Additives, 56-57

K
Kinetic studies, 182-183

L
Lactation. See also Breastfeeding; Human

milk
adolescents, 133-134, 179, 180, 241
balance studies, 17, 240-241
biochemical and absorption studies, 124-

125
and bone fracture, 123, 126-127
and bone loss, 122, 132-133
and bone mineral density, 126-132
and bone mineral mass, 15, 123, 126-127
calcium and, 15, 122-134, 142
derivation of DRIs for, 35
fluoride and, 19, 305-306
indicators used to set AIs, 123, 126-127,

276-277
indicators used to set EARs, 178, 240-241
magnesium and, 17, 240-242, 247
phosphorus and, 16, 178-180, 188
and serum inorganic phosphate, 178
serum 25(OH)D, 276-277
twins/multiple infants, 180, 242
ULs, 142, 188, 246-247, 285, 311
vitamin D, 18, 122-123, 276-277, 285

Lactose intolerance, 80, 260
Lean body mass, 17, 59-60, 170, 211, 217,

238, 316
Life-stage groups. See also Adolescents;

Adults; Children; Infants; Toddlers
Body Mass Index by, 36
calcium, 15, 388-389
categories, 31-35, 60
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and derivation of DRIs, 31-35
fluoride, 19, 301-306
intakes of nutrients by, 44
international comparisons, 28-30
magnesium DRIs by, 17, 208-242, 392-

393
phosphorus, 16, 160-180, 390-391
vitamin D, 18, 263-277
weights and heights, reference, 35-37

Liver failure, 99, 255
Lowest-Observed-Adverse-Effect Level

calcium, 137-138, 140
defined, 57
identification of, 66
intake data and, 47
fluoride, 308-309, 310-311
magnesium, 244-245
phosphorus, 186-187
and UL derivation, 68
uncertainty factor, 67-68
vitamin D, 281-282, 283-284

Lymphoma, 255, 278

M
Magnesium

absorption, 192, 193-194, 195, 202, 210,
218, 238, 242-243, 245

accretion, 205-206, 211, 222, 238
adolescents, 194, 195, 206, 210-213, 214-

215, 216-219, 240, 244-246, 268
adults, 194, 206, 207, 219-231, 244-246
AIs, 17, 209
and alcoholism, 191, 193, 200, 203, 204,

206, 207
aluminum and, 219, 243, 245
balance studies, 17, 40-41, 193, 204-205,

208-209, 211-212, 214-215, 218, 219-
221, 223-227, 228, 229, 231, 234, 240-
241, 245, 248

bioavailability, 193, 205, 210, 238
and blood pressure, 199-200
bone mineral content, 38, 200
and bone mineral density, 200, 201
calcium and, 135, 137, 142, 191, 194,

197, 200, 201, 213, 214-215, 225, 229,
239

cardiovascular effects, 14, 191, 197-200,
203, 204, 207, 222, 243, 247

children, 14, 30, 41, 196, 205-206, 210-
213, 216, 246, 247-248, 316

country reference values compared, 30
critical endpoints, 244-245
data selection, 244
deficiency/depletion, 191, 193, 195, 197-

203, 204, 206, 234, 235, 239-240
and diabetes mellitus, 14, 191, 200, 201-

202, 203, 204, 207, 239-240
and diarrhea, 242, 243, 244-245, 318
dietary fiber and, 192, 193, 199, 219,

221, 223, 224, 226, 229
and 1,25-dihydroxyvitamin D, 192, 197
distribution and function, 190-191
dose-response relationship, 68, 244-247
EARs, 9, 17, 211, 212, 216-242
energy requirements and, 190, 205, 212,

316
epidemiological studies and meta-

analysis, 198, 207-208
estimating requirements for, 202-208
estrogen and, 201
excretion, 193, 194, 202, 204, 206-207,

213, 233, 241, 242
exposure assessment, 247-248
factors affecting requirement, 193-195
food and water sources, 45, 193, 196,

198, 199-200, 207
gender differences, 17, 30, 193, 195-196,

199, 214-215, 216-232, 392-393
hazard identification, 242-244
in human milk, 17, 208, 240
and 25-hydroxyvitamin D, 192, 197
and hypertension, 14, 199-200, 207, 234,

235-237, 244, 249
indicators of nutrient adequacy, 9, 17,

202-209, 210-212, 219-221, 223-226,
228, 231-232, 234-238

in infant formulas, 209-210
infants, 206, 208-210, 234, 235, 236, 243,

246, 247
intakes, 43, 44, 45-46, 48, 193, 195-196,

207, 216, 217-218, 219, 220, 222, 223,
227, 229, 230-231, 233, 234, 235, 238,
239, 241-242, 248, 392-393

interactions with other nutrients, 191,
192, 193, 194-195, 197, 200, 214-215,
224, 239

international comparisons, 209, 234-235
intracellular, 17, 203-204, 232, 234
lactation and, 17, 20, 240-242, 247
and lean body mass, 17, 211, 217, 238, 316
by life-stage group, 17, 20, 208-242, 392-

393
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and malabsorption syndromes, 191, 203
and medicines, 193, 198, 205, 232, 242-

244, 245, 247, 249, 318
menopausal status and, 200, 201, 245
metabolism, 192-193, 197, 202
and neuromuscular disorders, 191, 197
NOAEL/LOAELs, 244-245
older adults (+70), 195, 200, 201-202,

203, 204, 207, 231-234, 245
and osteoporosis, 200-201, 207-208, 249
oxalates and, 192, 223
and parathyroid hormone, 193
phosphorus and, 194
physical activity and, 195
and phytates/phytic acid, 194, 221
and potassium, 191, 198, 200
pregnancy, 234-240, 244, 247
protein and, 194-195, 212, 213, 215, 217,

218, 221, 223, 224, 226, 229
race/ethnicity and, 195-196, 200
RDAs, 9, 17, 211, 216, 218, 219, 223,

228, 231, 233-234, 239, 241, 316
and renal function/failure, 191, 193,

201-202, 207, 227, 230, 243, 247
research recommendations, 14, 248-249
risk characterization, 248
serum, 200, 202-203, 204, 234
and skeletal growth, 200-201
sodium and, 190-191, 192, 194
special populations, 195, 239-240, 242,

247
supplements, 45-46, 195, 196, 199, 201,

205, 206-207, 219, 235-237, 238, 243,
244, 246, 247-248

toddlers, 210-212, 213, 216, 246
tolerance tests, 203, 206-207, 231-233,

234-235
ULs, 13, 20, 68, 242-248, 317, 318-319
uncertainty assessment, 68, 233, 245
and vitamin D, 192, 197
weights and heights and, 316
and zinc, 214

Malabsorption disorders, 191, 203, 255
Malnutrition, 84, 120, 311
Medications, interaction with nutrients, 148,

193, 198, 232, 242-244, 245, 247, 248,
275, 278

Men. See also Gender differences
balance studies, 111-112, 219-221, 223-

226, 228
calcium, 111-112, 135

indicators used to set EARs, 219-221,
223-226, 228

magnesium, 13, 41, 219-227, 228-232,
vitamin D, 272

Menarche. See Puberty/pubertal
development

Menopausal status
and bone mass, 76, 86
and bone mineral density, 113-114
caffeine impacts, 76
calcium and, 72, 75, 76, 77-80, 83, 86,

109-110, 112-114
and fluoride, 300
and magnesium, 200, 201, 245
and osteoporosis, 83, 84
sodium impacts, 75
vegetarian diets, 80-81
and vitamin D, 269, 272

Metabolism of nutrients
calcium, 259, 261
fluoride, 289-290
magnesium, 192-193, 197, 202
phosphorus, 147-148
vitamin D, 250-255

Methodological considerations. See also Data
and data-base issues; Indicators of
nutrient adequacy

in balance studies, 40-41, 42, 50, 88, 211
concordance between observational and

experimental data, 50, 91
data sources, 39-40
epidemiological evidence, 198
extrapolation from absorbed intake to

ingested intake, 173
extrapolation from animal studies, 54,

57, 62-63, 66-67, 69, 383, 384
extrapolation from one gender group to

another, 90-91, 104, 109
extrapolation from other age groups, 69,

171, 172, 212, 213, 216, 267-268
factorial approach, 40, 110-111
in intracellular magnesium studies, 232
longitudinal data, 50, 86, 91
in nutrient intake estimates, 42-43, 86
in risk assessment, 54, 383-386
in tolerance tests, 207, 233

Mexican Americans, 82, 260
Milk. See Dairy products; Formulas, infant;

Human milk
Milk-alkali syndrome, 134, 136-137, 138,

139, 140-141
Myocardial infarction, 198-199, 281
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N
National Caries Program, 297-298
National Health and Nutrition Examination

Survey I, 202
National Health and Nutrition Examination

Survey II, 43, 162, 256
National Health and Nutrition Examination

Survey III, 35, 36, 43, 81, 154, 195
National Health Interview Survey, 45, 82,

295
National Heart, Lung, and Blood Institute,

1, 379
National Institute of Dental Research, 297-

298
National Research Council, 53, 319, 385
Nephrocalcinosis, 136, 280, 281
Nephrolithiasis (kidney stones), 68, 134-

136, 138, 140, 145, 280
Neuromuscular disorders, 191, 197
No-Observed-Adverse-Effect Level (NOAEL)

calcium, 137-138, 140
defined, 57
fluoride, 308-309, 310
identification of, 66
intake data and, 47
magnesium, 244-245
phosphorus, 186-187
and UL derivation, 68
uncertainty factor, 67-68
vitamin D, 281-282, 283-284

Nursing homes, 273, 322-323
Nutrient intakes. See also Dietary intakes;

specific nutrients
calculation of, 43
gender differences, 43-45
inadequate, prevalence of, 319, 320
increasing, strategies for, 10-12, 28, 323
by life stage group, 43, 44
methodological considerations, 42-43,

86
quality of data, 42-43
from supplements, 45-46

Nutrient-nutrient interactions. See Calcium
interactions; specific entries under other
nutrients

and bioavailability, 61
in bone metabolism, 38-39
enhancement with unfortified foods, 11-

12, 28
research recommendations, 145

Nutrition Canada Survey, 36

Nutrition During Lactation, 32, 33
Nutritional status, and bioavailability of

nutrients, 61

O
Older adults. See Adults, 70+ years
Osteomalacia, 8, 50, 157, 258, 269, 274
Osteopenia, 83, 275
Osteoporosis, 379

boron status and, 39
calcium and, 9, 47-48, 76, 82, 83, 113,

115, 138, 144
defined, 83
fluoride and, 288, 300, 307
phosphorus and, 186
magnesium and, 200-201, 207-208, 248
menopausal status and, 83
protein and, 76
vitamin D and, 14, 274, 280

Osteosclerosis, 307, 308, 310
Oxalic acid/oxalates, 73, 80, 135, 138, 192,

223

P
Parathyroid hormone (PTH)

calcium and, 72, 73, 75, 82-83, 117, 120,
132

magnesium and, 193
phosphorus and, 148, 151, 160-161, 178
vitamin D and, 252, 253, 254, 258, 259-

260, 262, 264, 266, 269, 272, 274, 287
Phosphorus. See also Hyperphosphatemia;

Hypophosphatemia
absorption, 147-148, 151, 154, 165, 168,

171, 172, 173, 175, 176-177, 181
accretion, 153, 161, 164-166, 169-171,

172
adolescents, 154, 159, 165, 169-173, 177-

178, 179, 180, 184-185, 186, 187-189,
321

adults, 148-149, 153, 154, 156, 173-176,
177-180, 186-187, 188-189

AIs, 16, 160, 162-163
balance studies, 9, 40, 154, 158, 161,

164, 166-167, 168, 169, 171, 176-177
bioavailability, 151-152, 153
bone mineral content, 38, 68, 146, 151,

153, 161, 163, 164, 170, 189
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and calcium, 61, 135, 147, 148, 151, 152-
154, 156, 158, 160-161, 174, 176, 178,
180, 181-184, 185-186

children, 30, 31, 149, 156, 158-159, 164,
166-169, 186, 187

and copper, 180-181, 189
country reference values compared, 30,

31
criteria for deriving, 16, 40
critical endpoint, 186-187
data on, 68, 167, 169, 175
deficiency/depletion, 156-157
and 1,25-dihydroxyvitamin D, 147-148,

151, 176, 181
dose-response assessment, 68, 186-188
EARs, 9, 16, 166, 168, 170, 172, 174-176,

177-179
estimating requirements for, 158-159
excretion, 32, 148, 149, 165, 166, 168,

170-171, 179
exposure assessment, 188-189
extrapolation of DRIs to other ages, 16
factorial approach, 16, 40, 164-166, 168,

170, 172
factors affecting requirement, 151-154
food and water sources, 45, 151-152,

155-156, 161, 173-174, 180, 181, 183-
184, 189

gender differences, 30, 31, 154, 155,
156, 168, 172-173, 174-176, 321, 390-
391

hazard identification, 180-186
in human milk, 12, 16, 148, 149, 152,

153, 155, 160-163, 178, 183
and immune system, 152, 157
indicators of nutrient adequacy, 9, 158-

159, 160-162, 164-168, 169-172, 173-
174, 176-177, 178

infants, 32, 146, 148-149, 152, 153, 155,
157, 158-159, 160-163, 176-177, 183,
186-187

intakes, 43, 44, 45-46, 154-156, 166, 168,
172, 174-176, 177-178, 180, 184, 188-
189, 321-323, 390-391

interactions with other nutrients, 68,
148, 152-154, 157, 180-181, 189, 194

and iron, 180-181, 189
lactation and, 12, 16, 178-180, 188
by life-stage group, 16, 20, 160-180, 390-

391
magnesium and, 194

and medicines, 148
metabolism, 147-148
and metastatic calcification, 180, 183,

184-185, 187
NOAEL/LOAEL, 186-187
older adults (70+), 154, 175-176, 188
and parathyroid hormone, 148, 151,

160-161, 178
physiological distribution and role, 146-

147
and phytic acid/phytate, 152, 161, 173
pregnancy and, 12, 16, 176-178, 188
race/ethnicity and, 149, 183-184
RDAs, 9, 16, 166, 169, 172-173, 175, 176,

177-179, 316
renal disease and, 151, 184-185, 186, 188
research recommendations, 189
risk characterization, 189
and serum inorganic phosphate, 16, 148-

151, 157, 158-159, 160-161, 162, 163,
171-172, 173-174, 178, 180, 181

and skeletal porosity, 180, 181-182, 185
special considerations, 163, 178, 180,

188
supplements, 45, 156, 189
toddlers, 164-166, 187
ULs, 13, 20, 68, 180-189, 318, 321-322
uncertainty factor, 68, 155
vitamin D and, 38, 184-185, 186
and zinc, 137, 171, 180-181, 189

Physical activity
amenorrheic women, 76
and bone mass, 88
calcium and, 74-75, 76, 144
and energy intakes, 28
magnesium and, 195
research recommendations, 144
and skeletal health, 74-75

Phytic acid and phytate, 73, 80, 152, 161,
173, 194, 221

Population Reference Intake, 29
Potassium, 191, 198, 200
Pregnancy. See also Lactation

adolescents, 122, 177, 178, 239, 240, 276
balance studies, 120, 176-177
and bone fracture, 121
and bone mineral density, 120-121, 122
and bone mineral mass, 15, 120-121
and calcium, 12, 15, 20, 72, 89-90, 117,

120-122, 142, 176
derivation of DRIs for, 15, 35
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and 1,25-dihydroxyvitamin D, 176
EARs, 177-178, 238-239
fluoride, 19, 20, 303-305
and gestational diabetes, 235, 239-240
hypertension, 85, 234, 235-238, 244
indicators used to set AIs, 120-121, 275-

276
indicators used to set EARs, 176-177,

234-238
intakes of nutrients, 177-178
kinetic studies, 120
and magnesium, 17, 20, 234-240, 244,

247
multiple fetuses, 178, 240
number and spacing, 121, 127-128
outcome studies, 234-238
and phosphorus, 12, 16, 20, 176-178, 188
preeclampsia, 89-90, 235-238
preterm labor and delivery, 234, 235-

238, 244
and serum 25(OH)D, 275-276
supplements during, 89-90, 235-237, 238
ULs, 13, 20, 142, 188, 247, 285, 311
vitamin D, 12, 18, 20, 120, 263, 275-276,

285
Processed and refined foods, 196. See also

Food additives
Prostate cancer, 13, 144, 258
Protein, dietary

calcium interaction, 61, 75-76, 135, 144
magnesium and, 194-195, 212, 215, 217,

218, 221, 223, 224, 226, 229
Puberty/pubertal development. See also

Adolescents
age at onset, 34
calcium and, 14, 49, 72, 99-100, 102, 141
magnesium and 217
racial/ethnic differences, 34, 36-37
vitamin D and, 14, 268, 269, 286

R
Race/ethnicity

and bioavailability of nutrients, 47-48
and bone fracture, 73, 84-85
and calcium, 73, 82, 89, 144
and dietary intakes, 47-48
and magnesium, 195-196, 200
osteoporosis, 83, 144
and phosphorus, 149, 183-184
research recommendations, 14, 144

and vitamin D, 14, 260, 263, 269-270
Recommended Daily Nutrient Intake, 29
Recommended Dietary Allowance (RDA)

for adolescents, 172-173, 177-179, 218,
239, 241

for adults, 175, 176, 177-179, 223, 231,
233-234, 239, 241

AIs compared, 5-8, 26
applicable population, 22
for children, 169, 216, 316
coefficient of variation, 23-25, 216, 218
country comparisons, 29
criteria used to derive, 12, 16
defined, 3, 6, 23, 24, 315
derivation, 3-4, 23-25, 26
EAR and, 3, 3-4, 23-25, 26
increasing consumption of nutrients, 10-

12, 28
gender differences, 17
for lactation, 16, 17, 178-179, 241
magnesium, 17, 211, 216, 218, 219, 223,

228, 231, 233-234, 239, 241, 316
phosphorus, 16, 166, 169, 172-173, 175,

176, 177-179, 316
for pregnancy, 16, 17, 177-178, 239
replacement with DRIs, 314
for toddlers, 166, 216
uses, 2, 4, 5, 10, 11, 315-317, 323

Recommended Nutrient Intakes (RNI), 29,
32, 376, 377

Reference Nutrient Intake (RNI), 29
Reference weights and heights, 35-37, 212,

216, 302-303, 309, 316
Renal disease/failure/insufficiency, 60, 280

calcium and, 13, 99, 134-137, 142
magnesium and, 191, 193, 201-202, 207,

227, 230, 243, 247
phosphorus and, 151, 184-185, 186, 188
vitamin D, 280

Requirement, defined, 21
Research recommendations

balance studies, 144-145
bone mineral accretion, 14, 189
calcium, 13, 144-145
children, 14
dietary intakes, 14
disease outcomes, 13-14
epidemiological, 13
fluoride, 14, 313
food additives, 189
geographical and racial variables, 14
interactions between nutrients, 145, 189
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magnesium, 14, 248
methodologies related to disease

outcomes, 14
phosphorus, 189
sunscreens, 14
vitamin D, 14, 286-287

Rickets, 8, 50, 157, 254, 257-258, 259, 260,
263, 264-265, 277

Risk, defined, 69
Risk assessment, defined, 53, 69
Risk assessment models. See also UL

modeling
application to nutrients, 13, 58-62
basic concepts, 53-54
bioavailability considerations, 59, 60-62,

66
and food safety, 53-58
nutrient interactions, 61
process, 54-56
sensitivity of individuals, 59-60
thresholds, 56-58
uncertainties, 54, 57, 58

Risk characterization
calcium, 143
defined, 53, 69
fluoride, 312-313
intake data and, 143
magnesium, 247-248
phosphorus, 189
process, 55-56, 57-58
vitamin D, 286

Risk management, 53-54, 56, 70

S
Seizures, 197, 275
Selenium, 58
Sensitive subpopulations. See Special

considerations
Serum

calcitrol, 183
1,25-dihydroxyvitamin D, 260
inorganic phosphate, 16, 148-151, 157,

158-159, 160-161, 162, 163, 171-172,
173-174, 178, 180, 181

magnesium, 200, 202-203, 204, 234
25(OH)D, 259-260, 263-264, 265-267,

268, 269-270, 271, 273-274, 275-277
vitamin D, 260

Skeletal health. See also Bone; Osteoporosis
fluorosis, 307-308, 310-311, 312

magnesium and, 200-201
phosphorus and, 180, 181-182, 185
porosity, 180, 181-182, 185, 258
vitamin D and, 257-258, 260-261, 262-

264
Skin melanin production, 256, 260, 261,

267
Smoking, 88
Sodium, 48, 61, 75, 138, 144, 190-191, 192,

194
Sodium chloride, 75, 192
Soft drinks, 156, 173-174, 180, 183-184, 291,

293-294
Special considerations

adolescent pregnancies, 114, 178, 240
breastfeeding twins, 132-133
calcium, 142-143
closely spaced pregnancies, 127-128
diabetes mellitus, 239-240
elderly people, 255
formula-fed infants, 163, 209-210, 265
fluoride, 305-306, 311
granulomatous diseases, 285
identification of, 64-65
lactating adolescents, 180
magnesium, 195, 210, 239-240, 247
medications, 275
multiple infants/births, 178, 180, 240,

242
phosphorus-related, 163, 178, 180, 188
populations with high energy

expenditures, 188
renal impairment, 247
vitamin D and, 255, 265, 275, 285

Sprue, 255
Steroid hormone metabolism, 39
Submariners, 270, 271
Sunlight/sun exposure, and vitamin D, 45,

50, 250, 252, 253-254, 255-256, 260,
262-276, 284, 285, 286

Sunscreen, 256, 261, 271, 286
Supplements, dietary

bioavailability of nutrients, 22, 62, 74
calcium, 45-46, 74, 77-80, 82, 86, 89, 97-

98, 102, 110, 112, 114, 116, 120-121,
123, 126, 130-131, 134, 135, 137, 138,
143, 213, 318, 324

children, 46, 82
data sources on intakes, 45-46
doses, 196, 302
fluoride, 295, 298-299, 302, 304, 311-312
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gender differences in use, 46, 82, 142
lactation and, 123, 126
magnesium, 45-46, 195, 196, 199, 201,

205, 206-207, 219, 235-237, 238, 243,
244, 246, 247-248

menopausal status and, 77-80, 86
phosphorus, 45-46, 156, 189
pregnancy and, 235-237
ULs and, 4-5, 26, 46, 59
usefulness of, 11, 12, 28
vitamin D, 45-46, 255, 257, 262, 264,

267, 268, 271-272, 274-277, 281-283,
286, 318

Surgeon General’s Report on Nutrition and
Health, 40

T
Tea, fluoride in, 293-294, 300
Tetany, 197, 247
Thyrotoxicosis, 278
Toddlers, ages 1 through 3 years, 33, 46. See

also Children
AIs, 267-268
bone formation, 284-285
calcium, 96-98
fluoride, 293, 302-303, 309
indicators used to set AIs, 266-267
indicators used to set EARs, 164-166,

210-212
magnesium, 210-212, 213, 216, 246
phosphorus, 164-166, 187
ULs, 141-142, 187, 246, 284-285, 308-309
vitamin D, 266-268, 284-285

Tolerable, defined, 26, 52
Tolerable Upper Intake Levels (ULs), 1, 17,

32. See also UL modeling
calcium, 13, 20, 68, 134-143, 318
defined, 4, 6, 24, 26, 51-52, 55, 70, 186,

315
derivation of, 68-69, 246, 282-283, 284,

310-311
fluoride, 68, 306-313, 318
magnesium, 13, 20, 68, 242-248, 317,

318-319
phosphorus, 13, 20, 68, 180-189, 318
selection of, 68
supplement use and, 4-5, 26, 46
uses, 4-5, 11, 26, 317-319
vitamin D, 13, 20, 68, 277-286, 318

Tolerance tests, magnesium, 203, 206-207,
231-233, 234-235

Toothpastes, 291, 295-296, 300
Total Diet Study, 154, 196
Toxicity, mechanisms of action, 64
Trace elements in Human Nutrition and Health,

22, 25 n.2, 52, 319
Twins/multiple births, 178

U
UL modeling. See also Dose-response

assessment; Risk assessment models
calcium, 134-143
critical endpoint, 66, 137-138, 140, 244-

245, 310
data selection, 65-66, 137-138, 244
dose-response assessment, 55, 57, 65-69,

137-143, 244-247, 281-285, 308-311
exposure assessment, 55, 57-58, 143, 188-

189, 247-248, 285-286, 311-312
fluoride, 306-312
hazard identification, 55, 57, 62-64, 69,

134-137, 180-186, 242-244, 277-281,
306-308

magnesium, 242-248
NOAEL or LOAEL, 47, 66, 69, 137-138,

140, 244-245, 308-309
phosphorus, 180-189
selection of UL, 68, 137-138
uncertainty assessment, 66, 140, 245, 317
vitamin D, 278-286

Uncertainties
in AIs, 317
approaches for dealing with, 383-386
assessment, 66, 140, 245, 317
for calcium, 68, 91, 109, 110-111
in data, 54, 58
dose-response assessment, 66-68, 140,

187, 245, 282, 284
for fluoride, 68
inferences from experimental animal

studies, 54, 57, 62-63, 66-67
for magnesium, 68, 233, 245
options for dealing with, 383-386
for phosphorus, 68, 155
in risk assessment, 54, 57, 58, 66, 383-

386
for vitamin D, 68, 281, 282, 284

Uncertainty Factor (UF), 57, 58, 66-68, 70,
140, 282, 309, 310
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U.S. Army Medical Research and Materiel
Command, 1

U.S. Department of Agriculture, 1, 42, 43,
81, 379

U.S. Department of Health and Human
Services, 2, 43

U.S. Environmental Protection Agency, 385
U.S. Food and Drug Administration, 1, 154,

196, 304, 379

V
Vegetarian diets, 80-81, 267, 270
Vitamin A, 139
Vitamin C, 38
Vitamin D. See also 1,25-Dihydroxyvitamin D;

25-Hydroxyvitamin D
absorption, 253-255
adolescents, 262, 268-269, 276, 277, 284-

285, 286
adults, 257, 259, 262, 269-272, 276, 277
AIs, 8, 14, 18, 27, 50, 261-263, 264-265,

266, 267-268, 269, 271, 272, 274, 276,
277

blood and urinary parameters, 279
and bone fracture, 8, 27, 50, 116, 260,

273, 274
and bone mass, 259, 263-264, 271-272,

278
and bone metabolism, 254, 257-258, 284-

285
and bone mineral content, 260, 266
and bone mineral density, 14, 260, 261,

264, 271-272, 274
calcium and, 14, 27, 38, 39, 116, 250-

253, 254, 255, 258-263, 264, 265, 273,
274, 275, 278, 281-282, 285, 286, 287

and cancer, 258
cardiovascular effects, 281
children, 16, 40-41, 257-258, 259, 260,

262-263, 266-268, 284-285
critical endpoints, 68, 281-282, 283-284
data sources, 43-46, 281, 283
deficiency, 8, 27, 50, 253, 254, 257-258,

259, 263-264, 267, 271
dose-response assessment, 68, 281-285
estimating requirements for, 259-263
excretion, 253-255
exposure assessment, 285-286
factors affecting requirements, 255

food sources, 256-257, 261-262, 268, 269,
270, 271, 283, 284, 285-286

function, 250-253
gender differences, 43-45, 256, 257, 269,

271, 272, 274
geographic location and, 14, 259, 264-

267, 269-270, 271, 273, 274, 281, 284,
286

and granulomatous diseases, 255, 285
hazard identification, 277-281
in human milk, 263, 262, 264, 265-266,

276-277
and hypercalcemia, 278, 280, 281-283,

284, 285
and hyperparathyroidism, 258, 270, 273,

274, 278, 280
indicators of nutrient adequacy, 18, 27,

50, 259-261, 263-264, 265-267, 268,
269-270, 271-272, 273-274, 275-277

infants, 68, 259, 260, 262-266, 269-270,
275, 277, 283-284

intakes, 14, 27, 43-46, 50, 253, 255, 256,
257, 261-262, 267-268, 275, 285-286,
318

interaction with other nutrients, 192,
193, 197

intoxication, 184-185, 186, 256, 277-287
lactation and, 12, 18, 276-277, 285
life-stage group and, 18, 43-45, 263-277
and linear growth, 263-264, 283
magnesium and, 192, 197
malabsorption disorders, 255
medications and, 275, 278
menopausal status and, 269, 272
and metabolic bone disease, 259
metabolism, 250-255
NOAEL/LOAELs, 281-282, 283-284
older adults, 116, 255, 273-274, 287
and osteomalacia, 8, 50, 258, 269, 274
and osteopenia, 275
and osteoporosis, 14, 27, 274, 280
and parathyroid hormone, 252, 253,

254, 258, 259-260, 262, 264, 266, 269,
272, 274, 287

phosphorus and, 38, 184-185, 186, 250,
253, 254, 258, 260, 265

pregnancy and, 12, 18, 117, 263, 275-
276, 285

puberty and, 268, 269, 286
race/ethnicity and, 260, 263, 269-270
receptor polymorphisms, 14
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research recommendations, 14, 286-287
and rickets, 8, 50, 254, 257-258, 259,

260, 263, 264-265, 277
risk characterization, 286
safety factor, 8, 50
serum, 260
and skeletal health, 257-258, 260-261,

262-264
special considerations, 255, 265, 275,
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submariners, 270, 271
sun exposure and, 45, 50, 250, 252, 253-

254, 255-256, 260, 262-276, 284, 285,
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sunscreen and, 14, 256, 261, 271, 286
supplements, 45-46, 255, 257, 262, 264,

267, 268, 271-272, 274-277, 281-283,
286, 318

toddlers, 266-268, 284-285
ULs, 13, 20, 68, 277-286, 318
uncertainty and uncertainty factors, 68,

281, 282, 284
vegetarians, 267, 270

Vitamin E, 139
Vitamin K, 38-39, 60

W
Water. See Drinking water
Weight. See Reference weights and heights

Weight-bearing practices, 42, 68
Women. See also Gender differences;

Lactation; Menopausal status;
Pregnancy

amenorrheic, 76
balance studies, 220, 221, 225, 226
calcium, 72, 75, 109-110, 111-114, 135,

143
fluoride, 301-306
indicators used to set AIs, 111-114
indicators used to set EARs, 221, 226
intakes of nutrients, 43-45
magnesium, 30, 220, 222-223, 225, 227,

230-231, 233
phosphorus, 30, 31, 155, 316, 321, 322-

323
vitamin D, 43-45, 256, 272, 273

World Health Organization, 22, 52, 83, 319,
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Y
Young adults. See Adults, 19 through 30

years

Z
Zinc, 38, 59, 137, 140, 141, 142, 171, 180-

181, 189, 214
Zinc oxide, 53


