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Abstract

Selenium, an important dietary nutrient, is found in
many foods. Selenium occurs in various chemical forms
including in amino acids with methylselenium func-
tional groups, such as selenomethionine (Semet) and
Se-(methyl)selenocystine (Metsecys). We developed a
procedure for determining methylselenium in foods such
as wheat, a significant dietary source of selenium in the
United States. This method is based upon the reaction
of cyanogen bromide (CNBr) to cleave the CH ;Se-func-
tional group of Semet and Metsecys to form the volatile
compound, CH;SeCN. Addition of stable isotope ("*Se)
enriched selenomethionine to an analytical sample allows
direct determination of naturally occurring protein
bound Semet by gas chromatography/mass spectrometry
(GC/MS), without a protein digestion step, using highly
precise stable isotope dilution techniques. We found that
a wheat gluten reference material (NIST RM 1818) con-
tains 64% methylselenium of its assigned value of 2.58
ug Se,,.,/g. and that commercial selenium yeast tablets
contained 73% of total selenium as methylselenium [147
* 10 ug Se,,../g (n =9)]. These two materials would be
good candidates for further study and characterization
as reference materials for determining this important
food component.
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Introduction

Selenium has recently been identified as an important
nutrient in the diet due to its antioxidant capabilities
[1] and is found in many foods, with grain products
having a high concentration. The selenium concen-
trations in grains can vary widely from area to area,
depending on the selenium concentration of the soil.
Other sources of selenium are seafood (especially tuna),
liver, and to a lesser extent, meats and eggs. While there
is provisional information on the selenium content of
foods [2] the selenium content of most food items
is not well established. Selenium is found in various
chemical forms, with some organic forms incorporated
in protein bound amino acids such as selenomethio-
nine (Semet), which is the selenium analog of the sulfur
containing amino acid methionine.

Organically bound selenium, as Semet, is better
adsorbed than inorganic selenium compounds [3].
Thus there is considerable interest in its metabolic
and biological role. There is also increasing interest in
the biological role of another selenoamino acid, Se-
(methyl)selenocysteine (Mesecys) [4, 5]. Both Semet
and Mesecys contain a functional methylselenium
(metse) group (fig. 1)

The US Department of Agriculture encourages the
populace to eat “plenty of grain products, vegetables
and fruits” [6]. In addition to the fiber, macronutrients,
and other components, grain products are considered
to be a good source of selenium. With the current
emphasis on antioxidants, it is easy to recognize the
importance of being able to quantify the content of
both total selenium and its organic forms in foods. We
developed a procedure for accurately determining the
Semet content of foods [7] based on the textbook reac-
tion of cyanogen bromide (CNBr) with methionine,
containing the CH,S-functional group to form the
volatile compound CH,SCN. The chemistry for Semet
is similar, with CH,SeCN being formed (fig. 2). This
volatile species can be detected by gas chromatography/
mass spectrometry (GC/MS). We have also shown that
this CNBr reaction does occur with the CH,Se con-
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FIG. 1. Structure of selenomethionine and Se(methyl)-
selenocystine.

taining species Mesecys, producing the same CH,SeCN
moiety [8].

When stable isotope (7#Se) enriched labeled Semet
is added to an analytical sample and allowed to react
with CNBr, an estimation of the protein bound Semet
is possible via isotope dilution techniques. However, if
this procedure is to be used by different labs, suitable
reference materials (RMs) where the Semet concentra-
tion is known and verified are needed to determine the
validity of the lab results. We have previously show that
two high protein matrix-candidate RMs (NIST RM
8418 wheat gluten and a selenium enriched commercial
yeast), contained significant amounts of their selenium
content as Semet. These materials should be considered
as candidates for further development as a suitable RM
to determine the Semet content of foods [8].

Materials and methods

Wheat gluten (RM-8418) was obtained from the
National Institute of Standards and Technology
(Gaithersburg, Md., USA) and has an assigned value
for total selenium content of 2.58 ug/g. A sample of
a commercial product labeled to contain “selenium
yeast” in tablet form was obtained at a local gro-
cery store. The label claim was for 200 pg selenium
per gram. During the course of our studies, we also
obtained a sample of pure selenomethionine from
the United States Pharmacopoeia (USP), which was a
candidate standard sample under development by the
USP. Commercial samples of selenomethionine were
obtained from Sigma (Sigma, St. Louis, Mo., USA, No.
S-3975) and Fluka, Biochemika (Buchs, Switzerland,
No. 84925). 74Se labeled selenomethionine stock solu-
tion (10~ M) was obtained from C. Veillon, Nutrient
Requirements and Functions Laboratory, USDA, ARS,
BHNRC, Beltsville, Md., USA.

o) NH;"
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FIG. 2. Reaction of CNBr with selenomethionine to produce
CH,SeCN.

Preparation of solutions and samples

The weights of all additions for reagents, samples, solu-
tions, etc. were determined gravimetrically to ensure
accurate and precise quantification. Standard, wheat
gluten or yeast samples were weighed into gradu-
ated 5 ml sample vials (Wheaton, Millville, NJ, USA,
#986299). A two ml aliquot of the 7*Semet labeled acid
solution (0.1M HCI) containing 2% stannous chloride
(see below) was added directly to the test portions and
vortexed to ensure complete incorporation of sample
into the aqueous solution. Vials were held at 36 to
37°C overnight to ensure complete mixture of the
protein material with the labeled spike. CNBr (200-pL)
(Aldrich, Milwaukee, Wisc., USA, CAS# 506-68-3) was
added, vortexed, then heated at 36-37°C for 4 hours.
To extract the product, CH3SeCN, 1 ml of chloroform
(CHCIl3) was added vortexed, then allowed to stand
at room temperature until phase separation was com-
plete. The organic phase was separated and 1 pL alig-
uots injected into the GC/MS for analysis.

Labeled acid solution

In a 25 ml volumetric flask, SnCl,-2H,0 (~555 mg)
(Aldrich, Milwaukee, Wisc., USA, No. 24,352-3) was
dissolved in 12 ml of 0.1 M HCI (pH = 1). "Semet
labeled stock solution (50 uL at 10~ M) was weighed
into the flask, mixed, brought up to volume with 0.1
M HCI and thoroughly mixed. Thus, the final con-
centration for the solution was 22.2 mg SnCl,-2 HyO
(approximately 2% by weight) and 2 pL of 74Semet
label solution per gram of solution. The solution was
held at 0°C. These quantities yielded enough spiked
acid solution for 12 samples (2 ml per sample vial).

Instrumentation

The volatile CH,SeCN was separated and detected
using a Hewlett-Packard (HP, Agliant Technologies,
Wilmington, Del., USA) 6890 Gas Chromatography
System, with an HP 5973 Mass Selective Detector.
The GC was fitted with an Agilent HP-5MS column,
(cross-linked 5% phenyl-methyl diloxane column with
an inside diameter of 0.25mm, film thickness of 0.25
mm, and length of 26 m). The injection port was oper-
ated in the splitless mode at a temperature of 250°C,
pressure of 2.47 psi (X pa), with helium carrier gas.
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The column was operated in constant flow rate of 0.4
ml/minute. The oven’s initial temperature was 40°C,
which was held for 4 minutes; ramped at 50°C/minute
to a final temperature of 200°C, hold time 1 minute.
Total run time was 8.20 minutes. The HP 5973 MSD
was operated in negative chemical ionization (NCI)
mode with a solvent delay of 3.25 minutes. The above
parameters gave a retention time (RT) of 5.10 minutes
for the CH,SeCN reactant product from selenomethio-
nine. Quantitative data were acquired in the selected
ion mode (SIM); however, the scan mode was used
to verify the presence of selenium by its characteristic
selenium fingerprint of five isotopes. The methyl group
is fragmented off of the CH,SeCN molecule in the mass
spectrometer, leaving SeCN (m/e 106) as the major
ion of interest (m/e 100 for 7#Se labeled product).
The CNBr reaction with Se(methyl)- selenocysteine
gives the identical CH,SeCN reactant molecule with
identical chromatographic and mass spectrometric
properties.

Results and discussion

Results obtained on solutions of commercial and USP
standard Semet solutions are presented in table 1. Total

selenium in these solutions was determined by gas
chromatography/isotope dilution mass spectrometry
(GC/IDMS) following acid digestion. Agreement of
analyzed selenium as Semet (column 2) with analyzed
total selenium (column 3) and/or expected selenium
(column 1) was quantitative.

The enriched yeast tablets had a mean value of
146.8 £10.3 pg selenium, ¢ .+/g, as shown in table 2.
These values show that 73% of the label claimed total
selenium content is present as selenomethionine. As
determined by IDMS, the commercial yeast tablets
contained 210 mg Se /g (total selenium determined
by IDMS by C. Veillon of the Nutrient Requirement
and Functions Laboratory, BHNRC, USDA). The
label claims are for an elevated level of “organic sele-
nium” (200 mg/g), usually as Semet.

For the wheat gluten (RM8418) sample, repeatable
results were also obtained (table 2) at a level almost
two orders of magnitude lower than the yeast sample,
which more closely reflect “natural” levels in most
foods. These results showed that 64% of the assigned
total selenium value of 2.58 pg/g in the wheat gluten
RM was present as Semet.

The quantification of selenium in these two samples
proved to be a bit of a challenge due to the matrix. The
Semet, and previously reported Metsecys [8], stand-

TABLE 1. Standard selenomethionine solutions

Selenium as Selenium as
semet metse Selenium total
Expected Analyzed CNBr| Analyzed IDMS?

Source of Semet pg/ml pg/ml pg/ml
Commercial® 68 75 74.8
Commercial® 208.0 209.2 n.a.

Usp4 0.235 0.232 0.217

USP4 260.7 258.9 262.0

Diet supplement study® 2.50 2.64 2.60

a. Commercial source of pure selenomethionine.
b. Candidate USP reference standard under preparation.

o

Tablets prepared commercially for a dietary supplement study at USDA.

d. Selenium as Semet determined by GC/IDMS following reaction with CNBr.
e. Total selenium determined by IDMS following acid digestion(C. Veillon, NRFL, USDA,

Beltsville, MD.)

TABLE 2. Selenomethionine content of selenium yeast tablets and wheat gluten

reference materials

Selenium
Total selenium (as metse) Metse/total
Source expected (mean + SD) selenium (%)
Enriched yeast 200 pg/g 146.8 +10.3 ug/g 73
tablet” (label claim) (n=9)
Wheat glutenb 2.58 uglg 1.64 £ 0.15 pg/g 64
NIST RM 8418 (assigned value) (n=11)

a. Commercial sample of selenium yeast.
b. RM 8418, National Institute of Standards and Technology (NIST), Gaithersburg, Md., USA.
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ard solutions are liquids with no other components
to interfere with the reaction. However, the samples of
wheat gluten and the yeast tablets introduced a com-
plex biological matrix. There were occasional problems
in obtaining a complete suspension of the matrix in the
liquid phase (0.1 M HCI). This was accomplished by
ensuring that the yeast tablet was pulverized well with
a mortar and pestle, and that the analytical test por-
tions of both the yeast and wheat gluten were mixed
well immediately upon addition to the aqueous phase.
This prevented the formation of a semi-solid layer
in the reaction vial. Another obstacle was occasional
difficulty in obtaining clean phase separation upon
extraction with chloroform. To correct for this, an
additional amount of CHCI, (e.g. 0.5 ml) was added
in these cases.
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Abstract

In view of the limited data available from the Asian
region on the daily intake of nutritionally essential trace
elements, a study was taken up, as part of a coordinated
research project of the International Atomic Energy
Agency, to estimate the daily dietary intake and organ
content of some selected trace elements of importance in
radiation protection, and also in nutrition. Nine Asian
countries—Bangladesh, China, India, Indonesia, Japan,
South Korea, Pakistan, Philippines, and Vietnam—which
represented more than 50% of the world’s population,
participated in this study. Analysis of about 700 diet sam-
ples was carried out for four minor (calcium, potassium,
magnesium, and sodium) and eight trace (chromium,
cobalt, copper, iron, iodine, manganese, selenium, and
zinc) elements using nuclear and other sensitive analytical
methods employing neutron activation analysis (NAA),
inductively coupled plasma mass spectrometry (ICP-MS),
inductively coupled plasma atomic emission spectrometry
(ICP-AES), and atomic absorption spectrometry (AAS)
techniques. These samples consisted of the total cooked
diet, market basket, duplicate diets, and 225 staple
foods. Emphasis was placed on the quality assurance
and harmonization of the sampling techniques to ensure
quality data. Significant inter- and intra-country vari-
ations in daily dietary intake of various trace elements

G.V. Iyengar is affiliated with the Nutritional and Health-
Related Environmental Studies Section, IAEA, Vienna,
Austria. H. Kawamura is affiliated with the National Institute
of Radiological Sciences (NIRS) in Chiba-shi, Japan. R.M. Parr
is affiliated with the Bangladesh Atomic Energy Commission
in Dhaka, Bangladesh. EK Miah is affiliated with the Chinese
Academy of Sciences in Tianjin, China. J. Wang is affiliated
with the Bhabha Atomic Research Centre, in Mumbeai, India.
H.S. Dang and H. Djojosubroto are affiliated with the National
Nuclear Energy Agency in Bandung, Indonesia. S.Y. Cho is
affiliated with Yonsei University in Wonju-Kun, Kangwon-Do,
Korea. P. Akher is affiliated with the Pakistan Atomic Energy
Commission, PINSTECH, in Islamabad, Pakistan. E. S. Natera
is affiliated with the Philippine Nuclear Research Institute in
Quezon City, Philippines. M. S. Nguy is affiliated with the
Nuclear Research Institute in Dalat, Vietnam.

were observed. The maximum inter-country variation
was observed for iodine intake (factor of more than 45),
being highest for Japan and lowest for Pakistan. For iron,
an important trace element, the variation between the
intakes was by a factor of four being lowest for Vietnam
and highest for Pakistan.

Keywords: trace elements, dietary intakes, analytical
methods, quality control, recommended dietary
allowance

Introduction

A coordinated research project (CRP) on “Compilation
of Physical, Anatomical, Physiological and Metabolic
Characteristics for a Reference Asian Man (RAM-Phase
1)” was carried out from 1989 to 1994 within the frame-
work of a regional program in support of radiological
safety needs [1]. The Phase I program was subsequently
extended to phase II. The second CRP, “Ingestion and
Organ Content of Trace Elements of Importance in
Radiological Protection Reference Asian Man Project
Phase II,” was initiated in 1995 to estimate the daily
dietary intake and organ content of the trace elements
cesium, iodine, strontium, thorium, and uranium.
These five elements are the stable counter-parts of the
radionuclides encountered in various operations of
the nuclear fuel cycle. This second phase also included
the measurement of some essential elements, such as
calcium, potassium, magnesium, chromium, cobalt,
copper, iron, iodine, manganese, selenium, and zinc,
in daily diets consumed by the populations of the Asian
countries. A few of these elements (i.e., calcium and
potassium) behave similar to some of the above stated
five elements (strontium and cesium, respectively).
Some of the nutritionally important trace elements are
reported to have protective roles in radiation damage
to the human system.

This program provided a unique opportunity to
create a data base for the dietary intake of the above
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stated trace elements obtained from the diets con-
sumed by the population in the Asian region, col-
lected under carefully and meticulously developed
protocols for representative sample collection and
also the quality assurance in the analysis. Since the
project involved a group of countries which had dif-
ferent levels of expertise in analysis as well as in the
availability of instrumentation, emphasis was placed
on establishing a reasonable mechanism to ensure
accuracy and harmonization in the methodologies for
generating analytical results. Both the internal as well
as the external quality control steps were incorporated
in the experimental design, including the appointment
of a central reference laboratory (CRL) at the National
Institute of Radiological Sciences (NIRS) in Japan to
ensure adequate quality control in analysis. Highly
sensitive nuclear and other related techniques were
employed to perform chemical analysis.

Such geographic region specific data sets generated
under harmonized conditions of sampling, sample
preparation, and subsequent analysis are very valuable
as they permit reliable comparison of daily dietary
elemental intakes among countries from a selected
region. The purpose of this paper is to summarize the
findings for the nutritionally relevant elements in diets
collected in the nine Asian countries listed above.

Approach

A protocol was developed on sampling and chemical
analysis of diet and autopsy tissue samples to ensure
representative samples from the population of each
country, emphasizing the need for good quality data.
In addition to the daily diet samples, some of the
participants also collected and analyzed a number of
individual food samples, as specified in the protocols
for the CRP to assess the contributions of these foods
to the total daily trace element intake. Another impor-
tant task within the CRP was to normalize the data
from different participating laboratories so as to allow
a meaningful comparison of the analytical measure-
ments between countries and their dietary practices. To
achieve this objective, a number of certified reference
materials were distributed among the participating
laboratories (internal quality control) for the evalua-
tion and assessment of the analytical capabilities of the
individual laboratory in analyzing the similar kinds of
samples containing trace elements in concentrations
comparable to those found in actual diet samples.
The investigating laboratories participated in both
the internal and external quality control procedures
through the analysis of the existing certified reference
materials (CRM) as well as the Japanese total diet CRM
which was certified during the course of this project.
The responsibility of ensuring the external and internal
quality control rested primarily with the CRL.

Experimental

Representative dietary intakes of the elements of inter-
est were studied in the adult populations (20 to 50 years
old) of the nine countries. The samples were collected
from different geographical locations in the country
as well as from the various socioeconimic groups
representative of the population. Some of these details
are discussed elsewhere [2]. The method of collection
included market basket, duplicate diet, and in some
cases, major staple foods. Nearly 700 food and diet
samples were collected and analyzed for this project.
The method chosen for the diet collection in a par-
ticular country depended on whether the population
of the country was heterogeneous or homogenous, and
this criteria was employed to ensure that the collected
samples were truly representative of the dietary con-
sumption of those countries. Whereas in a few coun-
tries the individual food components were cooked to
reconstitute the total cooked diet of the population, in
some countries, the samples of each individual food
were analyzed separately to estimate their contribu-
tion to the total intake. Duplicate diet samples were
analyzed to estimate the daily intake in those countries
where the variations in the food habits between various
population groups within the country were considered
to be relatively small. Blenders with titanium-coated
blades were distributed to the participating laborato-
ries to avoid the mineral contamination of the samples
during their homogenization and powdering.

The analytical methods employed to determine these
12 essential minor and trace elements, by both the CRL
and the participating laboratories, included neutron
activation analysis (NAA), inductively coupled plasma
mass spectrometry (ICP-MS), inductively coupled
plasma atomic emission spectrometry (ICP-AES), and
atomic absorption spectrometry (AAS).

Role of central reference laboratory and
quality assurance

The CRL contributed and ensured quality assurance in
analysis by coordinating with the participant labora-
tories on both internal and external quality assurance
(QA) requirements and in harmonizing the analyti-
cal steps, where practical. Briefly these included use
of existing CRM:s to validate the analytical methods
for trace element analysis being employed in various
country laboratories, generating reference values in
selected reference materials where certified results
were not available, preparing a new total diet CRM
based on the Japanese total diet for use in the cur-
rent project [3], and finally analyzing the 10% of all
the samples collect and analyzed in various country
laboratories to assess the performance of the individual
analytical methods being used in analytical laborato-
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ries. The samples received from various countries for
analysis at CRL were in general stored at —20°C until
analysis. The dry samples as well as the ash samples
were stored at room temperature. Typical weights of
the dried samples analyzed ranged between 0.2 to 1
gand 0.1 to 0.2 g of sample ash weight was taken for
analysis. In all 260 samples were analyzed at the CRL,
which included about 200 samples of diet (for quality
control and back-up purpose) and 53 tissue samples.
This quality control approach has been discussed in
detail elsewhere [4].

In view of the difficulties faced by several partici-
pating country laboratories in the analysis of low con-
centrations of iodine in diet and tissue samples, [AEA
arranged the analysis of iodine to be carried out by
radiochemical neutron activation analysis at a highly
reputed contract laboratory, that has established excel-
lent analytical quality control using a range of certified
reference materials for iodine. Sufficient emphasis was
attached to ensuring the quality control exercised in the
analysis of the low concentrations of iodine in the diet
and other samples obtained from various countries.*

Results and discussion

Validation of the analytical methods

The analytical methods employed for the analysis of
the food samples for the 12 elements at various coun-
try laboratories were tested for the reliability through
the analysis of the CRMs. The role of the CRL in the
development of the Japanese Diet CRM, certified for 14

*J. Kucera. Nuclear Physics Institute, Prague, Czech
Republic, Determination of iodine in Asian diet samples and
reference materials by neutron activation analysis, personal
communication, 2000.

elements and making available the reference values for
12 other elements underscores the analytical excellence
brought to focus in the support of this project and the
QA provided for the project as a whole. Duplicate
analyses of the 10% of the total samples analyzed at the
country laboratories were also carried out at the CRL
and the results were compared. As a further develop-
ment of this type of comparison, the methodology of
proficiency testing process by IUAC was also followed
[5]. This involved the calculation of Z scores for the
results of the elemental concentration of each sample
that has been analyzed at both laboratories (where Z
is the difference between the participant’s results and
the CRL’s results divided by the target value of the
standard deviation). Experience to-date shows that
most Z scores are acceptable even using 10% as the
target relative standard deviation. This aspect has been
discussed elsewhere.

For the Asian study, dietary trace element intake data
were accepted only from participating country labo-
ratories that had demonstrated proficiency in analysis
through both the internal and external quality control.
The results of the analysis of the CRMs obtained from
NIST, which were distributed to the participating
country laboratories for the trace elements reported
by them, were in close agreement (within 10%) with
the certified values for elemental concentrations.

The details of the dietary minor and trace element
data reported from individual Asian countries are
shown in table 1.

Calcium, magnesium, sodium, and
potassium in Asian diets

The comparison of the range of daily dietary intake of
12 elements with the intake reported for International
Commission for Radiological Protection (ICRP) Refer-

TABLE 1. Details of the essential trace elements analyzed by the participating Asian countries

Essential trace elements
Minor Trace
Potas- | Cal- | Mag- | Chro- Man- | Sele-
Country Sodium| sium | cium | nesium | mium | Cobalt | Copper | Iron | Iodine | ganese | nium | Zinc
Bangladesh — X X — — — X X — X — X
China X X X X — — X X X X X X
India — X X X X X — X X b'e b'e
Indonesia — X X — — — — — — — — X
Japan X X X X X X X X X X X X
South Korea — X X — — — — — X — — X
Pakistan — X X X X — — X X X X X
Philippines X X X X — — b'q X X X — X
Vietnam X X X X — X X X X X — X

X, data reported. —, data not reported.
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ence Man and the recommended dietary allowances for
these elements are shown in table 2. Daily dietary intake
for sodium was reported by four of the nine countries.
The main source of sodium is generally common salt,
which is added during cooking; and although sodium
is known to be an essential element, a dietary defi-
ciency of sodium is not common. The daily intake of
sodium was found to be in the range of 1.96 to 3.9 g as
compared to 4.4 g proposed for ICRP Reference Man
[6] and is comparable with the recommended dietary
allowance (RDA) of 1.3 t0 3.3 g [7].

Potassium intake was reported by the nine partici-
pating countries. The daily intake ranged from 1.04 to
2.7 g, which was lower than 3.3 g proposed for ICRP
Reference Man and also lower than RDA of 1.87 to
568

Calcium is a structurally important element for the
humans. Its daily intake, reported by all the countries,
ranged from 0.22 to 0.72g; the lowest was for South
Korea and the highest for China. The intake from all
the Asian countries was lower than the ICRP Reference
Man value of 1.1 g and the RDA of 0.8 g. The signifi-
cantly lower intake of calcium could be attributed to the
lower intake of calcium-rich milk and milk products in
Asian countries, as compared to North America.

The intake of magnesium was studied by only five
countries. The intake ranged from 0.14 to 0.46 g. The

TABLE 2. Comparison of the range of daily intake of 12
trace elements in Asian countries with that for the ICRP
Reference Man

Range of | Intake by
intake in ICRP
Asian coun- | reference
Elements tries? man RDA
Minor elements
Sodium (g) 1.96-3.9 44 1.3-3.3
Potassium (g) 1.04-2.7 3.3 1.87-5.6
Calcium (g) 0.22-0.72 1.1 0.8
Magnesium (g)|  0.14-0.46 0.34 0.35
Trace elements
Chromium 59.9-224 300 25-160°
(ng)
Cobalt (pg) 9.6-17.9 300 120 (2)
Copper (mg) 0.87-2.17 3.5 1.5-3.0
Iron (mg) 6.6-31.4 16.0 10.0
Iodine (pg) 60-2,990 200 150
Manganese 2.83-10.54 3.7 2.5
(mg)
Selenium (pg) 52.6-141 150 70
Zinc (mg) 4.34-13.5 13 15

a. Bangladesh, China, India, Indonesia, Japan, South Korea, Pakistan,
Philippines, and Vietnam.
b. Value based on the intake of chromium in 22 countries [8].

lowest intake was for Philippines and the highest for
Pakistan. The intake of magnesium for Japan and
Vietnam was also significantly lower, and close to the
lower end of the range. Except for Pakistan, the mag-
nesium intake reported for most countries was lower
than the RDA.

Trace elements in Asian diets

Iron, zinc, manganese, and cobalt

The intake of iron was reported by seven of the nine
countries and ranged from 6.6 mg for Vietnam to 31.4
mg for Pakistan. Except for the Vietnam and the Philip-
pines, the intake by the other countries was adequate
when compared to the RDA for iron.

The intake for zinc was reported by all countries.
The daily dietary intake ranged from 4.3 mg for South
Korea to 13.5 mg for Pakistan. The intake of all the
Asian countries was lower than the RDA value of 15
mg, however, with the exception of South Korea and
Vietnam, the intake was only marginally lower.

Six of the nine countries reported the intake of
manganese, which ranged from 2.8 for Philippines
to 10.5 mg for Pakistan. In general, unlike the other
elements, the dietary intake of manganese was more
than the RDA and higher that proposed for the ICRP
Reference Man.

Only three countries reported the intake of cobalt,
which ranged from 9.6 pg for Vietnam to 17.9 pg for
India. It is important to note that although all three
intake values for cobalt agreed well with each other,
they were more than 17 times lower than that proposed
for ICRP Reference Man. The agreement between the
intake of the three countries and the much higher value
proposed for ICRP Reference Man indicates that the
intake value for the ICRP Reference Man, may need
revision. This new realistic intake value for cobalt was
the outcome of strict quality control exercised while
carrying out this study.

Copper, selenium, chromium, and iodine

The intake of copper was studied in five Asian countries
and ranged from 0.87 mg for Vietnam to 2.17 mg for
Bangladesh. These values are only marginally lower
than the RDA range of 1.5 to 3.0 mg.

The dietary intake of selenium was studied in only
four countries. The intake which ranged from 52.6 to
141 pg was not much different from the RDA value
of 70 pg.

The intake of chromium was reported from three
countries. The intake ranged from 59.9 pg for India to
224 pg for Japan. There are no recommended values for
this element to compare with. However, these values
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appear adequate when compared with the intake range
of 25 to 160 ug of chromium by population groups in
22 countries, as reported by Iyengar et.al. [8].

Very large variations in dietary iodine intake were
observed. The daily intake varied from about 60 pg for
Pakistan to 2,990 pg for Japan. The inter-country vari-
ation of daily dietary iodine intake is almost 50 times.
The higher intake of iodine in Japan could be due to the
intake of iodine-rich seaweeds, which form an essential
component of the Japanese diet. With the exception of
Japan, China, and Vietnam, the intake of iodine in most
of the other Asian countries appears to be low. The
recently introduced policy of using iodated salt for cook-
ing purposes in the Asian countries, will ensure that the
intake of iodine in the Asian region is adequate.

Conclusions

Daily dietary intake of 12 essential elements: four
minor (calcium, potassium, magnesium, and sodium)
and eight trace elements (chromium, cobalt, copper,
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Isotope ratios of trace elements in samples from
human nutrition studies determined by TIMS and
ICP-MS: precision and accuracy compared

Judith R. Turnlund and William R. Keyes

Abstract

Stable isotopes are used with increasing frequency to
trace the metabolic fate of minerals in human nutrition
studies. The precision of the analytical methods used
must be sufficient to permit reliable measurement of low
enrichments and the accuracy should permit comparisons
between studies. Two methods most frequently used today
are thermal ionization mass spectrometry (TIMS) and
inductively coupled plasma mass spectrometry (ICP-MS).
This study was conducted to compare the two methods.
Multiple natural samples of copper, zinc, molybdenum,
and magnesium were analyzed by both methods to com-
pare their internal and external precision. Samples with
a range of isotopic enrichments that were collected from
human studies or prepared from standards were analyzed
to compare their accuracy. TIMS was more precise and
accurate than ICP-MS. However, the cost, ease, and speed
of analysis were better for ICP-MS. Therefore, for most
purposes, ICP-MS is the method of choice, but when the
highest degrees of precision and accuracy are required
and when enrichments are very low, TIMS is the method
of choice.

Key words: TIMS, ICP-MS, isotope ratios, trace
elements, copper, zinc, molybdenum, magnesium

Introduction

The use of stable isotopes for nutrition research in
humans began in the late 1970s [1]. Early work used
neutron activation analysis (NAA) and mass spectrom-
etry of volatile metal chelates [2] for isotope measure-
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ments. These methods were generally not sufficiently
accurate or precise for tracer studies and are rarely used
now for isotope measurements.

In 1978 we began our stable isotope research using
thermal ionization mass spectrometry (TIMS) because
of its high precision and accuracy [3]. TIMS had been
available for some time and was used primarily by
geochemists and nuclear chemists. Nutritionists had
not considered the approach. Commercial instruments
were not yet available and we used MS6, a TIMS built at
Lawrence Berkeley Laboratory (Berkeley, Calif., USA)
by Maynard Michel. We could determine isotope ratios
in 1 to 3 samples a day. Automated, commercial instru-
ments became available shortly after we began using
TIMS and these instruments improved the speed of
analysis, but the approach still had drawbacks. An
inductively coupled plasma mass spectrometer (ICP-
MS) was developed for determination of trace elements
in 1980 [4] and later began to be used for isotope ratio
measurements. These two instruments are both avail-
able commercially and are the primary instruments
used for isotope ratio measurements. We began using
ICP-MS recently and this paper compares our results
using TIMS and ICP-MS and discusses the advantages
of each.

TIMS and ICP-MS compared

Purchase price

TIMS instruments are generally more expensive than
ICP-MS instruments. We use a Finnigan MAT Model
261 TIMS (Thermo Finnigan, San Jose, Calif., USA)
with multiple collector that cost US$335,000 in 1985.
The current Thermo Finnigan MAT TIMS, the Triton
TI, costs US$550,000. Our Perkin Elmer ELAN 6000
ICP-MS (Perkin Elmer, Shelton, Conn., USA) cost
US$168,000 in 1996. The current model, the ELAN
6100 ICP-MS, costs about US$160,000. Other ICP-MSs
with additional features cost more, up to US$700,000
for a multicollector, high resolution ICP-MS.

Food and Nutrition Bulletin, vol. 23, no. 3 (supplement) © 2002, The United Nations University.

129



130

J. R. Turnlund and W. R. Keyes

Operator training

TIMS are more complex instruments than ICP-MS
and require more operator training. Approximately 2
to 3 months of training is needed for an individual to
learn to operate a TIMS, while a person experienced
with other mass spectrometers or an ICP can learn to
use an ICP-MS in 2 to 3 weeks.

Sample purification and preparation for analysis

Samples must be free of all organic material and other
minerals for analysis by TIMS. After eliminating organic
material using a muffle furnace or by microwave oven
digestion, we usually use ion exchange columns for
separation and purification of the mineral of interest.
A minimum of two column separations is required to
eliminate impurities [5]. These separations are slow
and time consuming. ICP-MS isotope ratio determi-
nations can be done following elimination of organic
material and a single column separation. We have been
able to determine isotopic ratios of magnesium after
eliminating organic material, without further purifica-
tion [6]. Thus, sample purification and separation are
considerably simpler and faster for ICP-MS.

The final preparation for analysis is considerably
faster and easier for ICP-MS. Following sample puri-
fication, samples for TIMS analysis must be concen-
trated, applied to filaments, and dried. To increase
sensitivity for some elements, such as copper, zinc, and
molybdenum, samples are applied to filaments along
with silica gel and phosphoric or boric acid [5]. This
is a multi-step procedure and samples must be dried
after each step. Slit plates are added to each filament
on a 13 to 16 sample carousel, which is then placed in
the ion source and the pressure must then be pumped
down. ICP-MS samples, after column separations, are
diluted and placed in an autosampler. The ICP-MS is
generally left under vacuum, although the torch must
be lit, stabilized, and optimized each day.

Sample throughput

ICP-MS analysis time is considerably faster than TIMS.
Sample throughput (handling capacity) for our TIMS
under automated conditions is limited to 13 samples
(1 carousel) per day. When analysis cannot be auto-
mated, fewer samples can be analyzed per day. By ICP-
MS we can analyze up to 70 samples per day (10 per hour
plus 1.5 hours warm-up and optimization). A weekly
full optimization of the ICP-MS requires 3 hours.

Consumables and gases

The cost of consumables, including gases, is lower on
a weekly basis for TIMS than for ICP-MS. The liquid
nitrogen used for TIMS costs US$48 per tank and lasts

about six weeks. The rhenium filaments cost US$2
to $4 per sample, for a total cost of $150 per week at
maximum operation. The liquid argon used for ICP-
MS costs US$345 per tank that lasts about 3 to 4 weeks.
Periodic replacement of peristaltic tubing, cones, torch,
injector, coil, and detector is required. The total cost
of consumables is about US$200 per week. However,
since ICP-MS can analyze at least five times as many
samples per week, the cost of consumables per sample
is far less for ICP-MS.

Repair costs

Repair costs are highly variable, but TIMS generally
has higher repair costs than ICP-MS. TIMS has more
numerous and higher priced components and electron-
ics damage sometimes occurs due to high voltage arcs
with TIMS.

Interferences

TIMS has fewer interference problems than ICP-MS
because of the high degree of purity required for analy-
sis. After proper purification and preheating most ele-
ments have negligible interference. ICP-MS uses argon,
which interferes with some calcium and iron isotopes,
so they cannot be analyzed by conventional ICP-MS.
Special methods have been developed with high resolu-
tion ICP-MS to allow analysis of these elements. ICP-
MS is also vulnerable to other interference since less
sample purity is required for analysis and ionization
efficiency is very high.

Sample size

ICP-MS sample consumption is lower than TIMS by
about a factor of 10. The sample sizes we usually use
are shown in table 1. TIMS typically uses 1 to 5 pg of
mineral per analysis, while ICP-MS usually uses 0.1 to

0.5 pg.

Precision and accuracy

The precision of TIMS and ICP-MS in our laboratory
is shown in table 1. Typical TIMS precision is 0.01%
to 0.1%, with best precision of 0.003%, considerably
better than ICP-MS. Typical ICP-MS precision is 0.1%
to 0.3%, with a best precision of 0.04%. With TIMS,
internal precision is often better than external preci-
sion due to variations in fractionation between runs.
With ICP-MS, external precision is usually better than
internal precision due in part to the non-simultaneous
scanning method.

The accuracy of TIMS is also much better than
ICP-MS, but results of the two methods agree within
1%. Fractionation of the isotopes with TIMS analysis
occurs due to an increased probability of lighter iso-
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TABLE 1. Precision of isotope ratios determined by TIMS and ICP/MS for 10 replicates of unenriched

standard solutions

TIMS ICP/MS
Isotope Sample | Internal® | External’ | Sample | Internal® | External’
Element ratio size RSD (%) | RSD (%) size RSD (%) | RSD (%)
Magnesium¢ 25/24 5mg 0.03 0.06 05mg | 0.20 0.11¢
Copper 65/63 4mg 0.01 0.08 0.15mg 0.09 0.04
Zinc* 64/68 2 mg 0.02 0.06 0.15 mg 0.40 0.32
67/68 0.04 0.08 0.42 0.15
70/68 0.13 0.07 0.52 0.15
Molybdenum® 94/98 2mg 0.10 0.05 0.25 mg 0.30 0.05
97/98 0.06 0.08 0.10 0.07
100/98 0.08 0.06 0.15 0.06

a. Internal RSD is the relative standard deviation of the ratio measurements within a single analysis.
b. External RSD is the relative standard deviation of ratio measurements of 10 replicates of the same sample.

c. Internal normalization was used for TIMS ratio measure:

ments.

d. ICP/MS values for magnesium were based on five replicates.

topes evaporating from filaments than heavier isotopes.
This produces a mass bias that is proportional to the
square root of the ratio of the isotopic masses. The
mass bias is in the range of 0.1% to 1% per mass unit
difference. TIMS ratios can be corrected for fractiona-
tion when a ratio of two unenriched isotopes is avail-
able for normalization corrections [5, 7], such as for
molybdenum and zinc.

With ICP-MS analyses the mass bias is more com-
plex, since the argon torch efficiently ionizes all impu-
rities in the sample. The complex mixture of ions is
highly dependent on sample matrix and can vary over
time. The bias is much larger than for TIMS, ranging
from 1.5% to 15% per unit mass difference. Our ICP-
MS software uses a mass bias correction procedure. A
standard with natural isotopic abundance is analyzed
and the measured isotopic ratios are divided by the
accepted natural values to yield a ratio correction factor
(RCEF) for each ratio. In subsequent analyses each meas-
ured isotopic ratio is divided by its RCF to correct for
mass bias. The resulting ratios are a function of the
accepted natural values used and are relative values.

The isotopic ratios and enrichments measured using
our TIMS and ICP-MS are compared in tables 2 to 4.
For copper and zinc (tables 2 and 3), fecal samples were
collected from subjects in human stable isotope studies.
These samples were enriched with a range of enrich-
ments in an isotope of each mineral. After organic
material was destroyed, the minerals were separated
and purified using two sequential anion exchange col-
umns. Table 2 compares the measured 65/63 isotope

TABLE 2. Isotope ratios of copper separated from %>Cu-
enriched fecal samples and measured by TIMS and ICP/MS

65/63 Ratio Enrichment?(%)
TIMS ICP/MS TIMS ICP/MS
0.4457 0.4463 0.00 0.00
0.4571 0.4569 2.54 2.38
0.4687 0.4669 5.16 4.62
0.4793 0.4747 7.54 6.36
0.4903 0.4791 10.0 7.35
0.5126 0.5089 15.0 14.0
0.5350 0.5359 20.0 20.1
0.5577 0.5469 25.1 22.5

a. Enrichment = [(measured ratio—natural ratio)/(natural ratio)]
X 100%

TABLE 3. Isotope ratios of zinc separated from ¢Zn-enriched
fecal samples and measured by TIMS and ICP/MS

67/68 Ratio Enrichment”
TIMS ICP/MS TIMS ICP/MS
0.2172 0.2184 0.00% 0.00%
0.2285 0.2287 5.24% 4.72%
0.2349 0.2332 8.19% 6.78%
0.2470 0.2476 13.8% 13.4%
0.2604 0.2601 19.9% 19.1%
0.2853 0.2855 31.4% 30.7%

ratios and enrichments for the samples enriched in
95Cu, enrichments ranging from zero to 25%. Enrich-
ment refers to the percentage change in isotopic ratio
from the ratio of the natural sample. The average dif-
ference in copper isotopic ratios measured by ICP-MS
versus those by TIMS was —0.8%. Table 3 compares the

a. Enrichment = [(measured ratio—natural ratio)/(natural ratio)]
X 100%
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measured 67/68 isotopic ratios and enrichments for
samples enriched in ®’Zn, with enrichments from 0 to
31%. The average difference in zinc ratios measured
by ICP-MS versus those by TIMS was 0.02%. Natural
and enriched molybdenum standard solutions were
combined to create three sets of samples with a range
of enrichments in one isotope. Table 4 compares the
measured isotopic ratios and enrichments of three
sets of molybdenum samples enriched either in **Mo,
%Mo, or 'Mo. The average difference in isotopic ratios
measured by ICP-MS versus those by TIMS was 1.0%
for 94/98, 0.6% for 97/98, and —0.3% for 100/98. The
average difference in enrichments between TIMS and
ICP/MS of samples with a range of enrichments for
coppetr, zing, and molybdenum was within 1% for all
elements.

Conclusions

TIMS is considered the “gold standard” for isotope ratio
measurements. Precision and accuracy are generally the
best that can be obtained. Therefore, it is the method of
choice when the highest degree of precision is required
for the application. However, ICP-MS has numerous
advantages, including lower cost, less sample prepara-
tion, much faster throughput, and ease of operation.
For most applications, the precision and accuracy of
ICP-MS suffice, so it is the method of choice in most
situations.
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Bioavailability of iron from micro-encapsulated iron

sprinkle supplement

Chandrani Liyanage and Stanley Zlotkin

Abstract

To improve the iron status of infants an effort was made
to increase the iron content of complementary foods by
adding 12.5 mg of elemental iron to the meal in the
form of micro-encapsulated ferrous fumarate coated
with a lipid. The contents of the packet were sprinkled
directly on to infant foods. Relative absorption of iron
from this supplement was determined in a prospective
randomized study with 39 infants (mean age 33.6 + 5.2
weeks) with initial hemoglobin values greater than 100
g/L. They were fed two complementary foods (rice-based
and wheat-based) in which the supplement labeled with
stable isotopes of iron *’Fe and °® Fe was incorporated.
The erythrocyte iron incorporation was measured in the
blood by inductively coupled plasma mass spectrophotom-
etry. The incorporation of iron was significantly higher
11.9% p < .001 and 13.3% p < .001 and no difference
was observed with the type of cereal in complementary
foods. The use of ferrous fumarate sprinkles has proved
to be efficacious in increasing the available iron intake
of the infants.

Key words: iron absorption, supplement, stable
isotopes, *’Fe, *8Fe, infants
Introduction

Iron-deficiency anemia is the most common of all the
nutritional deficiencies affecting millions of infants and
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children in the developing world. It is prevalent in all
the age groups of the Sri Lankan population in which
45% of preschool children are anemic [1]. Although a
variety of infant foods that include pre-cooked cere-
als, cereal-fruit products, etc. are currently fortified
with iron most infants and toddlers in the develop-
ing world have no access to these foods due to their
prohibitive cost. Although iron supplementation is
believed to be the most effective method of alleviating
iron-deficiency anemia where the prevalence is high,
it has not been shown to be an effective public health
strategy. However, there are some potential problems
with implementing an effective strategy of wide-scale
iron supplement distribution to infants and young chil-
dren. Iron supplements for infants and young children
are presently given as a solution which has significant
disadvantages as compared to tablets or pills including
dispensing directions, shorter shelf-life, higher likeli-
hood of dosage errors, possible staining of teeth, and a
strong and unpleasant taste. As such, in an alternative
delivery system for providing iron to infants and tod-
dlers, a novel packaging method and a source of iron
have been developed where iron is made available as
micro-encapsulated ferrous fumarate in a packet as a
single daily dose of 12 mg/per day.

The sprinkle-sized particles of ferrous fumarate
are coated with a mono or diglyceride (hydrogenated
soy lipid) and this thin coating protects the iron from
the food (and food from the iron) and also masks
the taste of the iron. The contents of the packet are
sprinkled on the food that is served to the child. The
iron will not react with the food altering its appear-
ance or taste because it is encapsulated. The coating
will dissolve in the stomach, releasing the iron salt, to
be absorbed along with iron contained in the foods
that constituted the meal. The availability of the added
iron for absorption will be affected by inhibitors and
enhancers of iron absorption that might be present in
a meal fed to infants and toddlers. Knowledge of the
bioavailability of iron supplements is therefore neces-
sary for a sound approach to establishing strategies for
meeting the needs of the absorbed iron in them. Of the
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several approaches that have been used to estimate the
bioavailability of iron sources, the double stable isotope
technique was selected to determine the absorption of
iron from the erythrocyte iron incorporation.

Materials and methods

This was a randomized prospective study to determine
the bioavailability of micro-encapsulated and non-
encapsulated ferrous fumarate after mixing them with
two different complementary foods.

Population

The study population consisted of 39 full-term healthy
infants and toddlers between 7 and 12 months of age,
who were of average birthweight and who attended the
maternal and child health clinic at Godakanda, Galle.
They had hemoglobin concentrations 100g/L or more
and had already been introduced to complementary
foods, that were similar to the test meals (porridge of
rice or wheat), and clinically stable at the time of the
initiation of the study. Consent was obtained from the
parents to include their infants in the study after they
were informed about the aims and procedures involved.
The protocol was approved by the Ethical Commit-
tee of the Faculty of Medicine, University of Ruhuna,
Sri Lanka.

The sample size was calculated to be large enough to
detect a difference between the bioavailability of non-
encapsulated versus encapsulated ferrous fumarate. As
there had been no prior studies to estimate the variance
in the outcome measure, a convenience sample of 40
infants were enrolled in the study. With an estimated
dropout rate of 33% it was hoped to complete the study
in about 30 subjects.

Experimental design

The study subjects were selected during field visits by
an investigator, and after obtaining written consent
they were invited to the well-baby clinic on three
days, two weeks apart, for the feeding trials. At each
visit their body weight was measured and, a capillary
blood sample was obtained before the test meal was
given. A 10 ul sample for hemoglobin was drawn onto
a microcuvette, followed by another sample of about
250 pl which was drawn into a heparinized plastic
microtainer collection tube. The blood was trans-
ferred to the laboratory for subsequent ferritin and
stable isotope analysis. Hemoglobin was determined
immediately using the Heemocue photometer (AB Leo
Diagnostics, Sweden).

Each infant was fed a test meal (rice-based) on the

first visit with a packet of sprinkles added and, the
mothers were instructed to return in 14 days. At the
second visit the infants were fed the second test meal
(wheat-based) with an iron packet added after measur-
ing their body weight and obtaining a blood sample.
The mothers were asked to bring their infants back in
14 days and the third blood sample was drawn and
their weights were recorded.

The normal food intake of the infants was not con-
trolled except that test meals were given four hours
after the last meal to that ensure their stomach was
empty enough for proper utilization of iron and, the
mothers were asked not to give any other iron supple-
ment during the day.

Test meals

The complementary foods tested were primarily
composed of brown country rice (low extraction) or
semolina (high extraction) 17.5g, lentils 5g, carrots
12.5g, and butter 2.5g. The ingredients were cooked in
double-distilled water until soft. Butter and salt were
added after mashing the mixture to a thick porridge.
Each serving was weighted and a packet of iron sprin-
kles (ferrous fumarate, encapsulated or non-encap-
sulated) either unlabeled or labeled with *’Fe of >®Fe
added and thoroughly mixed just before serving. The
test meals were fed by the mother under the supervi-
sion of the investigators, and the weight of waste and
leftover food was measured to obtain the infants’ actual
intake. To make sure that the infants consumed the
given amount of sprinkles completely, they were first
fed a small proportion of the test meal mixed with the
sprinkles followed by the rest of the meal.

Iron supplies

Each packet contained 12.5mg of elemental iron, con-
sisting of three forms of iron >*Pe, >’Fe, and unlabeled
ferrous fumarate. The proportion of each labeled
iron was 1.5mg of *Fe, 5.0 mg of *’Fe, and 5.5mg of
(remainder) unlabeled ferrous fumarate.

The enriched 3’Fe and *3Fe were purchased as ferric
oxide from Oak Ridge National Laboratory, USA and,
converted to labeled ferrous fumarate. Micro-encap-
sulation was done only on *%Fe fumarate by coating
with hydrogenated soybean lipid. 3"Fe ferrous fumarate
was not encapsulated and was added directly to the
packet.

Ferrous fumarate microcapsules were prepared by
small-scale rotational suspension separation encapsu-
lation. Briefly, Fe ferrous fumarate was dispersed in
molten hydrogenated soybean lipid (Durkee Industrial
Foods Corp.) at 60°C. The resulting mixture was then
poured slowly into a container of silicone oil (DF
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55-2000, Silchem Inc.) at an equivalent temperature.
The mixture was stirred with an impeller at 72 rpm
and then rapidly cooled with chilled silicone oil to
a temperature of 35°C. The resulting particles were
separated from the silicone oil matrix by centrifuga-
tion at 2000X g and rapidly washed (5 x) with chilled
heptane.

Analysis of blood samples

From the aliquots of blood (about 250 pl) that were
drawn on each of three visits, 100 ml was separated
and digested using nitric acid and heated until the
digest was clear. The digests were stored in sterile screw
capped containers at room temperature, and taken to
the Division of Paediatrics and Nutritional Sciences of
the Hospital for Sick Kids in Toronto, for determination
of the erythrocyte incorporation of stable isotopes. The
isotope in the erythrocytes was determined using the
method of Zlotkin et al.[2]. The percentage of iron that
is absorbed is incorporated into newly formed eryth-
rocytes and, the incorporation was measured from the
iron intensities of the erythrocytes [3] in the digested
blood samples (3 samples per infant) using an induc-
tively coupled plasma mass spectrometer (ICP-MS Elan
Model 6000, SCIEX, Inc. Thornhill, Ontario Canada)
operated in the isotope ratio mode (appendix 1). The
remaining blood from each sample was used for the
ferritin assay by well-established IRMA method [4]
using Coat-A-Count Ferritin IRMA kits, DPC, Los
Angeles, Calif., USA.

Analysis of complementary foods (test meals)

Analysis of iron and calcium were made by atomic
absorption spectrometry (Model 975; Varian, Tech-
tron, Australia). Aliquots of the complementary foods
were dried at 100°C and ashed for 24 hours at 600°c.
The ash was dissolved in nitric acid to determine the
iron concentration and measured by using a standard
addition technique. For calcium, the ash was diluted
with 1.5 mol hydrochloric acid per liter contain-
ing 0.5% lanthanium chloride. Duram wheat flour
(reference material 8436, National Institute Standard
Technology, Gaithersberg, Md., USA) was used as the
reference. The phytate and tannin contents of the foods
were determined using an Anion exchange method [5]
and, modified FAS method [6], respectively.

Statistical analysis

The principle outcomes were the bioavailability of the
encapsulated versus the non-encapsulated iron, and the
effect of the type of diet on the bioavailability of the

two forms of iron. These outcomes were analyzed using
paired t-tests since each infant received both forms of
iron in the same dosage and both diets.

Results

All the infants in the study were within the second six
months of life at the time of study (table 1). This age
is a period for the development of iron depletion and
for the onset of iron-deficiency anemia. The subjects
were non-anemic, with a mean hemoglobin of 114.14 +
0.76g/L and without evidence of iron depletion (mean
ferritin 67.38 + 33.99 pg/L). The mean birthweight
was 2.9kg with a mean body weight of 7.2kg at the
time of study.

The mean weights for the test meals consumed were
73.7 = 41.5g for the rice-based and 80.9 + 40.7g for the
wheat-based meal (table 2). Table 3 shows the mean
isotopic ratio (MIR) of the stable isotopes of iron
naturally occurring and, the baseline values for MIR
in the study subjects. It is apparent that prior to study
the subjects had the same isotopic ratio (*’Fe/>*Fe and

TABLE 1. Characteristics of the infants included in the
study

N Mean + SD
Birthweight (kg) 39 2.988 £ 0.36
Baseline
Weight (kg) 39 7.202 + 0.80
Age (weeks) 39 33.71 £5.82
Hemoglobin (g/L) 39 114.14 £ 0.76
Ferritin (pg/L) 21 67.381 + 33.99
End
Weight (kg) 39 7.891 +0.29
Hemoglobin (g/L) 39 11.08 £ 0.56
Ferritin (pg/L) 25 66.734 + 30.74

TABLE 2. Intake of the test meals and the contents of iron,
calcium and inhibitory factors in a meal

Rice-based Wheat-based
Meal Meal
Iron (mg) 1.3+0.8 1.3+ 0.6
Calcium (mg) 20.4 £10.8 54.2 +26.8
Phytate (mg) 425+24 18.4+2.1
Tannins (mg) 0.0 0.0
Intake (g) 73.7 £ 41.5 80.9 + 40.7

TABLE 3. Isotopic ratio report

>7Fe/>*Fe = 0.379
58Fe/>4Fe = 0.0482
~57Fe/**Fe = 0.376 + 0.002
38Fe/>*Fe = 0.046 + 0.001

Natural isotopic composition
(Mean isotopic ratio, MIR)
Mean isotopic composition

(MIR) of the samples at
baseline
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58Fe/>4Fe) and, the MIR is quite close to the natural
occurrence.

The effects of encapsulation and of the meal com-
position on erythrocyte incorporation are shown in
table 4. It appears that the percentage of iron absorbed
is directly related to the intake of the iron incorporated
into the test meals. The higher the intake, the higher
the absorption observed (11.9% and 13.3% absorption
from the 5.07mg of >’Fe and, 1.8% and 2.2% absorp-
tion from 1.57mg of *Fe). The iron content was the
same in both types of meals, but the inhibitory factors
(phytate and calcium) varies (table 2). However, for
each form of iron (encapsulated or non-encapsulated)
there was no effect of the type of cereal on the percent-
age incorporated. Absorption from non-encapsulated
iron was significantly higher in both rice- and wheat-
based meals.

In-vitro studies of release of iron from
micro-encapsulated ferrous fumarate

In an attempt to further understand the potential
release of iron after micro-encapsulation, two com-
mercial sources of micro-encapsulated ferrous fuma-
rate were used and differences in the release of iron
were studied by an in vitro simulated “gastric digestion
model” modified to mimic the gastric pH, temperature,
fluid volume, and gastric emptying time of the infants
between 6 to 12 months of age. The differences in the
release of iron were striking between the two sources
of encapsulated iron. Over a two-hour time span there
was virtually no release of iron from one as compared
to 70% release from the other. It is apparent, therefore,
that the method of micro-encapsulation will have a
significant effect on the release and bioavailability of
iron and that one cannot necessarily assume equivalent
bioavailability among the different forms of micro-
encapsulated iron.

Discussion

The results of this study provide information on the
absorption of iron from the two homemade comple-

mentary meals. Ferrous fumarate (non encapsulated)
was reasonably well absorbed despite the phytate and
calcium content of the complementary foods used in
the study. There was no significant difference in absorp-
tion between the rice- and the wheat-based meals.

The encapsulated ferrous fumarate, however, was
less well absorbed than the non-encapsulated ferrous
fumarate. Theoretically, the micro-encapsulated iron
will not react with the food it comes in contact with,
yet the coating will readily dissolve in the low pH of the
stomach. It is quite likely that the coating on the isotop-
ically-labeled ferrous fumarate adversely affected the
absorption of the iron in this study. The encapsulation
of the isotopically-labeled ferrous fumarate was done
in a university laboratory since a commercial form of
isotopically-labeled iron was not available. The ratio of
coating to iron was 10-fold higher with the laboratory
prepared product, as compared to the commercially
encapsulated non-isotopically-labeled iron. It is there-
fore most likely that because of the increased amount
of coating, digestion of the coating was incomplete.
Even with commercially micro-encapsulated iron, a
significant difference in potential absorption and bio-
availability would be expected depending on the proc-
ess of micro-encapsulation. The results of the current
study, therefore, cannot be directly extrapolated to
estimate iron dosage for clinical use, since the release
of iron appears to be highly dependent on the method
of micro-encapsulation. However, the estimate of the
absorption of isotopically-labeled ferrous fumarate
will be useful in the determination of an appropriate
dose of encapsulated iron to be included in a single
dose packet.

One explanation of the high prevalence of iron-defi-
ciency anemia in developing countries is the low iron
content of typical complementary foods combined with
the low bioavailability of the iron due to the relatively
high fiber and phytate contents of the food [7]. In the
industrialized world, the problem has been addressed
by the fortification of commercial complementary
foods with iron. Since the routine use of iron-fortified
commercial complementary foods is not an option for
most infants in the developing world, alternate strate-
gies have to be employed. One strategy is to add iron in
a soluble form to the home-prepared complementary

TABLE 4. The intake doses of labeled iron and percentage of erythrocyte incorporation of isotopes
from micro-encapsulated (n = 32) versus non-encapsulated (# = 39) iron from rice-based and

wheat-based meals

Percent absorption from meal
Iron i Rice-based Wheat-based Combined
ron isotope and
intake doses % = SD p % % SD p % + SD p
7Fe non-encapsulated | 5.07 £ 0.11 mg | .001 | 13.3£9.6 | .001 | 12.5+£7.6 | .001
8Fe encapsulated 1.56 £ 0.03 mg 22425 20+£2.0
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food, without changing is taste, color, or appearance.
In the present study the form of soluble iron (ferrous
fumarate) tested caused no organoleptic changes and,
the thin coating also masked the taste of the iron. As
such, the use of a single dose supplement added directly
to complementary foods has much appeal and this is
especially true in developing countries because of the
high prevalence of micronutrient deficiencies.
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SSFe

Mass-discrimination correction:
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Abstract

Breastmilk output can be estimated from the mother’s
total body water and water turnover rates after oral
administration of deuterium oxide. Usually the deute-
rium enrichments are determined using a isotope ratio
mass spectrometer, which is expensive and requires a spe-
cialist for operation and maintenance. Such equipment is
difficult to set up in developing countries. A less expensive
method was developed which uses a Fourier transform
infrared spectrophotometer (FTIR) for deuterium enrich-
ment analysis. This study evaluated the constraints of
using FTIR to study lactating women in Senegal. The
deuterium isotope method was found to be adequate for
free living subjects and presented few constraints except
for the duration of the saliva sampling (14 days). The
method offers the opportunity to determine simultane-
ously breastmilk output, mother’s body composition, and
breastfeeding practices. Deuterium sample enrichments
measured with FTIR were fast and easy, but for spectrum
quality some environmental control is required to opti-
mize the results.

Key words: stable isotopes, deuterium, infrared
spectrometer, breastmilk output

Introduction

Measurement of breastmilk intake is fundamental for
infant nutrition in developing countries since it is well
known that early introduction of weaning foods is one
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of the causes of child malnutrition [1]. In Africa, par-
ticularly in Senegal, while breastfeeding is widespread,
only a small proportion of children are exclusively
breastfed [2]. The conventional method for measuring
breastmilk intake consists of weighing the baby before
and after each feeding. This is time-consuming, inaccu-
rate, and interferes with the mother’s normal activities;
also it cannot be used when the baby is fed on demand
[3]. A more practical and accurate method is to meas-
ure breastmilk output by isotope dilution using stable
isotope-labeled water. Deuterium oxide given to the
mother or infant has been previously used [4-6]. Con-
ventionally, sample enrichments were measured with
an isotope ratio mass spectrometer, which is expensive,
time-consuming, and requires a specialist for operation
and maintenance. Such equipment is difficult to set up
in developing countries. Hence, a fast, easy, and less
expensive method was developed which uses a Fou-
rier transformed infrared spectrophotometer (FTIR)
to determine deuterium sample enrichments [7-10].
This study tested the deuterium dilution technique in
field conditions in developing countries and evaluated
the constraints of using the FTIR to measure breastmilk
output in lactating Senegalese women.

Subjects and methods

Eleven lactating Senegalese women and their infants
took part in the study. The study was approved by
the ethics committee of the University and informed
consent was obtained from the subjects before starting
the study. All the babies were full term and averaged 3.7
months old. The mean age of the mothers was 24 + 4
years and parity between one and five. Anthropometric
measurements (weight and height) were done at the
beginning and the end of the study. A dose (30 g) of
deuterium oxide (99.8% purity, Cambridge Isotope
Laboratories Inc., Andover, Mass., USA) was orally
administrated to the mothers and saliva samples were
collected from both the babies and the mothers before
(for the determination of the natural deuterium abun-
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dance) and after administration of the dose, on days
1,2, 3,4, 13, and 14 (post-dose samples). Saliva from
the mothers (~ 5 ml) was collected directly into small
sterile vials. To obtain saliva from the babies, foam
mouth swabs were cut and rolled around the baby’s
mouth until saturated. The foam was then placed in a
5-ml syringe, and the saliva squeezed into sterile tubes.
This process was repeated until a sample of about 3-ml
was collected. The samples were centrifuged for five
minutes at 11,500 g and the supernatant kept at —20°C
until analysis.

Enrichment of the saliva samples was measured
using a Fourier transformed infrared spectrophotom-
eter (Shimadzu 8300, Vienna, Austria) equipped with
an automatic sample shuttle and a pair of matched
calcium fluoride sample cells with 0.1mm path length.
Before saliva measurement, the calibration procedure
involved preparation of D,O calibrator by dilution of
D,0 with deionized water. The enrichment of this cali-
brator was confirmed by the isotope ratio mass spec-
trometer. For analysis, the pre- and post-dose samples
were simultaneously loaded into the instrument and
automatically positioned in the light beam. This mini-
mizes any interfering effects due to the absorption of
atmospheric carbon dioxide in the sample chamber.
The infrared spectra were measured in the range 2,300
to 2,800 cm™!. The magnitude of the response obtained
from the FTIR is deducted from the deuterium absorp-
tion curve by an algorithm developed by the Medical
Research Council-Human Nutrition Research (MRC-
HNR). Breastmilk volume was determined from the
FTIR spectra using Microsoft Excel software for the
kinetic analysis. A simulation, analysis and modeling
computer program was used for compartmental analy-
sis [11].

A two-compartment model described by Coward
et al. [12] was used to generate best-fit estimates for
maternal and infant water fluxes. Flow is taken as uni-
directional between mother and baby (fig. 1).

Mother's Baby's
compartment compartment
lFmo lFbo
Fbm
Vm > Vb

lFom lFob

FIG.1. Two-compartment, steady-state model of water flows
in a mother-baby pair. F indicates water flow. Subscript m
refers to mother, o to outside and b to baby. V is the total
body water. The combination of subscripts indicates the
direction of fluxes (for example, Fmo indicates the flow to
the mother from outside).

Results

The model predicts a monoexponential decay curve of
deuterium in the mother’s body water and a biexpo-
nential decay curve for deuterium appearance in the
baby’s saliva (fig. 2). The dotted points represent the
experimental data of one mother-baby pair. The mean
difference between the theoretical and the experimental
data obtained from 11 pairs was 2 ppm and was less
than the mean acceptable difference of 5 ppm.

Table 1 shows water flux indices including initial D,
enrichment Cm (0), total body water (TBW, D, space),
fractional rate constants (kmm, kbb, and kbm), and
steady-state transports (Fom, Fmo, Fbm, Fob, Fbo) of
one mother-baby pair.

Maternal total body water (TBW) was calculated
from D, enrichment at time zero corrected by 1.04,
which is the D, space. For the calculation of breast-
milk output, TBW of the baby was derived from
Friis-Hansen’s formula [13]. Breastmilk volume was
obtained as Fbm/0.87, where 0.87 is the fraction of
milk that is water, and Fbm the flow to the baby from
the mother. The intakes of the baby other than milk
(water and food supplements given to the baby) were
estimated from Fbo.

The body composition of one mother is shown in
table 1. The body composition was calculated from the
TBW: TBW/0.73 for lean mass and body weight minus
lean mass for body fat. The mean breastmilk intake and
other metabolic water (food or water supplements) of
the babies were 892 + 108 g/day and 276 * 185 ml/day,
respectively.

Of the 11 lactating mothers in this study, only one
was exclusively breastfeeding her baby: food or water
supplement = 18 ml/day.

Discussion

Deuterium dilution is a non-invasive, simple, and safe
method for measuring breastmilk output. The method

90 -
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FIG. 2. Decay curves of D, enrichment
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TABLE 1. Kinetic data baby intakes and body composition of one mother-baby pair

Kinetic data of one mother-baby pair Baby intakes Mother’s body composition
Cm(0) =762.91 ppm Milk volume =0.84 Kg/day™ Total body water =34.07 Kg
Kmm =0.12  day! Fbo =0.18 Kg/day! Lean mass =46.67 Kg
Kbb =0.22  day! Body fat =14.59 Kg
Fbm =0.73  Kg.day! % of fat =23.82
Kbm =0.02  day

Cm(0), intercept of the curve for the disappearance of D from the mother’s saliva.

Kmm, rate constant for irreversible loss of water for the mother.
Kbb, rate constant for irreversible transfer of water for the baby.
Fbm, water flux from the mother to the baby.

Kbm, rate constant for irreversible transfer of water from the mother to the baby.

Fbo, water flux from outside to the baby.

is especially useful for estimating the breastmilk contri-
bution to nutrient intake in non-exclusively breastfed
infants [12]. In many deuterium dilution studies, an
isotope ratio mass spectrometer (IRMS) was used for
deuterium analysis and isotope doses were determined
on the basis of body weight [4-6, 12]. The expensive
instrumentation and the need to measure each dose
after weighing the mother have limited the widespread
use of this method in the field, particularly in develop-
ing countries. IRMS requires a specialist for operation
and maintenance, and is somewhat tedious because for
isotopic measurements, the water is first transformed
to hydrogen or equilibrated with hydrogen. Other
methods have been proposed including infrared spec-
trophotometry (FTIR). For deuterium analysis, FTIR
has been validated against IRMS and can be used to
measure the enrichment of biological fluid samples as
accurately as IRMS [7-10].

In this study a fixed isotope dose of 30 g was given to
the mother. Conway et al. previously demonstrated that
30 g of deuterium oxide provide adequate enrichment
in body fluids [10]. This dose is equivalent to 0.5 g/kg
of body weight, as compared to the usual dose of 0.1
g/kg for IRMS analysis. The use of a larger deuterium
dose did not pose any risk to the subjects [4, 14] and
the cost is lower than that for the IRMS.

The results of breastmilk intake obtained in this study
were comparable with those for well-nourished women
from the industrialized countries and indicated that the
breastmilk production of these Senegalese women was
not impaired [15]. Despite a claim of exclusive breast-
feeding by the mothers, the deuterium dilution method

showed that only one baby was exclusively breastfed. In
a recent national survey, 23.5% of the mothers stated
that they were exclusively breastfeeding their infants
[2]. The discrepancy between inquiries and measures
makes the deuterium dilution method a good tool for
assessing breastfeeding practices.

The deuterium dilution method using FTIR was easy
to use, adequate for free living subjects, and presented
few constraints except for the duration of the saliva
sampling (14 days), which may cause some subjects to
drop out. Mothers and babies accepted it without any
resistance, the adequate quantity of saliva was easily
obtained. The method was safe, simple, and accu-
rate. The FTIR was fast and rapid but, for optimum
spectrum quality, some environmental controls are
required (temperature, humidity, dust, vibration, and
smoke free atmosphere). In conclusion, the minimal
time required for analysis and sample preparations
for measurement of deuterium enrichment with FTIR
make it suitable for community evaluation studies in
developing countries.
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Maternal smoking effects on infant growth

Maria del Rocio Berlanga, Gabriela Salazar, Carola Garcia, and Jimmy Hernandez

Abstract

The influence of maternal smoking the nutrient content
of breastmilk and impact on infant longitudinal growth
rate is unknown. From birth, 23 smoking (S), (7.1 £ 4.4
cigarettes/day) and 23 non-smoking (NS) mother-infant
pairs were followed. The breastmilk volume by deuterium
dilution, zinc (Zn), copper (Cu), and iron (Fe) in breast-
milk and hair by atomic absorption (AAS) and cotinine
levels by radio-immuno-analysis (RIA) were evaluated.
Birthweight was similar in contrast to height, and infants
grew normally. Height and height-for-age (ZHA) were
significantly lower in S infants and weight-for-height
(ZWH) was higher in S infants in the third month,
caused by slower height growth. Cotinine was 19 times
greater in the S mothers and six times higher in their
infants, as compared to NS group. Breastmilk volume
was 743+ 119 g/day (S) and 742+ 111 g/day (NS), with
no difference in zinc, copper, iron contents, except for
cadmium (Cd). In infant’s hair, all minerals were higher
in the S group. Smoking affected infant’s height during
breastfeeding, attributed to an eventual impaired bio-
availability of essential nutrients.

Key words: smoking, infant growth, breastfeeding

Scientific background of the project

The effects of smoking on infant growth and maternal
health, as well as other effects of smoking on later mor-
bidity have been previously studied [1]. Smoking was
found to alter body composition, as well as lowering the
level of prolactine at the end of pregnancy, which has

The authors are affiliated with the Institute of Nutrition
and Food Technology (INTA), University of Chile in San-
tiago, Chile.
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implications for lactation [2]. A recent paper showed
the effect of smoking on growth until the third month
in a smaller sample from this same study [3], while
another study showed the effect of passive smoking
in infants of non-smoking mothers, but with other
smoking residents in their house [4]. Using the precise
dose-to-mother deuterium dilution methodology,
mothers who smoked produced significantly less milk
at one month, which correlated with a slower rate of
birth [5] at that age. This study investigated the con-
cern that smoking could not only affect birthweight,
but also that it could inhibit height growth due to the
presence of cadmium in tobacco, which could impair
zinc bioavailability.

Subjects and methods

Subjects

Mothers from low socioeconomic status were con-
tacted after delivery in a hospital in the South-East
health region of Santiago (Sotero del Rio). The moth-
ers were invited to participate after verifying their
maternal normal nutritional status and their infant’s
birthweight (3,000—4,000 g), that they were not taking
any medication or had other factors thay affect normal
lactation, their intention to breastfeed for at least three
months. The study was thoroughly explained to the
mother and written acceptance was required. Smoking
mothers were selected with similar characteristics and a
minimum of five cigarettes daily during pregnancy and
lactation. After a careful screening of smoker mothers
and infants, a sample of 23 pairs of smoking mothers
and their infants (S) plus 23 non-smoking mothers
(NS) and their infants were selected.

Methods

Infants were measured in their homes monthly until
they were three months old. (A SECA balance was used
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to weight the infants and height was measured with an
infant stadiometer, Precisién Hispana, Santiago, Chile).
The mother’s weight was checked at one-month post-
partum.

When the infant was one month old, breastmilk
production was measured using the dose-to-infant
deuterium dilution methodology. A dose of 0.2g/kg
of 99.9% of deuterium oxide was administered to the
infants, after collecting a basal urine sample of 3 ml. At
one month of age, urine samples were collected on days
1 to 8 after dosing, by a cotton layer over the diaper
and careful extraction of the urine. Mothers were
well-trained to collect urine samples, but to assure
the validity of the milk measurement, the field worker
personally collected samples during the first two days
and the final two days of the sampling protocol. Moth-
ers were interviewed on their infants’ additional fluid
intake. Samples were frozen at —20°C until measure-
ment at the Institue of Nutrition and Food Technol-
ogy (INTA), in a Europa Scientific HYDRA continuous
flow IRMS (Crewe, Manchester, UK).

TABLE 1. Description of subjects

Hair from both the mother and infant were collected
carefully at the first month, from the underneath hair in
the back of the head, and stored immediately in sealed
plastic bags at room temperature. The mother collected
milk from 6 to 8 feedings during one day, 2 ml before
and after each feed on one breast; and samples were
pooled in one tube to perform micronutrient analysis
(copper, zinc, and iron) by AAS (atomic absorption
spectrophotometry). The first part was done at INTA,
and cadmium was measured at the Department of
Nutrition, Faculty of Medicine, University of Chile.

Results

A description of the subjects (mother/infant) at birth
is shown in table 1. The characteristics of the subjects
were similar except for the levels of smoking and coti-
nine as well as the infant’s birth height

The infant growth and cotinine levels at one month
of age are shown in table 2. Weight was higher in non-
smokers, but it was not significantly different. Height
was significantly different from birth (table 1). Cotinine
levels were statistically different at the first month, and

Smokers Non smokers increased with time in smokers, ratifying a tendency of
Variables (N =23) (N =23)
Mothers TABLE 2. Growth and cotinine levels in infants one month
Age (yr) 265 255 of age ’
Weight (kg) 70+5 7046 8
Height (cm) 156 (153-160) 156 (149-160)? Non smokers Smokers
Parity 2t1 2+1 (N =23) (N =23)
Cotinine (ng/ml)|1,026 (2,170-3,207)*% 54 (34-75)*“ . N
Cigarettes (n) 7.1+44 0 Variables Mean £ 5D
Infant, one month
Infants )
Birthweight 3,300 + 338 3,372+ 252 Weight (g) 4277£351 | 4,087£310
Birth height 49.5 + 1.2* 50.0 + 1.3* Height (cm) 53.6+ 1.3* 52.3+1.2%
Gestational age 3411 315+1 Cotinine (ng/ml) 12 (1-15)* 75 (12-122)*2
*p <.05. *p<.05.
a. Median and quartile. a. Median and quartile.
TABLE 3. Zing, copper, and cadmium levels in infants” hair at one month
Zinc (pg/g) Copper (ug/g) Cadmium (ug/g)
One month Median and quartile

Non-smokers (N =23)
Smokers (N = 23)

135.8 (123.7-181.3)*
145.1 (119.2-172.3)*

20.4 (11.7-25.3)*
12.4 (9.8-17.7)*

0.13 (0.0-0.30)**
0.05 (0.02—0.23)*7

*p < .05,
a. Median and quartile.

TABLE 4. Zinc, copper, and cadmium levels in mothers’ hair

Zinc (pg/g)

Copper (pg/g) Cadmium (pg/g)

One month

Median and quartile

Non smokers (N =23)
Smokers (N = 23)

178.7 (158.6-193.2)*
167.8 (152.4-181.8)*

13.5 (11.3-17.7)
14.7 (9.6-18.9)

0.0 (0.0-0.01)*
0.0 (0.0-0.03)*

*p < .05,
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mothers to smoke more, as lactation progressed.

Levels of zinc, copper, and cadmium in infant’s hair
are shown in table 3. There were significant differences
in zinc, copper, and cadmium levels between smokers
and non-smokers, being higher in hair of infants of
smokers. The fact that infants of non-smoker’s have
cadmium in their hair may be linked eventually to
passive smoking.

The maternal levels of zinc, copper, and cadmium are
shown in table 4. Maternal copper concentrations did
not differ, which agreed with the normal nutritional
status of the mothers. Levels of cadmium and zinc in
hair differed between the two groups; low levels could
be also attributable to passive smoking.

The accumulation of cadmium in the infant at the
first month is probably due to in utero contamination
and direct and passive ways [6]; the effect of passive
smoking in the infants of non-smokers is also notice-
able. After weaning, infants from smoking mothers
ceased to receive cadmium from maternal milk.

Milk production was determined in part of the
sample (13 non-smokers and 12 smokers), and showed
no significant differences between smokers and non-
smokers.

In figure 1 the Z scores for weight-for-age (WA),
height-for-age (HA), and weight-for-height (WH)
are shown. Height-for-age was significantly greater in
infants of non-smokers from birth to three months of
age (fig. 1b). Weight-for-height becomes significantly
different in infants of smokers at the third month,
mainly due to the deficit in height growth.

Discussion

Smoking affects the growth in the infant’s height, due
to the transfer of cadmium by tobacco smoke. Chronic
contamination of cadmium is known to be caused by
smoking or consumption of shellfish; although the
placenta and breast present a barrier, cadmium has
been shown to alter the cadmium:zinc and cadmium:
copper ratios in fetal blood, as there is evidence that
cadmium is preferably attached to a-lactalbumin or
low molecular weight fractions in breastmilk [7, 8].
The most important interactions occur between cad-
mium and zinc and some results indicate disturbances
of the metabolism of zinc, copper, and iron, especially
when administered at low dose [6]. Accumulation of
cadmium in the liver and kidney will also increase
zinc levels in these organs due to binding to metal-
lothionein. Our hypothesis is that this binding may
alter the supply and bioavailability of zinc of infants
of smokers during breastfeeding, altering growth in
height significantly. Other studies have demonstrated
widespread ossification retardation and marginal bone
loss due to smoking in animal experiments and human
adults [9, 10]. A possible interaction between calcium

a. Weight-for-age

0.50 -
Nonsmokers
O L U
()
S -
g 0 === &
N _--" Smokers
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-0.50 - 0 1 2 3
Age (mo)
b. Height-for-age
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L
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FIG.1. Z-scores for infants of smokers and non smokers

and cadmium may be a plausible cause. Both factors
are linked to longitudinal growth during gestation and
early growth.

Smoking has been shown to transiently affect growth
in height preferentially during the period of breastfeed-
ing. This may be due to eventual cadmium transfer
by milk, produced by tobacco inhaled by the mother.
In other studies cadmium altered zinc and copper
metabolism, and zinc in particular, has an important
role in longitudinal growth. The campaign carried out
by the Ministry of Health should include the effects
of the interference of toxic elements in infants’ health
and growth.

Future studies should look into the impact of
cadmium in preferential binding of zinc by metal-
lothionein, relating it to linear growth of infants of
smokers’ for longer periods. To further understand
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these mechanisms, the placental transfer of micro-
nutrient and toxic elements should also be studied,
as well as other factors such as calcium availability, to
assess the joint contribution from gestation and during
lactation.
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Body fat and cardiovascular risk factors in Indian men
in three geographical locations
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Abstract

We studied cardiovascular risk factors in 149 rural, 142
slum dwellers, and 150 urban middle class Indian men
(30 to 50 years, mean 40 years) in relation to their body
fat. Mean body mass index (BMI) was 21.0, 22.3, and
24.3 kg/m? and mean body fat percent (bioimpedance)
was 20.4, 22.5, and 30.4, respectively. A 75¢ oral glucose
tolerance test showed no diabetes in rural subjects; 4% of
urban slum dwellers and 10% of urban middle class men
were diabetic. Hypertension (blood pressure > 140/90 mm
Hyg) was present in 2% of the rural, 4% of the urban slum,
and 10% of the urban middle class men. All cardiovas-
cular risk factors were strongly related the percentage of
body fat and waist to hip ratio. Two hour plasma glucose
concentration and blood pressure were, in addition, inde-
pendently related to geographical location (urban middle
class were higher than slums who were higher than rural
men). Our results suggest that urbanization increases the
risk of hyperglycemia and hypertension independent of
the percentage of body fat or its central distribution.

Key words: insulin resistance syndrome (IRS),
coronary heart disease (CHD), body fat, oral glucose
tolerance test, India

Introduction

India is experiencing an epidemic of type 2 diabetes,
insulin resistance syndrome (IRS), and coronary heart
disease (CHD) among its young adult and middle-aged

Himangi Govind Lubree, Sonali Suresh Rege, Dattatry
Shivram Bhat, Kondiram Namdeo Raut, Anjali Panchnadikar,
Charudatta Vaman Joglekar, Chittaranjan and Sakarlal Yajnik
are affiliated with the Diabetes Unit, King Edward Memorial
Hospital Research Centre, Rasta Peth in Pune India. Prakash
Shetty is affiliated with the London School of Hygiene and
Tropical Medicine in London, UK. John Yudkin 1s affiliated
with the International Health and Medical Education Centre,
UCL, in London, UK.

population. It is projected that by the year 2020 India
will have the highest number of diabetic patients any-
where in the world and that CHD will be the leading
cause of premature death [1]. There is a striking excess
in the prevalence of these conditions in urban com-
pared to rural Indians. In a recent study of 38 year-old
fathers of 8 year-old children in urban Pune, 8% were
diabetic and 16% had impaired glucose tolerance (IGT)
in the middle class men and 12% were diabetic and
18% IGT in slum dwellers. In another study in a nearby
village (Pimpale Jagtap) only 4% of those over 40 years
of age (mean 55 years) were diabetic and 4% had IGT
[2, 3]. These findings suggest an increase in prevalence
of insulin resistance syndrome in the near future with
continuing rural to urban migration. The cause of this
‘epidemic’ is not clear but the major contributors to
this are postulated to be the urban lifestyle as well as
high genetic susceptibility of the population resulting
in increased body fat percent and central adiposity, the
main determinants of both diabetes and CHD.

Research design and methods

We studied 150 men each (30 to 50 years of age) from
three different geographical locations: rural, urban
slums, and urban middle class who were selected by
multi-stage random sampling.

Population sampling

The King Edward Memorial (KEM) Hospital and
Research Centre is a tertiary care hospital with a rural
outreach program in surrounding villages. We selected
one geographical area in the vicinity of the Vadu Rural
Health Centre. Of the six villages where we had con-
ducted a community-based study of maternal nutrition
and fetal growth, we selected randomly two villages.
The villages were comprised of hamlets, which were
listed, and five hamlets each were selected randomly
from the two villages. A house-to-house survey was
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done in these five hamlets to create a list of all men
between the ages of 30 and 50 years from which the
proposed number was selected.

The city of Pune is divided into 124 administrative
wards. Four wards were selected randomly. Two wards
were selected for the study of subjects living in the
slums and two for studying middle class subjects. More
than 1,000 houses were surveyed. A list of eligible men
who were willing to participate in the study was created
from which subjects were randomly selected.

Anthropometry

Height was measured using a stadiometer (CMS
Instruments, London, UK), and weight using port-
able sohnell scales. Biceps, triceps, subscapular, and
suprailiac skinfold thicknesses were measured on
the left side of the body using Harpenden skinfold
callipers (CMS Instruments). Head, mid-upper-arm
circumference (MUAC), waist, and hip circumference
were measured using a standard measuring tape. Fat
mass was calculated from the sum of four skinfold
thicknesses using Durnin’s formula ((4.95/density)
—4.5) x 100, where density = (1.1599 — (0.0717 X log ,
sum of four skinfolds) [4]. The percentage of body fat
was calculated using bioimpedance values and by the
deuterated water method.

Laboratory methods

An 75 g oral glucose tolerance test (OGTT) [5] was
done. Plasma glucose, cholesterol, triglycerides, and
HDL-cholesterol were measured using standard
enzymatic methods, and leptin concentrations using
radioimmuno assay.

Statistical method

Data are represented by means and standard deviations
unless or otherwise noted. Variables having skewed
distributions have been log transformed to satisfy
assumptions of normality. The comparisons across
geographical locations have been made using ANOVA
(analysis of variance).

Results and discussion

A study of the migration pattern across the geographi-
cal location revealed that 75% (table 1) of urban slum
dwellers had migrated at least once in their lifetime as
opposed to the rural and urban middle class who were
more stable (40% and 31%, respectively).

Table 2 summarizes the lifestyles of the study popu-

TABLE 1. Migration history

Urban
Rural Slums Urban
(N=149) | (N=142) | (N=150)
Born and studied 75.8 42.2 76.0
in the same
geographical
location (%)
Migrated at least 40.3 75.3 31.3
once (%)
Years in the place 31 25 34
of study
TABLE 2. Lifestyle
Urban
Rural Slums | Urban
(N =149) |(N = 142)|(N = 150)
Addicting habits (current)
Smoking (%) 23.5 38.7 26.2
Tobacco chewing (%) 62.4 60.6 28.9
Mishri“ (%) 55.7 26.1 12.1
Alcohol (%) 19.5 50.7 42.3
Education
Mean years of education 7 7 14
No schooling (%) 23.1 18.9 0.6
Primary school (%) 34.7 34,5 2.7
Middle school (%) 12.6 23.7 17.3
Secondary school (%) 25.3 20.1 35.3
Intermediate (%) — 0.7 4.7
Graduate (%) 3.2 0.7 26.7
Postgraduate (%) 1.1 1.4 12.7
Employment
Unemployed (%) 3.1 2.9 33
Skilled (%) 9.5 12.9 28.0
Semi-skilled (%) 7.4 33.1 28.7
Unskilled (%) 80.0 51.1 40.0

a. Mishri is burned tobacco applied to teeth.

lation. Urban middle class men were more educated
than their two counterparts while the percentage of
those unemployed was similar in rural, urban slums,
and urban middle class populations (3.1, 2.9, and 3.3,
respectively). Alcohol consumption and smoking was
higher in the urban slums (50.7 and 38.7, respectively).
The mean ages were 38 £5.9,38 £ 5.9,and 41 £5.9 in
rural, urban slum, and urban middle class men, respec-
tively. The urban middle class men had the highest BMI
(24.3 £ 3.9) followed by urban slum (22.3 + 4.1) and
rural (21.0 = 2.8) men. The urban middle class men
had greater subscapular and triceps skinfold thick-
nesses than the urban slum and rural populations (22.5
and 13.1, 15.9 and 9.0, 12.4, and 7.9, respectively)
Table 3 shows the anthropometric characteristics of
the study groups. The urban middle class men had a
higher percentage of body fat than those in the urban
slums, while the rural men had the lowest percentage
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of fat. This holds true for the waist to hip ratio (WHR)
as well as subscapular to triceps ratio (SSTR) (table 4).
The total percentage of body fat was calculated by three
different methods, and there was a good correlation
between all of them (table 5).

Urban middle class men had higher glucose, choles-

TABLE 3. Anthropometric characteristics

terol, triglyceride, and leptin concentrations than the
other groups. There was no significant difference in
the blood pressure between the three groups (table 6).
Many of the insulin resistance syndrome outcome vari-
ables were higher in the urban middle class population
and least in the rural population (table 7).

Rural Urban Slums Urban
(N =149) (N =142) (N =150)
Age (yr) 38 (5.9) 38 (5.9) 41 (5.9)
Height (cm) 165.0 (5.6) 163.4 (6.5) 166.2 (6.8)
Weight (kg) 57.4 (8.4) 59.8 (12.5) 67.3 (12.1)
BMI (kg/m2) 21.0 (2.8) 223 (4.1) 243 (3.9)
Head circumference (cm) 54.1(2.2) 54.6 (1.7) 55.6 (1.6)
Mid arm circumference (cm) 26.3 (2.4) 27.4 (3.5) 28.9 (3.2)
Waist circumference (cm) 79.4 (9.1) 83.7 (14.1) 90.4 (10.2)
Hip circumference (cm) 88.1 (5.6) 90.9 (7.9) 96.0 (7.6)
Biceps (mm)“® 4.1 (2.1-15.4) 5.1 (2.0-18.1) 6.9 (2.2-24.1)
Triceps (mm)® 7.9 (3.2-26.5) 9.0 (3.4-31.6) | 13.1(3.3-40.0)
Subscapular (mm)? 12.4 (5.1-40.0) 15.9 (4.8-48.6) 22.5 (8.0-46.4)
Suprailiac (mm) 15.8 (9.7) 18.7 (10.8) 26.6 (9.5)
Mean (SD)
a. Geometric mean, range.
TABLE 4. Body fat and its distribution
Rural Urban Slums Urban
% Body fat
Anthropometry 19.6 (5.8) 21.8 (6.6) 27.4 (5.3)
D20 19.9 (6.2) 21.6 (6.9) 27.2(7.1)
Bioimpedance 20.4 (10.2) 22.5(10.9) 30.4 (8.1)
Weight:hip ratio 0.89 (0.06) 0.92 (0.09) 0.94 (0.09)
Subscapular:triceps ratio® 1.5 (0.6-3.7) 1.8 (0.9-3.2) 1.7 (0.6-4.2)
Leptin (ng/ml)* 1.8 (0.2-22.0) 3.9 (0.1-42.0) 7.6 (0.5-50.0)

Mean (SD).

a. Geometric mean, range.

TABLE 5. Spearman correlations for body fat and leptin

TABLE 6. Insulin resistance syndrome

% Body fat Urban
Anthro- Bioim- Rural slums Urban
0, = = =
pometry| D,0 | pedance | Leptin Outcome (%) (N=149) | (N=142) | (N=150)
% Body fat Impaired glucose 9 12 20
Al hy 1 0.80** | 0.84** | 0.72** tolerance
Dné) ropometry 0.80% ' ) 0'81** 0.64"* Diabetes mellitus 0 4 10
2 i . ’ . Hypertension 2 4 10
Bioimpedance | 0.84 0.81 1 0.70 (> 140/90 mmHg)
Leptin (ng/ml)* | 0.72*%* | 0.64** | 0.70** 1 Cholesterol
*p<.05,%* p < .01, p<.001. Total > 200 mg 3.4 8.7 14.8
HDL<35mg 44.6 48.4 52.1
Triglycerides 6.1 19.8 26.8

=150 mg
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Conclusion

The percentage of body fat and central adiposity signif-
icantly increased from rural to the urban middle class
men through the urban slum dwellers. An increased
percentage of body fat predicted an increased insulin
resistance and other cardiovascular risk factors. Central
adiposity (waist:hip ratio and subscapular:triceps ratio)
made a significant but relatively smaller contribution to

TABLE 7. Insulin resistance syndrome variables

this risk compared to the percentage of body fat.

Our results suggest that urbanization increases the
percentage of body fat and central adiposity. Together
these factors make a major contribution to the rise in
the prevalence of insulin resistance syndrome. Body
fat and its distribution do not account for all the
geographic differences. Other environmental factors
may also contribute to the rising prevalence of insulin
resistance syndrome in India.

TABLE 8. ANOVA (independent variable = geographical
location)

Systolic

2hour | blood | Choles- | Triglyc-

glucose | pressure | terol erides
Location 9.1*% 3.86 ns 4.7 ns 5.1 ns
Age (yr) 1.2 ns 0.08* 0.3 ns 0.2 ns
Body fat (%) 6.4%*%* 7.70%%* 11.5%%% | 13.5***
R? (%) 16.7 12.64 16.5 19.6
Location 9.1*% 3.86 ns 4.7 ns 5.1 ns
Age (yr) 1.2 ns 0.01* 0.4 ns 0.2*
Body fat (%) | 6.4°0t | 87700 | 11470 | 13.90%*
WHR 1.3* 0.56 ns 0.3 ns 2.2%%
R? (%) 18.0 13.2 16.8 214
Location 9.1* 3.86 ns 4.7 ns 5.1 ns
Age(yr) 1.2 ns 0.01* 0.4 ns 0.2 ns
Body fat (%) | 6.4*** | 8.77%%% | 11.4%%% | 13.9%**
SSTR 1.9%* 0.06 ns 0.0 ns 1.3%*
R? (%) 18.5 12.7 16.5 20.5

Urban
Rural Slums Urban
(N=149) | (N=142) | (N=150)
Glucose (mg%)
Fasting 91 (10.7) 94 (14.4) 99 (25.8)
30 minutes 152 (29.1) | 156 (34.3) | 163 (43.7)
120 minutes 102 (25.3) | 117 (40.5) | 136 (58.7)
Cholesterol
(mg%)
Total 148 (25.6) | 153 (31.1) | 164 (34.0)
HDL 38 (9.6) 39 (12.1) 36 (10.1)
Triglycerides” |82 (31-319) |95 (38-680) [108 (26-940)
Blood Pressure
(mmHg)
Systolic 113 (9.6) 115(11.3) | 118 (14.3)
Diastolic 66 (7.9) 70 (8.5) 74 (10.0)
Leptin (ng/ml)* 1.8 3.9 7.6
(0.2-22.0) | (0.1-42.0) | (0.5-50.0)
Mean (SD).

a. Geometric mean, range.
All blood measurements were on plasma samples.
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Isotopic tools for strengthening health and nutritional
monitoring and their current applications in developing

regions of the world

Mauro E. Valencia and Venkatesh Iyengar

Abstract

Nuclear and isotope methods in one form or another
are regarded as essential tools for carrying out nutri-
tion research besides enhancing sensitivity of nutrition
monitoring techniques. They have been used extensively
in industrialized countries to analyze human energy
requirements, body composition including bone mineral
density, to determine food composition, and to study
metabolism of important nutrients such as protein,
fat, vitamins, and minerals. The information acquired
has led to many improvements in nutrition and health.
Importantly, the developmental needs of countries in
economic transition are being increasingly identified
and resolved through field applications of isotopic tools,
thus strengthening health and nutrition monitoring. Cur-
rently, several strategic applications of isotopic techniques
are being introduced in developing countries where they
can benefit millions through monitoring improvement
in nutritional status, and serve as specific indicators of
broader social and economic advances. These examples
are highlighted in this report.

Key words: nutrition, health, stable isotopes, radioac-
tive isotopes, developing regions

Introduction

Nuclear techniques have been used extensively to study
animal and nutrient metabolism [1]. These techniques
have used both radioactive and stable isotopes. They
can be detected easily in physiological fluids; how-
ever, the use of radioisotopes can be a health concern
because of radiation exposure or restricted on the
basis of certain types of groups like pregnant women

Mauro E. Valencia is affiliated with the Centro de Inves-
tigaciéon en Alimentacién y Desarrollo, Hermosillo, Sonora,
México. Venkatesh Iyengar is affiliated with the International
Atomic Energy Agency in Vienna, Austria

or infants. Also, radioisotopes can decay very rapidly
and are of limited use in human studies.

On the other hand, extensive applications of stable
isotopes in nutrition research have been documented
[2, 3]. Stable isotopes can be used safely even in
infants and pregnant women. They are innocuous in
the amounts used, do not decay, can be handled with
relative ease under laboratory or field conditions, and
can be stored for long periods. However, they can be
expensive and require high-technology analytical facili-
ties, instrumentation, trained scientists, and techni-
cians. Until recently, the use of nuclear techniques in
human health in developing regions was used mainly
for clinical diagnosis like radioimmuno assay (RIA)
and very few applications of isotopic tracers were used
to quantify metabolic events in vivo.

Stable isotope methodology

Human life is based mainly on a limited number of
elements: hydrogen (H), carbon (C), nitrogen (N),
and oxygen (O). These elements exist in nature in
two or more forms that differ only in the number
of neutrons in their nucleus. The major isotope
(hydrogen-1, carbon-12, nitrogen-14, or oxygen-18)
is accompanied by a constant proportion of minor
heavier isotopes whose individual abundances range
from 0.02% to 1.11%. An inventory of the human body
shows that a 50 kg individual has an aggregate of 225
g of hydrogen-2, carbon-13, nitrogen-15, oxygen-17,
and oxygen-18. Although there are variations in the
proportions of 'H to 2H, *C to ?C, N to °N, and '°O
to 180, each has a characteristic baseline abundance to
which tracer measurements are referred. The enriched
form (e.g., ”’H,O or H,'®0) may be used directly, ’CO,
may be incorporated into plants by biosynthetic pro-
cedures, or the isotope may be transformed through
organic syntheses into labeled fats, carbohydrates, or
amino acids.

Stable isotopes emit no externally measurable radia-
tion and their presence in excess of natural levels is
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detectable only by changes in the ratio of minor iso-
tope to major isotope. Such ratio is measured by an
isotope ratio mass spectrometer in which heavy and
light forms of the same molecule undergo separation
and quantification. A purified sample of hydrogen
gas, carbon dioxide, or nitrogen is admitted through
a highly-restricted opening into an ion source under
vacuum. The gas molecules are bombarded by a stream
of electrons, whereby they acquire a positive charge and
are accelerated into a magnetic field. Here the ionized
gas molecules become segregated according to mass
and strike individual collector plates. So ions generate
currents that are proportional to their numbers and
enable their quantification. Other assessing-methods
have been developed recently (emission spectrometer
and infrared absorption measurement).

These stable isotopes can be administered orally and
the metabolic products into which they enter (e.g.,
body water, respiratory carbon dioxide, urea) can be
detected in breath, saliva, milk, urine, and stool. The
measurement of factors like breastmilk intake, energy
expenditure, micronutrient status, macronutrient-utili-
zation, body composition, and many more is important
in assessing the nutritional status of infants, children,
pregnant women, and nursing mothers, as well as that
of individuals who subsist on marginal food supplies.

Another important use for stable isotopes is the
assessment of trace element bioavailability and pools
sizes, such as iron (°’Fe & 58Fe) and zinc (Zn & 7°Zn).
The uptake of these labeled micronutrients can be
traced in vivo, which has been widely used for measur-
ing the effectiveness of supplementation or fortification
trials in several developing countries.

13C-urea breath tests are used to examine bacterial
colonization by Helicobacter pylori. The test measures
the production rate of *CO, in expired air, followed
by oral ingestion of *C-labelled urea. Breath tests for
Helicobacter pylori using stable isotopes are reliable and
non-invasive tools that can be safely applied to children
from developing areas where high rates of infection and
malnutrition are observed.

Isotope dilution methods are used to assess vitamin
A status. The principle relies on labeled carotenoid
conversions to vitamin A, which can be traced with
13C carotenoids. Vitamin A pool sizes are measured by
the dilution of an oral ingested tracer into the different
body pools. This technique has potential applications
in measuring the effectiveness of vitamin A and caro-
tenoid supplementation and fortification regimes in
nutrition studies.

The role of nuclear and isotopic techniques
in nutrition research

The International Atomic Energy Agency (IAEA) has
played an important role in promoting the safe use

of peaceful nuclear technology in many areas. One
of its program areas is human nutrition and health-
related studies. The TAEA’s objective is to promote the
use of nuclear techniques for development purposes.
Nutrition is a top priority within the health sector,
particularly in poorer countries, and a global coopera-
tion priority. IAEA activities in human health as well
as in technical cooperation, include a new emphasis
on isotope techniques as tools to evaluate human
nutritional status and the nutritional quality of foods
within the context of national development programs.
These techniques are now considered the best meth-
ods for measuring the up-take and bioavailability of
many important nutrients. They are thus well-suited
for determining the success of food supplementation
programs and other interventions aimed at combating
the many forms of malnutrition.

The IAEA’s activities in nutritional evaluations were
initiated to apply isotope techniques for assessments of
human body composition, nutrient intake, and vitamin
and mineral availability in developing countries. The
application of stable and radioactive isotopes can have
a major impact on socioeconomic development by
providing added value to the evaluation of the inter-
ventions in shorter periods and by providing biological
evidence that can result in improvement of the nutri-
tion intervention program. This impact is in terms of
both cost-savings and effectiveness.

IAEA human nutrition studies based on
stable isotope methodology

Estimation of total energy expenditure

Caloric expenditure varies individually and is influ-
enced by different biorhythm. Therefore, a field
assessment is necessary. When doubly-labeled water
(*H,'80) is administered to a subject, both isotopes
mix with body water and are eliminated in body fluids
over a period of days. The turnover of body water can
be estimated from the daily measurements of H-2
concentration in urine or saliva samples. When the
samples are analyzed for O-18, the values will reflect
a more rapid excretion rate than that for H-2 (deu-
terium) because the O-18 is also incorporated into
exhaled carbon dioxide. The difference in excretion
rates between O-18 and H-2 tracers thus reflects the
volume of carbon dioxide produced over the period
of observation. This parameter can be used to calculate
the total energy expenditure of a subject.

Determination of lean body mass

A tracer dose of water labeled with H-2 or O-18 is
administered and allowed to equilibrate for four to six
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hours. The isotope concentration in saliva or urine will
reflect the dilution undergone by the isotope. When
the lean body mass is calculated, the difference in body
weight is the amount of adipose (fatty) tissue.

A simple measure of overall nitrogen-flux

The nitrogen-flux balance stumbles in periods of stress,
then the catabolic processes predominate over synthetic
processes and a negative balance is the result. Whole
body protein turnover is measured by administration
of a single oral dose of an amino acid, or preferably
a protein, labeled with N-15 [e.g., yeast grown in
medium containing (**NH,)SO,]. Urine is collected
for 9 to 12 hours and the amounts of tracer nitrogen
in urinary NH, and in the urea are determined. These
two values provide a reliable estimation of whole-body
protein turnover that is insensitive to changes in non-
protein-nitrogen metabolism.

Nutrient absorption and utilization after
diarrhea

Heliobacter pylori infection is likely to be the most
common worldwide bacterial infection. It is estimated
that approximately 50% of the general population is
affected. The WHO has classified H. pylori as a Group 1
carcinogen.

Young children in developing countries that are
the main targets of infection, with a substantial risk
of developing gastric carcinoma during adulthood.
High infection rates of H. pylori among newborns and
young children in developing nations appear to be a
major cause of chronic undernutrition and diarrhea
syndrome with failure to thrive. The bacteria can
survive in the acidic interior of the human stomach
due to its capacity to secrete an enzyme called urease,
which decomposes the urea contained in the stomach
interior into ammonia and carbon dioxide increasing
the pH underneath the protective mucous membrane
in the stomach where it is protected from the caustic
stomach acid. This transitory drop in stomach acid-
ity explained by diminished gastric secretion and an
increase in ammonia production during infection,
promotes the transit of low bowel pathogens leading
to repeated gastrointestinal infections, causing diarrhea
and adverse consequences on nutrition and growth.

Weaning infants often have periods of infection lead-
ing to diarrhea. During this period nutrient intake is
not sufficient to maintain growth and the incidence
of infection can be diagnosed by labeled C-13 com-
pounds. For example, when rice labeled with C-13
(exposed to 1*CO,, during periods of photosynthesis)
is cooked (rice water for rehydration) and fed, digestion
and absorption of the starch can be detected from the

appearance of 1*CO, in breath samples. The degree of
malabsorption can be estimated from the recovery of
tracer carbon in the total stool carbon.

Other applications

In in vitro studies to assess dialyzability the radioiso-
tope *Fe is applied as a marker, this tracer along with
>Fe and *Zn used for in vivo studies of micronutri-
ent uptake and bioavailability. The dual energy x-ray
absorptiomentry (DEXA) is widely used in laboratories
to measure bone mineral density and body composi-
tion. For determining the trace element content in
foods and human tissue a broad range of other nuclear
analytical techniques are applied.

Developmental need of countries in
economic transition

The application of isotope techniques in human nutri-
tion addresses the need to ensure that food interven-
tions are undertaken in an optimal way, using reliable
biological indicators. Such interventions would nor-
mally comprise food supplementation, fortification, or
dietary modification. It should be noted that, in many
middle-income countries, the emphasis of national
campaigns is currently moving from malnutrition to
healthy aging and preventing obesity, coronary heart
disease, and type 2 diabetes. The end users of the
monitoring and evaluation of intervention programs
would usually be public health agencies undertaking
such interventions.

The Latin American context

Thanks to the existence of a strong regional research
center in Chile, and a strong network of institutions in
Latin America, an advisory panel to the IAEA, in a tech-
nical cooperation thematic planning meeting, strongly
recommended that a regional program include Brazil,
Chile, Cuba, Mexico, and Argentina. In Latin America,
there was no established institutional network capable
of evaluating nutritional interventions through nuclear
techniques. On the other hand the region included sev-
eral countries with large-scale intervention programs.
Due to similar conditions it was recommended that
the IAEA should investigate the possibility for similar
activities in Asia.

In 1998 the TAEA together with the Institute for
Nutrition and Food Technology (INTA) organized a
planning meeting for a Latin American regional project
at INTA in Santiago, Chile. This started the project
RLA/7/008 on the use of stable isotopes to evaluate
nutrition intervention programs in Latin American. In
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the first meeting, scientists from the region and some
officials in the health and nutrition sectors discussed
the different nutrition intervention programs in their
countries. Within this framework, preliminary pro-
posals were formulated with the aim of having a Latin
American regional project in which nuclear techniques
could be applied to complement on-going evaluations
of national programs in infants, preschool children,
and pregnant and lactating women. The diversity of
actions in the region is large, ranging from national
supplementary feeding programs, distribution of milk,
rice, and meals in day care centers, food assistance for
malnourished children, programs for health educa-
tion and nutrition for families in extreme poverty to
problems related to energy expenditure, obesity, and
physical activity.

Regional training course

Under technical cooperation actions a regional training
course took place in Lima, Peru in 1996. The organiza-
tion was in collaboration with the local nuclear authority
and de Centro de Investigacion Nutricional. This course
included Peru, Chile, Brazil, Argentina, Bolivia, Ecuador,
Venezuela, Panama, Costa Rica, Cuba, and Mexico.

The objectives of the regional training course were
to review human nutrition topics in the region related
to the application of isotopic techniques for nutrition
intervention and monitoring, to teach the ethical and
practical principles of isotopic methods; and to teach
the advantages of nuclear techniques in evaluating the
impact of programs.

The course provided scientific and technical infor-
mation regarding the uses and advantages of nuclear
technology with both theoretical and practical demon-
strations by international experts from industrialized
countries and from experts in the region. However, the
main success of the course was to initiate a network
of research centers and scientists working in nutrition
problems interested in using nuclear technology for
improving evaluation of nutrition problems in their
countries.

Further, in 1997 in Guatemala during the interna-
tional congress of SLAN (Latin American Society of
Nutrition), several meetings and symposia were held
on the application of stable isotopes in nutrition stud-
ies in Latin America. A definite interest was seen in
many of the participants countries who were invited to
be part of this network for future actions and studies.

Technical and programmatic solutions

Stable and radioactive isotopes have allowed detailed
evaluations of nutrient intake (breastmilk), micronu-
trient status, body composition, energy expenditure,

and bioavailability of nutrients in food supplements
and fortified foods. Nuclear techniques do not solve
nutrition problems but they can provide important
information for decision and policy makers and give
added value to intervention programs.

The majority of the work is done through a unique
TAEA mechanism called the coordinated research
projects (CRP) which focus on method development
and the introduction of isotopic techniques to develop-
ing countries. The resulting information and techno-
logical progress is transferred to improve human health
through another mechanism called technical coopera-
tion projects (TCP).

Coordinated research projects (CRP)

The coordinated research projects (CRP) in human
nutrition started in the 1970s. Thematic areas were
the development of the >*Fe/>*Fe method for meas-
urement of non-heme absorption in collaboration
with the WHO, development of RIA for serum fer-
ritin, and studies of trace elements in cardiovascular
disease. In the 1980s, new CRPs began in the areas
of trace elements in human milk and dietary intakes
of trace elements and energy expenditure with the
doubly-labeled water method. CRPs have concen-
trated on method development and the introduction
of nuclear techniques to developing countries. CRPs
have also been important in improving networking.
In developing countries sharing common nutrition
and health problems, CRPs have facilitated their work
on their own problems as well as providing experience
in the use of isotopic techniques. At the same time,
researchers have been able to address and answer rel-
evant scientific questions that were not possible with
conventional methods used in nutrition research. In the
beginning there were big (the industrialized country)
to small (the developing country) partner type rela-
tionships. In these cases the big partner provided the
analytical facilities and the field work was done by the
small partner. However, at present many developing
countries now have their own analytical facilities or are
in the process of getting them.

The CRP mechanism is basically reflected in applied
research to be carried out in a three to five year period
with 10 to 20 country participants. A modest annual
funding per institute (only the developing countries)
is made available by the IAEA mainly for sample col-
lection and analysis, minor equipment and supplies,
temporary staff, and research coordination meetings
(RCM). The RCMs are very important in that the
different country protocols are discussed in detail.
Investigators in the field from the industrialized and
developing regions interact by contributing suggestions
to improve the projects. Given the common thematic
component, harmonized analytical information can
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be obtained for different regions and countries using
nuclear technology. The worldwide CRP mapping for
research contract holders is shown in figure 1. A new
type of CRP has been introduced recently that includes
funds for supporting doctoral students under the con-
cept of capacity building CRPs.

Technical cooperation projects (TCP)

There are various technical cooperation project (TCP)
in which the IAEA assists developing country member
states in solving technical problems and providing,
at the same time, the necessary know-how. Actions
include training courses, which are usually for two to
three weeks, and can be attended by participants from
developing countries. Fellowships provide technical
training for people working in the subject area in
which further training is requested. These actions can
bring about human resource development for regional
participants, improvement of the efficiency of nutrition
program delivery, and evaluation and help to resolve
challenges with respect to malnutrition and health of
the population at large.

The purpose of TCPs is to contribute to socioeco-
nomic development. They are programmed for two
to four years, and include one to five participants.
The annual funding per institute is approximately
US$20,000.00 to $100,000. These funds can be used
for training, expert visits, workshops, subcontracts,
equipment, and supplies.

The implementation strategy for TCPs has to con-
sider several criteria for approval. There has to be a
nutrition intervention in need of evaluation. There
must be direct links between technical cooperation
counterparts and the public health agencies that

can absorb the recommendations resulting from the
research and use them to modify interventions if
needed. One of the advantages of nuclear techniques
over conventional methodology is the response time
in the impact evaluation and the number of sub-
jects required. Thus, the use of nuclear techniques
can increase the efficiency of the evaluation of such
programs. In nutrition interventions a multidiscipli-
nary approach is required; a partnership with social
authorities is important for a successful evaluation of
the program.

Existing networks, involving technical cooperation
counterpart institutes and public health agencies
involved in the interventions are added advantages.
Such a network exists in Latin America and another
one is developing in Asia. TCPs should have a high
probability of public acceptance, and simultaneously
have an impact on development of member states
through the use of nuclear technology. Finally, if the
intervention is carried out through a multilateral or
bilateral program, it should be established that suffi-
cient Government ownership and commitment exists
to ensure successful implementation and sustainability.
Figure 2 show the worldwide map with technical coop-
eration contract holders.

Field applications of isotopic tools for
strengthening health and nutrition
monitoring

The TAEA through coordinated research projects and
technical cooperation projects in the areas of health,
nutrition, and environment are eminently positioned
to provide the technical underpinnings to international
efforts for improving the quality of life [4, 5]. To date,

FIG. 1. Countries currently participating in CRPs on nutrition and environmental studies



Isotopic tools for strengthening health and nutritional monitoring

155

FIG. 2. Countries currently participating in TCPs on nutrition and environmental studies

isotopic strategies evolved through IAEA efforts to
measure energy metabolism, resistance to insulin,
rate of synthesis of fat, changes in protein synthesis,
lactation performance, bone mineral density, food
composition, efficacy of nutrient fortification, nutri-
ent utilization, and prevalence of infection are imple-
mented in more than 50 of its member states. A few
examples are cited below.

Latin America and Asia

The doubly-labeled water method (*H,'#0) is the only
technique that can accurately determine the energy
needs of people in their own environment. The results
of investigations on energy expenditure of young
children and adults in Cuba and Chile and Mexico
based on doubly labeled water are being used by the
FAO/WHO/UNU expert committee convened during
2001 to establish new energy recommendations. Prior
to this regional project, data on energy expenditures
were based on surveys in developed countries.

Methods based on isotope dilution using H or 30
are widely accepted for monitoring body composi-
tion especially in the context of onset of obesity. Over
2,000 subjects from Brazil, Chile, China, Cuba, India,
Jamaica, Mexico, New Zealand, and Nigeria have been
investigated to identify changes leading to obesity to
formulate preventive care.

As a result of the existence of a strong regional
research center in Chile, and a strong network of insti-
tutions in Latin America, an IAEA regional program
(known as the Regional Latin America RLA/7/008) that
includes Brazil, Chile, Cuba, Mexico, and Argentina
using isotopes for evaluating nutrition intervention
programs is being implemented. After three years, a

measurement network in support of nutrition metrol-
ogy has been established. Two major laboratories are
operating in Chile and Mexico with internationally
recognized expertise in applying stable isotope mass
spectrometry for nutrition research. Other laboratories
in the region are working with alternative techniques
such as infrared spectroscopy (IRS and FTIR) for
body composition and lactation studies, dual x-ray
absorptiometry (DEXA) and RIA for determination
of hormones and nutrients.

National nutrition interventions based on stable
isotope technology have been introduced in Chile
and Mexico. In Chile, 300 children participated in
a study (designed to cover 1.3 million children) in a
national nutritional intervention program (National
Complementary Feeding Program). As a result, anemia
was reduced from 30% to less than 5% after a year of
providing iron-supplemented weaning foods, leading
to increased use of foods fortified in iron and zinc.
This is expected to impact on educational perform-
ance and decreased infections. Mexico is exploring the
use of stable isotope technology in a national program
(PROGRESA) to assess the effect of food supplements
to a large number of pregnant and lactating mothers
and preschool children currently being supplied with
20% of their energy requirements and 100% of iron,
zing, and vitamins A, G, E, B, B, and folic acid. The
effects on energy expenditure, physical activity, body
composition, and breastmilk intake are being moni-
tored by the doubly-labeled water technique.

Similarly, the first phase of the project in the
Regional East Asia and Pacific (RAS/7/010 in China,
Indonesia, Malaysia, Pakistan, Philippines, Thailand,
and Vietnam), in which stable isotopic techniques were
used to assess zinc and iron bioavailability to measure
the effectiveness of multinutrient supplementation has
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been successfully completed. For example, in Indonesia
it is estimated that 35% of schoolchildren are under-
weight and 50% are micronutrient-deficient including
iron and zinc. Technical and scientific input by IAEA to
the national food fortification program has addressed
the problem of iron and zinc through the wheat flour
fortification initiative, which will benefit both children
and adults.

Other CRPs addressing global health
challenges

Persistent diarrhea accounts for over 60% of infant
diarrheal deaths in Brazil, 47% in India, 36% in Sen-
egal, and 26% in Bangladesh. Stable isotope techniques
are the best and most cost effective modes of diagno-
sis of Helicobacter pylori (Hp) infection. A number of
countries in Africa, Asia, and Latin America have joined
a CRP on Hp infection and malnutrition addressing
public health problems particularly in the young
population. Through an IAEA project for facilitating
diagnosis and preventive interventions, 1,300 children
mainly from Bangladesh, India, Pakistan, and Benin
have been investigated. Isotopic techniques using
13C-labeled substrate breath tests for bacterial coloniza-
tion and digestion and absorption of nutrients (lactose,
amino acids, and triglycerides) that are sensitive tools
to examine the significance of Hp and its consequences
on poor nutrient assimilation in young children have
been successfully used for breath sample analyses in
these countries. It is estimated that by 2025 there will
be 1.2 billion elderly people in the world. Techniques
based on dual energy x-ray absorptiometry offer non-
invasive methods for investigating the variation of
bone mineral density. Under an IAEA initiative, over
6,000 subjects from Brazil, China, Russia, Turkey, and
a few other countries have been investigated to assess
bone mineral density (BMD) to evaluate measures for
preventive health care. Highly significant differences
in mean weight, height, and BMD between countries
(p < .001) was found. Following adjustment for age,
weight, and height, differences in BMD persisted
between centers for both men and women. Significant
differences existed in young adult bone mass which,
if persisting into old age, may contribute to a two- to
three-fold difference in fracture risk.

A CRP on the reference Asian man with the par-
ticipation by several Asian countries (RAS project)
generated reliable data sets for dietary intake for all
participating countries (and in tissues by some) that
will enhance their ability to resolve national problems
of radiological protection, as well as to facilitate devel-
opment of the characteristics of a reference Asian man,
the primary goal of this project. Improved reference
values have been derived for a number of additional
elements and reference material matrices that will

strengthen the capability to address also issues of
nutritional interest.

Refined isotopic techniques resulting from a CRP on
the isotopic evaluations of maternal and child nutrition
to help prevent stunting have been used extensively in
field studies in Latin America and Pakistan, and in
an on-going CRP on isotopic evaluations on infant
growth-monitoring, in collaboration with the WHO
Growth Monitoring Programme.

Future prospects

There has been impressive progress in the instrumen-
tation of isotope ratio mass spectrometry (IRMS)
incorporating a gas-chromatographic interface. This
improvement facilitates specific compounds to be con-
verted to carbon dioxide, hydrogen, or nitrogen yield-
ing compound specific isotope ratio measurements.
This is expected to open new and exciting applications
in nutritional sciences. New alternatives for stable iso-
tope analysis, such as infrared techniques for *H, and
13C, offer the possibility of quantifying stable isotopes
at cheaper costs. The IAEA has a system of research
sub-contracts to pay for isotopic analysis, which usu-
ally go to the industrialized country laboratories. These
technologies might help make developing regions more
independent in their analytical facilities and hence in
their capacity to address their own problems. However,
these technologies must be properly validated.

Multiple rather then single micronutrient supple-
mentation programs for bioavailability are very impor-
tant because of potential nutrient and diet interactions
in different populations. In agriculture the selection of
species with a higher density of nutrients, like wheat
higher in iron or genetically modified foods, will need
to be addressed through more research.

In many developing countries, the changing dietary
pattern, along with increased life expectancy and
changing socioeconomic environment, has con-
tributed to increased obesity and other diet-related
chronic diseases that will have an enormous impact on
the health care resources of these countries in the near
future [6]. The problem of chronic disease, especially
in reference to obesity and type 2 diabetes, will need
to be explored not only with fasting and postprandial
glucose levels, but will require a way to measure insulin
resistance in different populations in the developing
world were this epidemic is rampant. Body composi-
tion, in addition to body size, will have to be explored
through dilution techniques and multi-compartment
models to strengthen other field methods used to look
at body composition. This will allow a study of the
quality of growth by looking at changes in fat mass
or fat-free mass in shorter periods, rather than only
looking at body size changes. The DEXA methodology
will be the most helpful and may be used also to look
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at osteoporosis in the aging population. Milk intake
measured by deuterium kinetics is important to evalu-
ate the nutrient intake and health of lactating mothers.
Nuclear techniques using deuterium analyzed by IR
methods or dual x-ray absorptiometry are becoming
more readily available to developing regions.

Poor countries of the world face old problems that
have become new. Such is the case of the recent scurvy
outbreak, probably complicated with other vitamin
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Using stable isotopes to assess the bioavailability
of minerals in food fortification programs

S. A. Abrams, 1. J. Griffin, and S. Herman

Abstract

The fortification of various types of food with minerals
is often undertaken without consideration of either their
bioavailability or the potential nutrient-nutrient inter-
actions resulting from their use. Stable isotopes provide
a safe and accessible method of resolving these issues by
providing the proper evidence in each case. They must be
conducted according to strict safety and ethical guidelines
and may be readily conducted in a field setting. Clini-
cal studies in children enable researchers, policymakers,
and food manufacturers to obtain the data necessary
to determine the best way to fortify specific foods and
beverages, in order to optimally enhance the nutritional
health of growing children. We have shown the utility of
this approach in studies in both developing countries and
in the United States.

Key words: stable isotopes, minerals, bioavailability,
food fortification

Introduction

Interventions to improve the micronutrient status of
at-risk populations require specific evidence of their
effectiveness. In particular, the rational provision of
mineral-fortified foods to children requires accurate
information regarding the bioavailability of the for-
tified nutrients in the target population. Currently,
this information may best be determined using stable
isotope techniques. Using stable isotopes allows for
these assessments to be made in a completely safe and
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highly accurate fashion. Furthermore, stable isotope
techniques are highly field-friendly, and are applicable
to measurements made in both industrialized and
developing countries.

In assessing bioavailability, it is crucial that the
absorption of the stable isotope label closely matches
that of the mineral it is tracing. This may require spe-
cial dosing and batch preparation of the food to be
consumed. A close collaboration among the isotope
supplier, field team, and analytical team is necessary.

The benefits of fulfilling these challenging criteria are
considerable. Currently, food fortification with miner-
als is undertaken as a national program in many devel-
oping and industrialized countries. Iron fortification
of flour has become prevalent in many countries and
the fortification of both beverage and flour products
with calcium, zinc, and magnesium is on the rise. We
will discuss two examples of the use of this technique
in children. In one case, we will consider the use of
stable isotopes to evaluate a potential zinc fortification
program in Indonesia. In the other case, we will con-
sider the use of stable isotopes to assess the effects of
fortification of breakfast cereals with calcium.

Human use issues

An important aspect of mineral stable isotope studies
is that they can be used in any subject population [1].
This includes children of all ages, as well as pregnant
and lactating women. However, special considerations
are involved when performing such studies in children.
First, less blood generally is obtained from pediatric
subjects, so special sample preparation techniques
are required, as well as the use of fewer time points in
kinetic analysis. Second, the rapid rate of bone turnover
in adolescents mandates a greater demand for tracer,
and in turn, administration of higher tracer doses to
these young subjects than to adults of the same body
weight [2]. Finally, analgesia during painful procedures,
as well as consent and other ethical issues, must be care-
fully considered in performing pediatric studies.
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Mineral stable isotopes have been used in thousands
of clinical studies with no reported complications
related to their use. Complications would only be
expected related to inappropriate isotope preparation
or administration, especially of intravenous doses.
Because of the widespread use of isotopes in pediatric
studies, we have extensively evaluated approaches to
ensure maximum safety in clinical protocols.

Our foremost concern is that the isotopes be obtained
from sources which have thoroughly tested and demon-
strated their purity, and which provide evidence, in the
form of formal certification, documenting the origin of
the isotopes, the isotopic content (enrichment), and the
lack of excessive trace mineral contamination (table 1).
Unfortunately, the open distribution of mineral stable
isotopes from some sources has created the potential
for isotopes to be sold on the open market without
these safeguards. In some cases, very low prices may
serve as a red flag indicating that those isotopes were
not properly obtained or distributed. Typical market
prices for the most commonly used stable isotopes are
provided in table 2.

An important consideration is that the phlebotomy
and infusion procedures be made as painless as possi-
ble. Children have a limited ability to tolerate uncom-
fortable procedures, a concern which should be kept
in mind when interacting with those who volunteer
to participate in research studies. It should be noted
that often, pediatric subjects receive no direct benefit
from the study. Clearly, on principle, any potential risks
and discomforts that may be associated with a child’s
participation in an individual study should be very
carefully scrutinized and minimized.

Prior to initiation of a study, children are inter-
viewed, and often a screening blood sample is taken.
This provides an opportunity to assess whether indi-
vidual subjects are sufficiently comfortable with the
process of venipuncture to allow this procedure to
be carried out successfully throughout the entirety of
the study time period. We may choose not to enroll a
subject who wishes to participate in a study because of
present or foreseeable difficulties with phlebotomy.

To minimize discomfort from venipuncture, we
utilize an analgesic agent for all phlebotomies. Most
commonly, we use a lidocaine/prilocaine cream [eutec-
tic mixture of local anesthetics (EMLA)] cream which
has proven effective in relieving pain associated with
intravenous catheter placement [3]. The universal use
of EMLA cream has made participation in research
studies much more acceptable to our pediatric subjects.
If children express interest in a particular study, they
and their parents are given complete, detailed informa-
tion. A child who is old enough to independently sign
a consent form may be asked to do so, based on the
guidelines of the individual institution’s ethical review
board. Ultimately, it must be assured that the children
who participate in a study understand what that study

TABLE 1. Recommended guidelines for identifying the safe
and legal purchase of mineral stable isotopes

It is recommended that purchasers obtain, or be able to
readily obtain the following documents from any dis-
tributors:

» Original manufacturer’s assay (must accompany the
goods, with translation if needed)

» A certificate of origin from the country in which the
material was produced.

» Third-party assay (with acceptable variation limits
from the manufacturers to allow for deviation in meas-
urement technology and quantification).

» A letter from the manufacturer that states the date of
manufacture, the company to which the material was
sold, when it was sold, and how it was transported out
of the country.

Table 2. Costs and enrichments of commonly used stable
isotopes

Isotope Enrichment (%) Price (US$)
Mg-24 99 1.50
Mg-25 98 8.00
Mg-26 98 8.00
Ca-42 90 52.80
Ca-43 52 145.00
Ca-44 97 25.00
Ca-46 6 140.00
Ca-48 92 145.00
Fe-54 99 10.00
Fe-56 99 1.25
Fe-57 94 10.00
Fe-58 90 70.00
Zn-64 98 3.00
Zn-66 98 3.00
Zn-67 80 37.50
Zn-68 98 3.50
Zn-70 88 100.00

Prices are approximate and vary according to quantity purchased,
long-term contract orders, specific form required, etc.

Enrichments may vary according to the specific lot of material from
which the isotopes are supplied.

Some higher and lower enrichments are available for the materials
listed here. Prices will vary according to the specific enrichment
ordered and its availability.

will involve and what is expected from them, within
the limits of their individual cognitive capabilities. It
should be emphasized to the children that their enroll-
ment in the study is optional, and that they can either
refuse to participate or leave the study after enrollment
without prejudice.

The feedback from our own pediatric subjects has
been overwhelmingly positive, possibly because we
place a strong emphasis on making their research
experience an enjoyable one. In many cases, children
have used their experience as a way of learning more



160

S. A. Abrams et al.

about nutrition and science through personal involve-
ment. Many participants’ families view the research
studies as a special opportunity to teach the child about
nutrition and health matters, as well as the scientific
process. During the studies, the children meet many
dietitians, physicians, and scientists. They learn about
the importance of optimal nutrition during childhood
and its impact on long-term health. For example, the
girls who participate in a calcium intake study focusing
on osteoporosis development have an excellent oppor-
tunity to learn about the importance of consuming
foods containing sufficient calcium during childhood
in order to lower their risk of osteoporosis in later life.
Such direct experiences demystify the scientific process
for children, who often find them entertaining as well
as educational.

Methodological issues

Both single- and dual-tracer methods can be utilized
to conduct mineral stable isotope studies involving cal-
cium, zin¢, and magnesium [1]. A detailed review of
these issues is beyond the scope of this paper. However,
in general, we prefer the dual-tracer method for these
minerals because it obviates the need for fecal collec-
tions. That means greater acceptability by the children
who participate, as well as the potential for improved
accuracy of the results. In the dual-tracer method, one
isotope is given orally and a second isotope is given
intravenously. Urine and serum samples are collected
after the tracer dosing to determine enrichment and
calculate fractional absorption. In our isotope studies,
each dose of intravenously administered isotope is
prepared, labeled, and dispensed by a registered phar-
macist using aseptic techniques and standard protocols.
All isotope infusions are performed by a physician or
registered nurse.

The method of oral administration depends some-
what on the specific research question being consid-
ered. For example, in calcium studies, it is common to
give the tracer mixed with milk or the calcium-contain-
ing food that is being tested for calcium bioavailability.
A fixed meal is usually used to maintain a constant
level of the other nutrients being administered. The
isotope is usually mixed into one or two servings of
the food, depending on the amount of the isotope that
is to be given.

The intravenous isotope may be administered in
one of several ways. In studies in which frequent phle-
botomy is planned related to kinetic measurements,
it is necessary to place at least one intravenous access
line in the subject prior to the study. The isotope may
be infused either through that line or via a separate
site. In most studies, especially those involving calcium
or zing, the isotope to be infused is diluted in a small
amount of saline (1 to 10 ml) and given over a relatively

rapid period of time, usually from 1 to 5 minutes. This
approach is safe in that the amount of calcium given to
children over two years of age is far below a level that
would be likely to result in a measurable cardiovascular
event. In infants, even smaller doses are usually given
by using the least abundant calcium isotope, *°Ca, for
intravenous use.

The orally administered isotope tracer is absorbed
into a central body pool, which for calcium is believed
to represent serum, extracellular fluid, and some
metabolically active bone. The oral tracer mixes with
the intravenous (IV) tracer, which serves to “normal-
ize” for variations in calcium distribution pool mass
among subjects [4]. After administration of the trac-
ers, a complete 24-hour urine collection is carried out.
The relative fraction of the oral versus the IV tracer
dose in this 24-hour urine pool is determined. This
represents the fraction of the oral tracer dose that was
absorbed. Because absorption is calculated from total
urinary isotope recovery, it is not necessary to exactly
sequence the time of administration of the oral and IV
isotopes, as would be necessary if a single peak serum
value were used [5].

Although iron absorption also can be measured
using a dual oral and intravenous isotope method, we
generally prefer not to give iron intravenously. As 80%
to 90% of newly absorbed iron is rapidly incorporated
into red blood cells, a standard value can be assumed
to convert red blood cell incorporation into absorp-
tion [6]. This allows the second isotope to be used in
a number of different ways. Two foods can be labeled
with different isotopes and given on consecutive days.
The ratio of the red blood cell incorporation of the two
isotopes is equal to the ratio of their absorption. Using
this method, direct comparison of iron absorption
from two meals can be made in a single subject from a
single blood sample.

Alternatively, the second isotope can be used as a ref-
erence dose. The reference dose is an aqueous solution
of ferrous sulfate with an excess of ascorbic acid, given
on an empty stomach. This form allows maximum iron
absorption, and is an excellent measure of iron status.
As iron status is regulated by changes in absorption, the
reference dose absorption is highest in subjects with the
lowest iron status. The reference dose absorption can
therefore be used to statistically correct for differences
in iron status between subjects and increase the statisti-
cal power of the study.

When designing a mineral absorption study, an early
decision is required regarding the choice of a crossover
or parallel design. In a crossover design, every subject
receives all the different treatments (or labeled foods)
in random order. Subjects act as their own controls
and, if studies are conducted relatively close together
in time, the mineral status of the subjects should not
change over the course of the study. This helps to
reduce variability, and increases the statistical power
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of the study. Therefore, fewer subjects may need to be
recruited.

There are, however, several problems with crossover
designs. The first concern is that of an effect of the ini-
tial treatment on the results of the second study. It can
often be very difficult to ascertain whether the effects
of an intervention or treatment have been adequately
eliminated. Use of washout periods may be beneficial,
as may randomization to the initial treatment option.

In addition, there are considerable technical issues
related to crossover design studies that use stable
isotopes. For example, if a single measure of iron
absorption is taken in a subject, then the isotopic ratio
only needs to be measured at the end of the study.
However, once an iron isotope is given, the red blood
cells will remain enriched almost indefinitely. So if a
second study is conducted, baseline enrichment must
be measured. Therefore, to measure iron absorption
once requires a single blood sample; to measure it twice
requires three blood samples and isotope ratio meas-
urements (two samples after the two isotope doses, and
one sample before the second isotope); to measure it
three times requires five samples. This procedure is
particularly important for iron because its excretion is
so low, and most body iron is in red blood cells. Once a
calcium isotope is given, the bone (or bone and muscle,
in the case of zinc) is likely to be enriched indefinitely;
however, the enrichment in the plasma and urine
compartment is much lower, and normally it is near
baseline levels within 6 to 8 weeks. Frequently, studies
can be repeated after 2 to 3 weeks if a baseline urine
sample is collected.

In parallel study designs, each subject receives a
single treatment. This makes the study much less
intensive for the subject. However, it is possible that
mineral status (or other baseline variables) may differ
between groups. For this reason, larger numbers of sub-
jects are needed for a parallel study than for a crossover
study. Differences between groups can be minimized by
stratified randomization. For example, in some studies
of iron absorption to help ensure balance between the
groups, we randomized subjects with low hemoglobin
concentration separately from those with normal con-
centrations. Alternately, a statistical correction can be
made after the study, to correct for between-group dif-
ferences. In the case of iron absorption measurements,
the serum ferritin can be used to correct for differences
in iron status between individuals. The reference-dose
iron absorption is probably even better; by using this
to correct for intersubject differences in iron status, a
parallel study can approach the statistical power of a
crossover design.

Evaluation of food fortification in Indonesia

Food may be fortified with minerals to provide a greater

supply of a nutrient, such as zinc or iron, when a dearth
of that nutrient is perceived as limiting a child’s growth
or development. In that case, it is important to assess
potential nutrient interactions, as well as the cost and
optimal form of the nutrient to be delivered. These
issues were evaluated in a study recently completed
in collaboration with the Nutrition Research and
Development Center in Bogor, Indonesia. One of the
important questions weighed in this study was whether
the bioavailability of zinc sulfate added as a fortificant
to wheat flour would be the same as that of zinc oxide.
That was a significant consideration because the oxide
is potentially less expensive, but, cannot readily be used
if it is not bioavailable. Furthermore, as flour in Indo-
nesia is already iron fortified we wished to examine the
effect of zinc co-fortification on iron absorption.

Recent studies have shown that zinc supplementa-
tion of high-risk populations in developing countries
leads to significant decreases in mortality and morbid-
ity from diarrhea and respiratory diseases, and may also
improve growth [7-9]. This has led to the belief that
sub-clinical zinc deficiency may be common in devel-
oping countries, and has sparked interest in fortifying
food staples with zinc. Zinc fortification is common
in industrialized countries, where the most common
forms of zinc used are zinc oxide and zinc sulfate [10].
Wheat flour is generally a relatively poor source of iron
and zinc (11.7 mg/kg and 7 mg/kg, respectively) [11];
it is commonly iron-fortified throughout much of the
world. In Indonesia, consideration is being given to
cofortifying iron-fortified flour with zinc. However,
there is concern that zinc cofortification might reduce
the absorption of iron from fortified flour [12].

Ninety healthy children (45 male and 45 female)
were recruited from a rural outreach clinic in Situ Udik,
a small village approximately 70 kilometers south of
Jakarta, Java, Indonesia. Subjects were considered eligi-
ble for the study if they were between 4.0 and 8.0 years
of age, had a height and weight greater than the third
percentile for age, and had had no infectious diseases,
respiratory tract infections, or diarrhea within the
preceding 2 weeks. Subjects were not enrolled if they
had any known chronic medical condition or were on
any medications, including vitamin or mineral supple-
ments. The nature of the study, and its potential risks
and discomforts, were explained to the subject’s parents
by the study personnel; informed written consent was
obtained from the subject’s parents. The study received
ethical approval from the Ethical Committee of the
National Institute for Health Research and Develop-
ment, Bogor, Indonesia; and from the Institutional
Review Board of Baylor College of Medicine, Houston,
Texas. To ensure that the results were not confounded
by parasitic infections, the subjects received anti-
helminthic treatment with mebendazole (500 mg) as
a single oral dose approximately two weeks prior to the
start of the bioavailability study.
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For oral administration, we prepared ®’Zn as both
7Zn oxide and ©’Zn sulfate. These were mixed with the
steamed dough balls that consisted of the food product
to be fortified. Flour sufficient to make 36 portions
of 25 g each was weighed out. This excess production
(approximately 20%) was set up as a safeguard in case
additional subjects needed to be recruited, to allow
for the loss of subjects between the time the food was
consumed and the time blood and urine samples were
taken. The iron and zinc isotopes were added to water,
which in turn was added to the dough. The isotopes
were added in this manner in an attempt to ensure even
distribution of the isotope throughout the dough. The
mixture was seasoned with crushed garlic, salt, and
pepper, and mixed by hand for 5 to 10 minutes. More
water was added slowly, to produce the desired con-
sistency. Once a smooth, pliable dough was produced,
the dough mixture was re-weighed and divided into
36 equal portions by weighing the desired amount of
dough on scales. The mass of dough in each portion
(1/36 of the total mass) was weighed out to within
0.1g of the desired weight. Each portion (equivalent to
25 g flour, 1.5 mg iron isotope + 1.5 mg zinc isotope)
was divided into four balls and placed in an individual
steaming bag, which was steamed for 5 to 10 minutes.
The bags were frozen until required for use.

For intravenous use, 7°Zn, 90% enriched, was pre-
pared as an aqueous solution of zinc chloride by the
Investigational Drug Pharmacy of Texas Children’s
Hospital in Houston, and tested for sterility and pyro-
genicity prior to intravenous administration. Isotopes
were produced in Russia and purchased from Trace
Sciences, Inc., Toronto, Canada.

After an overnight fast, subjects received an intrave-
nous infusion of 0.2 mg 7°Zn. Afterward, the subjects
received a meal consisting of the steamed dough balls
that were reheated immediately before they were served
by steaming for approximately 5 minutes. In addition,
the subjects were fed a small amount (~2 tablespoons)
of a seasoned tomato puree and 100 ml of water. Sub-
jects fasted for an additional two hours before being
discharged. Approximately 48 and 72 hours after
discharge, subjects collected a urine sample for zinc
isotope ratio analysis.

Urinary zinc isotope ratios were measured following
acid digestion and anion exchange. Twelve-ml aliquots
of urine were digested with 10 ml of 15 N nitric acid
overnight on a hot plate. The dried sample was dis-
solved in 1 ml of 6 N hydrochloric acid and loaded onto
an anion exchange resin column (AG 1-X8 resin, Bio-
Rad Laboratories, Hercules, Calif., USA) that had been
prewashed with 10 ml of double-distilled water and 5
ml of 6 N hydrochloric acid. The column was washed
with serial 5 ml aliquots of 6 N, 3N, 2 N, 1 N, and 0.5
N hydrochloric acid, and the samples eluted with 6 ml
of double distilled water. Ten pL of 0.7 N phosphoric
acid were added, and the sample dried on a hot plate

overnight in a Teflon vial before being re-suspended
in 0.5-ml double-distilled water. Ten to 20 pL of this
solution, 2 pL of 0.7 N phosphoric acid and 6 pL of
silica suspension were loaded onto rhenium filaments.
Isotope enrichments were measured by magnetic sector
thermal ionization mass spectrometry. Isotope ratios
were expressed with respect to the non-administered
isotope, %Zn, and corrected for differences in frac-
tionation using the %4Zn/Zn ratio. Replicate blocks
of 10 scans were performed until the desired degree of
precision was obtained [13]

Zinc absorption was calculated from the fractional
excretion of the oral and intravenous isotopes in the
48- and 72-hour urine samples [1]. The two estimates
of zinc absorption were averaged to give a final value.
We found that there was no difference in zinc absorp-
tion between the children who received the zinc oxide
(24.1 + 8.2%) and those who received the zinc sulfate
(23.7 £ 11.2%; p = .87). This result was somewhat
unexpected. Because zinc oxide is less soluble than
zinc sulfate, it has been generally expected that zinc
absorption would be greater from zinc sulfate than
from zinc oxide. However, there is little objective evi-
dence to support a bioavailability difference. In fact,
the small amount of preliminary evidence in humans
suggests that zinc absorption is similar from zinc oxide
and zinc sulfate [14]. Our data are consistent with this
indication.

Iron absorption was 15.9 + 6.8% in Group 1 (iron
only), 14.0 = 8.9% in Group 2 (iron and zinc oxide),
and 11.5 £ 4.9% in Group 3 (iron and zinc sulfate), and
tended to vary between the groups (ANOVA p-value
= .068). Post-hoc testing (Fisher’s PLSD—protected
least square differences) revealed a significant differ-
ence between Group 1 (iron only) and Group 3 (iron
+zinc sulfate; mean difference 4.36%, p-value = .021),
but not between Group 1 (iron only) and Group 2
(iron and zinc oxide; mean difference 1.88%, p-value
=.32). These data suggest that zinc sulfate, but not zinc
oxide, may have an adverse effect on iron absorption.
The possibility that iron can inhibit zinc absorption
due to the two minerals competing for a shared absorp-
tive pathway has been considered [15], and is felt to be
likely, as these two minerals have similar physical prop-
erties [16]. There are several possible sites of inhibition,
which have been reviewed elsewhere [17]. One intrigu-
ing, possible site of interaction between iron and zinc
is at the duodenal transport protein DCT-1 (divalent
cation transporter —1) also known as DMT-1 (duodenal
metal transporter-1) [18]. This appears to be important
in iron absorption, but can also transport many other
metals, including zinc [18]. If iron and zinc can inhibit
one other’s absorption by competition for DCT-1, the
effects would be expected to be most noticeable when
one metal is in relative excess compared to the other.
This is consistent with the observation that iron has
little effect on zinc absorption when iron:zinc ratios are
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1:1, but it has an inhibitory effect on zinc absorption
when ratios are 2:1 or greater [20].

Although a number of studies have examined the
effect of iron supplementation on zinc absorption, few
have considered the effect of zinc supplementation on
iron absorption. One study has examined the effect of
zinc on radio-iron absorption from an aqueous solu-
tion [21]. Zinc had no effect on radio-iron absorption
when the zinc:iron ratio was 0.36:1 (molar ratio 0.4:1),
but a significant inhibition of radio-iron absorption
was seen when the zinc:iron ratio was 1.14:1 (molar
ratio 1:1). A second study showed that an iron:zinc
ratio of 5:1 significantly reduced iron absorption from
an aqueous solution, but did not affect heme iron
absorption from a hamburger meal [22]. In our study,
the zinc:iron ratio was 1:1, and a reduction in iron
absorption was noted if zinc sulfate was the fortificant,
but not if zinc oxide was. The reason for the difference
between zinc oxide and zinc sulfate is not immediately
clear. Zinc sulfate is, however, much more soluble in
water than zinc oxide [23], and it is possible that not
all the zinc oxide dissolved in the dough. If this were
the case, the zinc:iron ratio in the aqueous phase might
be less than 1:1 when zinc oxide was the fortificant. At
this lower ratio, zinc may have no effect on iron absorp-
tion, or the effect may be sufficiently reduced to make
it undetectable with a sample size of 30 per group. In
our study, iron absorption fell from 15.9 % to 14.0%
when zinc oxide was added, but this was not statistically
significant. If this effect were true, a sample size of 274
per group would have been required to have an 80%
chance of reaching statistical significance at p <.05.

Because zinc oxide is less soluble than zinc sulfate,
it has been generally expected that absorption of zinc
from zinc sulfate would be superior to that from zinc
oxide. There is little objective evidence to support
this, and the small amount of preliminary evidence in
humans suggests that zinc absorption from zinc oxide
and zinc sulfate is similar [14]. Indeed, the concept
that in vitro solubility is directly related to mineral
absorption is untested [24]. We found no difference
between zinc absorption from zinc oxide and from zinc
sulfate. An alternative hypothesis, therefore, is that the
zinc oxide dissolved more slowly than the zinc sulfate.
Perhaps this led to a higher zinc:iron ratio in the proxi-
mal gastrointestinal tract when zinc sulfate was used as
the fortificant than when zinc sulfate was used as such,
leading to a significant interaction between iron and
zinc sulfate, but not between iron and zinc oxide.

Because of the low levels of iron and zinc in flour,
cofortification with iron and zinc oxide or zinc sulfate
would lead to significantly increased absorption of
both iron and zinc. However, our study was carried
out in the context of existing iron fortification of flour,
and the question we addressed was whether adding zinc
oxide or zinc sulfate might reduce iron absorption. The
results of our study suggest that co-fortification with

zinc sulfate might reduce iron absorption. As zinc
absorption was similar from zinc sulfate and zinc oxide,
we suggest that zinc oxide might be a preferable choice,
especially as it is cheaper than zinc sulfate (a significant
consideration).

Iron and zinc deficiencies are huge public health
issues in developing countries, and it is important that
the results of a single, relatively small, study are not
over-interpreted. Further studies are urgently needed
to confirm or refute our preliminary findings. These
studies should not only evaluate iron and zinc absorp-
tion from fortified foods, but examine the effects of
prolonged consumption of fortified foods on iron and
zinc status, and on mortality and morbidity. Clearly,
we have much to learn about the optimum ways to
fortify food staples with iron and zinc in developing
countries, and the potential interactions that may result
between minerals.

Calcium fortification of breakfast cereals

Fortification of commonly eaten food products is
increasing worldwide, even in those regions in which
malnutrition is not widespread. This may be attributed
to the dual goals of preventing acute nutrient deficien-
cies and decreasing long-term morbidity related to
micronutrient inadequacy. For example, flour is now
commonly fortified with folate and iron, and salt is
typically fortified with iodine. At this time, the very
low dietary calcium intake of children and adolescents
in the United States is a serious public health con-
cern [25]. Dietary calcium from dairy products and
other natural food sources is generally not ingested in
amounts sufficient to meet current dietary recommen-
dations. Specifically, over 80% of adolescent females
do not meet the 1300 mg/day calcium intake currently
recommended for 9 to 18-year-olds [26, 27]. There-
fore, the fortification of food and beverages, especially
breakfast cereals and fruit juice, has been widely under-
taken by food manufacturers. Food labeling laws in the
United States currently allow foods to be described as
“good sources” of calcium if they contain 100 mg of
calcium per serving. However, there is no requirement
that the bioavailability of this calcium, or any other
nutrient, be evaluated.

We sought to determine whether the addition of
calcium to cereal would have a net positive effect on
calcium absorption without decreasing iron absorption
[28]. Twenty-seven US children, 6 to 9 years of age,
were provided two servings per day (30 g of cereal per
serving) of either a low (39 mg per serving) or forti-
fied (156 mg per serving) calcium-containing cereal
product for 14 days. Calcium absorption was measured
using stable isotopes added to milk (44 Ca, extrinsi-
cally labeled) and to the calcium-fortified cereal (48
Ca, intrinsically labeled. The cereal used in this study
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was Kix®, a corn-puffed cereal (General Mills, Inc.,
Minneapolis, Minn., USA). The manufacturer supplied
special batches of the cereal for use during the study,
and measured servings were provided to the families
during the two-week adaptation period. The cereal was
calcium-fortified by adding calcium carbonate to the
dry mix of the cereal prior to cooking and puffing.

The 27 children who completed the study had a
mean age of 7.8 + 1.0 years (range 6.1-9.0 years).
Thirteen children were Caucasian, two were African-
American, nine were Hispanic, and three were mul-
tiethnic (meaning that these three children had one
Caucasian and one Hispanic parent). All of the children
were prepubertal. Their mean weight was 27.7 + 7.4 kg
(range 18.0 to 43.7 kg).

The fortified cereal contained 156 mg of calcium,
while the unfortified cereal contained 39 mg of cal-
cium per 30 g serving. Thus, two servings of fortified
cereal provided an additional 234 mg calcium per day
compared to the unfortified product. When calculated
as part of the entire diet, the calcium intake of the sub-
jects averaged 699 * 58 mg per day when they received
unfortified cereal, and 912 £ 55 mg per day when they
received fortified cereal.

The study was designed to compare the absorption
of calcium from cereal with that from milk. To deter-
mine whether addition of the fortified cereal lowered
milk calcium absorption, subjects were also studied
when fed a low-calcium-containing cereal.

Calcium absorption from the fortified cereal was
assessed using a special batch of cereal that had been
labeled with *8Ca during production. This was consumed
along with **Ca-labeled milk with breakfast. A dose of
46Ca was given intravenously afterwards. A second serv-
ing of “8Ca-labeled cereal was given with lunch.

Fractional absorption of calcium from milk when
given with fortified cereal was 28.9 * 6.6% and when
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Stable isotopes and 13CO2 breath tests for
investigating gastrointestinal functions

Yvo Ghoos, Benny Geypens, and Paul Rutgeerts

Abstract

In medical investigation there is a need for non-invasive
methods. Moreover, patients ask for easy methods that are
simple to perform and medical doctors demand reliable
techniques. With the advent of stable isotopes a new area
of tracer technology became available. In gastroenterology,
3CO, breath tests are used which fullfill all the conditions
needed in modern clinical research and investigation.

Key words: Gastrointestinal function, breath test,
digestion, absorption, fermentation, transit, stable
isotopes

Introduction to breath tests

The 1CO, breath test (BT) is a non-invasive and reli-
able method to study the main gastrointestinal (GI)
functions including the assimilation of food ingredi-
ents. Stable isotopes offer the possibility to monitor
various metabolic events, including the fermentation
processes in the colon.

Breath tests have the common characteristic that a
substrate, that bears the functional group in which a
normally present '>C atom has been replaced by the
stable isotope 1*C, is administered to an individual. This
functional group is cleaved enzymatically under spe-
cific circumstances, either during the transit through
the gastrointestinal tract, during absorption or during
further metabolism of the absorbed substrate. After
cleavage the marked subgroups undergo a metabolic
process that ends with expiration of the labeled CO,.
It is necessary that the speed determining (rate limit-
ing) factor of the whole physiologic process is directly
related to the genesis of 1*CO,. The >CO, mixes with

The authors are affiliated with the Department of Patho-
physiology, Division of Gastroenterology, Catholic University
of Leuven in Leuven, Belgium.

the body pool of CO,-HCOj and is breathed out. In
this way the exhalation of *CO, reflects the function to
be investigated, as indicated by the following scheme:

Gl function,
3C, substrate =——3 bacterial
metabolism

L Rate limiting J

The 13C, substrate has to be chosen in such a way
that the enzyme/function/bacteria is the rate-limit-
ing step in '>CO, evolution to demonstrate by *CO,
measurement either enzyme activity, a well-defined GI
function, or bacterial metabolism. When the excretion
of the tracer in breath is expressed as % dose per hour
and/or as cumulative % dose excreted over a defined
time period, a dynamic analysis of the examined
parameter of the gastrointestinal tract is obtained in
the course of time.

3CO, breath tests may be considered excellent inves-
tigation methods, as their scientific bases are sound and
well-conceived, the results have been validated in an
unequivocal way, and their applications are accepted
by an increasing number of scientists. '*CO, breath
tests can be combined with the “C,tracer or/and the
H, measurement in breath. Additional information on
the fermentation processes in the colon is obtained by
labeling bioactive molecules with nitrogen-15 (!*N)and
deuterium (*H).

There is a need for non-invasive methods, which
parallel the information of the classical methods,
that are simple to perform and that can be executed
at lower costs. °CO, breath tests may meet this need.
They have great advantages over conventional meth-
ods as the gastrointestinal function can be displayed
in course of time. Furthermore they are not invasive
for the patient, and can even be performed at home.
The medical doctors ask for tests that can be done in a
repetitive way without major discomfort or radiation
hazard for the patient and without special equipment
and personnel. In no way, however, it is claimed that

—> CO, in breath

166

Food and Nutrition Bulletin, vol. 23, no. 3 (supplement) © 2002, The United Nations University.



Stable isotopes in gastroenterology

167

13CO, breath tests are exclusive tests. The breath test
has to be considered as an important clinical investiga-
tion tool. Therefore, the interpretation of the test result
should be done in close discussion with the medical
doctor in the clinical unit.

Special attention should be paid to the execution of
13CO, breath tests. These tests seem simple to perform,
and some investigators even try to render the test more
simple by reducing the sample numbers or by chang-
ing test conditions (meal, sampling time, calculations
of results...). These modifications could lead to false
interpretation of the results, and make them unsuit-
able for inter-laboratory comparison. The best way to
safeguard uniformity in test design is to do breath tests
in a specialized clinical unit.

Breath tests

At the digestion and absorption laboratory at the Uni-
versity Hospital Gasthuisberg, Leuven, the breath tests
used in clinical practice are shown in figure 1.

Substrates used in 13CO, breath tests

Hepatic functions:

» demethylating and oxidative capacity:
['*C]aminopyrine [1]

» hepatic mass: ['*C]galactose [2]

» mitochondrial activity: [*C]keto isocaproic acid [3]

Transit measurement:

» gastric emptying: ['*C]octanoic acid and [*C]glycine
(4, 5]

» orocecal transit: lactose-['>CJureide [6, 7]

» small intestinal transit: by mathematical deduction
(8]

Helicobacter pylori in stomach

» [BClurea [9]

Digestive, absorptive, fermentative functions

» carbohydrates: ['*C]naturally enriched compounds,
starch, lactose [10-12]

» lipids: ["*C]mixed triglyceride [13, 14]

» proteins: [*C],[!°N]egg-white proteins [15]

» fermentation process: lactose-['N]ureid [16] ; ['°N],
[2H]proteins [17]

Bacterial overgrowth—bile acid malabsorption

» the only [*C]substrate in use, i.e,. glycocholic acid
+ 3 days fecal collection + [*H] PEG transit marker
correction [18-20].

Note: mathematical expression of the functions

» an elegant method has been developed to express the
meaning of gastrointestinal events by a mathematical
formula. [21, 22].
Further developments are being studied to express

different gastrointestinal functions by mathematical

analysis when several markers are used simultane-

Liver function tests
» Demethylating and oxidative capacity
» Hepatic mass

» Mitochondrial activity Heliobacter pylori

in stomach

Digestive, absorptive,
fermentative functions
» Carbohydrate process

» Lipid process

» Protein assimilation

» Fermentation process

Gastrointestinal transit

» Gastric emptying

» Oro-cecal transit

» Small bowel half
emptying time

Bacterial overgrowth—
Bile acid malabsorption

Mathematical expression of physiological functions

FIG. 1. Gastrointestinal functions that can be investigated by
13CO2 breath tests, the dynamics of which can be evaluated
by mathematical expressions

ously. In the near future we will try to make it pos-
sible to measure, by a single meal, gastric emptying
([**CJoctanoic acid), protein digestion ([!*C]leucine-
protein), orocecal transit time and small intestine half
emptying time (hydrogen marker+mathematical con-
volu-tion/deconvolution method) and fermentation
pattern ([ring,’H]-phenylalanine-protein, lactose-
[>N]ureid), plus fecal protein loss ([!°N]leucine-
protein). Apart from the '*C,tracer (estimated dose
0.2mSv) these methods can be applied in children
also, and they are suitable for use in nutritional and
pharmacological research.

These studies have been made possible only by close
collaboration with the medical doctor in the hospital.
Even when the tests are executed routinely for diagnos-
tic purposes, it is a constant reflection on how helpful
these tests can be for the individual patient.

How attractive the test designs might be, standardi-
zation of test execution, and harmonization of test
protocols are needed for collaboration and for inter-
laboratory comparison of results. The first attempt
was made by the European concerted action BIOMED
PL93-1239 [23]. The on-going evolution in mathemati-
cal analysis of test results will contribute markedly to
the better understanding of basic gastrointestinal proc-
esses in the individual. The mathematical expression
of their results represents a new area for forthcoming
application and further development. Mathematics is
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a welcome exposition of physiologists view of how the
process of science can lead to reliable results.

Although these breath tests are under current evolu-

tion at the laboratory, they can be applied successfully
in less privileged countries, as in their simple form
they are very reliable to investigate gastrointestinal
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Stable isotope aided evaluation of Community
Nutrition Program: effect of food supplementation
schemes on maternal and infant nutritional status
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Abstract

The supplementation program of the community nutri-
tion project (PNC) launched by the Senegalese Govern-
ment in order to protect the most vulnerable groups
(children and women) was evaluated. Using a stable
isotope (deuterium), we assessed the effect of the PNC on
breastmilk output, mother’s body composition, and baby’s
growth at three months of lactation. Breastmilk triglyc-
erides, lactose, protein, and zinc were also determined.
Mothers who were supplemented more than 60 days
during pregnancy showed a significant increase in fat-
free mass as compared to those who were supplemented
for less than 30 days (p = .03). Breastmilk output was
not influenced by the supplementation, but breastmilk
lactose, total protein, and zinc contents increased signifi-
cantly (p <.01) in the supplemented mothers. Growth of
the babies of the supplemented mothers was better than
that of those whose mothers were not supplemented. It
was concluded that the food supplementation had benefi-
cial effects on both mothers’ and babies’ nutritional status
depending on the onset of the supplementation.

Key words: stable isotopes, breastmilk output, food
supplementation, Senegal, West Africa

Introduction

From 1986 to 1993, the prevalence of malnutrition
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in Senegal has risen from 6% to 12% for children 6
to 36 months old and to 20% for children under five
years old [1]. National authorities undertook a series
of measures to protect the most vulnerable groups
(women and children) and an externally funded high
priority community nutrition project (PNC) was
launched by the Senegalese Government under the
supervision of the Presidency of the Republic [2]. The
PNC consisted of three parts:food supplementation for
pregnant and lactating women and moderately mal-
nourished children, nutrition education and a follow-
up study of child growth, and provision of drinking
water. The PNC was launched in 1994, with the support
of the World Bank, the World Food Programme, and
the German “Kreditanstalt Fiir Wiederaufbau.” The
Public Works and Employment Agency (AGETIP)
executed the program. A National Commission for
Combating Malnutrition was created to monitor
the PNC. Community nutrition centers involved in
the project use local contractors to carry out certain
tasks, such as monitoring malnutrition and educating
beneficiaries on issues involving food and sanitation. A
supplementary food, based on local foodstuffs (millet
and maize) was provided for over six months to preg-
nant women during their last trimester and to lactating
women. The supplementation was carried out through
network operational centers in poor urban areas.

A stable isotope, deuterium, was used to assess
the effectiveness and quality of the supplementation
on breastmilk output, maternal body composition,
and babies’ growth at three months of lactation. The
evaluation aimed to determine the optimal timing of
supplementation during pregnancy as well as the com-
position of breastmilk and nutrient transfer from the
mother and from outside to the baby.

Subjects and methods

Subjects

There were 76 supplemented women and 57 age-
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matched controls in the study. All pregnant supple-
mented women from four sites of the PNC centers:
Arafat, Wakhinane,

Hann-Yarakh, and Grand-Yoff were recruited. The
control group was recruited from lactating mothers
with a baby less than one month old in Wakhinane
and Hann-Yarakh. Both groups were comparable in
term of socioeconomic conditions, and lived in poor
suburban areas of Dakar. Among the beneficiaries 41
received the supplement based on millet and 35 the
supplement based on maize. The composition of food
supplements is presented in table 1.

Approval of the ethics committee of the University of
Dakar as well as consent of the subjects and the com-
munity was obtained before starting the study.

Methods

Anthropometric measurements (weight and height)
of the mothers and babies were carried out at one,
two and three months after delivery. Body mass index
(BMI) was calculated as weight/height?. The babies’
anthropometric indices, weight-for age (WA), height-
for-age (HA) and weight-for-height (WH), were cal-
culated using the NCHS standards [3].

At three months of lactation, the deuterium dilu-
tion method (D,0) dose-to-mother was used for the
determination of breastmilk intake of the babies [4].
The method was tested previously in the field [5, 6].
Briefly, 30 g of deuterium oxide (99.8% purity, Cam-
bridge Isotope Laboratories Inc., Andover Mass., USA)
were orally administrated to the mother. Saliva samples
were collected from both the babies and the mothers
before (pre-dose samples) and after administration of
the dose on days 1, 2, 3, 4, 13, and 14 (post-dose sam-
ples). Enrichments of the saliva samples were measured
using a Fourier transformed infrared spectrophotom-
eter (Shimadzu 8300, Vienna, Austria). Body compo-
sition of the mothers (lean body mass and fat mass)
was calculated from the total body water component.

TABLE 1. Composition of the food supplement

Millet Maize

Grain (%) 55 60.6
Beans (%) 23.6 18
Peanut (%) 11 9
Sugar (%) 10 12
Vitamin-mineral 0.34 0.4

complex” (%)
Energy (kcal/100 g of 422 400

dry matter)

a. The vitamin minerals complex (%) included calcium (100-123
mg), zinc (8-6.15 mg), iron (6-9.84 mg), vitamin A (1300-1600
IU), vitamin C (30-36.9 mg), niacin (5-6.64 mg), vitamin D, (100
ug ), vitamin B, (123 pg), vitamin B, (400-492 pg), vitamin B,,
(1-1.23 pg), and folic acid (50-61.5 pg).

Total body water (TBW) was assumed to be equal to
D, space divided by 1.04. Fat-free mass was calculated
as TBW / 0.73. Body fat was computed as body weight
minus fat-free mass.

On day 14, breastmilk samples were manually col-
lected for macro- and micronutrient analysis. Mothers
expressed a volume of milk from each breast into a
sterile vial. Samples were collected two times during
the day, mid-morning and mid-afternoon, with a mini-
mal interval of four hours according to the method of
Roquelin et al. [7]. Both samples were pooled for the
determination of the breastmilk composition. Lactose
was determined by an enzymatic method using a kit
for lactose/D-galactose measurement [8]. Triglycerides
were measured by an enzymatic method after clarifica-
tion of breastmilk according to Lucas and al. [9] using
a kit for serum determination. Total nitrogen (N)
was determined by the Kjeldhal method and protein
expressed as N X 6.38. No correction has been made for
non-protein nitrogen. Energy was calculated by adding
the values for protein, lactose, and fat concentrations
using the conversion factors 5.65, 3.95, and 9.25 kcal/g,
respectively [10]. Breastmilk zinc content was deter-
mined by an atomic absorption spectrophotometer
(Analyst 300 Perkin Elmer, Courtaboeuf, France).
Skim milk powder supplied by the National Institute
of Standards and Technology (NIST, Canada) and the
Agricultural Research Center (ARC, Finland) were used
as reference materials. Results are expressed as means
+ SD and statistical analysis was performed using Epi
Info 6.04 (CDC, Atlanta, Ga. USA) and Systat 8.0 (SPSS
Inc., Chicago, I1I.,USA).

Results

Table 2 shows the mean age, BMI, and body compo-
sition of the mothers at three months postpartum.
There were no significant differences between the sup-
plemented and the non-supplemented groups. Body
composition of the mothers, according to the duration
of the supplementation, is presented in table 3. There
was a significant increase in total body water and fat-
free mass in mothers who were supplemented more

TABLE 2. Characteristics of the subjects at three months
postpartum (mean * SD)

Supplemented Non-supple-
Millet Maize mented
(n=41) (n=135) (n=157)
Age (yr) 27+6 27+6 276
BMI (kg/m?) 23+3 23+4 2+4
TBW (kg) 28 +3 29+4 28+3
Fat-free mass (kg) 39+4 40+ 5 37+4
Fat mass (kg) 19+6 19+7 19+7
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than 60 days (p < .05). In contrast, the duration of the
supplementation had no effect on their fat mass.
Breastmilk output and metabolic water from outside
(water and supplements given to the baby) are showed
in table 4. Breastmilk intakes as well as supplements
given to the baby were comparable in both groups.
However the composition of breastmilk was signifi-
cantly (p < .01) influenced by the supplementation.
In the supplemented group, concentrations of lactose,
total nitrogen, and zinc increased particularly when the
food supplement was based on millet (table 5).
Anthropometric indices of the babies at three months
are presented in table 6. WA and HA indices were better
(p < .05) in the babies of the supplemented mothers
than in those of non-supplemented mothers. The WH
index was not influenced by the supplementation.

Discussion

The nutritional intervention of the PNC involved preg-
nant women during their last trimester of pregnancy.
The trial was designed to improve nutrient availability
during pregnancy and lactation for nutritionally at risk
women. The effects of maternal nutrition supplemen-
tation on breastmilk output and infants’ growth were
assessed, and the deuterium dilution method was used
to measure the breastmilk intake of the offspring and
the body composition of the mothers. The deuterium
dilution method has been found to be more accurate
than the test weighing technique [11] and has been
used in both industrialized and developing countries
[4, 12-16]. An isotope ratio mass spectrometer (IRMS)

TABLE 3. Body composition of the subjects according to the
duration of the supplementation (mean + SD)

Duration of the supplementation
<30days |30-60 days| > 60 days
(n=14) (n=35) (n=28)
TBW (kg) 27+3 29+3 30 £ 3*
Fat-free mass (kg) 37+3 40+4 41 £ 5%
Fat mass (kg) 19+7 18+6 217

*p<.05.

has been used to measure the deuterium enrichment of
the samples [17], but recently, a modified version of the
technique, based on the analysis of the sample enrich-
ment with a Fourier transformed infrared spectropho-
tometer (FTIR) was developed. It was tested against
IRMS, and found to be accurate and suitable for use
in field studies [18]. Using a FTIR and the deuterium
dilution method, breastmilk output was not impaired
in three-month Senegalese lactating women [5].

The lactation capacity of underprivileged women
living in developing countries has been questioned for
a long time. Despite its importance for public health,
the question of whether poorly nourished women can
improve their lactation performance when increasing
their dietary intake was conflicting [19]. Several studies
in developing countries have reported a positive or no
relationship [19-27].

A comparison between the supplemented and the
non-supplemented women indicated that breastmilk
output was not impaired. In both groups, the breast-
milk intake of the babies was within the normal range
expected at three months of lactation [20, 23, 27, 28].
Milk-output of these underprivileged mothers was not
influenced by the supplement or the duration of the
supplementation. These results are in accordance with
previous studies conducted in the Gambia [26, 27],
Indonesia [25], and Kenya [22], supporting a lack of
association between supplementation and breastmilk
output.

In contrast, the food intervention had a positive
impact on breastmilk quality. Although the composi-

TABLE 5. Breastmilk composition (mean + SD)

Supplemented Non-sup-
Millet Maize plemented
(n=41) (n=235) (n=157)
Lactose (g/L) 62+8 60+ 8 55 + 8**
Triglycerides (g/L) | 29%7 33£10 | 31+10
Protein (g/L) 15+3 15+2 12 + 3%
Zinc (mg/L) 1.7+£0.7 1.5+£0.6 | 1.3+0.5%*
*p<.01.

TABLE 6. Anthropometric indices (Z scores) of the babies at
three months of age (mean * SD)

TABLE 4. Breastmilk and other intakes of the babies (mean Supplemented
+SD) PP Non-sup-
Millet Maize plemented
Supplemented Non-sup- (n=41) (n=35) (n=157)
Millet Maize | plemented | | Wejght-for- | 0.33+0.85 | 0.02+0.76 | 0.25+ 1.04
(n=41) (n=35) (n=57) height
Breastmilk intakes | 918 £ 186 | 992 £ 205 | 943 + 207 Weight-for- | 0.32+£0.85 | —0.07 £ 0.86 |—0.06 £ 1.06*
(g/day) age
Other intakes? 234+ 144 | 150 £ 100 | 158 + 145 Height-for- | 0.01 £0.78 | —0.18 £ 0.94 |-0.40 + 1.02*
(ml/day) age
a. Water or food supplements given to the baby. *p<.05.
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tion of the breastmilk produced by the subjects was
within limits observed among well-nourished women
for protein, lactose, fat, and total energy [28], the aver-
age protein and lactose contents were significantly
increased in the supplemented mothers, indicating that
the food supplement was beneficial to them. Similar
findings have been reported for Gambian women
during the farming season [26].

The increase of zinc concentration in the breastmilk
of the supplemented women might be related to the
enrichment of the food supplement with zinc: 8 mg/
100 g in the food based on millet and 6 mg/100 g in the
food based on maize.

Until three months of age, the rate of babies’ growth
in both groups was comparable to NCHS standard
curves. However, the rate of growth of the babies
from the supplemented mothers exceeded that of the
non-supplemented ones. In the non-supplemented
group, 10% of the babies were stunted at one month
of age (HA < -2 Z scores) compared to 2% in the sup-
plemented group (not shown). Mean stature growth,
weight-for-age and height-for-age were higher in the
babies of supplemented mothers suggesting growth-
limiting nutrients in the breastmilk of these under-
privileged women.
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Application of stable isotopic techniques in the
prevention of degenerative diseases like obesity
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Abstract

Economic development in developing societies character-
ized by idustrialization, urbanization, and globalization
has seen the emergence of an epidemic of diet- and life-
style-related chronic degenerative diseases. A research
project was initiated under the aegis of the International
Atomic Energy Agency (IAEA), Vienna, Austria under its
Coordinated Research Programme (CRP) to promote the
use of stable isotopic techniques to document the extent of
the problem and to understand the determinants of this
epidemic. The principal objectives of this CRP involving
countries both in the North and the South are to define
the magnitude of the problem of obesity and non-insulin
dependant diabetes mellitus (NIDDM) in developing
countries, to identify the vulnerable groups at increased
risk, and to attempt to describe the metabolic and
physiological mechanisms underlying this phenomenon.
These comparative international studies of obesity and
NIDDM are looking at the effects of childhood malnutri-
tion (Brazil) and socioeconomic differentials (Mexico)
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on adult risk factors; the composition of the daily diet on
obesity (Chile); levels of patterns of physical activity of
older adults (China) as well as their influence on weight
gain and obesity (Cuba, Nigeria); the impact of body
composition and energy expenditure on the evolution
frank diabetes from impaired glucose tolerance (Jamaica),
and of body compositional changes and the role of inflam-
matory cytokines on impaired glucose tolerance (India).
The last study conducted in New Zealand was aimed at
comparing the energy expenditures of Maori (Pacific
Island) with New Zealanders of European descent.

Key words: stable isotopes, chronic diseases, obesity,
non-insulin dependent diabetes, cardiovascular disease,
insulin resistance, body composition, inflammatory
cytokines, glucose tolerance.

Introduction

Non-communicable diseases (NCDs) account for
nearly 60% of deaths globally mostly due to heart
disease, stroke, cancer, diabetes, and lung diseases. The
rapid rise of NCDs represents one of the major health
challenges to global development in the 21st century
and threatens economic and social development of
nations as well as the lives and health of millions of
their subjects. In 1998 alone, NCDs were estimated
to have contributed to 31.7 million deaths globally
and 43% of the global burden of disease [1]. Based
on current trends, it is expected that by the year 2020,
NCDs will account for 73% of deaths and 60% of the
disease burden. A recent analysis of mortality trends
from NCDs suggests that large increases in NCDs
have occurred in developing countries [2], particularly
those in rapid transition like China, Brazil, and India.
The rapid increase in these diseases is seen dispro-
portionately in poor and disadvantaged populations
and is contributing to widening health gaps between
and within countries. In 1998, of the total number of
deaths attributable to NCDs, 77% occurred in develop-
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ing countries, and of the disease burden they represent,

85% was borne by low and middle-income countries

[1]. This increase in the incidence of chronic degenera-

tive diseases is due to a complex range of factors that

interact to determine the nature and course of this

epidemic [3].

As developing societies industrialize and urbanize,
and as standards of living continue to rise, weight gain
and obesity will pose a growing threat to the health of
the citizens. Obesity is now widely prevalent in sev-
eral developing countries, particularly those in rapid
transition, and affects both children and adults, and
is a significant contributor to the ill health of people
in developing countries. Obesity is a key determinant
and important risk factor for other NCDs such as non-
insulin dependant diabetes mellitus (NIDDM)), cardio-
vascular disease (CVD) including hypertension, and
certain cancers. The increasing prevalence of obesity in
a population in developing societies is an early indica-
tor of an emerging health burden due to the increasing
mortality and morbidity from NCDs.

The principal objectives of this Coordinated Research
Programme (CRP) of the International Atomic Agency
(IAEA), Vienna Austria; involving countries both in the
North and the South are to define the magnitude of
the problem specifically of obesity and non-insulin
dependant diabetes mellitus (NIDDM) in several
developing countries, to identify the vulnerable groups
at increased risk, and to attempt to describe the meta-
bolic and physiological mechanisms underlying this
phenomenon. This CRP was set up with the following
objectives:

» to promote the use of stable isotopic techniques to
document the extent of the problem and to under-
stand the determinants of obesity and non-insulin
dependant diabetes mellitus (NIDDM) in developing
societies,

» to define the magnitude of the problem of Obesity
and NIDDM in developing countries,

» to identify the vulnerable groups at increased risk
and to attempt to describe the metabolic and physi-
ological mechanisms underlying this phenomenon,
and

» to enhance North-South collaboration and transfer
of know-how and technology.

The following sections of this paper provide infor-
mation on each of the studies under this IAEA-CRP
Investigative Programme country by country while the
principal objectives of these studies are summarized in
the table 1.

Brazil

The studies in Brazil were conducted by A. Sawaya
and her colleagues at the Department of Fisiologia,
Disciplina de Neurofisiologia e Fisiologia Endocrina,

Universidade Federal de Sao Paulo, Sao Paulo, Brazil
[4] and in partnership with S. Roberts at the USDA
HNRC at Tufts University, Boston. Previous studies by
this group demonstrated higher energy conservation
mechanisms in marginally stunted Brazilian children
exemplified by lower resting metabolic rates, lower fat
oxidation, higher susceptibility to gain weight, and
thus leading to a higher prevalence of stunted but
obese individuals. The hypothesis being tested was that
living in shantytowns in the city of Sao Paulo, Brazil
impairs growth and increases risk of stunting and that
this stunting may be associated with alterations in fat
patterning, circulating hormones such as insulin and
IGF-1 as well as alterations in plasma lipid profiles. The
study recruited 58 children of both sexes aged 8 toll
years out of a total of 300 who were screened from a
shantytown in Sao Paulo, half of whom were stunted
and the other half had normal height-for-age (HAZ).
Stunted children (n = 28 with HAZ Z scores < —1.5)
were compared to normal children (n = 30 with HAZ
Z scores > —1.5). About 98% of the population had low
IGF-1 values indicating impaired growth. The stunted
boys and girls demonstrated delayed Tanner stages of
pubertal development and had lower systolic blood
pressures, but higher diastolic blood pressures. Altera-
tions in insulin profile by homeostatic model assess-

TABLE 1. Comparative international studies of obesity and
NIDDM under the IAEA-CRP in developing countries

Developing

countries Objective of IAEA-CRP Investigation

Brazil The effects of childhood malnutrition
on adult risk factors

Mexico The effects of socioeconomic differen-
tials on adult risk factors

Chile The composition of the daily diet
specifically fatty acids in the diet on
obesity

China The physical activity of adults as risk
factors for overweight and obesity

Cuba Total energy expenditure as risk factors
for chronic disease in older adults in
rural communities.

Nigeria The influence of physical activity on
weight gain and obesity

Jamaica The influence of physical activity on
the evolution of frank diabetes from
impaired glucose tolerance

India Body composition and the role of
inflammatory cytokines on impaired
glucose tolerance

Maori and Comparison of energy expenditure of

Pacific Island Maori and Pacific Island with New

Zealand adults of European descent
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ment (HOMA) analysis manifested by lower fasting
insulin, higher insulin sensitivity, and lower IGF-1
levels characterized the stunted children. The plasma
lipid profile was not different between the two groups.
It was concluded that the environment in shantytowns
impairs growth potential and that stunted children
growing up in these environments have abnormal
beta cell function and lower fasting insulin and higher
insulin sensitivity.

Mexico

The Mexican studies on the risk factors for NIDDM
and cardiovascular disease in adults from different
socioeconomic levels was lead by Mauro Valencia
Juillerat, at the Centro de Investigacion en Alimenta-
cion y Desarrollo at Hermosillo, Sonora, Mexico [5].
The earlier National Survey of Chronic Disease in
Mexico involving 18,924 adults in 8,120 households
throughout Mexico [6] found a relationship between
educational achievement and prevalence of NIDDM,
i.e., 15.6% prevalence in those with no education com-
pared with 2.8% among postgraduates. The present
study was conducted on 350 male and female adults
over 20 years old in Hermosillo, Mexico. They were
recruited from low- and high-income socioeconomic
groups. The subjects provided blood samples for an oral
glucose tolerance test (OGTT) and for plasma lipids,
insulin, and leptin determinations. The prevalence of
obesity (BMI > 30) in this sample of the 350 adult
men and women was in 23.4%, and it was observed
that subjects with abnormal glucose levels had higher
body weight, BMI, weight-for-height (WH), % fat, and
blood pressure than normo-glycemic subjects. Subjects
with high central adiposity (combination of % fat and
WH ratio) had higher triglycerides, 2-hour glucose
levels, and lower HDL-cholesterol. Waist circumfer-
ence, WH, BMI, and bio-impedance analysis (BIA) for
body composition showed the best correlations with
glycemic status, blood lipids, and insulin sensitivity.
Detailed body composition studies comparing deu-
terium dilution with data from other measurements
and analysis of physical activity patterns between the
two income groups and their relationship to adult risk
factors is in progress.

Chile

The role of the composition of the daily diet and more
specifically the fatty acids in the diet on the risk of
obesity was investigated by Eric Diaz and colleagues
[7] at the Energy Metabolism and Stable Isotopes
Laboratory, Institute of Nutrition and Food Technol-
ogy (INTA), University of Chile, Santiago, Chile. The
hypothesis is that the type of fatty acids ingested in

the diet can modify the disposal of lipids in the body,
and that this may be an additional factor in worsening
the insulin resistance. The effects of changes in dietary
fatty acid composition on macronutrient oxidation
were studied in eight normal weight and six obese
adult women between 30 to 45 years old. The study
followed a cross-over design of one baseline measure-
ment and two week periods of supplementation with
either canola oil or sunflower oil with a washout period
in between followed by the other oil. The intervention
trial comparing sunflower oil with canola showed
significant modifications of plasma fatty acid profiles
depending on the oil supplemented. No differences
were observed between controls and obese. However
the control subjects had higher fat oxidation with
sunflower compared to canola treatment, while the
obese women showed higher carbohydrate oxidation
associated with a greater insulin response during the
sunflower treatment. Significant changes in plasma n6/
n3 fatty acids (n6/n3) ratio were observed. The higher
fat oxidation in controls was associated positively with
changes in plasma n6/n3 ratio while the higher insulin
response in the obese was not associated with changes
in plasma n6/n3 ratio.

China

The risk factors for obesity in Chinese adults with obes-
ity, an important public health concern in China, was
investigated by Guansheng Ma at the Institute of Nutri-
tion and Food Hygiene, Chinese Academy of Preventive
Medicine, Beijing, China [8]. The basic premise for this
investigation was the recognition that dietary energy
and fat intakes and physical activity levels play a critical
role in overweight and obesity, which in turn is a risk
factor for hypertension and NIDDM. The objectives
of the study were to compare dietary intakes, physical
activity patterns, anthropometry, and plasma insulin,
leptin, and lipid profiles between normal weight,
overweight, and obese adults based on BMI. The study
included 152 adults 35 to 52 years old of both sexes.
Overweight and obese groups in China have signifi-
cantly greater BMI, waist, hip, waist/hip ratio, and per-
cent of body fat than the normal weight group. Their
total energy and fat intakes were greater than those of
the normal weight group, while they expended much
less energy. The obese had a significantly higher risk of
hypertension, and had higher fasting insulin and leptin
levels than the normal weight group.

Cuba

The IAEA CRP in Cuba investigated the energy require-
ments and physical activity levels of active elderly adults
in rural areas. This investigation was lead by Manuel
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Hernandez-Triana of the Institute of Nutrition and
Food Hygiene at Havana, Cuba [9]. The collaboration
was South-South with INTA in Chile. Elderly subjects
aged 60 to 74 years (n = 48) in a rural mountain com-
munity of Western Cuba (Las Terrazas) were studied.
Of those, 40% had impaired glucose tolerance and 23%
had hypertension. Estimates of total energy expendi-
ture (TEE), as determined by the doubly-labeled water
(DIW) method and physical activity levels (PAL) were
much higher than that reported for similar age groups
in other studies, while PALs estimated from question-
naires underestimated TEE as compared to PALs
measured by the DEW method. Dietary energy intakes
were underestimated by 11% for women and by 55%
for men compared to TEE by DLW.

Nigeria

This investigation on the relative contributions of
energy expenditure on physical activity, body compo-
sition, and weight gain to the evolution of impaired
glucose tolerance into frank diabetes was carried out at
the Department of Paediatrics & the Institute of Child
Health, University College Hospital, Ibadan, Nigeria
[10]. The investigation was lead by Adeyemo in Nigeria
and is another example of South-South collaboration
and cooperation under the IAEA CRP program as this
study in Nigeria is linked with Tropical Metabolism
Research Institute (TMRU) in Jamaica. A one year
follow-up of a lean cohort of adults (BMI ~21-22) in
Nigeria showed an increase in body weight and BMI,
an increased prevalence of overweight from 21.3% to
23.9%, an increased prevalence of obesity from 5.2% to
7.7%, and an increased body fat (fat mass and percent
body fat mass). There was also a change in physical
activity levels with increased fasting insulin and insu-
lin-glucose ratios but no increase in homeostatic model
assessment-insulin resistance (HOMA-IR). The body
weight changes occurred without any worsening in the
glycemia status. The conclusions are that the popula-
tion is yet to reach the BMI threshold above which
worsening of glycemia status accompanies the increases
in weight gain. A further follow-up over several years
would be required.

Jamaica

A similar follow-up of adults to examine the relative
contributions of energy expenditure on physical activ-
ity, body composition, and weight gain to the evolution
of impaired glucose tolerance into frank diabetes was
being carried out at the Tropical Metabolism Research
Institute (TMRU), University of West Indies, Mona,
Kingston, Jamaica [11]. This investigation was lead by
Terrence Forrester with a collaborator (Farook Jahoor)

in the North at the USDA Children’s Nutrition Research
Center, Houston, Texas. In a sample of 614 adults (239
men and 375 women) anthropometry and body com-
position, energy expenditure budgets and OGTTs were
carried out. A follow-up four years later of the cohort
of urban Jamaican adults showed that the prevalence
of impaired glucose tolerance (IGT) and frank diabetes
increased over the same period. Lower physical activity
was significantly associated with poorer glucose toler-
ance status. All adiposity variables, e.g., BMI, percent fat,
and waist circumference predicted worsening of glucose
tolerance for men while change in waist circumference
predicted worsening status in both men and women.
It was concluded that interventions to improve levels
of physical activity are crucial to reduce the burden of
chronic diseases including obesity and NIDDM.

India

The IAEA CRP contract in India was lead by Chittaran-
jan Yajnik at the King Edward Memorial (KEM) Hospi-
tal research center in Pune. The relationships between
total body fat, plasma pro-inflammatory cytokines and
their role in insulin resistance in Indians was investi-
gated [12]. Like the study in TMRU, Jamaica this study
also establishes a South-South Collaboration with St
Johns Medical College, Bangalore with Anura Kurpad
and All India Institute of Medical sciences (AIIMS)
New Delhi with Anoop Misra. It also has North-South
collaboration with John Yudkin at University College,
London and Prakash Shetty at the London School of
Hygiene & Tropical Medicine. The hypothesis for inves-
tigation was that the excess risk of insulin resistance
in urban as compared to rural populations in India
was the result of increased total body fat in the former,
and that the increased total body fat resulted in insulin
resistance which is mediated by changes in circulating
pro-inflammatory cytokines. Studies in Pune, India in
three different communities (rural/urban, slum/urban,
middle-class) showed that the prevalence of obes-
ity and central obesity (deposition of adipose tissue
centrally distributed around the abdomen) progres-
sively increased from rural to urban slums to urban
middle-class men. This was reflected in an increasing
prevalence of diabetes (0, 4% and 10%), impaired glu-
cose tolerance (9%, 12%, and 20%), hypertension (2%,
4%, and 10%), and plasma cholesterol and triglyceride
levels, respectively. The percentage of body fat was a
significant predictor of increasing cardiovascular risk
in these populations; central obesity increased the risk
further, although to a smaller extent. The study con-
cluded that measurement of body fat and its central
distribution by appropriate isotopic and other meth-
ods should form an essential part of further studies
of insulin resistance and cardiovascular disease risk in
South Asians.
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Maoris and Pacific Islanders

Elaine Rush of the Auckland University of Technol-
ogy, New Zealand led the IAEA-CRP investigation on
central obesity and risk for NIDDM in Maori, Pacific
Island, and European young men in New Zealand [13].
This study compared the characteristics of normo-
glycemic young men 18 to 27 years old of Maori, Pacific
Island, and New Zealand European descent (1 = 10 in
each group). An increased body fat content and central
obesity were associated with measurements of glucose,
insulin, lipids, and leptin indicating an increased risk
of NIDDM. Central obesity was negatively associated
with dietary fiber intake. TEE data using the DLW
method are in the process of being analyzed. Body
fat content and distribution of body fat predicted at a
young age the increase in risk of NIDDM in all three
ethnic groups. Further investigations are required to
investigate differences between groups.

Conclusions

The following conclusions can be arrived at from the
preliminary data from several investigations in coun-
tries in Latin American and the Caribbean, African, and
Asian, and the Far Eastern regions of the developing
world:

References

1. World Health Organization. Global strategy for the
prevention and control of non-communicable diseases.
Geneva: World Health Organization, 2000.

2. Murray CJL, Lopez AD. Global comparative assessments
in the health sector. Geneva: World Health Organization,
1994.

3. Shetty PS. Diet and life-style and chronic non-com-
municable diseases: what determines the epidemic in
developing societies? In: Krishnaswami K, ed. Nutrition
research: current scenario and future trends. New Delhi:
Oxford & IBH Publishing Co., 2000:153-67.

4. Sawaya AL, Fernandes MTB, Martins PA. Effects of child-
hood stunting on the increase of risk factors for obesity,
NIDDM and coronary heart disease. Progress report sub-
mitted to IAEA. Sao Paulo, Brazil: Department of Fisiolo-
gia, Disciplina de Neurofisiologia e Fisiologia Endocrina,
Universidade Federal de Sao Paulo, June 2001.

5. Valencia-Juillerat M, Gallegos AC, Ballesteros MN,
Macias N, Ortega MI, Esparza ], Tobles-Sardin A,
Morales GG, Pacheco BI, Bolanos A, Cabrera RM,
Calderon de la Barca AM. Risk factors for NIDDM and
cardiovascular disease in adults from different socio-
economic levels. Progress report submitted to IAEA.
Sonora, Mexico: Centro de Investigacion en Alimenta-
cion y Desarrollo at Hermosillo, June 2001.

6. Secretaria de Salud. National survey of chronic disease
in Mexico. Mexico, DF: Encuesta Nacional de Enferme-

» This IAEA-CRP offered a unique opportunity to
study physical activity, body composition in rela-
tion to insulin resistance (NIDDM risk), and obesity
risk in seven different countries (table 1) using stable
isotopic and other techniques to investigate physi-
cal activity patterns, total energy expenditure, body
composition, and anthropometric characteristics.

» The TAEA-CRP provided an opportunity to use
standardized protocols for body composition and
physical activity measurements as risk factors for
chronic diseases (obesity and NIDDM) in several
developing countries despite variations in age, eth-
nicity, and geographic locations of the study popula-
tions.

» The preliminary results of this IAEA-CRP activity
confirmed the increasing risk of obesity and NIDDM
in developing societies due to changes in diet and
physical activity patterns and suggest that total body
fat and its topography are perhaps the most impor-
tant predictors of the evolution of insulin resistance
syndrome.

The current IAEA-CRP program on the applica-
tion of stable isotopic techniques in the prevention
of degenerative diseases like obesity and NIDDM in
developing societies demonstrates, in addition, that
both North-South and South-South collaboration and
cooperation can be very successful under international
programs like these.

dades Cronicas (ENEC), 1994.

7. Diaz E, Galgani ], Morales I, Salazar G, Uauy R. Fat and
carbohydrates in the diet: its metabolic contribution to
obesity in Chilean women. Progress report submitted
to IAEA. Santiago, Chile: Energy Metabolism and Stable
Isotopes Laboratory, Institute of Nutrition and Food
Technology (INTA), University of Chile, June 2001.

8. Guansheng M. The risk factors for obesity in Chinese
adults. Progress report submitted to IAEA. Beijing,
China: Institute of Nutrition and Food Hygiene, Chi-
nese Academy of Preventive Medicine, June 2001.

9. Hernandez-Triana M, Aleman-Mateo H, Vallencia-
Juillerat M, Salazar G, Sanchez V, Basabe B, Gonzalez S,
Diaz ME, Toledo E, Cabrera A, Diaz M, Quintero ME,
Moreno R, Moreno V, Sanchez MS, Martin I, Miranda
A. Energy requirements and physical activity levels of
active elderly adults in rural areas of Cuba. Progress
report submitted to IAEA. Havana, Cuba: Institute of
Nutrition and Food Hygiene, June 2001.

10. Adeyemo AA, Omotade OO, Forrester TE, Luke A,
Rotimi C, Owoaje ET. Relative contributions of energy
expenditure on physical activity, body composition and
weight gain to the evolution of impaired glucose toler-
ance into frank diabetes. Progress report submitted to
TAEA. Ibadan, Nigeria Department of Paediatrics &
Institute of Child Health, University College Hospital,
June 2001.



Stable isotopic techniques in the prevention of degenerative diseases

179

11.

12.

Forrester T, Wiilks R, Jahoor F, Adeyemo A, Gaskin P,
Luke A. Relative contributions of energy expenditure on
physical activity, body composition and weight gain to
the evolution of impaired glucose tolerance into frank
diabetes. Progress report submitted to IAEA. King-
ston, Jamaica: Tropical Metabolism Research Institute
(TMRU), University of West Indies, June 2001.

Yajnik C, Yudkin JS, Shetty PS, Kurpad AV, Misra A.
Relationships between total body fat, plasma pro-inflam-

13.

matory cytokines and their role in insulin resistance in
Indians. Progress report submitted to IAEA. Pune, India:
King Edward Memorial EM Hospital Research Centre,
June 2001.

Rush E, Laulu MS, Mitchelson E, Plank L. Central obes-
ity and risk for NIDDM in Maori, Pacific Island and
European young men in New Zealand. Progress report
submitted to IAEA. Auckland: Department of Applied
Science, Auckland University of Technology, June 2001.



