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Foreword

The developing regions of the world are undergoing rapid demographic and
epidemiological transition. The number and causes of child death and morbidity are
important markers for these changes but more important to society at large are the
changes in patterns of child growth of survivors. Since relatively large proportions of
children fail to grow and develop normally, national development is retarded.
Decreases in fertility rates usually lag behind the changes in mortality by a few
decades; thus rapid population growth is typical of the transition. The dietary
determinants of the health condition of children in populations undergoing transition
also change. Predominantly cereal based food consumption patterns move to diets
with a greater proportion of animal food products, higher total fat and saturated
fats, and a progressive inclusion of industrially processed food in the diet.

The rural poor come to the cities and become the urban poor, living in precarious
housing, an unsanitary environment, working merely for subsistence and placing
great demands on governments to provide health and education services. The
political dimension of these unsatisfied demands in terms of covering basic human
needs characterises life in developing societies. This is the substance of life in
transitional societies. It fuels political struggles and significant frustration to
concerned scientists and health professionals. The impact of nutrition on infant
survival and child growth is at the heart of the matter in developing regions of the
world.

Many countries undergoing the nutrition transition have supplementary feeding
programs and other major nutrition interventions targeted mainly to the urban poor.
For example a recent FAO review of nutrition programs in 19 Latin American
countries found that over 20 percent of the population - or approximately 83 million
people out of an estimated 414 million in the study countries - receive some level of
benefits in nutrition-related programs. The allocation of limited national and
international assistance resources for these activities in the region is in the order of
several billion dollars. Undoubtedly these programs are influencing child growth but
although significant reductions in underweight and wasting have occurred; stunting
has been more resistant to change. In this setting providing food supplements may
be beneficial for some, while it may be detrimental for others. The definition of who
should benefit from the programs and what is the right combination of
nutrients/foods, education, and lifestyle interventions that is required to optimise
nutrition and health at each stage of the life cycle is a truly complex problem. This
requires the best scientific tools to define who should benefit, what should the
measurable outcome, how they should be evaluated, when programs should be
expanded and when they should be stopped.

We believe that isotopic and nuclear techniques are tools, not solutions and this
document will serve to demonstrate how isotopes can contribute to redefine
nutrition interventions and/or public health programmes. Isotopic methods can
shorten the evaluation of impact, since they provide sensitive measurements of
impact with faster capacity to detect change than traditional methods such as



anthropometry. Micronutrient malnutrition and bioavailability of vitamins and
minerals from traditional foods are not well evaluated using routine biochemical
methods. Recent developments in isotopic techniques offer unique advantages for
program design and evaluation addressing vitamin A, iron and zinc nutrition. The
mandate of IAEA to support national governments, UN agencies and others in using
nuclear procedures to monitor the impact of interventions, demographic change and
development will be served if this technical document, written by developing country
scientists, is taken to the problem and put into action. It is intended as a tool for
scientists and planners who would like to explore the potential and practical use of
this novel methodology in the effort to improve nutrition and well being of
underserved populations world-wide.
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1. Introduction

1.1. Technology in Nutritional Science

Good nutrition is essential if individuals are to achieve their full potential, yet
global statistics show this goal is still far from being reached. Chronic malnutrition is
still prevalent worldwide with over 800 million people affected and it impacts on the
survival and growth of children, the health of pregnant and lactating women,
resistance to disease and performance in school and at work. Thus national and
international investments in nutrition are fundamental for improving human welfare
and integral to reducing poverty.

However this nutrition challenge is not a simple issue. Key interventions for
improving nutrition are supplementation, food fortification and diet diversification but
economic and social development initiatives are the only true solution in the long run.
These are usually intended to improve household food security, care of children and
women and overall health. Intervention strategies should also take into account the
country, community, local needs and circumstances as well as local resources,
culture and behavioral patterns. The problem thus is to develop policies that can, by
way of careful planning, be turned into practical and sustainable solutions. If this is
done, investments by national governments, international organizations and the
private sector will be maximized in terms of impact relative to costs. In these
circumstances it is imperative to assess the need for nutrition programs and their
effectiveness. This evaluation and monitoring is key for effective social investment.

In the last 10-20 years, the development of science and technology applied to
nutrition has been impressive. Nutrition can no longer be underestimated as a
scientific discipline; nutrition embraces now modern physiology and biochemistry
(including molecular biology), anthropology and the social sciences and requires real
expertise from many sources, including the nuclear sector. Isotopic-based nuclear
techniques provide reliable biological indicators that give, at the decision-maker level,
important information to target and track progress in food and nutrition programs.
They serve as tools for evaluating nutritional status of populations and individuals for
micronutrients and vitamins, nutrient intake and bioavailability, body composition and
energy balance. The information provided verifies the nature of the nutrition problem,
helps implement or redirect on-going programs, guides in the processing of local
foods and provides indicators of important long-term health improvements or broader
social and economic advances.

As a result of the investment in human resources undertaken by IAEA in recent
years, under its mandate to promote the peaceful uses of nuclear technology,
nutritionists in developing countries are now more aware of the significance and
benefits of isotopic techniques. This includes stable isotopic methods that are
biologically safe and have no adverse environmental impacts. Equipment is being
increasingly made available by national investments in the science base. Sometimes
IAEA has given specific and direct support but in many instances support previously
provided for other nuclear sectors could be harnessed to address nutritional
problems.

1.2 The necessity for adequate nutrition policies and programs

It is no longer possible to simply divide the world's population into two groups
defined as well-nourished populations in the developed countries and generally
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malnourished populations in underdeveloped ones. To begin with, it is not safe to
assume that developed countries have well nourished populations. Thus economic
transition from under-developed to developed has brought with it a transition in
disease patterns with such rapidity in recent years that nutrition policies and plans
need to be especially accurately defined and applied.

The epidemiological history of Chile (see Figure 1, charting changes in mortality
with age from the 1930's to the present day) is illustrative of these changes according
to demographic and epidemiological transition.

Figure 1. Change in Life Expectancy in Chile 1935-1995
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In the pre-transition era a young population predominated. There were
sanitation problems (poor supplies of potable water and inadequate disposal of
sewage), there was a predominance of undemutrition in mothers and children, high
prevalence of low birth weight and micronutrient deficiency. Dietary fat intake was
low, there were relatively low intakes of poor quality protein and high fiber diets were
based on plant foods. Cereals and tubers such as maize, rice, wheat, potatoes,
plantain and cassava predominated as staple food and there was insufficient
consumption of legumes and limitation in the consumption of meat. Thus, in pre-
transition the problems to be addressed were mainly associated with nutritional
deficiencies affecting the mother, fetus and infant.

With urbanization and economic development transition there was an increment
of risk factors for chronic diseases, which coexisted with infectious and maternal and
child disease. Diet also changed with increased use of processed and refined foods
with reduced fiber and increased fat content, more animal foods and less physical
activity resulting in a rising prevalence of obesity. The coexistence of nutrition deficit
problems (undernutrition, anemia, micronutrients and calcium deficiency) and
nutrition excess problems (ovemutrition, hyperlipidemias) at the same time, is the
main characteristic of the nutrition transition period.

At the present time, post-transition in most urban societies the population is
aging, risk factors for chronic diseases have increased further and infectious and



maternal and infant diseases have decreased so that they are no longer the main
causes of illness and death. Animal foods and salty/sweet processed hydrogenated
fats now dominate in the diet but at the same time some segments of the population
have specific nutritional deficits, for example micronutrient deficiencies can be
present among low-income groups and the elderly. Increase in diet related chronic
disease such as cardiovascular diseases (CVD), cancer and osteoporosis become
an important cause of death and disability. Promotion of healthy life styles and
nutrition for healthy aging are critical.

1.3 Nutrition and Public Health

The need for nutrition interventions is clear and recognized world-wide for pre-
transition societies though conventional economic constraints demand that money is
well spent by properly addressing needs and designing interventions. In contrast, in
many developing countries there are now critical challenges to demonstrate that
national food and nutrition programs are still needed when the epidemiological
situation is moving from the transition to a post transition epidemiological pattern, but
in these cases the need is clear as well. Obesity, for example can be justifiably seen
as a disease of poverty in emerging economies and industrialized countries but
because of the more complex epidemiology involved there is a great need for
accurate and precise definition of the problems and measurements of the
effectiveness of intervention schemes so that resources can be usefully directed.

When considering Public Health issues, nutrition status of the population can be
used as a reliable indicator of health. Status can be defined in terms of nutrient
balance (see Figure 2).

A negative balance, due to reduced nutrient consumption relative to
requirements, leads to undernutrition. Malnutrition, as a consequence of
undemutrition and associated micronutrient deficiencies, has an obvious impact on
public health, seen as high rates of mortality of children under 6 years of age and
mothers during labor, increased morbidity, and impaired mental and physical
development of the population affected. On the other hand, a positive balance in
excess of normal requirements for growth may be equally harmful. This balance
produces obesity which can lead to CVD, metabolic alterations such as Type II
Diabetes (non insulin dependent diabetes mellitus, NIDDM), hypertension, high blood
pressure (HBP) and some types of cancers. Thus, in under- and over-nutrition
disability caused by inadequate nutrition is a charge for national health systems and
an impairment to achievement of full human development. Figure 2 illustrates the
importance of diet-related non-communicable diseases in the global burden of
disease and increased mortality.

Global nutrition challenges should be considered with a life-cycle approach.
Poor nutrition starts in utero, and extends particularly in girls and women throughout
the life cycle. Beginning with malnourished children, with high rates of morbidity and
failure to develop both physically (stunting/wasting) and mentally, surviving girls grow
up to become malnourished adults and give birth to low birth weight infants. During
pregnancy and subsequently, these mothers "transmit" their own poor development
to the next generation. Figure 3 summarizes the short and long-terms effects of a
poor diet in early life.



Figure 2 Consequences of Nutrient Imbalance
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Good nutrition in early life pays dividends not only in childhood and in later life
but poor maternal or childhood nutrition can also increase the susceptibility to chronic
diseases in adulthood. Furthermore, poor nutrition of young women has an impact on
the health of their children. In this way investing in maternal and childhood nutrition
has both short and long-term benefits that will be of huge economic and social
significance. Another important issue illustrated in Figure 3 is the close relation
between early maternal and children malnutrition with health in adult life,
susceptibility to chronic diseases and the risk of premature death. It is now belived
that undemutrition in intrauterine life programmes metabolism in order to make a
better use of the limited nutrients available, a phenomenon so called insulin
resistance. This metabolic adaptation, may however, lead in later life to increased
susceptibility to the now common chronic diseases (obesity, cardiovascular
disorders, diabetes, cancer).

1.4. Role of isotope evaluations

Given the situation described in 1.2-1.3 it is logical to chose maternal nutrition,
childhood wasting and stunting, and obesity as starting points to break the vicious
circle of malnutrition and disease. This section provides some examples of the role of
isotope evaluations in this process. Fuller descriptions of individual methods and their
uses are given in Chapter 2 and Chapter 3 describes a regional project in Latin
America in which they are being applied.

1.4.1. Evaluations in pregnancy and lactation

During pregnancy and lactation dietary energy requirements increase
markedly. When household resources are limited there are great demands on



Figure 3 Effects of poor nutrition and early diet on health
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women for work and un-fulfilled energy needs result in low birth weight infants and
reduced maternal work capacity and fat stores limiting the success of breastfeeding.
Pregnancy and lactation also increase maternal needs for vitamins, minerals and
proteins. Supplies of some nutrients to the fetus, crucial to the health of a newborn,
are maintained at the expense of the mother's health but for others, especially during
beast-feeding the infants may suffer more severe dietary deficiency than the mother.

Nutritional education and food supplementation interventions should be used
to reduce the incidence of low birth weight and other nutritional deficiencies such as
anemia. As is shown in Figure 4, isotopic evaluations of maternal nutrient status
(RIA for ferritin), food intake and energy expenditure (doubly labeled water) are
involved as diagnostic tools of the causes underlying malnutrition and as indicators to
assess the impact of interventions and improve them.

1.4.2. Evaluations in Infant Nutrition

The causes of childhood malnutrition are multiple but of great significance is
the nutritional inadequacy of many weaning foods and their early introduction in
developing countries. The conventional method for evaluating the nutritional quality
of complementary foods is weight gain. Weight gain occurs when total nutrient intake
from breast milk plus complementary food meets all needs, including those for
growth. To accurately judge the quality of the complementary food it is important to
measure the amount of breast milk intake. To measure infant growth is necessary to
assess body composition and energy expenditure before the intervention as well as
during and after the intervention to evaluate the improvement in nutritional status of
the infants post-intervention. Figure 5 shows the critical points.



Figure 4: Public Health Importance of Isotope Evaluations of Maternal Nutrition
during Pregnancy
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Figure 5: Public Health Importance of Isotope Evaluations of Infant Nutrition

Problem

Wasting/Stunting
Increased Infections

I
Cause

Interventions

Reduced breastfeeding

Optimize breastmilk intake

Isotope Evaluation

Reduced energy for growth and activity

Isotope Evaluation

1
Improve Quality of complementary foods

Isotope Evaluation

Monitoring Impact of Interventions

Maintenance of Nutrition and Health

I
Improved Quality of Life

Goal

Effect

1.4.3. Evaluations in Obesity

Obesity is increasing as a global public health problem. It is not limited to
technologically advanced countries but is now prevalent in formerly malnourished



populations in developing countries. Obesity is fundamentally a consequence of an
imbalance between food intake and energy expenditure, but specific causes are hard
to define. It is known that diets are changing rapidly in developing countries to a new
pattern of rich in fat and processed food often called the "Western diet" with the
culinary and industrial enhancement of the energy density of foods by adding fats
and sugars. This is invaluable in times of need, but potentially disadvantageous in
times of plenty. In these circumstances passive over-consumption becomes the
norm. The diet tends to have higher energy density and to include less fruit and fewer
vegetables, resulting in lower micronutrient intakes and simultaneously, as societies
become more urban, lifestyles tend to become less active and more sedentary. Thus,
diet-related non-communicable diseases have become significant causes of
morbidity and mortality, not only in rich and industrialized countries, but also in
developing countries.

According to basic principles of thermodynamics, all dietary energy (calories
eaten) is either utilized (expended) or is stored as fat (Energy used + energy stored =
energy eaten). In people who are gaining or losing weight, energy stores are either
increased (weight gain) or used as an energy source (weight loss). The difference
between dietary energy and energy expended is equal to the total amount of energy
stored.

Changes in obesity can be measured by changes in body composition, which
are reversed by exercise and diet in each individual or in populations. Measurements
of energy expenditure are very useful for determining how much energy is being
stored and are indispensable to strategies for reducing the morbidity and mortality
associated with undesirable changes in body composition. Figure 6 shows how
isotopic evaluations help in achieving the goal of adding healthy life years and
improving quality of life by finding ways of preventing obesity.

1.5 The role of IAEA

As a "technical" Agency within the UN system the IAEA has to achieve a proper
balance between the extent to which its activities are driven by technology or need.
In the case of nutrition this is hardly an issue because generally speaking the
technologies (e.g. mass-spectrometry, y-counting and the production of isotopes)
have arisen in the nuclear sector to be discovered later as unique tools to meet
needs for application of science to fundamental problems. IAEA has played a
significant part in bringing the methods to the attention of nutritionists world-wide.

Isotope-based studies in human nutrition were a small component of the
Agency's program before 1990. The activities dealt with analytical methods such as
neutron activation analysis for the measurement of body composition, essential and
toxic trace elements in diets, individual foods and human tissues. Methods with
radioisotopes to measure bioavailability of iron were developed and validated over
this period. Fellowship training in isotopic techniques relevant to nutrition was
organized when requested for scientists from developing countries but these were
not always linked to specific projects.

IAEA gave a higher priority to the role of nuclear techniques in activities that
would change people lives. This increased the human and financial resources for
nutrition activities. The Coordinated Research Projects (CRPs) for the nutrition
program were created to use isotopic techniques to address problems to which they



Figure 6: Obesity and Health
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In the 1990's, the scope and pace of these activities increased. Governments
and were uniquely suited. In particular the use of stable isotopes was emphasized
because so much nutrition work has to be done on relatively normal or "well"
populations where the use of radioisotopes is not always ethically acceptable. Thus
IAEA now has at its disposal a set of tools not just for research but also to allow clear
definition of practical problems and the evaluation of outcomes following intervention.

In its Thematic Plan for Nutrition IAEA's Department of Technical Cooperation
has recognized that these indicators are key to improving the design and delivery of
intervention programs. Isotopic techniques conspicuously enhance short- and long-
term surveillance and monitoring.

In summary, the objectives now are to meet the nutrition challenges facing
countries by the use of isotopes in nutritional evaluations, bearing in mind that
isotopic and nuclear techniques are tools, not solutions by themselves. IAEA does
not manage or fund nutrition investigations or interventions at the public health level;
other international- national- and non-governmental-organizations have mandates for
that. Nevertheless, IAEA is playing an enormously important role in facilitating the
use of isotopic and nuclear related methods to improve the cost effectiveness of
nutrition and health interventions. The aim of this document is therefore to describe
the the nuclear techniques that are available to apply in evaluations of interventions
in the current epidemiological and nutrition situation of the developing countries and
in those with emerging economies.
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2. Isotope techniques related with the evaluation of nutritional interventions

2.1. Body composition: Application of nuclear methodologies to nutritional
interventions

Background

Body composition measurements are invaluable in determining the nutritional
status and its changes. The evolution of body composition constitutes a sensitive
response to a particular physiological state or to nutritional interventions.

The basic requisites for evaluation methods to be used in field studies are
feasibility, applicability to a wide range of population, non-invasiveness, safety,
accuracy and precision, and of moderate cost.

Body composition can be examined from different approaches: level of
measurement, degree of precision and accuracy needed. The level of measurement
refers to the component considered when artificial divisions of body are constructed.
The evaluation of body composition comprises from the atomic level (evaluating the
content of elements such as hydrogen, oxygen, carbon, sodium, potassium and
others), molecular level (total body water, total body nitrogen), tissue level (fat and
muscle tissue) finally reaching the level of whole body measurements (weight and
height) (1). The simplest mode to evaluate body composition is the determination of
fat mass and fat-free mass content. When measuring one of these body portions, the
other can be obtained by the difference to body weight.

Fat mass and fat-free mass (water, bone mineral, protein and glycogen) may
also be determined independently. Fat-free mass may be obtained by measuring any
of its components, and finally derived by using specific assumptions and
calculations, which are valid for the evaluated group.

The conditions required for field studies and the evaluation of the impact of
nutritional interventions limit the applicability of sophisticated measurements, as will
be shown ahead.

Analysis of advantages and disadvantages of alternative techniques to
measure body composition in vulnerable populations

The discussion will concentrate on the availability of methods to be used in the
elderly, infants, children, pregnant and lactating women, which constitute the most
vulnerable populations, susceptible to nutritional interventions.

Anthropometry is mainly utilised to assess broad changes as weight, height,
and body distribution of fat mass, using skinfolds thickness and circumferences. It is
certainly applicable to a wide range of population, safe, non-invasive and cheap; the
limitations of this technique include reproducibility of measurements, inter-observer
variability, and the use of predictive equations. Determination of fat mass using
skinfolds thickness may be impaired by technical limitations but the main constraint is
the specificity of predictive equations used in the evaluation of fat mass. These



equations may be affected by ethnic, sex, age and physiological state characteristics
(2,3,4).

The use of equations determined in a given population, when evaluating
gradual changes in a different population, poses difficulties related to the accuracy of
the evaluation. The problem is most relevant in the vulnerable populations
susceptible to nutritional interventions.

The gold standard for fat mass is body density, which involves the
measurement of body volume, and in its present validated form requires the
complete immersion of the subject in water. The technique presents some difficulties
which renders the technique impracticable at population levels: obvious mechanical
complications for vulnerable populations, variability of density of fat-free mass
according to age, sex and physiological state and lack of validated values for density
of fat-free mass on different populations. There are other non-invasive alternatives
for the measurement of body volume, which need to be validated in broader
populations.

Fat-free mass contains minerals, protein, water and glycogen. Nuclear
methodologies can be applied in the full range of body composition evaluation. At the
elemental level, neutron activation analysis (NAA) is a very accurate technique, but it
involves the use of radiation and sophisticated facilities; nuclear magnetic resonance
(NMR) and computerised tomography (CT) are expensive and impractical for most
field studies.

At tissue level, dual-energy X-ray absorptiometry (bone mineral and tissue
evaluation) complies with most of the needs specified beforehand but requires the
patient to attend to a specific location, which becomes impractical in rural settings. A
whole body counter can measure 40K body content and it could be used to determine
muscle protein content but it is also expensive and impracticable in field studies and
rural settings. Both methods involve a minimal exposure to X-ray radiation, which
limits its routine use in pregnant women and infants

At molecular level, stable isotopes kinetics can be used to evaluate total body
water, which is representative of the fat-free mass of the individual. The utilisation of
oxygen-18 or deuterium enriched water constitutes the gold standard for evaluation
of total body water (5) and it is safe, easy, non-invasive, precise, accurate and
readily accepted in the subjects of interest. The application of the technique does not
involve the mobilisation of the subjects from their place of living, can be done by any
trained observer, and subjects are only required nocturnal fast.

Total body water is exclusively found in the fat-free mass, as fat mass is
anhydrous. Fat-free mass contains a fixed proportion of water, which vary with age,
sex, health, and physiological status, in a definite proportion (hydration coefficient).
As such, the measurement of total body water allows the determination of both fat-
free mass and fat mass.

Among all methods described, total body water evaluation with deuterium
dilution technique is the simplest method to measure fat-free mass and is applicable
in field studies. The measurement of total body water has been suggested as an
important way to be used in nutritional interventions, given its sensitivity to nutritional
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changes. This measurement also allows the validation of easier methodologies in the
evaluation of a particular age group of physiological condition (7,9,10,6-14). In our
experience, this methodology is readily acceptable at population level and has an
excellent collaboration from the subject or family.

Description of the measurement of total body water with deuterium dilution
technique

Body water constitutes the basic solvent in which all vital processes occur. As
such, it is the most abundant chemical compound in the human body (50-65%) and it
plays an essential role in the regulation of cellular volume, transport of nutrients,
residue removal and thermal regulation. In healthy individuals, total body water
volume is well regulated, distributing into extracellular and intracellular water. The
maintenance of fluid balance in the body water and its components, convert body
water in one of the most sensitive variables to respond to nutritional or physiological
challenges

The determination of total body water is of importance in the states of health,
disease, physiological change (pregnancy, growth, lactation, ageing), intense
physical demand as in heavy exercising and sport competition, among others. In all
these situations, the proportion of body water or water intake needs may change with
time.

As mentioned before, the gold standard for measurement of total body water
is the isotopic dilution of deuterium or oxygen-18. These isotopes have the same
electrical and chemical behaviour as their original element, differing only in the
amounts of neutrons, which solely alter the physical property of atomic mass.
Deuterium oxide is preferred, given that its price is much lower than oxygen-18
enriched water. Both isotopes are naturally found in basal quantities in the body, due
to mainly water intake (around 150 part per million in the case of deuterium and 2000
parts per million for oxygen-18,).

Equilibrium time of the isotope in body water and sampling fluid

The isotopic tracers are not distributed instantaneously in the body water, as
the tracers must cross capillaries, interstitial fluid, dilute in intracellular fluid, until
reaching a homogeneous concentration in the whole body water. This moment is
termed equilibration time. This time depends of the health status and age of the
person, and can be increased in the case of oedema (4).

The choice of sampling fluid involves the consideration of this equilibration
time, accessibility of the specific fluid, the individual health status and type of
evaluation involved. Plasma can be obtained, if blood is being collected for other
protocols, as its collection is a source of refusal to participate in an evaluation, and
impracticable in small infants. Urine has a long period of equilibration (6 hours),
cannot be collected on demand, but is an easy form of collection in protocols
involving longer times than the plateau equilibration time. Saliva is a readily
accessible fluid, has a short period of equilibration (2.5-3.5 hours in most situations)
and in our experience, is suitable from small infants (one month of age) to the elderly
population.
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Validation of measurement protocols

The measurement of total body water must be standardised, as total body
water does not remain constant along the day. The best way is to measure it in the
morning, after an overnight fast and having emptied the bladder. Maximal differences
encountered in normal subjects, along 14 days of evaluation of body water, do not
exceed one litre (a coefficient of variation of 2-5%). Three protocols may be utilised;
planners and researchers must choose the best suited to their objectives and
possibilities (5).

a) Plateau method: this methodology assumes that total body water is measured at
the time of dosing, and as such the individual must not ingest any liquid from the
dosing time until the equilibration time. In any event, the intake of liquid from the
moment of the dose and the equilibration time must be controlled for.
Calculations have been done to correct for fractionation factors, metabolic water
formation and incorporation of water trough the respiratory process, as well as
elimination of water trough urine and sweat. (5).

In this protocol, one sample of saliva is collected in the morning to assess basal
content of the isotope, the dose is administered and one sample is collected after
the equilibration time. The equilibration time is different for the populations
depending on age and biological situation and has been validated in different
studies: three hours for healthy adults (4), three hours and a half for elderly
subjects (7), five hours for babies that cannot interrupt their feeding (8). In special
cases, such as pregnant women (9) and children (10), a time of 2.5 hours can be
used with a difference less than 1 % with values at three hours. This may become
particularly important, in the case of group evaluations at health centres and
schools.

b) Nocturnal equilibration. In this case the isotope is administered in the night and
urine sampling is chosen; body water is measured early in the morning. This
protocol is best suited for hospitalised patients, thus it would only be used in
specific nutritional interventions under disease conditions.

c) Back extrapolation. This protocol involves the collection of a basal sample (saliva
or urine), the administration of the isotope and the collection of 2-3 samples post
dosing and equilibration time (as example, on days 1-5-14). The duration of the
protocol involves the knowledge of water turnover in the population evaluated,
since for error considerations two to three "half-lives" of the isotope must be
contained in that period (11). This form of measurement is convenient, when
other evaluations are being conducted in parallel, as energy requirements of a
population (using the doubly labelled water method) or in the protocol of
evaluation of maternal milk production.

The amount of dose vary according to the age and protocol used. In the case of
adults an amount of 0.05-0.1 g/kg weight may be used in back extrapolation and
overnight protocols. For plateau evaluations, which only involves a measurement at
2.5-3.5 hours, the dose can be reduced, according to the precision of the mass
spectrometer being used; suggested dosing is 1-2 grams of 99.9 deuterium oxide. If
water turnover is higher, as in the case of infants, a dose of 0.2g/kg weight is
suggested.
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In all cases, once samples have been collected, they must be refrigerated at -
20°C until determination of their isotopic content by either mass spectrometry or
infrared determination (4).

Advantages and disadvantages of the method

It is necessary to count on accurate, short-term response measurements to
assess the impact of a nutritional intervention. The measurement of total body water
is one of them: the necessary maintenance of fluid-balance makes it a sensitive way
of evaluating body composition changes. It is capable of giving faster and more
accurate evaluation of changes than weight and height alone; saving time also saves
money from public or external funding. In countries, where increasing overweight is
also a problem, the evaluation of total body water can give an insight into the change
of distribution of body composition. This measurement is also used to validate
anthropometric specific equations, intending to determine fat mass and fat-free mass
in a given population.

In relation to precision, suitability and cost, the application of stable isotopes
is:precise (CV<1%), can be conducted in almost any situation of interest to nutritional
interventions, and it is relatively inexpensive as an individual measurement does not
exceed US$ 20-25 per subject.

The main limitations are related to the variability of the hydration coefficient
(physiological) and the determination of the isotopic content of samples (technical).
The physiological constraint implies the knowledge of the hydration coefficient for the
specific population or the need to measure specific hydration coefficients to establish
fat-free mass with certainty. This area of research has already established hydration
coefficients in specific age groups as children, pregnant women and the elderly
(2,3,4,12,13). There is need to enhance the knowledge on this aspect in other ethnic
and age groups, in which the isotopic evaluation of total body water is of particular
relevance.

The technical constraint relates to the accessibility to measurement
equipment. There are several forms of determining the concentration of 2H2O in
biological fluids after equilibration time: gas chromatography, infrared spectroscopy
(14) and the standard method use, isotope ratio mass spectrometry (IRMS). This last
measurement has been preferred for its high precision, requirement of low dosing
and the possibility of using oxygen-18 as well. If infrared spectroscopy is being used
for the determination of enrichment, the dose must be three to five times higher at
least, due to lesser precision of this methodology.

To solve the access to IRMS facilities or infrared spectroscopy in a country, it
is important to continue developing the type of collaboration reinforced by the IAEA,
allowing for regional collaboration, as the case of Latin America.

This work has demonstrated that total body water determination by stable
isotopes is the most suitable methodology to be used in field studies and in the
evaluation of the impact of a nutritional intervention.).
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2.2. Measurement of breast-milk intake with deuterium oxide and its relevance
to nutrition policies and evaluation of interventions

Background

During the first year of life, the human being is at its most demanding nutritional
period and human milk is perfectly designed to meet those needs; according to the
recommendations of the World Health Organization (WHO) and UNICEF, infants
should be fed exclusively until six months of age.

Human milk is composed mainly of water, carbohydrates, fats and proteins and
contains hundreds of different biological compounds and cells. This blend of
components is directed at meeting the nutritional needs of infants for optimal physical
growth and organ development. Breastfeeding is key to human survival, past,
present and future.

Milk volume is related to both maternal nutritional status and infants' birth
weight. Other factors influencing are age, parity, stress, alcohol intake and smoking
habits, and maternal conditions must be optimised to assure a successful lactation.
The lactation period is one of the clear-cut targets of a nutritional or educational
intervention, aiming at changing the mentioned conditioning factors.

In poor countries where human milk production may be endangered, the use of
bottle-feeding is linked to nutritional deficiencies (iron), allergic symptoms, sudden
infant death, emotional consequences and infections (diarrhoeal disease and otitis
media). Paradoxically, bottle-feeding is at least, three times more expensive than
breast-feeding. That is another reason to encourage maternal breast-feeding in these
populations. In this case, the promotion of natural lactation is clearly cost-effective.

In any of these interventions, the knowledge of breast-milk volume before and
after the intervention, can demonstrate the impact of such intervention.

Methods to evaluate maternal milk volume, a comparison.

Volume has been traditionally measured using the 24 hours test-weighing
technique. Unfortunately, this method interferes heavily with the normal life of the
mother and child, thus cannot be conducted for more than two days and it is difficult
to carryout under field conditions. Test weighing requires measurements every time
the child is fed even when small quantities are given. It is common that a baby in
developing countries is breastfed 8-12 times a day, increasing the measurement
error since on a relative basis small volumes of milk intake are measured with less
precision. Test-weighing may be a useful technique in western societies where well
educated mothers lead a more orderly life, with a maximum of 4-5 feedings per day.
Another difficulty of test-weighing is that it is not easy to measure in a large
population, due to the need of a big number of trained personnel, and in some
communities, the interference that test-weighing introduces in the family life, will not
be well received.

The use of a stable isotope, deuterium, has permitted to count on an easier and
more accurate way of measurement of maternal milk output. Deuterium is a naturally
occurring and non-radioactive isotope of hydrogen, which may be used in infants and
children. Two different methods have been designed and validated and are described
briefly in the next point.
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Description of the methods for the measurement of breast-milk intake with
deuterium oxide

Dose-to-infant method

The use of deuterium dilution to measure breast-milk was first introduced in
1979 by Coward (1) in the dose-to-infant method. This method is safe, cheap, and
more accurate than test weighing, causing minimal stress to the mother and infant,
and is also easy to use in fieldwork. The method is simple: at the beginning of the
experiment, a saliva sample is taken to establish the baseline of deuterium
enrichment, taking into account that deuterium is a natural existing isotope in water,
present in different concentrations depending on the water source. The second saliva
sample is taken to establish the equilibrium enrichment after given a dose of
deuterium to the infant. The third sample is taken one week later. To minimise errors
it is recommended to extend the period of measurements over 2 biological lives of
deuterium in the body. This depends on water turnover of the infants, a minimum of
5-7 days.

The infant is weighed on each occasion and the mother is instructed to refrain
from giving liquids or food other than breast milk during the study period (1-4).

This method is extremely useful in those infants in which their unique source of
water comes from milk intake. A graphical description is provided in Figures
7A, baby's in and otflow of water, and 7B, dissapearance curve of deuterium from the
infant, due to inflow of water from milk and other sources.

Figure 7 Graphical Description of the Dose-to-infant Method
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Dose-to-mother method

The previous method does not consider extra fluids ingested by the infant,
which may overestimate milk volume. In developing countries, mothers tend to give
extra fluids and infusions to the infant, in spite of the intensive health education
opposing to this practice. To circumvent this difficulty, Coward et al (1982) proposed
a new method, which he termed the dose-to-mother method (2). The dose of
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deuterium is given to the mother and the infant obtains the deuterium solely by the
ingestion of maternal milk. Each mother is given a standard oral dose of deuterium
oxide ensuring complete ingestion. Samples of milk from the mother and samples of
saliva from the baby are collected in the subject's home on days 1, 2, 3, 4, 13 and 14.
Mother and infant are weighed at the beginning and at the end of the study. By
monitoring the changes in deuterium levels in the mother and child, the volume of
labelled and unlabelled water can be determined. Unlabelled water comprises
external fluids, metabolic water formation (from oxidation of solid food), and water
outgoing through skin and lungs. A graphic description of pools involved is given in
Figure 8A and of the disappearance of deuterium from the mother in blue, and from
the infant in red, Figure 8B).

The detailed description of calculations have been produced in a report from the
Nutritional and Health Related Studies, (NARHES), which can be accessed freely.
The booklet is also accompanied by software provided by Dr. Coward.

Validation of both methods

The first method has been evaluated against test weighing (3) and validated in
fieldwork (4). The dose-to-mother method has been validated by simulation of the
mother through labelled and unlabelled formula bottles (5,6). These methods are
extensively in use, and are being implemented in several countries participating in
IAEA projects, from both Latin American and Asian continents.

Figure 8 Graphical Description of the Dose-to-mother
Method
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Advantages and disadvantages of the method

The standard system to measure trace elements in biological fluids, is mass
spectrometry. This is a sophisticated and expensive equipment, requiring trained
personnel, but extremely precise and requires a minimum amount of dosing of the
subjects. Facilities have been extended beyond traditional laboratories in Europe
and the United States, and the support from IAEA has been significant not only in
equipment, but also especially in creating partnerships for the transfer of technical
knowledge and quality control.
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The main disadvantage of the method in terms of application in developing
countries is the facilities necessaries to conduct these measurements. Nevertheless,
regional partnerships can overcome this limitation. For example we have established
a network of Latin American countries including countries where facilities do exist. It
is also feasible, as has been proven by our own experience, that collaboration with
developed countries' laboratories, can be extremely fruitful in training personnel, or
plainly providing access, to mass spectrometry facilities.

The alternative method, infrared absorption, is less precise, requires a
deuterium dose three times higher. On the positive side, the equipment is fairly
cheap and the expertise is more accessible.

Utilisation of the technique in the evaluation of nutritional programmes.

Adequacy of maternal breast milk.

• The development of both methodologies has allowed longitudinally follow-up of
milk production. The first longitudinal work conducted in Papua-New Guinea
showed quantitatively the adequacy of breast-milk production along time. Milk
volume grew steadily from 601 ±100 g/d at one month to a maximum of 901 ±
211 at 9 months. It was also observed a high variability in the milk production,
from 468 g/d to 1335 g/d between the age of 6 to 8 months in the infant. This
information suggested that recommendations in the length of breastfeeding must
take into account broad ranges in the volume produced. It was shown that in
average, the volume of milk produced an adequate growth up to 7 months of
age (7).

• A series of studies (8,9,10,11,12) in different countries, showed the adequacy of
breastfeeding until six months of age in terms of energy intake and growth.
Present recommendations indicate that duration of exclusive breastfeeding
should be extended to that age, posing a further concern on the suitability of
maternal nutritional status to cope with that demand, particularly in countries
where undernourishment is high, and mothers have to return to work soon after
birth.

• One important application of the measurement of breast-milk volume, is the
association of infant's growth pattern with the maternal nutritional supply to the
infant. At present, there is WHO Project being conducted in several countries of
different continents, to construct adequate growth charts for the breastfed
infant. Present charts come from infants who receive mixed feeding; these tend
to overestimate the required intake for normal growth.

• The measurement of breast-milk volume by deuterium dilution is specially suited
for these cohorts, as test weighing is not easily applicable in large populations
and has some errors involved, due to daily variations of breast-milk intake.
Associating maternal milk volume and milk composition to infant growth will
provide an opportunity to assess ranges of breast-milk variation, which are
adequate for normal growth.
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Nutritional interventions

The feasibility of this type of measurement in field studies, before and after
nutritional interventions are very clear. Nutritional interventions have been shown to
improve the breast-milk composition on marginally nourished women in Gambia (13);
volume of breast milk can be improved in women of poor nutritional status and
undergoing food shortage (14,15).

In a study in Chile, duration of breastfeeding was related to birth weight, higher
maternal weight and the number of suckling periods in the infant. These results point
out to the need of improving the care for maternal nutritional status during pregnancy,
and to provide support for the mother during the lactation period (16). A relationship
has also been established between birth weight and volume of breast-milk intake
using isotopic measurements (r=0.802, p<0.001). In terms of maternal nutritional
status, the use of deuterium has permitted to show that obese women produced
more milk than normal and undernourished women did together (1,142.8 ± 203.8
ml/d versus 850.8 ± 270.7 ml/d). Both results were obtained in a field study in Chile
(8).

Nutritional improvements will reflect, not only on infant growth, but also on
maternal nutritional status, which is very important in developing countries, given the
high fertility. Nutritional supplementation should ideally be established before
conception, to produce the best outcome, both in birth weight and adequacy of breast
milk volume and composition. The current economical situation in the developing
world makes this unlikely, except in those countries where social development
strategies give a high priority to health and care of women before and during
pregnancy.

Improvement of maternal nutritional status before and as early in pregnancy as
needed, is a cost-effective measure. It prevents further deterioration and will impact
on the birth weight of the incoming, or next pregnancy infant. This fact, does not only
have implications on the newborn rate of perinatal mortality and morbidity, but it can
evolve in protecting him/her of long term damage in their adult life (17).

The role of milk volume measurement in a nutritional intervention

• Specific intervention studies could benefit greatly from the measurement of milk
volume. The type of intervention may be related then, to the measurement of
breast-milk volume, changes on milk composition, quantity of transferred nutrients
to the baby, the effect on infant growth, composition of infant growth and
morbidity. These possibilities improve the associations made, and give a more
accurate picture of the quality and real impact of an intervention.

• On the other hand, the measurement of breast-milk volume can also give an
insight on a specific problem affecting lactation. This fact will permit health
authorities, to count on solid information in which to base their recommendations
and health planning. This is the case of a studies in Mexico, in energy from
breast-milk was similar to those produced in developed countries, but still, infants
had growth faltering between the fourth and six month of life, suggesting that this
pattern could be attributed to either a lack of a specific nutrient, or to the impact of
a less protective environment (18).
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Factors influencing infant growth and development during lactation

Maternal smoking effect on breast milk volume

• Smoking was known to affect the duration of lactation in humans. The
deleterious effect of nicotine on rats' prolactine (one of the two involved
hormones related to production of breast milk) had been shown. The first
quantitative assessment of the effect of smoking on maternal milk production
and infant growth was demonstrated in a study conducted in urban women from
Santiago, Chile. At 41 days of age, infants from non-smoking mothers produced
significantly higher volumes of milk than smoking mothers (961 ± 120 g/d
versus 693 ±110 g/d) and this fact reflected in the growth rate of their infants
(550 ±130 g/d and 340 ± 170 g/d). Smokers had an average of 5.8 cigarettes a
day during pregnancy and lactation. Emphasis should also be placed at
educational level, to avoid smoking, given the importance of breastfeeding on
infant's health (14).

The influence of maternal milk on brain development and body composition

• Milk is not only valuable for optimal growth, but it also has beneficial effects on
brain development, due to the exclusive presence in human milk of the long
chain of polyunsaturated fatty acids (n-6 and n-3) and other essential
components. Most artificial available formulas in the developing world do not
contain the necessary nutrients including essential fatty acids needed for
optimal organ development (19).

• The adequacy of breast-fed infants in comparison with formula feeding, is an
established fact; despite the lower energy intake, breast-fed infants have similar
weight gain.

• Breast-feeding until six months of age, is not only optimal for growth and health
during that period, but also produces improved growth in small-for-gestational
age infants at one year of age (20,21,22). On the other hand, a series of
observational studies have shown that breastfeeding prevents childhood obesity
and decreases the risk of diabetes-type I and diabetes type-2 (non-insulin
diabetes mellitus) in later life.

Conclusions

Breast-milk is the most efficient source of nutrients for the growing infant. The
present availability of the isotopic methodology to measure breast milk volume, plus
other methodologies, allows a team of planners and researchers to assess the
impact of a specific intervention on breast-milk volume, infant growth, infant body
composition, morbidity and development. Some examples are the following:

• Adequacy of milk volume and micronutrient content, and its influence on infant
growth. This problem is particularly relevant in undernourished women,
adolescent mothers and smoking mothers.

• Measurement of breast-milk volume and composition and its association to the
infant's growth pattern in the breastfed infant.

• Relationship between complementary feeding and an eventual reduction of
breast milk output.
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Undernutrition and transference of free fatty acids (omega-3 and omega-6), and
its effects on maturity of brain functions, such as vision.

The duration of breastfeeding and metabolic maturation in normal and small-for-
gestational age infants.

Association of a specific nutritional or environmental factor, on duration and
volume of breastfeeding.

Impact of specific nutritional interventions on milk volume, composition of milk
and infant growth and development.
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2.3. Energy expenditure by doubly-labeled water (DLW)

Background and justification of the technique

Fulfillment of energy needs is mandatory in order to support body functions and
repair. Macronutrient oxidative metabolism assures glucose supply to key organs
such as the brain. Energy expenditure is equivalent to energy requirements in adults.
The sum of basal energy expenditure, physical activity and thermogenesis constitute
the main components of energy expenditure. For children and pregnant mothers, the
energy cost of tissue gained as growth is added.

Direct and indirect calorimetry have been widely used to assess energy
expenditure and its components. Instruments used for this purpose confine or restrict
subjects to the place where the measurement is performed. Until recently, there was
no option to measure energy expenditure in genuinely free-living conditions. The
method using doubly-labeled water (DLW) proposed by Lifson in 1955 (1) was the
first method that allowed for the estimation of energy expenditure under free living
conditions. It took another 30 years to refine the method and adapt its use in
humans. The high cost of oxygen-18 (18O) restricted its use to small animals.
Schoeller improvement in precision and sensitivity of detection in mass
spectrometers minimized the cost of isotopes to make it feasible to use in humans
(2). The method has been widely used since the eighties and presently there are
multiple studies at all stages of the lifespan. Studies available cover lactation,
pregnancy and infant growth in many different geographic locations and
environmental conditions. DLW became a reference standard to estimate energy
requirements in free-living people (3). In subjects known to be in energy balance,
energy intake from dietary surveys can also be validated by comparison to DLW.
Another application allow to assess the amount of energy spent by physical activity
and from there to calculate the physical activity level (PAL). This is obtained by
calculating the ratio between total energy expenditure (TEE) by DLW and the basal
metabolic rate (BMR) measured by indirect calorimetry.

Description of the technique

The DLW method is in fact a variant of indirect calorimetry, based on the
differential excretion of deuterium (2H) and 18O from the body. The technique uses
two isotopes (2H and 18O) to label body water and one (18O) to label the carbon
dioxide pool. After a dose of water containing the two isotopes, body water is
enriched in 2H and 18O.

After 3-4 hours both isotopes reach equilibrium in the body and they decline
exponentially to their natural abundance levels (Fig. 9). The concentration of
deuterium will decrease as a result of the intake of unlabeled water consumed as
foods, drinks and also as a result of the metabolic water formed from the oxidation of
macronutrients fuels. Concomitantly, there are water losses via the skin, lungs,
excretions and secretions that reduce the concentration of the label in the body.
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Fig 9. Doubly-labelled water Isotopic dissapearance from the body
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Oxygen-18 is lost not only as water, but also disappears from the body as
carbon dioxide (CO2). The explanation for this is that CO2 in body fluids is in isotopic
equilibrium with body water due to the action of the red blood cell and tissue enzyme,
carbonic anhydrase. The slope of 18O disappearance will be steeper because it will
represent the sum of H2

18O and C18O2 losses, while deuterium is only lost through
water (H2O) (Fig 10.

Fig 10. Doubly-labelled water principle (Am J Clin Nutr 1998; 68:927-979)
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The difference between the two disappearance rate constants (rH20 and rc02) will
be proportional to the total amount of CO2 produced within the period of
measurement, usually 10-14 days. Energy expenditure can be calculated from the
amount of CO2 produced, using the same indirect calorimetry energy equivalents for
each liter of CO2, assuming a given respiratory quotient (RQ). This RQ can be either
assumed or estimated from the average composition of the diet consumed. The latter
is called the food quotient and can be calculated from the relative proportion of the
energy coming from carbohydrates (CHO), fat and protein in the diet (4).
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Validation studies

Validation studies of DLW method have been performed in animals (5,6) and
humans of different ages and health conditions. In humans, the method has been
validated in 13 separate studies, some of these used intake-balance methods but the
majority used continuous indirect calorimetry or direct calorimetry (7,8,9,10). Taken
together there is some indication that DLW may overestimate energy expenditure by
about 2% in adults but not in infants (11,12). None of the studies available have
indicated any significant discrepancy between those methods and DLW.

Possible errors in the method

The application of the DLW method requires the acceptance of several
assumptions (13) related to the constancy of water pool throughout the measurement
period, rates of H2O and CO2 fluxes, isotopic fractionation, no label re-entering the
body and constant background variation. In spite of all these sources of error the
method has proven to be valid, with less than 1% error in most cases including
pregnancy, growth and weight gain. A variety of corrections are available to account
for the resulting errors, details can be found in the IAEA/IDECG consensus report

(ID-
Field studies and utilizations of the technique in the evaluation of nutrition

programmes

• Energy recommendations in infants and children

The 1985 FAO/WHO/UNU committee Report on energy requirements, took a
giant leap proposing that energy needs be established based on measured energy
expenditure. Unfortunately, at that time it was not possible to define infants and
children requirements based on the observed intakes of apparently healthy and
normally growing infants and children. Energy recommendations were set 5% higher
to compensate for the possible underestimation of intake based on dietary survey.
The data included information available from 1940 until 1980 (14). A data set of 9046
points of energy intake were regressed against age to produce a curvilinear equation
to describe its relationship:

Energy intake (kcal/kg/d)= 120 -10.4 * age(months) + 0.76 x (age)2 (^=0.41)

Later meeting gathered by IDECG in 1994, reviewed the issue and considered
new sets of data available for infants, which included energy expenditure (15). New
equations were developed and the fact that there were different data sets for intakes
of breast-fed and formula fed infants resulted in the development of separate
estimation equations based on the type of feeding:

Breast fed energy intake (kcal/kg/d) = 116- 12.3*age + 0.83*(age)2 (?•= 0.66)

Formula fed infants (kcal/kg/d) = 125 - 9.3*age + 0.64*(age)2 (?= 0.67)

Estimates of breast milk intake by the test-weighing method, weighted dietary
records and dietary recall questionnaires, were used to gather the information in all
the studies. There are obvious limitations in the estimates of energy intake given by
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any of the methods used. Breastfeeding for example has to be corrected for
insensible water losses during the breastfeeding; therefore the number and duration
of each feeding period must be known. Underestimation of 4-6 % in energy intake
can be attributed to this factor in infants. The estimates of energy requirements given
by the 1994 report are 2-15% lower than the 1985 committee. The discrepancy is
partially explained by the 5% increment to account for food intake error added in the
earlier approach.

The estimates of energy requirements of older children have now been
estimated from energy expenditure data. Multiples of the basal metabolic rate (BMR)
were used to define level of physical activity. BMR estimates were readily available, it
was not the same for physical activity. Limited data exists for time motion studies and
heart rate monitoring children of less than 10 years of age. Most studies have been
done in developed countries, none in school aged children from rural areas in less
developed countries (16).

Studies with DLW in infants require validation against indirect calorimetry
because of their faster rates of water turnover and growth. Mean errors were
0.3±2.6% (17), -0.9 ± 6.2% (18), -4.5±6.0% (19), and -0.4±11.5% (20). The doubly
labeled water method has provided an instrument to assess energy expenditure in
free-living conditions in a variety of developed and less developed countries and
environmental conditions (21,22,23,24,25,26,27). From these studies it has been
observed that mean energy requirements are 9-39% lower than the FAO/WHO/UNU
estimate. The difference is greater in estimates for early infancy and smaller close for
the first year of life. This is not trivial, since health care professionals using
FAO/WHO/UNU recommendations could be inducing overfeeding of infants. In light
of these findings, the IDECG report recommended to revise energy intake
recommendations and advised to gather more DLW data, particularly for populations
at high risk of energy imbalances. Furthermore, since requirements were lower in
breast-fed infants (40 kcal difference on average), feeding mode should also be
considered in defining energy requirements of infants (15).

• Energy requirements during pregnancy and lactation

The estimates of energy demands of women during these two physiologic
periods can be greatly improved by the use of DLW, especially if used in combination
with indirect calorimetry. Average increments in energy expenditure during
pregnancy found by cross-sectional studies, have been estimated as 0.11, 0.47 and
11.5 MJ/day (26, 112 and 275 kcal/day) for the first, second and third trimester,
respectively. These values are amazingly close to those estimated from indirect
calorimetry (0.18, 0.41 and 1.26 MJ/d). The activity plus thermogenesis component
calculated as TEE-BMR is highly variable depending on the population studied.
Higher physical activity levels are found in rural women from Gambia (28,29). A
steady decrease in physical activity level with pregnancy progression can be
assumed to occur in women from developed countries (30).

Energy requirements during lactation are usually calculated from the amount
needed by a non-pregnant, non-lactating woman + [breast milk volume x energy
density x conversion efficiency] ± changes in body fat stores ± changes in physical
activity. DLW can provide information on the total energy expenditure, but cannot
estimate the amount of energy transferred to breast milk. Breast milk production and
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changes in body composition can be independently estimated using deuterated or
oxygen-18 water. The available information agrees with the estimated 1985
FAO/WHO/UNU recommendations allowing 2650 kJ/d (635 kcal/d) extra for the first
six months of lactation. Allowing for the loss of excess weight (fat) accumulated
during pregnancy in preparation to lactation, the figure of 2000 kJ (480 kcal/d) is
suggested during the months 3 to 9 (30). More information is needed to make
recommendations for energy intake based on DLW since changes in the
components of energy expenditure such as physical activity level or BMR may mask
the changes attributed exclusively to lactation.

• Energy expenditure under conditions of negative energy and nitrogen
balance

A significant proportion of the population of developing countries, particularly
those living in rural areas, survive in a subsistence economy with intense manual
labour and little or no mechanization of work. Under these conditions physical work
capacity may be the most limiting factor to obtain a good harvest or income if
payment is based on the amount of work performed. This is the situation in many
countries in Latin America, Africa, India and other regions of Asia. There, children
participate in the economy starting in school age period. Under these conditions the
use of DLW has many advantages because it is non-invasive, requires minimal
subject cooperation and sample collection is practical. Furthermore, it has proven to
be valid in extremely hot and humid or cold environments, where subjects have a
routinely heavy physical activity (31,32). As was shown recently, DLW is even
appropriate to measure energy expenditure during space flight (33) under conditions
of negative energy and nitrogen balance representing average losses of 2.6 kg body
weight or 2.1 kg body fat in the 16 days travel (n=4). Women participating in rural
work have very high levels of energy expenditure with physical activity levels more
than two times the BMR, both in pregnant and control women (29).

• Use of DLW in obesity

Before widespread use of DLW it was assumed that obese persons had lower
energy expenditure compared to normal weight counterparts. It is now known that
obesity entails an increase not only of the fat tissue but also of fat-free mass, mainly
muscle tissue to sustain and carry the extra tissue formed. Prentice et al. (34)
compared DLW energy expenditure in 9 obese and 13 non-obese women and found
that total energy expenditure (TEE) was 28% greater in the obese. This extra energy
expenditure is greatly explained by the increased fat-free mass; similar studies
conducted in adolescents and men show the increments in TEE are about of the
same order of magnitude (35,36). Metabolic and behavioural studies in subjects
actively gaining weight through overfeeding have also benefited from advantages of
DLW method. There are now several studies that invariably have failed to find
unexplained metabolic or behavioural changes in TEE during overfeeding. Obese
and lean subjects gain similar amounts of body weight in a predictable pattern based
on the energy excess given as a proportion of their corresponding energy
requirements (36,37,38). The prevalence of obesity in children has continued to
increase despite a general increased awareness of health and fitness. Epidemiologic
data show that the prevalence of obesity in children is approximately 25%, with a
higher prevalence in some subgroups of the population.
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The incidence of obesity-related diseases is dramatically increasing in children
in many parts of the world. The incidence of type 2 diabetes in children and
adolescents in the U.S.A. has increased 10-fold over the past decade, and this
increase is more pronounced in obese persons. The etiology of the development of
childhood obesity and subsequent disease is poorly understood, but obesity is most
certainly explained by alterations in the energy balance components (39).

• Energy expenditure and physical activity

A number of population-based studies have shown a negative correlation
between energy expenditure (per kg body mass) from physical activity and the level
of obesity. This association is much stronger in adolescents compared to adults, but
not significantly different in men compared to women (40). The analysis of 319 DLW
measurements in men and women of 18-64 years of age in affluent societies
demonstrated that physical inactivity is a common problem not only in lean in the
population. It is remarkable that given this finding, the authors suggest that body
weight is not the best correction factor to normalize the components of energy
expenditure, particularly physical activity (41). Another recent study proposed, from a
review of available studies in adults, that physical activity, calculated as ratio of TEE
(by DLW) over resting metabolic rate (by indirect calorimetry), is strongly associated
to lower prevalence of obesity. A cut-off point of TEE/RMR greater than 1.7 seems to
protect from excess weight gain (42). This confirms the observations of Jean Mayer
and coworkers from nearly 50 years ago, who indicated that the energy balance in
persons with high levels of physical activity is tightly controlled (43).

Doubly-labeled water has been validated in relation to intake balance and
indirect calorimetry in subjects which were at low and high activity levels. One of
them was performed during the "tour de France" bicycle race lasting more than three
weeks (44,45).

Other important application of DLW is to act as gold standard for other simpler
estimates of TEE and physical activity energy expenditure such as the heart rate
monitors, accelerometers, questionnaires, etc. Almost invariably, the estimates are
appropriate to produce average estimates that are sufficiently valid at a group level,
although the errors are too large for individual estimates (46,47,48).

• Use of the DLW method to assess validity of dietary surveys

Another interesting application of DLW has been to validate dietary
measurements of energy intake. Food intake measurements are always a matter of
debate since they are expected to provide valid indications of habitual energy and
nutrient intake. The lack of an independent marker has limited its validation. Several
studies have tested the agreement between measurements of energy intake and
expenditure, since it is expected that expenditure must equal intake in free-living
persons with a stable body weight. In a review of 11 studies using DLW a good
agreement was found when food intake was recorded by observers or when it was
self-reported by normal weight, highly motivated persons. Underestimation was
present in randomly selected groups. Obese and post-obese persons reported lower
intakes, mean values were only 73% and 64% of TEE values, respectively (49).
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Previous studies using this same approach demonstrated an under-reporting of 837
kcal/d in obese but not in normal weight women (34).

• Use of the DLW in the evaluation of nutrition intervention programs

The estimates of energy expenditure are necessary for food and nutrition
programs where the aim is to provide a proportion of the daily energy requirements.
For example, in Chile, National Day Care Centers had until recently the goal to
supply 75% of the energy needs of preschool children (approximately 60.000
children) in the "on site" modality. We have suggested that this amount be reduced to
60% of estimated energy requirements based on the high prevalence of obesity
observed at the national level on this age group. This reduction was implemented
without clear evidence that the Program, rather than the amount and quality of food
eaten at home, was responsible for the obesity.

Another aspect that needs to be answered is whether a reduction in physical
activity has occurred. Obviously, if this is the case, the option is to increase activity
levels at least during the 8 hours in which the children stay at the Center. If children
increase their activity, their food intake should be adjusted, or else children may
compromise their growth rate. We should also consider that the amount of energy
required based on observed food intake and growth recommended by the
FAOAA/HO/UNU in 1985 when compared to energy needs based on TEE from DLW
plus growth estimates is overestimated. Thus, how much energy is required for
children in order to avoid nutritional imbalances? The answer to this question is to
ascertain the needs of these groups based on appropriate estimates under real life
conditions. This will ensure that the Program is adequately providing the energy
needs of this group of children that comes from low-income areas of Santiago. DLW
can contribute to make the Program more cost effective by promoting optimal growth
while preventing obesity.

• Use of DLW in less developed countries

Doubly-labeled water use in less developed countries is scarce. From DLW
meta-analysis(50), it can be seen that the most needed are the less studied as
reviewed by Coward (51). Usually people in these countries are more physically
active and prone to have seasonal energy imbalances, making the use of DLW much
more necessary in order to avoid acute or long-term energy imbalances. A recent
review entitled "What have we learned from DLW method?" was published as a
supplement of The Am J Clin Nutr 1988. It covered the history, theory, energy
requirements, physical activity, energy balance, obesity, use of DLW in third world
countries and ageing.
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2. 4. Macronutrient metabolism

Background and justification of the technique

The use of non-radioactive (stable) labelled isotopes represents the best option
to the use of radioactive tracers in human research, especially in small children,
pregnant women, lactating mothers or other vulnerable groups. This is particularly
important when the research is intended to guide the nutrition of healthy individuals.
Isotopes can be used to assess the digestion, absorption turnover, and metabolism
of dietary macronutrients; protein, fat and carbohydrates. This chapter will describe
the metabolic applications of stable isotopes for the study of macronutrients turnover,
oxidation and requirements.

Depending on the aim of the study, compounds labelled with 15N, 13C and 2H
are available. All methods are based in the excretion or incorporation of a labelled
product to assess its degree of utilisation, metabolism or the incorporation of the
label into newly formed compounds in the body.

In contrast to radioisotopes, stable isotopes have a natural abundance that in
some cases is quantitatively important (Table 1). This natural abundance imposes a
barrier to the limit of detection of a particular isotope added as a tracer, having also
implications on the amount of dose required to attain an appropriate enrichment in
the body. Their analyses are performed using mass spectrometry, either by dual
isotope ratio (DI-IRMS), continuous flow isotope ratio (CF-IRMS), gas
chromatography combustion (GC-C-IRMS) or others. Further information on the use
of different mass spectrometers can be found elsewhere (1).

Use of 15N and 13C labelled substrates to assess protein metabolism

The identification of stable isotopes in 1920 initiated their use in biological
studies. Almost at the same time the development of the instrumentation required to
estimate relative abundances occurred. As early as 1937, began tracer experiments
on protein and amino acid metabolism. Soon after it was found that the dietary label
compounds were retained in the body proteins and that protein exists in a dynamic
state in the body.

The earliest method used to study human protein flux was the 15N labelled
glycine method. This is known as the endproduct method since the measurement is
made on endproducts of protein metabolism such as urinary urea or ammonium (2,
3). A second option was to study the whole body protein metabolism by using a label
which is not mobile and remains with the aminoacid until is oxidised. The use of an
essential aminoacid such as leucine was an obvious choice. As leucine is used as
the tracer for body protein, the proportion of leucine in the diet and in the body
protein is required to calculate whole body protein turnover. Comparisons made
between the two different methods have shown similar results (4, 5).

In the past few years, other methods have been proposed; mainly the
aminoacid oxidation and the indicator aminoacid methods. The aminoacid oxidation
as the name implies, measure the oxidation rate of a particular aminoacid when
graded dietary intakes of that aminoacid are provided. The technique is based on the
concept that aminoacid in excess of the amount required for protein synthesis will be
preferentially oxidised in the body. The criteria for choosing an appropriate tracer
aminoacid labelled at its carboxyl carbon are: a) the aminoacid is indispensable, b) it

33



must undergo no significant reactions other than oxidation to CO2 and incorporation
into protein and c) the labelled carboxyl carbon must be irreversible oxidised and
able to be measured in breath. Using this method, requirements of leucine, valine,
lysine and threonine have been estimated (6,7,8,9). The results have shown that the
estimates are higher by a factor of 2-3 times compared to FAO/WHO/UNU
recommendations.

The indicator aminoacid method was developed to assess essential
ammoniac's requirements based on the use of an aminoacid whose oxidation act as
a tracer to estimate requirements of another essential aminoacid (10, 11). The
technique is based on the hypothesis that the partition of any indispensable
aminoacid between oxidation and protein synthesis is sensitive to the level of the
most limiting aminoacid in the diet. This means that increasing the dietary levels of
the limiting aminoacid in graded amounts will increase the uptake of all other dietary
aminoacid for protein synthesis, which in turn reduces their oxidation, until the
requirement point is reached. Once the requirement level is reached (breakpoint),
further increments of the test aminoacid will have no effect on the uptake of other
indispensable aminoacids for protein synthesis or oxidation. As an example, the
effect of a variable tryptophan intake on oxidation of L-[1-13C] phenylalanine
assessed from the production of labelled carbon dioxide in breath is shown in Figure
11. The oxidation method is especially appropriate for tryptophan since it can not be
successfully studied with the isotopic oxidation method, because its carboxyl group
does not directly enter the bicarbonate pool.

13Fig. 11. Phenyalanine oxidation (L-1- C) to estimate tryptophan requirements
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Stable isotopes in the estimation of aminoacid requirements; comparison with
alternative methods

Until few years ago, all quantitative estimates of protein and indispensable
aminoacid (IAA) requirements were derived from measurements of nitrogen balance.
After the availability of labelled aminoacids, IAA requirements has been reassessed
and the common finding in several studies in healthy adults is that requirements may
be 2-3 times than the FAO/WHO/UNU committee estimated values (12,13,14). The
functional significance of results obtained from tracer studies has not been
34



established. Namely, what is the impact of having a lower rate of protein synthesis or
what are the benefits of having a given level of aminoacid oxidation is a matter of
discussion.

The nitrogen balance method has several limitations such as; (i) it should be
obtained under N equilibrium and this can be reached at variable levels of N intake;
(ii) tends to underestimate N requirements since losses can not be fully ascertained;
(iii) N utilisation depends on the energy balance. Excess energy intake improves N
balance; (iv) no satisfactory validation method was available for comparisons. Within
the necessary remarks for the isotopic methods are that the mass of the tracer
infused can influence the oxidative response and, it is not clear if the studies so far
has taken this into account. Another one is related to a possible and unknown level of
sequestration of labelled carbon by other than CO2 compartments in the body.
Limitations (i) and (iii) mentioned earlier for the N balance technique applies to the
isotopic methods in some extent.

Protein turnover and requirements by stable isotope techniques in nutrition
programs

To ascertain the amount of nitrogen and energy required to protein deposition in
normal, undernourished and infected persons is necessary because many countries
have implemented expensive food and nutrition programs intended to cover the
aminoacid and nitrogen needs of the population. There are still many parts of the
world where undemutrition and protein deficiency limits the growth of children. The
use of labelled aminoacids combined with an analysis of rapid turnover plasma
proteins, provide a tool to assess essentiality of specific amino acids. The same
techniques are very promising in determining the needs of conditionally essential
amino acids during periods of rapid catch-up growth in infants, pregnant mothers,
lactating women or the protein-energy interaction required to fulfil the nitrogen needs
in healthy or diseased persons.

Stable isotopes in the search for essential fatty acid requirements in infants

The assessment of essential fatty acids requirements in infants have used
deuterated fatty acids (15). Given an intake of essential fatty acids (EFA) linoleic (n-6
family) and a- linolenic acid (n-3 family), it is necessary to increase the carbon chain
length and the number of double bonds to form the biologically active long chain
polyunsaturated fatty acids; araquidonic acid (20:4 n-6), docosapentaenoic acid (22:5
n-6), eicosapentaenoic acid (20:5 n3) and docosaexaenoic acid (22:6 n-3). The
infant's ability to elongate and desaturate EFA, followed by its incorporation in the
cell membrane phospholipids and the formation of biologically active compounds
(e.g. prostaglandins) has been related to growth, sleep organisation disturbances
and retinal and brain maturation. Very-low-birth-weight infants are particularly
vulnerable to fatty acid deficiency given their reduced fat stores at birth. This
deficiency has been attributed to deficiencies in the elongation and desaturation
pathways of essential fatty acids, together with an inadequate a-linolenic (18:3 n3)
and docosahexaenoic acid (20:6 n3) supply by the infant formulas. The effect of
supplementation with these fatty acids has been studied in relation to changes on
plasma and tissue composition, retinal electrophysiologic function, maturation of the
visual cortex, growth and development. Findings are suggestive that there are
beneficial long term effects of supplementation. Other studies have used 13C labelled
fatty acids to trace elongation and desaturation of fatty acids in children and adults
(16,17,18). Until now these studies are not able to provide quantitative
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recommendations because the synthetic rate of corresponding fatty acids is
unknown, mainly due to the lack of information on pool size, relevant precursor pool
enrichment, distribution pools (one or more) and rates of oxidation of precursors and
products. Research is underway to overcome these limitations and make a
contribution to essential fatty acid requirements particularly in vulnerable groups of
the population. Furthermore, the balance in the diet between the n-6, n-3 and n-9
fatty acid families is very important since they share the same delta 5 and delta 6
enzymes. The excess of one of them can interfere with the metabolism of the other,
decreasing the formation of their biologically active desaturated compounds (19,20).

Use of 13C labelled substrates to assess Fat and Carbohydrate metabolism

They can be very useful in the search for metabolic causes of obesity in relation
to differences in carbohydrates and fat oxidation/storage. In relation to dietary fat, it
cannot be considered solely as an energy source, its essentiality was already
discussed and also they vary in their lipogenic effect and therefore, their obesity
linkage. Fatty acids are more or less oxidised depending on the chain length and the
number and position of double bonds. The shorter the fatty acid, the higher the
likelihood to be oxidised, the same happens at smaller degree of unsaturation. Within
the unsaturated fatty acids, those with the first bond at n-3 positions are more
oxidised in relation to n-6 and n-9 positions. Carbohydrates (CHO) can also play a
significant role in promoting lipogenesis through their glycemic and insulinemic effect
after a meal. Considering that normally CHO and fat are eaten in combination,
lipogenesis could be facilitated in the presence of favourable conditions produced by
the two previously described factors. Presently, this issue is highly relevant since
most countries, either developed or developing, are now facing the pandemic
increase in obesity prevalence. Prevention programs must consider the advantage
offered by stable isotopes methods to study metabolism non-invasively. Labelled 13C-
glucose or 13C-fatty acids can be given in a test meal to assess their metabolic fate.
The information obtained would be extremely valid for nutrition education purposes
by promoting the use of "less lipogenic" combinations in the diet. Studies so far have
shown that some obese groups in comparison with lean counterparts, tend to oxidise
less fat and therefore, preserve or increase their present body weight (21). Other
studies have shown exactly the opposite, obese persons oxidise more fat and this
seems to be in direct relation to their increased body fat mass (22).

The application of 13C-isotopes in tandem with other methods such as indirect
calorimetry, can provide extremely valuable and complementary information. In
relation to macronutrient metabolism, they allow to calculate the total (indirect
calorimetry), exogenous (13C-labeled substrate) and endogenous oxidation (by
difference between the two). This information will help in the understanding of how
relevant is the composition of stores and present dietary components in the fate of
metabolic fuels. It has been observed that throughout the last four to five decades,
there has been a trend to increase the intake of n-6 fatty acids and reduce the intake
of n-3 fatty acids (in addition to an increase in the amount of saturated and trans
fats). Imbalances in the ratio of n-6/n-3 fatty acids, can induce changes in the
synthesis of each family end products. For instance, araquidonic acid (22:4 n-6)
derived from linoleic acid (18:2 n-6) has been found to promote the expression of a

peroxisomal proliferation activator receptor (PPAR y2) that controls adipocite
differentiation and adipogenesis.

From the analytical point of view, studies with 13C differ from those with 14C in
that there is a significant natural background of 13C which accounts for approximately
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1.1% of all carbon in nature. This natural content is nevertheless quite variable in the
diet, depending on the relative proportion of C3 and C4 plants and the amount of
seafood's. Plants with the C3 photosynthetic pathways reduce CO2 to
phosphoglicerate (3-carbon compound), via the enzyme Ribulose biphosphate
carboxilase(RuBP). This enzyme discriminates against 13CO2, resulting in relatively
low 13C enrichments for G3 plants. These plants have enrichments ranging from -32
to -20°/oo with a mean of -277oo. Plants in the C4 group reduce CO2 to aspartic or
malic acids (both 4-carbon compounds) via the enzyme PEP carboxylase. This
enzyme does not discriminate against 13C as much as the RuBP does, so that C4
plants are more enriched than the other group ranging from -17 to -9°/oo, with an
average of -13°/oo. Examples of C4 plant foods are pineapple, sugar cane, maize.
Seafood's have variable enrichment with a higher proportion in some seagrasses -
10°/oo, less in macroalgae -15°/oo, and lower in seafishes -17°/oo (23,24,25).

The basal amount of 13C in a diet will depend on respective food enrichment.
Previous to any test this value must be established by means of a blank run to
assess the amount of 13C coming from foods in the diet or the body stores throughout
the course of the run. Highly enriched 13C substrates are available from several
sources. In general the cost increases with the complexity of the molecule and the
degree of isotopic enrichment. The labelled substrate is given in the diet, mixed with
the food and offered to the subject as in a meal with usual foods. Oxidation of the
label is measured as 13CO2 excretion in breath by mass spectrometry analysis. The
procedure used to collect the sample is the same as described elsewhere in this
volume for 13C test in breath. Results of 13C recovery are expressed as enrichment of
each sample per unit of time (8 o/oo), % dose excreted per minute and the
cumulative % of dose recovered in breath. Other more clinically appropriate tests are
available to assess pancreas insufficiency and gastric emptying, among others, using
stable isotopes.

Table I. Abundance of Isotopes in Nature

Element
Hydrogen

Carbon

Nitrogen

Oxygen

Iron

Zinc

Most abundant (%)
'H = 99.9

IZC = 98.9

ION = 99.6

IDO =99.7

ooFe = 91.72

D*Zn = 48.6

Less abundant (%)
ZH = 0.015

I JC=1.11

IDN = 0.37

" 0 = 0.04
18O = 0.20

°Te = 5.8
57Fe = 2.2
58Fe = 0.28
0DZn = 27.9
67Zn = 4.1
68Zn = 18.8
70Zn = 0.6
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2.5 Micronutrient status, absorption and availability

Background and justification of the techniques

The radioisotopic or stable isotopic techniques are useful tools to assess the
homeostasis of essential trace elements and to define the range of acceptable
exposure and variability. These techniques are the best way to measure the
absorption and bioavailability of essential trace elements and the effects of the host-
diets and environment-related factors that affect absorption and bioavailability. In
addition, storage and excretion of many essential trace elements can be measured
using radioactive or stable isotopes.

Micronutrient deficiency can be evaluated with these techniques. By example,
iron absorption from local foods or fortified supplements can be evaluated with
radioisotopic or stable isotopic techniques. This is important in relationship with the
food supplementation when there exists fortified foods.

There are several methods for assessing mineral bioavailability. Most involve
labeling the element intrinsically or extrinsically with appropriate radio or stable
isotope. Stable isotopes are rapidly replacing radioisotopes because of the increased
concern of risks from exposure to ionizing radiation even at minimal levels. The
validity of the labeling techniques must be considered; extrinsic labeling is acceptable
for iron, zinc and probably also for magnesium, copper and calcium but cannot be
used for selenium. The usefulness of animal models to predict mineral bioavailability
in humans has been questioned in recent years and in consequence has been
abandoned. Similar criticisms have been made in relation to in vitro techniques. The
use of intestinal cell culture systems to predict iron bioavailability has been reported
recently, and this technique offers great promise.

The most widely used techniques for assessing mineral absorption and
bioavailability with isotopes are: (i) fecal monitoring (stables isotopes); (ii) whole body
counting (radioisotopes); (iii) hemoglobin incorporation for iron bioavailability
(radioisotopes and stable isotopes for infants) and (iv) dual isotope techniques for
calcium and zinc (oral and intravenous administration of different isotopes).

These methods rely primarily on absorption or retention data as index of
bioavailability. Presently, except for iron, where isotope incorporates into hemoglobin,
there are no well-developed methods of functional indices. The assumption made is
that all of the retained elements are utilized for normal body functions of physiological
relevance.

The main objective of using isotopes is represented by the measurement of
absorption and or bioavailability of compounds, foods, diets, and interaction between
different minerals. The use of isotope techniques provides physiological information
regarding nutrient metabolism: absorption, secretion, excretion, and regulation. The
radioisotopic or stable isotopic techniques are also useful tools to evaluate the
homeostasis of essential trace elements and to define upper range of exposure and
variability. The main outcomes of these applications are: to define limits of adaptation
to set upper value of adequate range of oral exposure (AROI), to define overload
before organ damage, to identify genetically susceptible individuals, and to set safe
limits for exposure to essential elements.

39



This chapter will review the use of isotopic techniques for those micronutrients
with most impact on Public Health today: iron, zinc and copper.

Analysis of advantages and disadvantages of the alternative methods or
techniques used for Iron

In vitro methods

They involve a simulated gastric digestion followed by a measurement of
soluble or dialysable Fe (1). These methods are relatively simple, rapid and
inexpensive. However, they predict the direction of the absorptive response in man
but not its magnitude. More recent methods using Caco-2 cell monolayer require
further development. However they could prove to be more useful in investigating the
mechanism of Fe absorption rather than predicting bioavailability in man (2). Even
though isotopes are not required for the development of these techniques,
radioisotopes can be employed to measure dialysable Fe or iron incorporated to
Caco-2 cell.

Human Balance studies

The first iron absorption studies were made using the classical chemical
balance method. This technique measures iron absorption from the whole diet over
a considerable time period. Very careful studies were conducted in the 1940s with
balance periods usually extended over several weeks. These studies gave
information on the magnitude of the total absorption of iron from the diet. They
present numerous limitations: a) the difference between oral intake and fecal loss is
small and it is technically difficult to measure it accurately; b) it is difficult to establish
the start and end of the fecal sampling period; c) balance studies are costly and
present substantial difficulty in practice; d) the technique requires high-precision
chemical analyses of food and feces; e) long periods of a constant diet known in
detail; f) meticulous care in planning the diet and collecting feces make these
balance studies very laborious and costly.

Plasma Fe appearance

Measurement of plasma iron appearance after an iron load has been used to
evaluate the fraction of Fe absorbed. The plasma Fe method may be useful to
evaluate pharmacological doses of Fe and to compare different iron compounds.
This method does not assess bioavailability, it only allows to estimate the absorbed
fraction. It is not useful to evaluate iron absorption from food because the rise in
plasma level is usually very small.

Iron bioavailability studies with radio and stable isotopes

Iron bioavailability can be measured because 80 to 90% of absorbed iron is
incorporated to erythrocytes as heme iron after 14 days of administration. The major
progress in understanding Fe bioavailability in man resulted from the development of
the extrinsic tag technique with two iron isotopes, either radioactive, 55Fe and 59Fe, or
stable, 57Fe and 58Fe (3,4). With this technique, true iron bioavailability is measured.
Data obtained have provided valuable information on the behavior of single foods,
interactions between components of meals, contamination and complete meals.
These data have been applied to combat iron deficiency in the world through
strategies as food fortification, development of food based dietary guidelines and
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education on dietary habits.

High costs, availability of isotopes, sophisticated instrumentation, time-
consuming preparation of samples for analysis and requirement of high trained
personnel remains the main disadvantages of the methodology.

The most widely recognized advantage of stable isotopes over radioisotopes for
iron nutrition research is that they can be used without risk to health of the subjects
or researchers. Since stable isotopes do not decay, they can be traced for indefinite
period of time (as long as sufficient enrichment remains) and samples can be stored
for an indefinite period of time prior to analysis.

On the other hand, stable isotopes cost are for now more expensive. Analysis of
stable isotopes takes longer, requires sample preparation and uses more expensive,
sophisticated and less readily available instrumentation, compared to radioisotopes.
Considerably more training is usually required for operators of instruments used for
stable isotopes analysis. Another limitation of stable isotopes is that since they occur
naturally, they must be used in an amount greater than true tracer doses. Stable
isotope cannot be measured using whole body counting. Commercial availability of
stable isotopes can be a problem.

The major disadvantage of radioactive isotopes is the potential hazard of
ionizing radiation, which excludes its use in children and pregnant women. This is a
major limitation since these groups are more vulnerable to anemia. Because the half-
life of iron radioisotopes is 45 days for 59Fe and 2.7 years for 55Fe samples must be
analyzed in a definite period of time.

Description of the isotopic iron bioavailability methods

Hemoglobin incorporation

Studies on individual foods items biosynthetically labeled with radioiron provide
information about iron absorption from single foods. The observation that a radioiron
tracer added as an inorganic iron salt to a food or a meal uniformly labeled almost all
non-hem iron present in the food or meal, probably by isotopic exchange, made it
possibly to measure iron absorption from different meals with this "extrinsic tag
technique". The influence of various dietary factors on the absorption of iron can also
be examined. The extrinsic tag will rapidly, uniformly and completely join the so
called non-hem Fe pool. Certain iron compounds used for the fortification of foods,
e.g. reduced iron are only partially soluble and available to enter the common non-
hem iron pool and their absorption cannot be measured by extrinsic tagging. The
interpretation of the results require that we assume that the solubilized fraction of
these compounds, the absorption from iron fortificants and contamination iron are
influenced by the same host factors and dietary factors as the native iron.

The added isotope tag uniformly labels all the non-hem food iron in the gut
lumen and makes the intrinsic labeling of food unnecessary. Iron absorption is
measured from two separate meals labeled with either 55Fe or 59Fe (radioactive
method) or 57Fe or 58Fe (stable isotope method) and consumed on consecutive days.
Two weeks after consuming the labeled meal, the radioactivity retained by the body
is quantified by measuring the isotope incorporation into circulating erythrocyte
assuming this to be 80% of the total absorbed Fe in adults and 90% in infants.

41



Measurement of radio iron

55Fe and 59Fe of high activity are used as tracers. Each meal test is traced with
3 î Ci of 55Fe or 1 jj.Ci 59Fe. 59Fe can readily be detected by means of its energetic
gamma-rays (1.1 and 1.3 MeV) or by its beta emission (Emax 0.27 and 0.46 MeV).
However, Fe decays by electron capture, emitting characteristic manganese X-rays
of 0.0059 MeV with a fluorescence yield of only 25%, and it is much more difficult to
detect.

After wet oxidation of the food and blood samples the iron is precipitated as
ferric hydroxide. Then it is converted to an insoluble white ferriphosphate complex by
dissolving the hydroxide in phosphoric acid and adding a solution of ammonium
chloride in absolute alcohol. The resulting precipitate is counted as a gel in a liquid
scintillation counter, set to count 59Fe alone in one channel and 55Fe plus a small
percentage of 59Fe in the other channel (5). Radioactivity is measured in the ingested
food and in the blood to calculate iron bioavailability.

D- ., ,-,., /0/x (cpm/ml of bloodxblood volume)
Bioavailability (%) = v ^ ' x 100

(cpm/g of food xfood intake) 0.80

Measurement of stable iron

57 Fe 58Fe are used as tracers. Doses vary according to the natural abundance
of the isotopes, body weight, and sensitivity of the equipment. Food and blood are
digested with nitric-perchloric acid and the iron is purified by anion exchange
chromatography (6). The iron absorption is calculated from the isotope ratios that are
measured in a thermal ionization mass spectrometer.

Whole body counting

This method allows to calculate the absorption of single food labeled with 59Fe.
Two weeks after consumed the labeled meal, the radioactivity retained by the body is
quantified using a whole body counter.

Validation studies

Several studies, performed in a wide variety of foods, have demonstrated that
the extrinsic tag is absorbed in the proportion than native (intrinsic) iron, indicating
that there is complete exchange of Fe in a single non-hem pool (4). The Fe-hem pool
can be similarly tagged using an extrinsic hemoglobin labeled (7).

For comparative studies of iron bioavailability the absorption of 3 mg of
elemental iron as ferrous ascorbate is used to offset the effect of differences in iron
status among individuals. For purposes of comparison, all studies are currently
referred to 40% absorption of the reference dose of ferrous ascorbate. This
absorption percentage is used because it corresponds to the absorption in borderline
iron deficient populations. Serum ferritin can be used to standardize absorption
values from a test meal, since it is a good predictor Fe absorption.
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Analysis of advantages and disadvantages of the alternative methods or
techniques used for Zinc

Zinc is an important mineral for human nutrition for which we lack sensitive
biochemical or body composition tests to assess status. At present, stable isotopes
of zinc are being useful tool to advance in that knowledge.

• Balance studies

This technique has been used for the study of apparent absorption, but it cannot
differentiate the rate of absorption provided by diet from the large amounts secreted
to the intestine via pancreatic fluid and other sources of endogenous losses.

• Zinc tolerance test

Measurements of the appearance of newly-absorbed zinc into circulation, the
so-called zinc tolerance test has been applied to study zinc absorption. In spite of the
simplicity and feasibility, among the criticisms to this technique are that it may require
non-dietary forms of zinc administration and low reproducibility (8).

Description of the Zinc methodologies using isotopes

Kinetic modeling offers an alternative approach to assessing mineral status by
directly evaluating the mass of high-turnover body pools of zinc and their rate of
turnover.

• Stable isotopes

There are five naturally stable isotopes of zinc. From these isotopes, 67Zn, 68Zn,
and 70Zn can be used in tracer studies of human Zn metabolism. They are in
sufficiently low natural concentrations to allow enriched preparations to impact the
distribution of isotopes in plasma orfeces.

Reliable indices for evaluating zinc nutrition status are lacking, including easily
available tissues representing body zinc uptake and distribution. The use of stable
isotopes offers the best potential to advance understanding of zinc nutrition in
aspects such as: indices of body zinc status, fractional zinc absorption including the
study of the homeostatic adaptation to low zinc intakes and studies on body zinc
composition (9).

These aspects need to be studied in healthy populations as well as in those
suffering from common diseases (acute and chronic diarrhea, parasitic infestation,
protein energy malnutrition, zinc deficiency).

A dual-tracer method with 67Zn and 70Zn has been utilized for studies of zinc
absorption (10,11). In this area one of the topics to be analyzed is the true amount of
zinc absorbed from the zinc intake and separating it from the zinc provided to the
intestine by the endogenous sources (epithelial intestinal desquamation, pancreatic
and biliar secretions). The endogenous losses of zinc are tightly regulated.
Therefore, studies using stable zinc isotopes may require complete 6-7 day fecal
collection to analyze endogenous fecal zinc excretion.
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The analysis of promoters and antagonists of zinc absorption in populations
living in natural conditions is of special interest. Isotope techniques permit the
reanalysis of zinc interaction with vegetal fiber, phytic acid, calcium, iron, folic acid,
both in healthy people and in those suffering from parasitic intestinal infestations,
chronic diarrhea or other chronic diseases (12).

Analysis of advantages and disadvantages of each one of the alternative
methods or techniques used for Copper

Animal model

Copper absorption studies have been performed in rats using 64Cu. Copper
absorption was estimated by counting radiactivity in blood, liver, kidneys, spleen,
stomach and small and large intestine samples (13). This model provides a rapid,
inexpensive and sensitive method to estimate bioavailability of foods. Nonetheless,
this method predicts the direction of the absorptive response in man but not its
magnitude. Also, the short half life of copper radioactive isotopes (64Cu , 12h and
67Cu, 61 h) limits its use.

Human studies

Absorption study

The short life of radioactive isotopes of copper do not permits its wide use in
copper absorption studies in humans. For this reason, stable isotopes have been
used for studies in human.

65Copper is used as a tracer. The fraction absorbed is calculated by difference
between Cu ingested and Cu excreted in feces. Doses vary according to the body
weight, dietary intake copper, and sensitivity of the equipment. Complete 72 hr fecal
collection is required. Fecal markers are utilized to assure complete stools collection
(carmine red, polyethilene glycol, rare earth elements). Fecal pools are weighed,
homogenized and dried. The resulting ash is resolubilized with nitric acid. 65Cu is
determined in fecal samples with a computer-controlled, magnetic-sector, thermal
ionization mass spectrometer. Previously the copper is separated and purified by
anion-exchange chromatography.

Advantages of the technique are that it measures copper absorption in humans.
Data obtained provide a valuable information about the absorption of single foods
and interactions and the low cost of 65Cu. The disadvantages are sophisticated
instrumentation required, time consuming preparation of samples for analysis and
requirement of high trained personnel.

Possible utilizations of iron techniques in the evaluation of nutrition programs

As an effective way to increase micronutrients supply to cover the
requirements of populations living in the developing world

Iron deficiency is the most common nutritional deficiency disorder in the world
and is caused mainly by an inadequate supply of iron in the diet. Just recently an
improved understanding of the deleterious consequences of iron deficiency anemia
and its persistently high prevalence in many countries, is leading to more concerted
action. There is recognition at all levels that there will be no panaceas, rather a mix of
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approaches is needed to tackle the various aspects of the problem in a
complementary and sustainable fashion.

Iron status may be improved through food-based strategies, such as fortification
of foods and dietary modifications; also with non food-based strategies as
supplementation and parasitic disease control (14).

The potential of these different approaches and programmatic experiences with
its implementation have been extensively described. By the time being, projects and
programs are being written and applied under the support of several governments,
international agencies, NGO's, and the private industry. We believe that this is the
moment to identify the constraints to effectiveness to make the programs work in our
communities where iron deficient people live.

Isotopic measurements of iron bioavailability is a key step in the effective
development of the current accepted strategies, except maybe in the parasitic
disease control. Hemoglobin incorporation can be used to determine iron
bioavailability. The situation with zinc and copper is much more complex, and other
methods of estimating bioavailability have to be employed. These are mainly based
on measures of absorption but one of the goals of research on bioavailability is to
identify and develop functional measures of zinc and copper bioavailability.

The direct applications of isotopic techniques are:

• Bioavailability measurement of new iron compounds for using in fortification of
foods

• Selection of vehicles for fortification
• Selection of fortificants: level of fortificant
• Alternative supplementation approaches: absorption from daily vs intermittent iron

doses
• Monitor impact to improve intervention.
• Net bioavailability of different diets.
• Effects of fermentation, malting, cooking.
• Nutrient interactions and their cumulative effect: vitamin A and iron, zinc and iron,

manganese and iron, copper and zinc, zinc and folates and other combinations
In vitro studies: screening for evaluation of batches of fortified foods.
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2.6 Stable Isotope Breath Tests: Clinical applications

Introduction

The evaluation of nutritional interventions may require the control of
confounding factors that may impair the process of absorption and digestion of
nutrients. Some of these aspects may be related to the process of absorption itself
(discussed in another chapter), but others may be related to malfunctioning of the
digestion process, via pancreatic or hepatic alterations.

Another confounding factors are related to infectious processes, and in
particular, contamination by Helicobacter Pylori has recently been associated to
failure to thrive in children and adults (1-3).

These factors could be controlled by classical clinical analysis, some of them
invasive and expensive. Radioactive isotopes have been used in the last decade to
evaluate some of the symptoms described. But this fact inhibits its use on infants,
children, women in fertile age, and elderly people.

In the last three years, there has been sustained methodological work to
develop the application of stable isotopes, and in particular of Carbon-13 labelled
substrates, which are engineered to reveal the limiting-step of a process. Carbon-13
is detected by sampling trough breath tests, which are applicable to any group of
patients, healthy or in disease.

The evaluation of some pathologies in children and infants, requires a fast and
clear diagnosis. The existence of easy, non-invasive exams as C-13 breath tests to
evaluate the pathologies described, are of extremely importance. Another important
fact is, that these exams allow the association between gastrointestinal function and
nutrition, and can be evaluated repeatedly without interfering with their normal life, in
an ethical way

These type of exams utilize the administration of C-13 labeled substrates, a
non-radioactive isotope, and the collection of serial breath test samples, which are
later measured for their 13CO2 enrichment, which is the final product of the
metabolism. Their non-invasive capacity makes it suitable for replicable field and
clinical studies.

The main applications of 13C breath tests are in clinical studies (2):

a) digestion processes: Lipase, Amylase, Lactase, Sucrase,
b) infection processes: Helicobacter Pylori, bacterial overgrowth
c) gastrointestinal motility: gastric emptying, intestinal transit velocity,
d) specific organic functionality: hepatic function and pancreatic function

Basic principles of 13C-labelled substrates breath tests

The appearance of labelled CO2, after the ingestion of a 13C-labelled substrate,
implies that the substrate has been digested, absorbed and included in a metabolic
pathway and that the velocity at which it is metabolized depends on the organ by
which it is mainly metabolized: gut or specific sites as pancreas or liver.
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The way breath tests work, is that a functional group that normally possess
atoms of 12C, is replaced by the stable isotope 13C. If the quantity of labelled
substrate is enough to produce a detectable increase in the expired air, sufficient to
measure the difference in the ratio of 13C/12C, it can be used to calculate digestion,
absorption and oxidation of nutrients, food or a specific substrate for the evaluated
process.

Procedure

In the majority of situations, the procedure is similar; after an overnight fast
(maybe hours in infants and children) the subject ingests a 13C- labelled substrate,
and breath test samples are collected after the administration at defined intervals for
each specific substrate. The election of the type of substrate, dosing, required level
of enrichment, methodology, type of test-meal, duration and collection mode, and
analysis of the results, will vary according to the type of function to be tested (2).

Advantages and disadvantages

As has been mentioned before, breath tests are non-invasive, allowing the
measurement of metabolic functions (gastrointestinal, pancreatic, liver) in a direct
way and diverse physiological situations. Stable isotopes can be utilized repeatedly
in follow-up studies of sizeable populations and they are safe, convenient and readily
acceptable to children and adults. These considerations are their main advantage
over current clinical diagnostic tests, as most of them are invasive and may require
sedation, anesthetics and strong collaboration of the subjects. The use of stable
isotopes also gives the possibility of using them in infants, children, pregnant women
and the elderly. In developed countries, the health ethical ruling is also preferring the
use of stable isotopes, whenever available, in normal adults.

Their disadvantage lies on two aspects: a) the present development of some of
these techniques may supply semi-quantitative information, but the existence of well
chosen control groups and the comparison with the established previous techniques
give the method reliability, sensitivity and specificity to confirm the diagnosis made
(85-99%). Some of these methodologies are advancing at a fast speed, in terms of
becoming completely quantitative.

The other disadvantage lies in the cost of the basic instrumentation (mass
spectrometry, infrared analyzer) needed to analyze the samples in the case of stable
isotopes, or scintillation counters for radioactive isotopes. The fast processing time of
breath samples, particularly for stable isotopes, and the wide capacity that stable
carbon isotope applications have, make these applications cost-effectives.

As it was mentioned before, this chapter will concentrate on the following
applications: infection trough Helicobacter pylori (HP), pancreatic and liver functions,
and gastric emptying, as they may compromise the health and impact on
effectiveness of nutritional interventions.

Helicobacter pylori

Helicobacter pylori are gram-negative bacteria that can survive in acid
environment by means of a unique urease metabolism. The classical manners of
demonstrating the presence of HP in the gastric mucosa are a) by an antral biopsy
(culture, CLO-TEST and GIEMSA staining) or b) by serology, which requires a blood

48



sample. Such studies are invasive and difficult to justify as a technique for
therapeutic monitoring; other inconveniences are that the biopsy may have not
included a contaminated area, and serology is not suitable for diagnosing present
contamination.

Contamination by HP is one of the most prevalent infections in the human
being. In developing countries, the highest incidence occurs in infants and children,
especially in places where undernutrition levels are high, and intestinal infections do
occur repeatedly, contributing to malnutrition and growth deterioration. In adults, HP
is the etiological factor for gastroduodenal ulcer and a risk factor for gastric
lymphoma and carcinoma (in subjects genetically predisposed).

Urea breath test. The 13C-urea breath test is based on the capacity of HP to
produce great quantities of urease. The ingested 13C-urea is hydrolysed by the
urease produced by the HP in the following manner:

13CO(NH2)2 + H2O urease 2NH 3 + 1 3CO2
Urea water ammonia carbon dioxide

The enrichment of 13CO2 is then measured in expired air by an Isotope Ratio
Mass Spectrometry (IRMS).

Conducted studies. There has been a sustained process of validation of this
technique at European laboratories, which have tested them in different clinical and
field settings. A compilation of this process has been published recently (1,5).

These studies indicate that the prevalence of HP is inversely correlated with
socio-economic conditions in the country, that HP infection increases with age and
that it may impair growth and health status in children. Other by-products of the work
conducted so far is (1) the easiness and applicability of this isotopic application to
field studies.

Pancreatic function

13Carbon mixed triglyceride breath test and cystic fibrosis
A low enzyme production causes maldigestion, mal-absorption and failure to

thrive. This fact may be important as it may compromise the outcome of nutritional
interventions; the failure to thrive of infants and children, with no other known
pathologies, could be attributable to either pancreatic or hepatic insufficiency.

There is no easy, reliable and universally accepted test to measure enzyme
requirements. Fecal fat determination is insensitive and undesirable for repeated
assessments; present direct measures of pancreatic function are impractical for
repetitive use; the steatocrit method is not quantitative and clinical measures, such
as stool frequency and consistency, are subjective.

A synthetic "mixed" triglyceride (1,3-distearyl, 2(13C) octanoyl glycerol), having a
medium-chain fatty acid in the 2-position, is the substrate for an exocrine pancreatic
function test, which evaluates labelled CO2 breath excretion and correlates it with the
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lipase output in the duodenum. Subjects with lipase insufficiency will produce
considerably less 13CO2 than normal subjects. The importance of this test is that is
able to provide an evaluation of pancreatic functioning, and there are no comparable
alternative methods at present; additionally it is a non-invasive test of pancreatic
lipase activity.

One of the main known pathologies in which isotopes may contribute, is the
evaluation of children with cystic fibrosis, as they have variable degrees of exocrine
pancreatic insufficiency which, if untreated, is the main cause of fat mal-absorption
and failure to thrive. Pancreatic enzyme supplements are commonly given to children
with cystic fibrosis to improve the digestion of dietary fat. A low enzyme production
causes maldigestion, mal-absorption and failure to thrive and an excessive intake
can decrease compliance and increase costs and the risk of complications (6-9).

Principle of the test. The test molecule is 1,3-distearyl, 2(13C) octanoyl glycerol
(MTG). Lipase hydrolyses the 2-stearyl fatty acid groups, so that C-octanoic acid is
liberated and latter is readily absorbed, transported via vena porta to the liver and
quickly oxidized into 13CO2 (10,11).

The 13C MTG breath test is a safe, non-invasive way to measure the efficiency
of fat digestion, with advantages over fecal fat estimation for this purpose. The wider
availability of isotope ratio mass spectrometry and the declining cost of labelled
substrates would make more widely e these techniques (12,13).

Utilization of 13C breath tests for the evaluation of liver function

The determination of the severity of liver damage constitutes an important aim
in many clinical situations. Liver damage may be the consequence of alcoholism, a
current occurrence in the malnourished populations.

Several 13C-breath tests have been described, which explore different hepatic
metabolic pathways, allow the evaluation of the integrity of liver functions in a lot of
pathological situations. Contrarily to the galactose elimination capacity test (GEC),
which needs multiple blood samples, the 13C breath tests are totally non-invasive,
making them easy to use in the clinical management of the patients. In nutrition,
these tests are particularly useful in the toxicological field, or to evaluate the possible
effects of aliments or nutritional disorders on liver function (14,15). Such tests have
also been used to explore the functional maturation of hepatic function during growth
(16). Many 13C-substrates are actually commercially available, the more important
are described in Table 1.

Table 1. Different C-13 labelled substrates for liver function determination

Substrates
'°C-Aminopyrine
'°C-Methacetin
'°C-Caffein

IJC-Galactose

li3C-Ketoisocaproic
Acid

Dose
2mg/kg
1mg/kg
3 mg/kg

5 mg/kg
(+500mg/kg Gal)

1 mg/kg
(+20mg/kg Leu)

Metabolism
Cyt-P450
Cyt-P450
Cyt-P450

Cytosolic

Mitochondria I

Utilization
Evaluation of liver function
Evaluation of liver function
Evaluation of drug
elimination
Quantification of the
functional mass liver
Evaluation of the hepatic
mitochondrial function

Ref.
16-18
20,21
15, 19

24-26

23
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Aminopyrine may produce agranulocytosis and consequently 13C-
phenylalanine, 13C-caffeine (15, 19) or C-methacetine (20, 21) has been proposed
as safer alternatives.

The 13CO2 breath tests described explore the cytochrome p-450 metabolic
pathway at the microsomal level. More recently, 13C-ketoisocaproate (13C-KICA) has
been proposed as a substrate to specifically study the hepatic mitochondrial
metabolic pathway. This test would assess the possible functional consequences of
the ethanol-associated alterations of the hepatic mitochondrial morphology, which
have been observed in many clinical and experimental studies, and that might
originate steatosis via a decrease in the fatty acid oxidation (22). The impairment of
the hepatic mitochondrial function evaluated by the 13C-KICA breath test seems to be
specific for ethanol abuse, and not a reflection of a decreased global hepatic
function.

13C-galactose is another substrate used for evaluating hepatic functional mass.
It is particularly interesting because it is metabolized via a cytoplasmic pathway,
independent of the cytochrome P-450 enzyme system, so less sensible to drug
induction or inhibition. As galactose metabolism is not only a function of the hepatic
functional mass but also of the liver blood flow (due to its high extraction rate), it is
necessary to saturate the metabolic pathway with a high galactose load. Then
galactose metabolism directly correlates to the liver functional mass (23-25).

Use of the 13C-Octanoic acid to evaluate gastric emptying.

The stomach has three principal physiological and highly integrated functions:
food storage allowing the ingestion of only a few large meals daily, initiation of food
digestion via the secretion of HCI, pepsine and gastric lipase, and emptying of the
gastric content in the duodenum via the pyloric sphincter. The process of gastric
emptying is complex and highly regulated by hormonal and neural mechanisms and
also by the products of gastric digestion. Consequently the stomach constitutes an
important step of regulation for the entry of energy and partially digested food in the
intestine, which may influence the next intestinal steps of luminal and terminal
digestion and of absorption of the resulting nutrients.

Various methods are actually used to evaluate gastric emptying such as
impedance techniques, ultrasonic techniques, magnetic resonance imaging, and
radioscintigraphy which is considered as the "gold standard". These methods
generally need expensive and complex equipment and investigators with great
experience and skill. In the case of radioscintigraphy, the use of radioisotopes may
induce a substantial radiation, limiting the use of this technique in children and fertile
women and in repetitive studies in a short period of time.

In 1993 appeared the first report of a new method to evaluate gastric emptying,
based on the utilization of a medium chain fatty acid, 13C-octanoic acid, rapidly
absorbed in the duodenum and whose liver metabolism liberates excreted 13CO2

which may be subsequently measured by mass spectrometry (26,27). The 13C
excretion in breath, expressed as percentage dose per hour, is mathematically
analyzed using non-linear regression analysis, as described by Ghoos et al. (26), in
order to determine the best fitting curve to the experimental points. Three parameters
may be used, that are derived from the fitted curve: the gastric emptying coefficient
(GEC), which represents a global index for the gastric emptying rate, the half
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emptying time (T1/2) and the lag phase (t|ag). Results obtained from the breath test
are as reproducible as scintigraphy (28).

13C-octanoic acid breath test has been principally used to determine
alterations of gastric emptying in various pathologies and to evaluate the effects of
some drugs on this parameter (31,32). 13C-octanoic acid breath test has been used
together with a 14C-mixed triglyceride to evaluate the effect of gastric emptying rate
on the rate of intraluminal lipolysis on patients with pancreatic disease. Patients with
slow gastric emptying displayed a significant decrease of the rate of intraluminal
lipolysis, in relation to normal subjects (33).

Conclusions

Clinical applications of C-13 labelled substrates may be valuable in the
elimination of confounding variables in a nutritional intervention, or in the assessment
of growth after clinical treatment. Once more, stable isotopes constitute a valid and/or
unique way of assessing pathologies interfering with normal nutritional status.
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3. An Example of the Application of Isotopic Techniques in the
Evaluation of Nutritional Intervention Programs

An international meeting was held in Santiago de Chile in March 1998.
Researchers from five Latin American countries, Argentina, Brazil, Cuba, Mexico and
Chile, worked to design a project to evaluate nutrition intervention programs using
stable isotopes. Two main kinds of nutrition programs were going in these countries:
"take home" programs and "on site" or institutional programs. Countries involved in
the study spend huge amount of money in these programs without a good evaluation
of the impact of the programs. Process and impact evaluations of the nutrition
programs have been based only in anthropometry, diet, clinical and biochemical
assessment, and socioeconomic status. These measurements are found have a
great deal of problems, mainly based in the accuracy and validity of the data. Stable
isotopes provide an excellent tool to provide a more accurate data on the evaluation
of the programs. Their advantage is to be safe for the most vulnerable groups
(pregnant and lactating mothers and infants), easy to work in the field, accurate and
comparable with other techniques, and with a reasonable cost depending on the
isotope. Information from these studies can be very useful for governmental
authorities to adjust the programs to the changes in the nutrition situation.

The general objective of the project is the utilization of validated isotopic
techniques in the evaluation of current nutrition intervention programs in Latin
America to optimize the programs improving the impact on the nutrition status and
long-term health of the population. The specific objectives are:

a) to evaluate national supplementary feeding "take-home" programs for
mothers and children, measuring their impact on improvements in body composition,
lactation performance and changes in energy expenditure;

b) to evaluate iron and zinc supplementation programs by using stable and
radioactive isotopes, and

c) to evaluate the impact of food assistance to preschool children
attending day-care centers by measuring energy intake, energy expenditure and
body composition.

The main isotopic methodologies for the evaluation of the programs are body
composition, energy requirements, measurement of breast milk volume,
bioavailability of food micronutrients and micronutrient status or interactions. Below
we describe, by country, the programs to be evaluated and their coverage.

Argentina: Maternal and Child supplementary feeding program will be
evaluated measuring its impact in height, body composition and energy expenditure
in three different areas in the country: North, Gran Buenos Aires and Patagonia. The
coverage of this program is 1,100,000 children and 200,000 pregnant mothers.

Brazil: National Program for Food Assistance of malnourished children and at
risk pregnant women targeted to 913 municipalities covering 1,000,000 malnourished
children 6 to 23 months and 2,000,000 children under-5. The impact in infant growth
of the supplementary feeding program with milk and oil will be evaluated with the
isotopic techniques in ten municipalities.

Cuba: the National Program of Food and Nutrition (PNAN) covers 144,533
children under-6 years of age attending day-care centers, receiving "on site"
approximately 70% of their requirement. The effectiveness of the program will be
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assessed by measuring intake in relation to the energy requirements and the impact
in the children growth and body composition with isotopic techniques.

Chile: the nutrition plan in Chile includes the National Supplementary Feeding
Program (PNAC) covering 1,200.000 children under-6 and 200,000 pregnant and
lactating mothers, and the National Board of Day Care Centers (JUNJl) with a
coverage of 62,000 preschoolers attending day-care centers where they receive 66%
of the energy requirements. In the PNAC, the fortification of iron and zinc will be
evaluated, measuring the bioavailability of iron in infants receiving milk with iron, and
the effect of the interruption of the zinc delivered by the program in a cohort of infants
that has received the supplement during one year. In JUNJl, the program will be
assessed by measuring intake in relation to the energy requirements and the impact
in the children growth and body composition with isotopic techniques, the same as in
Cuba.

Mexico: the federal Government has recently launched an Education, Health
and Nutrition Program to combat extreme poverty as a part of the National Plan for
Development known as PROGRESA. The nutrition component consists in a
nutritional supplement distributed to pregnant and lactating mothers and children
below 5 years of age belonging to families in extreme poverty. At the end of the
project, PROGRESA will be serving 4.2 million of individuals.

The expected result at the end of the project is to have more accurate data
about changes in body composition, energy expenditure, volume of breast milk and
the effectiveness in iron and zinc fortification. The project will enable the instances
operating each one of the country programs to evaluate the effectiveness of the
intervention in a more precise fashion and in a shorter period than conventional
methodology commonly used to measure nutritional impact and, in consequence,
planners are prepared to modify and redesign the strategy, if necessary.

The evaluation of the programs with more accurate techniques will give
information to establish changes in laws and regulations related with the programs,
according to recommendations. On the other hand, a more accurate data will permit
to make adjustments to the programs, which will result, in many cases, in a reduction
of the current budget, saving money for other investments in the Governments.
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