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FOREWORD

A Consultants' Meeting was convened by the IAEA in November 1996 to review current
knowledge of the role of zinc in human nutrition - with particular reference to (1) relevant
public health issues in developing countries, and (2) the role that isotope techniques can
play in increasing our understanding of some of these matters. More specifically, the
Consultants Group was invited to advise the Agency on its future programmes in this area.

It was concluded that there is now abundant scientific evidence that zinc deficiency of
nutritional origin is a widespread phenomenon with important health consequences,
particularly in developing countries. Even mild zinc deficiency is now thought to contribute
to pregnancy complications, low birth weight, impaired immune competence, maternal and
infant mortality and morbidity, and growth failure in infancy and childhood. Hence zinc
deficiency may have far-reaching consequences for maternal, infant and child health in
many developing countries.

The next five years are expected to witness a rapid expansion of zinc intervention studies
in the developing world. Among the end points of greatest interest are the major causes
of morbidity (or factors associated with morbidity) in young children in the developing
world, i.e. stunting, diarrhoea, respiratory infections, impaired cognitive function, and
possibly also some forms of malarial infection.

Isotope techniques - mainly using stable isotopes of zinc, but in some cases using
radioisotopes - provide many possibilities for improving our understanding of the basic
biochemical and metabolic functions of zinc, and for increasing our knowledge of the roles
of this essential micronutrient in human nutrition. Through the use of isotope techniques,
we may also expect to be better able to assess, and to increase, the efficacy of dietary and
other intervention programmes designed to improve the nutritional status of developing-
country populations whose intakes are below the levels needed to achieve optimal health.

This report briefly reviews some of these isotope techniques and makes recommendations
on their use in IAEA research and technical co-operation programmes.
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Consultants' Meeting on Isotope Techniques in
Human Studies of Zinc Nutrition

IAEA, Vienna
25-27 November 1996

SUMMARY REPORT

1. INTRODUCTION

Zinc has long been recognized to be an essential micronutrient for humans and other
animals. It is known to play a multiplicity of biochemical roles reflecting its involvement in the
activity of a large number of enzymes and its participation in the synthesis and degradation of
carbohydrates, lipids, proteins and nucleic acids.

Together with our growing understanding of the biochemical roles of zinc - but somewhat
lagging behind these developments - has come a greater realization of the important role that
zinc may also play in human health. There is now abundant scientific evidence that zinc
deficiency of nutritional origin is a widespread phenomenon with important health
consequences, particularly in developing countries [1]. Even mild zinc deficiency is now
thought to contribute to pregnancy complications, low birth weight, impaired immune
competence, maternal and infant mortality and morbidity, and growth failure in infancy and
childhood. Hence zinc deficiency may have far-reaching consequences for maternal, infant and
child health in many developing countries. This knowledge is now coming to the attention of
health policy makers both at the international level (e.g. WHO, UNICEF, UNESCO, USAID,
OMNI, Micronutrient Initiative Fund, and Canadian CIDA), and in some countries, also at the
national level.

The next five years are expected to witness a rapid expansion of zinc intervention studies in the
developing world stimulated by the remarkable results of recent research in India, Bangladesh,
Central and South America, Indonesia, China and other countries. Among the end points of
greatest interest are the major causes of morbidity (or factors associated with morbidity) in
young children in the developing world, i.e. stunting, diarrhoea, respiratory infections, impaired
cognitive function, and possibly also some forms of malarial infection.

The International Atomic Energy Agency (henceforth "the Agency") has been supporting
limited research work in this field for a number of years, particularly in connection with the
study of dietary intakes of trace elements. Several of the Agency's current Co-ordinated
Research Programmes (CRPs) and Technical Co-operation (TC) Projects in the area of human
health involve one or another aspect of zinc nutrition. However, until now, the Agency has
never specifically sought advice on how best to organize and co-ordinate these various
activities.

The relatively recent growth of interest in this topic on an international scale, together with the
recognition of the potentially important role that isotope techniques can play in this work, led
to the decision to organize the present Consultants' Meeting. The purpose of the meeting was,
broadly, to review current knowledge of the role of zinc in human nutrition - with particular
reference to (1) relevant public health issues in developing countries, and (2) the role that
isotope techniques can play in increasing our understanding of some of these matters. More



specifically, the Consultants Group was invited to advise the Agency on its future programmes
in this area.
the agenda of the meeting is given in annex 1 and list of participants in annex 2. The following
report summarizes the principal conclusions and recommendations of the Consultants Group.

2. ZINC NUTRITION AND PUBLIC HEALTH IN DEVELOPING COUNTRIES

The adequacy of dietary zinc depends on its amount and bioavailability in the diet.
Dietary-induced zinc deficiency is likely to occur when diets are predominately plant-based and
low in flesh foods, a rich source of readily available dietary zinc. In developing countries, diets
are often based on starchy roots and tubers which have a low zinc content, or unrefined cereals
and legumes. The latter have a higher zinc content than roots and tubers, but also contain high
levels of phytic acid so that their zinc content is poorly available. In some countries where diets
are based on tortillas prepared with lime-soaked maize, and possibly diets of persons who chew
beta! nut with lime, intakes of calcium may be sufficiently high to potentiate the negative effect
of phytate on zinc bioavailability. Consequently, in many developing countries, staple diets have
a low content and/or bioavailability of zinc [ 1 ]. |

Additional factors implicated in the aetiology of suboptimal zinc status in many developing
countries are excessive losses of zinc induced via perspiration, exfoliation of the skin, chronic
haemolysis arising from genetic factors (e.g sickle-cell disease, alpha-thalassaemia) and often
parasitic infections such as malaria, hookworm and schistosomiasis. Extensive faecal losses of
zinc may also occur in countries where chronic diarrhoea and/or geophagia occur [8].

Zinc has a critical role in nucleic acid synthesis and protein metabolism. Hence, infants, children,
and pregnant women have higher requirements for zinc and are thus especially vulnerable to zinc
deficiency. A meta-analysis of selected double-blind zinc supplementation studies undertaken
on infants and pre-pubertal children has conclusively demonstrated significant improvements in
the rate of linear growth in those supplemented with zinc at physiological levels compared with
those receiving a placebo after correcting for initial height-for-age z-scores. These results also
confirmed that low plasma zinc is a predictor of linear growth response to zinc supplementation
[30]. In several of these studies, only the zinc-supplemented boys had a significant
improvement in linear and/or ponderal growth [31,32]. In some cases, significant improvements f
in sexual development, immune competence, intestinal permeability, appetite, taste acuity, dark
adaptation, cognitive function, activity patterns, and reductions in morbidity have also been
reported in the zinc-supplemented compared with the placebo group [1].

Other recent studies have emphasized an important role of zinc in the treatment and prevention
of acute and possibly persistent diarrhoea. Double-blind clinical trials in India, Bangladesh, and
Indonesia have demonstrated a significant reduction in the number, and/or severity, and/or
duration of acute diarrhoeal episodes after treatment with varying daily doses of zinc, especially
in those infants/children with initial low plasma zinc values and/or poorer nutritional status [13,
33]. Results of recent double-blind zinc supplementation trials in children with persistent
diarrhoea are less conclusive; not all studies have shown a significant improvement in the zinc-
supplemented compared with the placebo group, although again any improvements noted were
most marked in those children with low plasma zinc concentrations [34]. Whether the zinc
supplement corrected a zinc deficiency state or exerted a pharmacological effect on the
incidence of acute diarrhoea remains to be established. In infants and children, zinc supplements
have also been shown to reduce the incidence of acute lower respiratory infection, and in some
cases, pneumonia [1]. In children from the East Sepik region of Papua New Guinea, a significant



reduction in the rate of malaria parasitemia (P. falciparum) has been observed in those children
receiving a zinc supplement (10 mg Zn as Zn gluconate) for 60 days compared with the placebo
group [25].

Some associations between low zinc status and pregnancy outcome in human studies have also
been reported such as pregnancy complications, reduced infant birth weight, length, and
gestational age, and in some cases, congenital anomalies. Significant improvements in mean
birth weight in zinc-supplemented women compared with placebo-controls have been reported
in some but not all double-blind zinc supplementation studies [35]. Most recently, a double-
blind study of US Afro-American women observed a mean increase in birth weight of
approximately 200 g together with a 0.5 week longer duration of pregnancy [36]. Results of
animal and certain human studies have led some investigators to suggest that maternal zinc
deficiency may disrupt the sequence of events in parturition, and thus have a role in foetal, infant
and child survival [35].

3. ASSESSMENT OF NUTRITIONAL REQUIREMENTS (INCLUDING SAFE
LEVELS OF INTAKE) FOR INDIVIDUALS AND POPULATIONS

Assessment of nutritional zinc requirements involves estimates of (1) physiological
requirements of absorbed zinc to cover daily obligatory losses of zinc, (2) requirements for
synthesis of new tissue in periods of growth, and (3) dietary requirements to cover these
physiological requirements. The latest WHO recommendations [7] recognize the ability of the
body to adapt to different levels of zinc supply by reducing endogenous loses of zinc and have
proposed a basal and a normative level of physiological requirement. The basal zinc
requirement represents losses in an individual fully adapted to a low intake and is based on
metabolic balance studies in small groups of subjects using experimental diets (often formula
diets) with very low zinc content. The basal losses are the sum of urinary, faecal and skin losses
after approximately four weeks of close-to-zero intakes and before clinical or biochemical signs
of zinc deficiency are observed. The normative losses are the initial losses at a low intake before
adaptive reduction in excretion occurs.

It should be noted these estimates of physiological zinc requirements are derived from studies
of healthy well-nourished subjects with presumably good initial zinc status. Also, the number
of subjects studied has been too small to reveal any individual differences in ability to respond
to low intakes. Neither is the cost of adaptation fully understood. The normative physiological
requirement is tentatively set to give a certain margin of safety. However, whether such a
supply of absorbed zinc over longer periods of time is compatible with maintenance of zinc
responsive functions and optimal health needs to be confirmed. Measurements of the size of
metabolic pools using radioactive or stable isotopes, in combination with other measures of zinc
status in individuals on long term low zinc intake, would be useful in order to better define the
physiological requirements of zinc.

The estimates of zinc requirements for growth are based on the zinc content of tissues and
growth and normally account for a relatively small part of the total zinc requirements.
Additional knowledge is needed regarding the zinc requirements in pregnancy and lactation as
well as for catch-up growth. This would involve isotopic zinc metabolism studies in situations
where significant changes in anabolic/catabolic balance are encountered, Possibly such studies
could also include studies of protein and amino acid metabolism and measurements of changes
of body composition. It has been suggested that inadequate zinc supply during growth periods
could lead to a higher fat deposition at the cost of muscle mass.



For the transfer of physiological requirements to dietary requirements a figure for the
bioavailability of dietary zinc has to be adopted, also taking into account the differences of
absorptive efficacy at different intake levels. The basis for the algorithms used for this purpose
is data from radioisotope and stable isotope studies measuring absorption (in well nourished
healthy subjects) consuming diets of different composition. For these estimates of nutritional
requirements of zinc it has not been possible, due to lack of data, to include any impact of diet
on the size of net endogenous intestinal excretion of zinc. This is especially crucial for diets
typical for developing countries, where a high content of dietary fibre and fibre associated
compounds might affect not only absorption but also the gut handling of endogenous zinc [19].
Studies using two or more isotopes in combination with metabolic balances at long term intakes
of different diets are needed to confirm or adjust present estimates of individual nutritional zinc
requirements.
The WHO recommendations give figures for three levels of dietary zinc availability (low,
medium, high) and describe characteristics for the respective diets. The key characteristics are
the molar ratio phytate:zinc, the amount of animal protein and the calcium content of the diet.
The borders set for the respective diet characteristics - and to what extent this classification
correctly identifies populations at risk of zinc deficiency - need to be confirmed in metabolic
isotopic studies of diets typical for developing countries, including studies of the relation
between diet composition and zinc status. It might also be necessary to include other potential
negative substances in plant foods such as non-starch polysaccharides.

The upper safe level of zinc intake refers to negative interactions with absorption and/or
utilization of other trace elements. At relatively low supplementation levels there is a risk for
impairment of copper status [20]. Dose response studies evaluating the interaction between zinc
and copper are needed to establish safe levels of supplementation, for example in infants and
pregnant women where physiological changes in copper metabolism are present.

4. DIETARY METHOD TO PREDICT PROPORTION OF THE POPULATION AT
RISK TO INADEQUATE INTAKES OF DIETARY ZINC

To achieve this objective, a quantitative dietary method designed to provide an estimate
of the distribution of usual zinc intakes of the population must be obtained. Consequently, food
intakes must be measured on at least a sub-sample of the study population over more than one
day using a quantitative dietary assessment method. Weighed or estimated food records or
repeated 24-hour recalls can be used. The number, spacing, and selection of the measurement
days will vary according to the study population, dietary survey method used, and seasonal
variation in zinc intakes.

Once the food intake data have been collected, the energy, nutrient and antinutrient intakes
should then be calculated using food composition data compiled from analyses of representative
samples of staple foods for the country of interest. Data on food selection patterns including
the major food sources of zinc, together with estimates of the intakes of zinc, calcium, total
protein and animal protein, and the phytate:zinc molar ratios of the diet, are required for
estimating the bioavailability of zinc when using the WHO model [7] for classifying diets as low,
moderate, or high zinc bioavailability.

Before evaluating the adequacy of the dietary intakes of zinc, the distribution of observed zinc
intakes determined from the dietary assessment method, should be adjusted statistically to
represent the distribution of usual zinc intakes. The statistical procedure for this adjustment
process is described in [38]. Such procedures take into account the inter-subject variability in



observed zinc intakes among the study population, calculated using analysis of variance. The
adjusted distribution will always yield a distribution of usual zinc intakes which has a reduced
variability to be used for comparison with the appropriate WHO requirement estimate for zinc
for the age, sex and physiological state of the study group [7], taking into account the estimated
dietary zinc bioavailability The probability approach is recommended for evaluating the
adequacy of the distribution of usual zinc intakes and is described in detail in NRC [38], It
predicts the number of persons within a group with zinc intakes below their own requirements
and hence will provide an estimate of the proportion of the population at risk of inadequate
intakes of zinc. Nevertheless, this approach cannot identify actual individuals in the population
who are deficient, or define the severity of the zinc inadequacy. Such information can only be
obtained when the dietary intake data are combined with biochemical and
functional/physiological indices of zinc status.

5. LABORATORY ASSESSMENT OF ZINC STATUS IN INDIVIDUALS AND
POPULATIONS

The assessment of zinc status in both populations and individuals is difficult. Despite the
use of a number of different approaches (Table) there is no acknowledged single test that can
provide a definitive evaluation of whether or not a subject is marginally zinc deficient (for a
review see Golden [2]). The regularly used indicators (plasma zinc concentration, urine zinc
content, white cell zinc, hair zinc, etc.) are all recognized to provide misleading information
under certain conditions. Most investigators have examined plasma or serum zinc
concentrations, but the interpretation of the data may be complicated by stresses such as post-
operative or endotoxin stress unassociated with zinc deficiency, and other factors. It also
appears that the symptoms of zinc deficiency become apparent with loss of only a small portion
of total body zinc [3], Some evidence suggests that loss of less than 10% of body zinc (100-200
mg in an adult) may lead to the symptoms of overt zinc deficiency [2,3]. This zinc does not
appear to be primarily lost from any one tissue within the body (i.e. there is no "store" of zinc);
instead there appears to be loss of relatively small amounts from a number of sites. This,
combined with the inherent variability in tissue levels between human subjects, may explain why
no accessible tissues show measurable falls in zinc content with encroaching zinc deficiency
[2,3].

TABLE: Techniques used to assess zinc status

1. Analysis of plasma or serum zinc concentrations

2. Analysis of the zinc content of other body fluids and cellular components of blood

3. Direct measurement of the zinc content of tissues

4. Measurement of a secondary factor sensitive to zinc status

5. Measurement of zinc turnover using isotopes

6. Assessment of the response to zinc therapy

In order to attempt to define those 'pools' which are depleted of zinc during periods of sub-
optimal zinc intake, several groups have undertaken kinetic measurements of the size and rate
of turnover of rapidly exchangeable pools of zinc. Considerable work remains to be done to
evaluate this approach fully (both in terms of the protocols to be used and the validity of the



approach), but initial data indicates that these techniques can provide a useful means of
assessing zinc status [5, 6].

Unfortunately the use of stable isotopes to examine exchangeable pools is both expensive and
time consuming and it is recognized that simpler approaches are required to study populations
'at risk' from zinc deficiency. Experience indicates that important information should first be
obtained from careful measurements of dietary zinc content (where this is combined with
information on diet composition and feeding patterns) using the methods outlined in the
previous section. This information can be combined with other indicators of zinc status such
as hair zinc content, plasma or serum zinc content, and other functional and/or physiological
indicators [1].

It is therefore suggested that the following approach will provide useful information for the
assessment of zinc status."

A. Population studies

1. Measurements of dietary zinc intake combined with information on diet composition f
(especially phytate content)

2. Plasma or serum zinc concentrations
3. Hair zinc content
4. Assessment of the relationship between functional indicators and other indicators of zinc

status.

B. Studies on small representative groups of populations or individuals

Measurements in A plus isotopic measurements of:

1. The proportion of zinc absorbed from the diet, and the endogenous excretion of zinc [4]
2. The size and rate of turnover of rapidly exchangeable zinc pools [5, 6]

6. BIOAVAILABILITY AND METABOLISM OF ZINC

Dietary factors affecting the bioavailability of zinc and the role of the small intestine in
zinc metabolism are both of cardinal importance in maintenance of zinc homeostasis. This
section will focus primarily on post prandial zinc metabolism, including the impact of dietary
factors affecting zinc bioavailability in the small intestine.

A. Bioavailability

The single dietary factor of outstanding importance in impairing zinc bioavailability is phytic
acid or, more specifically, inositol-5-P and inositol-6-P. During certain food preparation and
processing methods, some enzymatic and non-enzymatic hydrolysis of hexa and penta inositol
phosphates to lower inositol phosphates may occur; lower inositol phosphates do not appear
to inhibit zinc absorption [27]. High levels of calcium potentiate the inhibitory effect of phytate
on zinc absorption, even when the content of phytic acid is relatively low, by forming zinc-
calcium-phytate complexes in the Intestinal lumen which are even less soluble than zinc-phytate
complexes alone [21].



Phytic acid is present in virtually all vegetable products, especially grains and legumes.
Phytate:zinc molecular ratios in excess of 15:1 in the diet progressively inhibit zinc absorption
and there is some evidence to suggest that much lower ratios, e.g. 5, [11], adversely impact zinc
absorption. This factor is almost invariably important to a greater or lesser extent in populations
and countries that rely almost entirely on vegetable products as their source of nutrients. These
include virtually all developing countries. For example, phytate:zinc molar ratios in typical
Malawi diets, based primarily on corn (maize), for example, exceed 20:1 [1]. Quantitative data
on the effect of phytate on zinc absorption in populations consuming these diets - an essential
prerequisite to better understanding of dietary zinc requirement - is virtually non-existent.

Application of zinc stable- (and in special circumstances radio-) isotope techniques can now
provide this quantitative information. Furthermore, these techniques can provide corresponding
quantitative information on the effect of a range of strategies, for dietary modification and/or
fortification. Important examples of dietary modifications currently being pursued, for example,
in Malawi, include germination, fermentation, and/or soaking. These modifications activate
phytase which reduces phosphorylation of inositol to <4 and, by so doing, will diminish or
negate (or are thought to negate) the negative impact of inositol on zinc bioavailability [28].
Confirmation and quantification of these changes is of great practical importance in the
evaluation of the intervention programmes.

While the greatest interest is in phytate, other dietary constituents, e.g. insoluble fibre, are also
of potential concern, whilst others, notably protein, can enhance bioavailability. Reports on the
effects of insoluble dietary fibre on the bioavailability of zinc are equivocal, in part because both
dietary fibre and phytate occur in the same foods [11], Among the minerals and trace elements,
high intakes of calcium, in conjunction with phytate, and of iron are of special potential concern.
Appropriately designed studies utilizing isotope techniques can quantify the combined effect
of these dietary factors - including their .impact of fortification - in the habitual diets of
populations.

Besides the effects in the small intestine, infection is also a factor of considerable practical
interest in potentially influencing zinc bioavailability in developing world populations. Stress,
including infections, results in hepatic metallothionein synthesis and subsequent sequestration
of circulating zinc in the hepatocyte. Again, well designed studies utilizing stable isotope
techniques and model-based compartmental analysis have the potential to quantify these effects,
which are of greatest numerical concern in at least some developing countries.

B. Zinc Metabolism in the small intestine

The small intestine has the central role in maintenance of whole body zinc homeostasis.
Current concept are that sites of regulation include absorption of exogenous dietary zinc and
secretion and/or re-absorption of endogenous zinc. Substantial quantities of zinc are secreted
into the small intestine postprandially and much of this zinc must be reabsorbed to maintain zinc
homeostasis. The intestine is the major route for excretion of endogenous zinc and modulation
of these loses appears to be of cardinal importance to the maintenance of zinc homeostasis.
Factors that may adversely affect the intestinal conservation of endogenous zinc include notably,
phytate (though information in currently extremely limited) and host factors, e.g. diarrhoea.

One great advantage conferred by the application of zinc stable isotope techniques is the ability
to quantify both absorption of exogenous dietary zinc and excretion in the faeces of endogenous
zinc. This not only yields quantitative data on the net absorption of zinc but provides critically



important quantitative information on the two major sites of regulation of whole body zinc
homeostasis.

7. METABOLIC MODELLING OF ZINC AND ESTABLISHMENT OF POOL
SIZES

It is becoming increasingly clear that clinical manifestations of zinc deficiency may appear
following loss of only a small portion of total body zinc. These small 'pools' of tissue zinc
appear to be crucially important for maintenance of zinc-dependant functions. The use of
enriched stable or radioactive zinc isotopes in combination with appropriate computer modelling
of their kinetics appear to provide a means of assessing these 'pools' with a concomitant
increase in our understanding of zinc metabolism and evaluation of zinc status. An example
of a minimal model required to fit stable zinc isotope data is shown in Figure 1.

Currently only limited information is available from this approach and much more data is
required to evaluate the full potential of these techniques. However the preliminary data which
have been published indicate the potential benefits which may derive from such studies. The C_
most complete studies that have so far been undertaken involve use of both oral and IV.
administration of zinc isotopes, repeated blood sampling, complete faecal and urine collections
and evaluations of dietary zinc intake [6], In these cases estimates of the extent of zinc
absorption, endogenous faecal zinc excretion and the size and turnover of several rapidly
exchanging body pools can be obtained.

The identification of the most appropriate techniques for modelling of isotope data is the subject
of recent and current studies. Deconvolution techniques [5], multicompartmental and
composite pool analysis [6], and computer-derived models based on multiple exchanging
compartments [29].

Much more work is required in this area, including appropriate studies of subjects in developing
countries where the habitual intake of bioavailable zinc is limited. Such studies are likely to
provide invaluable data to aid our understanding of human zinc metabolism, and of the role of
zinc in some of the common chronic nutritional problems in the developing world.

Although it is accepted that most data are likely to be obtained using enriched stable isotopes
of zinc (70Zn, 68 Zn,67 Zn), the possibility of using radioacfHve Zn in carefully defined
circumstances should not be overlooked. The extra data which could be obtained from careful
use of this isotope is likely to be important.

8. INTERACTIONS OF ZINC WITH OTHER (MICRO)NUTRIENTS

Phytic acid (myoinositol hexaphosphate), which is found in plant-based foods such a
unrefined cereals, seeds, nuts, and legumes, is the most potent inhibitor of zinc absorption. It
forms insoluble chelates at a physiological pH in the intestine, thus making the zinc unavailable
for absorption. The inhibitory effect of phytate on zinc absorption can be predicted from the
phytate:zinc molar ratio in the diet. Ratios above 15-20 have been associated with biochemical
and in some cases, with clinical evidence of zinc deficiency [39-41]

Antagonistic interactions between zinc and iron, and zinc and copper have been documented,
although they are unlikely to occur at the concentration levels at which these elements are found

8



in normal diets. Zinc absorption appears to be impaired when high levels of non-haem iron
supplements are consumed between rather than with meals [9], The extent of the antagonistic
interaction appears to depend on the chemical form of the iron, the iron:zinc ratio, the food
matrix, and the length of feeding. The US National Academy of Sciences recommends taking
both a zinc and copper supplement when large doses of oral iron supplements are taken between
meals [14]. Some human studies have reported biochemical evidence of suboptimal copper
status, based on decreased activity of erythrocyte superoxide dismutase activity, when high
doses of zinc supplements (50 mg Zn/day) were taken for six weeks [42]. Some individuals
appear to be especially sensitive to this zinc-copper interaction after only moderate changes in
zinc intakes [43]. Excessive doses of zinc supplements (e.g. 150 mgZn/d) for more prolonged
periods (e.g. 1-2 yrs) have been associated with haematological signs of copper deficiency [44].

Interactions between certain vitamins and zinc have also been described. Some but not all
reports have suggested that zinc absorption is reduced by high levels of folate supplements [22],
especially at low zinc intakes. An interaction between vitamin A and zinc at both a biochemical
and functional level also exists, arising from the role of zinc in the synthesis and subsequent
release of retinol-binding protein from the liver as well as the role of zinc in the visual function
of vitamin A in dim light [23], In the latter, a zinc metalloenzyme alcohol dehydrogenase, is
responsible for the conversion of vitamin A to vitamin A aldehyde. Studies in Thailand [24] have
emphasized the importance of sub-optimal zinc status as an additional etiological factor in
vitamin A deficiency in certain populations.

The amount and type of dietary protein also impacts on zinc bioavailability. For example,
inclusion of small amounts of animal and fish protein can increase the apparent absorption of
zinc and counteract the negative effect of phytic acid, even when the levels of zinc in the diet
are only modestly increased [25]. The mechanism is unclear; naturally occurring mineral
chelates may exist in animal protein [26]. ^Alternatively, certain amino acids and cysteine-
containing peptides formed during the digestion of proteins may form soluble ligands with zinc
and facilitate absorption [45] or form complexes with zinc, thereby preventing the formation of
the zinc - phytate complex [10].

9. THE ROLE OF ZINC ISOTOPES IN INTERVENTION STUDIES INVOLVING
ZINC

The next five years are expected to witness a rapid expansion of zinc intervention studies
in the developing world stimulated by remarkable results of recent research in India,
Bangladesh, Central and South America, Indonesia, China and other countries. This predicted
experimental research is expected to include research directed to the mechanisms of observed
beneficial effects, studies of the efficacy of specific intervention protocols in a variety of study
sites, and effectiveness and safety trials of zinc supplementation. While, at some stage in the
not too distant future, multi-center generic protocols may be anticipated, currently there is scope
for a wide range of individual intervention projects focussing on specific populations and
specific end points. Among the end points of greatest interest are each of the major causes of
morbidity (or factors associated with morbidity) in young children in the developing world, i.e.
stunting, diarrhoea, respiratory infections and impaired cognitive function. There is also
preliminary evidence to encourage further studies of the efficacy of zinc supplements in
preventing plasmodium falciparum malarial infection. A second segment of the population that
will be a special focus of zinc intervention studies is expected to be women during the
reproductive cycle. Principal end points include foetal growth, gestational age at delivery,
obstetric outcome and breast-milk zinc output. An additional area of major concern that has



not yet been addressed is that of embryogenesis. The challenge of ensuring an adequate supply
of zinc during this critical early stage of prenatal development is something that still needs to
be addressed in the design of intervention protocols.

This Consultants Group strongly advocates the judicious application of stable isotope techniques
in conjunction with these intervention studies for the following reasons:

a. Baseline zinc studies: Data on the pools of zinc that exchange rapidly with zinc in
plasma, together with quantitative information or absorption and endogenous losses in a
representative sub-sample of population group to be studied, can provide invaluable
insights into the zinc status of these populations. This information is potentially invaluable
for the identification of populations that might benefit from intervention programmes, as
well as for ascertaining whether beneficial effects of zinc can be attributed to the
correction of zinc deficiency or to a pharmacological effect (see below)

b. Beneficial effects of zinc supplements: While some of the observed effects of zinc
supplements, notably acceleration of linear growth velocity, are recognized to result from
correction of zinc deficiency, the explanation for other observed effects, e.g. reduced f
duration and severity of acute diarrhoea, is less certain. Clearer differentiation between
a nutritional versus pharmacologic effect is important especially in helping to determine
the minimal dose of zinc that is likely to be effective. Increasing concern about nutrient-
nutrient interactions, most notably inhibition of copper absorption by quite modest zinc
supplements, has served to emphasize the importance of restricting the quantity of zinc
to the minimum necessary to achieve the desired effect. While this can only be determined
by dose-response studies, stable isotope techniques can assist in the resolution of this
important issue by providing unique data of value in the assessment of zinc status and by
helping to determine if beneficial clinical effects are accompanied by restoration of
apparently normal zinc status rather than by excessive accumulation of zinc, e.g. in rapidly
exchanging pools.

c. Bioavailability of zinc supplements: Isotope techniques can be used to assess the
availability of zinc supplements administered under a range of different circumstances
(e.g. with meals vs. between meals) Hence they can assist in determining the quantity of
supplemental zinc that is likely to be effective. As a separate issue, a limited study to {*
determine the availability of zinc administered as different zinc compounds would be of

. considerable practical value at this time.

d. Bioavailability of zinc fortificants: Isotope techniques can be used to assess the
availability of zinc used to fortify foods (including infant formulas and complementary
foods).

e. Dietary modification programmes: Isotope techniques can be used to assess the effect
of dietary modification programmes (e.g. fermentation and/or germination of cereal
grains) on the bioavailability of zinc.

In summary, carefully designed isotope studies involving small representative sub-samples of
intervention study populations can be expected to facilitate the correct interpretation of data and
to add important new dimensions to our understanding of the extent of the underlying problems
with zinc status and the appropriateness of different intervention strategies.
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10. GENERIC PROTOCOLS FOR APPLICATION OF STABLE ISOTOPE
TECHNIQUES IN INTERVENTION AND METABOLIC STUDIES INVOLVING
ZINC

It is recognized that the application of zinc stable isotope techniques to studies of human
zinc metabolism is still in a relatively early stage of evaluation. Current techniques still require
further evaluation as data are accumulated, and innovative new approaches can be anticipated.
The choice of techniques will continue to be influenced by the experience and preferences of
individual research groups as well as by the demands of each specific protocol.

This section will be limited, therefore, to selected general statements.

a. Use of multiple tracers: an important potential advantage of stable isotopes is that two,
or even three, different tracers can be used simultaneously in the same subject. Maximum
use of this advantage should be used in study design.

b. Determination of the quality of endogenous zinc excreted in faeces: As a general rule
this determination should be undertaken whenever absorption of exogenous dietary zinc
is determined (including quantitative measurements of total zinc intake). It is appreciated
that this necessitates quantitative faecal metabolic collections, but the information derived
is of fundamental importance in evaluating zinc bioavailability and zinc metabolism, and
provides important insight into zinc nutritional status.

c. Information on pools of zinc that exchange rapidly with zinc in plasma and model-
based compartmental analysis: The Consultants Group recognizes that application of
model based compartmental analysis to studies of carefully identified populations in
developing countries can provide invaluable information on zinc metabolism and zinc
status. It is also recognized that this requires frequent blood sampling, which is not
always acceptable or feasible. In these circumstances, or when expenses and time are
limiting factors, estimates of total exchangeable pool size requiring only random timed
urine collections may yield useful information.

11. INSTRUMENTATION (AND ASSOCIATED COSTS) FOR MEASURING
RADIOACTIVE ISOTOPES OF ZINC, INCLUDING SAMPLE PREPARATION
TECHNIQUES SUITABLE FOR USE IN DEVELOPING COUNTRIES

In centres that already have access to a whole body counter, several different kinds of
study of zinc nutrition can be undertaken relatively cheaply and easily (as compared with the use
of stable isotope tracers). Zinc has several radioisotopes, but only one of them - 65Zn (half life
250 days) - has been shown to be useful in practice. This is readily available, and the energy
of the emitted gamma-ray (1115 keV) permits it to be measured in vivo and in vitro with high
accuracy and precision.

At present the preferred technique appears to be the following. Radioisotopic zinc (as 0.1 - 0.5
uCi 65Zn) is administered as an extrinsic label with food, and the subject is counted 2 weeks later
using a whole body counter. This gives a direct measure of net retention. A correction has to
be made for endogenous losses (which may be appreciable). This may be done by assuming a
nominal figure (based on other studies of a similar population group); alternatively it may be
estimated in each subject from additional whole body counting measurements. In these ways,
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useful information can readily be obtained both on zinc absorption and turnover rates. If
combined with faecal collections, the endogenous excretion can be estimated [19].

The high cost of whole body counters (particularly considering the need for high sensitivity and
low background) was considered by the Consultants Group to put this technique beyond the
range that could be readily justified for zinc studies alone. However, it was recognized that
some centres already possess such facilities originally installed for other purposes. In such
centres - and providing also that ethical concerns had been fully met (see section 14) - the
Consultants Group was in agreement that the technique was both useful and appropriate.

Another technique originally described by Flanagan etal. [15] provides a simpler and cheaper
way to measure net zinc uptake. Radioisotopic zinc is administered in the same way as
described in the above paragraph. By simultaneous use of a suitable inert faecal marker (e.g.
non-absorbable 51Cr or radio-opaque plastic pellets) it is feasible to reduce the sample collection
to a single stool specimen collected after 1-2 days. This can then be measured with a relatively
simple gamma-ray spectrometer costing perhaps no more than $ 10,000. Because of the
simplicity of the measurement technique, it can be used even in technically less-well developed
centres. However, since it does not provide the means to estimate endogenous excretion, its
value is somewhat limited. Nevertheless, the Consultants Group recognized that it might have
useful applications in studies of the relative uptake efficiency of different chemical forms of zinc
supplement.

12. INSTRUMENTATION (AND ASSOCIATED COSTS) FOR MEASURING
STABLE ISOTOPES OF ZINC, INCLUDING SAMPLE PREPARATION
TECHNIQUES SUITABLE FOR USE IN DEVELOPING COUNTRIES

i .
Mass spectrometry is now universally recognized as the preferred technique for measuring

stable isotopes of zinc. In the past, some work of this kind has been done using neutron
activation analysis (NAA). However, due to lower precision and higher costs, its continued use
can no longer be reasonably justified (except possibly in centres that only have access to NAA).

There are three principal kinds of mass spectrometry applicable in this work, thermal ionization
mass spectrometry (TIMS), inductively-coupled plasma mass spectrometry (ICPMS), and fast
atom bombardment mass spectrometry (FABMS). However, technical developments in the
hardware and software for applying these techniques are occurring at a rapid rate, with the
result that - particularly for ICPMS - different kinds of instrumentation are currently on the
market.

The relative advantages of these various techniques have to be considered not only in respect
of the cost of the instrumentation but also with reference to the sensitivity (which determines
the amount of tracer that needs to be used) and the complexity of the sample preparation
techniques needed before introduction of the sample into the spectrometer (which has a bearing
on the overall cost of the analysis). Some of these factors are considered in the following table,
and more information on this topic can be found in references [4, 16]. Overall, the Consultants
Group predicted that most work in this field in the near future is likely to be done using
conventional ICPMS.
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Technique

ICPMS
("conventional")

ICPMS (high
resolution)

FABMS

TIMS

Instrumentation cost

$ 200,000 - 400,000

$700,000-$ 1,000,000

(-$30,000)**

$700,000-$ 1,000,000

Sample preparation *

+

+

+

++

Sensitivity

medium

high

low

high

* Complexity of sample preparation (+ = low; ++ = high)
** Additional cost assuming availability of a mass spectrometer

13. COSTS AND AVAILABILITY OF RADIOACTIVE AND STABLE ISOTOPES
OF ZINC

Radioactive isotopes

65Zn is the radioactive isotope used almost exclusively in human studies. It is widely available
from numerous sources (e.g. Amersham Life Sciences, UK or New England Nuclear, USA) and
inexpensive supplies do not appear to be limited at the current time.

Stable Isotopes

70Zn, 67Zn, and 68Zn have all been used in human studies. Their natural abundances are 0.7,
4.1.and 18.8% respectively. These isotopes are available in highly enriched form from a limited
number of suppliers. Most investigators have obtained enriched isotopes from the Stable
Isotope Division of Oak Ridge National Laboratories (Oak Ridge, TN, USA) although enriched
isotopes originating in Russia can sometimes be obtained from other suppliers. The availability
of enriched stable isotopes does not appear to be limited at the present time.

70Zn is the isotope of choice for many applications, but it is expensive (approximately US$
350/mg for >90% enriched material at 1996 prices). Other isotopes are considerably less
expensive, but relatively more isotope will be required in order to produce measurable
enrichment in human studies. Typical costs for a single study on one subject are of the order
of $ 500 for the isotope and its analysis (not including the cost of the instrumentation).

14. ETHICAL CONSIDERATIONS

The Consultants Group drew attention to the requirement that all work supported, or in
any way promoted, by the Agency should conform to the highest ethical standards. This implies
that all test subjects should give their informed consent, and that all relevant international
guidelines (e.g. [18]) - together with any additional guidelines that may apply at the institutional
or national level - should be scrupulously observed. This recommendation applies to all studies
involving human subjects and is not restricted to the use of radioisotopes.

In several developed countries (e.g. the USA and the UK) there has, in recent years, been an
increasing tendency to move away from any kind of study involving the administration of
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radioisotopes to normal test subjects (particularly children and women of child-bearing age).
However, the Consultants Group saw no good reason why this policy should be applied
universally provided that the relevant conditions referred to in the previous paragraph were
adequately met. It was pointed out that, with modern methods for conducting radioisotope
experiments using high-sensitivity counting equipment, the radiation dose delivered to the test
subject may be within the range of normal variability of annual background radiation dose (i.e.
that the dose may be no greater than that associated with moving to a different place of
residence, or flying in a commercial airliner for several hours).

15. POTENTIAL FOR APPLYING ISOTOPE TECHNIQUES IN IAEA TC
PROJECTS AND CRPs

The Consultants Group noted that a number of the Agency's current CRPs and TC
projects deal with one or another aspect of zinc nutrition (or with the nutrition of other
micronutrients, such as vitamin A, that can be affected by zinc status). They recommended that
attention should be paid to the zinc status of the subjects being studied in these programmes.
As a first step, they suggested that the population approach outlined in section 4 (mainly based f
on an assessment of dietary zinc intake and the levels of zinc antinutrients) should be applied
in order to establish whether significant zinc deficiency might be expected in these populations.
In such cases, additional studies of zinc status and nutrition would be justified (e.g. by
investigating the size and rate of turnover of rapidly exchangeable zinc pools). Such work is
recommended, in particular, in those centres which have access to subjects and facilities
permitting the collection of blood samples and excreta.

With respect to the Agency's new programme and budget cycle beginning in 1999, the
Consultants Group recommended that consideration be given to the possibility of starting a new
CRP specifically on the subject of zinc nutrition. The main thrust of this CRP should be to
explore further the modelling of zinc metabolism using isotopes to study the size and rate of
turnover of various zinc pools - particularly those with a rapid rate of exchange. The purposes
of the CRP would include (a) further refinement and validation of these models (taking
advantage of the possibilities provided by studies in developing countries with substantially
different levels of zinc nutriture), (b) application of the models in developing countries as a tool
for assessing the extent and severity of zinc malnutrition, and for monitoring the efficacy of f
intervention programmes aimed at improving zinc nutrition by supplementation and/or dietary
modification, and (c) providing data useful in assessing zinc requirements.

16. CO-ORDINATION WITH OTHER INTERNATIONAL PROGRAMMES

The Consultants Group noted that the Agency already makes efforts to co-ordinate its
programmes with those of other international organizations and bilateral donors, and they
recommended that such collaboration should be continued and extended in the future.

As far as zinc nutrition is concerned, it was noted that a number of different kinds of
intervention programme are now being implemented, or considered for implementation in
developing countries. The Consultants Group recommended that the Agency should make
efforts to offer the use of isotope techniques as additional tools for monitoring and assessing
the success of these programmes. Particular opportunities for useful work in this area may exist
with respect to (1) programmes involving supplementation/fortification with multiple
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micronutrients (including zinc), and (2) supplementation programmes with other nutrients, such
as iron and calcium, that might be expected to interfere with zinc nutrition.

17. CONCLUSIONS

This Consultants Group is convinced that the next five years will offer a unique "window
of opportunity" for studies of zinc nutrition in developing country populations. There are
already many indications that, through a better understanding of nutritional and other factors
that may affect zinc status, and through targetted intervention programmes to improve zinc
nutrition, a large and beneficial impact on the health of these populations may be achieved.

As pointed out in the foregoing report, isotope techniques provide many possibilities (some of
them unique) for improving our understanding of the basic biochemical and metabolic functions
of zinc, and for increasing our knowledge of the roles of this essential micronutrient in human
nutrition. Through the use of isotope techniques, we may also expect - in future - to be better
able to assess, and to increase, the efficacy of dietary and other intervention programmes
designed to improve the nutritional status of populations whose intakes are below the levels
needed to achieve optimal health.
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FIG. 1: Example of minimal compartment modelling of zinc stable isotope data from a
normal adult. This study utilized three stable isotopes: 70Zn intravenously; 67Zn
administered simultaneously in the post-absorptive state; and 68Zn with all meals on
the same day. Tracer and tracee were measured in plasma, red cells, faeces and
urine for two weeks. Tracee was also measured in the diet. Kinetic data
augmented with steady state information derived from algebraic analyses and
deconvolution. (From MILLER, L.V., KREBS, N.F., et al., unpublished data.)
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Annex 1
Agenda

Session 1: Monday, 25 November (morning - starting 9:00 am)

Welcome & Introductions (each participant to introduce her/himself briefly)

Objectives of the meeting, and other background information (R.M. Parr)

Adoption of the agenda

Overviews of recent and planned IAEA programmes relating to zinc (R.M. Parr, H. Haisma)

Oral presentations by the consultants (about 30 minutes each)

• R.S. Gibson

• M. Hambidge
• M.J. Jackson
• B. SandstrOm

Session 2: Monday, 25 November (afternoon)

Oral Presentations (continuation)

General discussion (see separate list of discussion topics)

Session 3: Tuesday, 26 November (morning)

General discussion (continuation)

Drafting of the report of the meeting

i

Session 4: Tuesday, 26 November (afternoon)

Drafting of the report of the meeting (continuation)

Session 5: Wednesday, 27 November (morning)

Discussion and approval of the draft report of the meeting

Closing

Tentative list of discussion topics

1. Assessment of zinc status in individuals and populations
2. Assessment of nutritional requirements (including safe levels of intake) for individuals and populations
3. Preventive and therapeutic uses of zinc
4. Bioavailability and metabolism of zinc
5. Metabolic modelling of zinc and establishment of pool sizes
6. Interactions of zinc with other (micro)nutrients
7. Generic protocols for intervention studies involving zinc
8. Techniques and applications of radioactive and stable isotopes in the above kinds of studies
9. Instrumentation (and associated costs) for measuring radioactive isotopes of zinc, including sample preparation

techniques suitable for use in developing countries
10. Instrumentation (and associated costs) for measuring stable isotopes of zinc, including sample preparation techniques

suitable for use in developing countries
11. Costs and availability of radioactive and stable isotopes of zinc
12. Potential for applying isotope techniques in IAEA TC projects and CRPs
13. Co-ordination with other international programmes
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