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FOREWORD 

The use of isotopes has revolutionized the field of human nutrition, but has been of 
greatest benefit to research in developed countries. The International Atomic Energy 
Agency is sponsoring programmes using isotopic and related technologies in human 
nutrition research to address issues that are of priority to developing countries. Scientists 
participating in the new Coordinated Research Programme (CRP) on amino acid and protein 
metabolism in ma'nourished populations of developing countries are conducting research 
on the interaction between infection and amino acid metabolism, particularly the potential 
diversion of substrates from anabolic pathways to fight infection in marginally nourished 
children during periods of immunostimulation. This topic is of great importance to the 
nutritional status of children in developing countries, who are frequently or chronically 
immunostimulated and who, as a consequence, may have alterations in nutrient 
requirements. The CRP is expected to contribute important new knowledge about 
interactions between nutrient utilization, the stresses of unhygienic environments, and 
infections in marginally nourished people. This information is expected to be applicable to 
efforts to increase efficient utilization of limited food resources in developing countries. 
Another highlight of the CRP is that it represents an international team of nutrition 
scientists who together are building nutritional biology research capabilities in developing 
countries. 

The CRP has benefitted substantially from financial support from the Department of 
Energy and State Department within the Government of the United States of America. In 
addition, the first Research Coordination Meeting, the subject of this report, was 
generously hosted by Dr. Irwin Rosenberg and his team at the United States Department 
of Agriculture, Human Nutrition Research Center, Boston, Massachusetts. On behalf of 
all the participants in this Coordinated Research Programme, the International Atomic 
Energy Agency gratefully acknowledges this support. 
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PART I. 

SUMMARY REPORT 



SUMMARY REPORT OF THE FIRST RESEARCH CO-ORDINATION MEETING 
BOSTON, USA. 24 - 29 OCTOBER 1993 

APPLICATION OF STABLE ISOTOPE TRACER METHODS TO STUDIES OF 
AMINO ACID, PROTEIN. AND ENERGY METABOLISM IN MALNOURISHED 
POPULATIONS OF DEVELOPING COUNTRIES 

1. INTRODUCTION 

The report of the FAO/WHO/UNU Expert Consultation [1) underscored the 
inadequacy of our knowledge of requirements for energy, protein, and amino acids during 
convalescence from disease and undernutrition. It stressed that filling this knowledge 
deficit should be a priority subject for further research, once appropriate methods become 
available. Substantial advances have been made in the uses to which isotopic tracers can 
be put to study amino acid and protein metabolism under a variety of physiological 
conditions, including undernutrition and infection. 

The Coordinated Research Programme (CRP), Application of Stable Isotope Tracer 
Methods to Studies of Amino Acid, Protein, and Energy Metabolism in Malnourished 
Populations of Developing Countries, was initiated to stimulate applications of isotope 
technologies to provide data which can be used to characterize protein and amino acid 
metabolism under conditions of infection and undernutrition, and which could be applied 
to solving perpetual problems of undernutrition in developing countries. Several 
observations or hypotheses provided the initial orientation for the CRP: 

(a) the negative rvtrogen balance which occurs during infectious disease [2] is 
due not only to anorexia but to the effects of the infectious process per se 
in which protein catabolism dominates anabolism [31; 

(b) part of the increase in urinary nitrogen during infection in undernourished 
hosts is due to increases in protein utilization as a fuel source secondary to 
increased metabolic rates; 

(c) diversion of amino acids from anabolic pathways occurs during the immune 
response; 

(d) provision of selected amino acids or micronutrients will increase net 
anabolism, which can be detected as increases in protein synthetic rates; 

(e) the unique strengths of isotopic tracer methods in elucidating mechanisms 
and quantifying rates of these processes; 

(f) the importance of such information to solving perpetual problems of 
undernutrition. 
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Some of the inspiration for the CRP was further derived from the long-term goal of 
developing an 'anabolic cocktail' for undernourished children, based, at least partially, on 
data which would be acquired by participants in this CRP. 

2. CURRENT STATUS OF THE CRP 

The first official activity of the CRP was a Consultants' Meeting, held 14-16 
December 1992, Vienna, Austria. Dennis Bier, Peter Garlick, Peter Klein, and Pieter Sauer 
participated as advisors. A report of the consultants' meeting is available from the IAEA 
office (No. NAHRES-15). 

Thereafter an announcement was sent to institutes and investigators who would 
potentially have an interest in the themes of the CRP. The announcement (reproduced in 
Part V of this report) was followed by the review and selection of applications. The 
Research Coordination Meeting, of which this report is a summary, was held to bring 
participants in the CRP together for the first time, to exchange information, to review 
protocols with an eye to optimizing study designs, and other reasons related to the 
implementation of the various studies. 

Between the announcement of the CRP in January 1993 and the first Research 
Coordination Meeting (RCM) in October 1993, three Technical Contracts and seven 
Research Contracts were funded; seven Research Agreements were awarded. The reports 
from the Technical Contracts are in Part II of this document. After the RCM, an additional 
eight Technical Contracts and one Research Contract were funded; one additional Research 
Agreement was awarded. 

3. MAIN ACHIEVEMENTS AT THE REfeARCH COORDINATION MEETING 

The Research Coordination Meeting was held with the participation of the Contract 
and Agreement holders and observers listed in Part V. Each participant submitted a 
working paper; each of these is in Part III of this document. In addition. Part II contains 
two progress reports which summarise work done under Technical Contracts given by the 
IAEA. At the RCM, Nevin Scrimshaw reviewed the evolution of knowledge about the 
synergy between infection and nutrition and Vernon Young 'traced' new applications of 
isotopic tracer methods in studies of human protein metabolism. These reviews are 
reproduced in Part IV. Also included in Part IV is a special submission by Noel Solomons. 
Alfred Ajami (Tracer Technologies, Inc.) presented an overview of novel 
applications of isotopes in human metabolism and nutrition. Joel Bradley 
(Cambridge Isotope laboratories, Inc.) talked about methods for producing tie various 
isotopically labelled materials which are available for human nutrition studies. 

Further information about the meeting (the agenda and list of participants and 
observers) is given in Part V. 
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3.1. Generic protocol 

A 'GENERIC PROTOCOL' was developed during the Research Coordination Meeting 
to serve as a minimal model for measuring protein oxidation and whole body nitrogen 
metabolism. The protocol is one which can be used in community-based studies at all 
research sites involved in the CRP, is 'user-friendly', and costs approximately $20 per 
subject. 

3.1.1. Aims of Generic Protocol 

(a) To measure leucine oxidation from 13C-leucine in breath following 
oral administration of 13C-bicarbonate and 1-13C-leucine; 

(b) To measure the rate of appearance of carbon dioxide from labelled 
bicarbonate administered orally immediately prior to the leucine 
study; 

(c) To measure nitrogen retention and incorporation into plasma protein 
fractions from 1 SN leucine; 

(d) To implement the generic protocol in studies at as many of the 
centres participating in the CRP as is feasible, in groups of children 
comparable in immunologic status, age, anthropometric status, and 
nutritional status, so that a "meta analysis" can be done on the 
common variables; 

(e) To correlate protein kinetic data with immunologic status. 

The Generic Protocol was designed to be an adjunct to the investigator-initiated 
protocols, most of which are for measuring protein kinetics before and after acute 
infection, with some using vaccines to simulate infection. 

At the Consultants' Meeting, it was decided that, whereas chronic 
immunostimulation by virtue ot subclinical infections may impose the most important 
limitations on amino acid and protein metabolism and could in turn impair growth in 
children, methods for evaluating this were unavailable. With the development of the 
Generic Protocol, it is now anticipated that it will be used to assess this effect. 

It is speculated that reduced rates of protein anabolism occur under conditions of 
immunostimulation due in part to a diversion of nutrients which occurs to mount the 
acute-phase response. In the undernourished, body protein is catabolized to provide amino 
acid substrates needed for synthesis of acute-phase proteins. Branched chain amino 
acids (BCAA) are more abundant in acute-phase proteins than in skeletal muscle, whereas 
leucine is less abundant. If, as has been hypothesized, diversion of anabolic substrates to 
acute-phase proteins draws off the BCAA and leaves a relative surfeit of leucine which 
goes to oxidation, then this could be a mechanism by which immunostimulation restricts 
growth [4]. It has also been hypothesized recently that chronic immunostimulation may 
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be a primary reason for which children in developing countries manifest linear growth 
retardation (5). Taken together, one potential mechanism appears to be the diversion of 
amino acid substrates from growth-related pathways. The generic protocol is being used 
to test this hypothesis. 

There are several theoretical advantages to using the generic protocol. It was 
designed tc be useful in field sites without clinical facilities, to be non-invasive and it can 
be used in the same individual on multiple occasions. It is expected to strengthen the 
power of the individual studies because data will be comparable across study sites. From 
the point of view of individual investigators, the generic protocol will give a common 
experience which should increase exchange of ideas during the next RCM (expected to be 
held in March or April 1995). Use of the generic protocol is optional. 

3.2. Methods 

3.2.1. Subjects: 

It was agreed that, when studying the specific effects of infection (acute or 
subclinical), well-nourished healthy controls from sanitary environments are needed. 

3.2.2. Admission criteria: 

Age 18-36 months 
Males are easier in terms of urine collections but both genders to be admitted 
Weight-for-length -0.5 to -2.5 Z scores 
Height-for-age - 0.5 to - 3 Z scores 

3.2.3. Exclusion criteria: 

Trauma 

3.2.4. Laboratory data: 

White count 
Erythrocyte sedimentation rate 
C-reactive protein 
Faecal exam and, if indicated, a malarial smear 
Urine for WBC and blood 
Skin swabs in cases of Kwashiorkor and impetigo 

3.2.5. Immunologic status: 

Cytokines - TNF, IL1, IL6, IL4 
C3 
Antibody titres 
Immunoglobulins and specific globulin components 



3.2.6. Nutritional and clinical factors which must be characterized: 

Nutrition (quality and quantity of diet including non-nutrient factors' 
Nutritional status (anthropometry and iron status by Hg'« or Hct) 
Clinical signs including conjunctivitis 

3.2.7. Environmental factors which must be characterized: 

Temperature 
Hygiene (environmental and personal hygiene) 
Stimulation index-antibody response to an antigen and delayed cutaneous 
hypersensitivity 

3.3. Study design 

3.3.1. Prior to the study: 

The study can be done in 10 hours on a single day. Twenty-four to 48h prior to 
the study, a blood sample will be drawn for the determination of haemoglobin or 
haematocrit, white count, sedimentation rate, C-reactive protein, tumour necrosis factor, 
IL-1, IL-4, IL-6, C3, and immunoglobulins (specific globulin components). A urine sample 
will be collected and analyzed for WBC and urinary cytokines. A faecal sample will be 
obtained and analyzed for ova and parasites. If indicated, a malarial smear will also be 
performed. Two-week prevalence data will be obtained from the parents or guardian on 
signs of infection observed in the child or in household members. Immunologic status is 
not an entry criterion but data analysis will use cytokine levels as independent variables. 
Trauma is an exclusion criterion (due to probable overlap of effects on protein kinetics 
without immunostimulation.) 

3.3.2. Diet: 

A standard diet should be used for purposes of dietary and nitrogen equilibration. 
It was recommended that a standardized diet based on a cereal-milk-based diet be 
developed at each site. 

3.3.3. Generic protocol: 

A blood sample should be collected and stored according to the tests that will be 
run on it. Decisions about where interleukins and TNF would be analyzed were left 
pending. Investigators can bring this issue forward if they continue to be interested in 
these analyses. 

3.3.4. On day of protein kinetic study: 

Procedure Timing Qese. 
Urine sample pre-dose 
Oral feeding 0 - 9 hr, every 30 minutes 
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3.3.5. Dosing: 

Procedure Timing 

Note: 

Dose 

0.4 mg/kg 
0.40 mg/kg/h 

2 mg/kg 
1 - 2 mg/kg/h 

At the RCM, a continuous infusion rate for 1-13C-leucine of 2 mg/kg/hr was 
recommended. However, a rate of 1 mg/kg/hr may be adequate. More data is 
needed to learn which infusion rate gives adequate enrichment under the 
physiological conditions in the various protocols, especially where the source of 
substrate for acute phase protein synthesis is skeletal muscle. 

H , 3C0 3: 

Priming dose Ohr, 
"Continuous" 0 .1 -3 hr, every 20 min 

11-nC] leucine: 

Priming dose 3hr 
"Continuous" 3.1 -9hr 

Procedure 
15N-leucine: 

Timing DQS£ 

2 mg/kg Single dose 0 h 

3.3.6. Breath collection: 

Timing 

2 - 3 hr, every 20 min 
6 - 9 hr, every 20 min 

3.3.7. Complete urine collection: 

Timing 

0 - 2 4 h 

3.3.8. Breath collection procedures: 

Samples of breath will be collectsd into Douglas bag (or similar method). Samples 
of gas will then be transferred into evacuated vacutainer tubes via a syringe and kept 
frozen at -20°C until IRMS analysis. Individual centres will experiment with breat'.i 
collection devices/techniques and should comment on their experiences in their progress 
reports. 
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3.3.9. Urine collection procedures: 

The urine from each void wi>' be collected and frozen immediately, using dry ice if 
no freezer is available. Prior to an /sis, the urine obtained from a subject will be pooled, 
the total volume recorded, and an aliquot combusted and analyzed for total nitrogen, and 
another for 1 5 N urea, and 1 5N ammonia. Laboratories with the appropriate combustion 
GC-MS equipment will help the laboratories that do not have the equipment. The 
CRP/IAEA will provide extra funding for this help. 

3.4. Optional, generic protocol for whole body nitrogen 

3.4.1. Hypothesis: 

Whole body protein catabolic rates are increased in children who are 
immunostimulated and synthesizing more acute-phase protein. This observation would 
support the hypothesis that protein anabolism to mount the acute-phase response in 
immunostimulated undernourished children occurs at the expense of positive whole body 
protein balance. 

3.4.2. Aims: 

To add measurements of whole body protein kinetics to the panel of measurements 
in the protein oxidation generic protocol. 

3.4.3. Methods: 

No alterations in the generic protocol are necessary with the exception of three 
blood samples which will be drawn to measure enrichments of 1 3C in leucine and alpha-KIC 
at the conclusion of the oral [1-13C]leucine dosing phase. For these determinations, blood 
will be drawn at 8, C.5, and 9h, frozen at -20°C for derivative preparation and GC-MS 
analysis. 

4. OTHER MATTERS 

The next Research Coordination Meeting for this CRP will probably be organized to 
immediately precede the Experimental Biology Meeting in Atlanta, 9 - 1 3 April 1995, 
primarily because there will be several papers from this CRP presented in a 
minisymposium, "Amino acid metabolism during infection: Implications for child growth 
in developing countries" and in posters at the meeting. Combining the RCM with the 
Experimental Biology meeting will be more efficient and may increase the number of CRP 
participants who can participate in the Experimental Biology Meeting. 

The group was able to obtain labelled leucine, urea, and bicarbonate at substantial 
price reductions from Cambridge Isotope Laboratories, Inc., for use in the protocols 
described in Part III. 
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The project officer was also able to secure a new pump for one of the developing 
country participants through Europa Scientific, Ltd. 

The International Union of Nutritional Sciences has approved a new taskforce. 
Isotopes in Human Nutrition Research in Developing Countries. This taskforce will be 
co-sponsored by the IAEA/IUNS/UNU. 

Several of the participants in the CRP have sent information about their own 
particular project and/or participation in the RCM to the American Institute of Nutrition's 
newsletter 'AIN Nutrition Notes'. This is useful. For further information, refer to the 
'Notes' for appropriate addresses, or contact the project officer C. Fjeld. 

Section of Nutritional and Teld): +43-1-2360-1680 
Health-Related Environmental Studies Tel(2): +43-1-2360-1658 
International Atomic Energy Agency Fax: +43-1-234564 
P.O. Box 100, A-1400 Vienna, AUSTRIA Email: RLN@IAEA1. IAEA.0R.AT 
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A STUDY OF ACUTE PHASE AND TRANSPORT PROTEIN SYNTHESIS IN 
UNDERNOURISHED MEN USING SIMULATED INFECTION AND UNIFORMLY 
1 5 N LABELLED SP1RUUNA PLATENSES (PAPER 1) 

A.V. KURPAD1, M.J. SOARES1. R.V. SEKHAR1, P.J. REEDS2, C.R. FJELD3 

1 Nutrition Research Centre, Department of Physiology, 
St. John's Medical College, Bangalore, India 
2 Children's Nutrition Research Centre, Baylor College of Medicine, 
Houston, TX. USA 
3 Section of Nutritional and Health-Reiated Environmental Studies, Division of 
Human Health, International Atomic Energy Agency, Vienna, Austria 

Abstract 

This study was conducted to test the hypothesis that acute phase protein 
synthesis is accelerated and transport protein synthesis is decelerated in 
adult men in whom the stress of infection is superimposed upon 
undernutrition. As a pilot study, four chronically undernourished men and 
two well-nourished controls were studied on two occasions separated by 
four days; the second session was conducted 24 hours after the 
administration of typhoid vaccine. Basal urine and blood samples were 
collected and then subjects were given priming oral doses of 15N-Spirulina 
(13.5mg/kg body weight) and oral doses (3.5mg/kg body weight) every 30 
min for the next six hours. Meals were aliquoted during the dosing period. 
Blood samples were collected at four, five, and six hours, and urine samples 
were collected hourly for six hours. 15N enrichment in different fractions of 
plasma i.e., albumin, non-albumin and amino acids, was measured by 
combustion GC-IRMS. Total urinary nitrogen was measured by Kjeldahl. 

The chronically undernourished subjects had a mean BMI (Wt/Ht2) of 
16.4 ± 1.0 (mean ± SD), and had habitual daily caloric intakes of 
1892 ± 299 kcal/day, as assessed by seven day dietary recalls. The 
controls had a mean BMI of 20.4 ± 0.2 and a habitual daily intake of 
> 2000 kcal/day. Plasma albumin concentrations were 4.15 ± 0.21 g/dl 
and 3.625 ± 0.53 g/dl respectively for the controls and undernourished 
men prior to the vaccination. 

1SN enrichments increased significantly in all subjects in all fractions of the 
plasma on both study occasions. In the controls studied before the vaccine, 
enrichment increased from about 0.38 atom percent at baseline to about 
0.58 in the amino acid fraction, and from 0.37 to about 0.40 in the 
non-albumin fraction. When the studies were repeated 24 hours after 
typhoid vaccine, the enrichment increased from about 0.39 to about 0.63 
in the amino acid fraction in the controls, but increased less in the 
undernourished, from 0.38 to 0.46. Enrichment increased from 0.40 to 
0.44 in the non-albumin fraction in the controls and from 0.39 to 0.42 in 
the malnourished. In this pilot study, enrichment in the amino acid and 
non-albumin fractions was higher in the controls than in the malnourished 
subjects. In the controls, there was a greater enrichment of the 
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non-albumin fraction (which would include acute phase proteins! after the 
vaccination. The differences, which were more marked after the 
vaccination, are due to decreases in the enrichment in the plasma of the 
undemowished subjects, rather than due to an increased enrichment in the 
plasma of controls. This latter finding suggests either that ma/nutrition 
blurted the acute-phase response to the typhoid vaccine, or that there was 
greater muscle catabolism in the undernourished, or that there were 
increased amounts of unlabelled urea in the plasma of the undernourished. 

1 . SCIENTIFIC BACKGROUND AND SCOPE 

Chronic undernutrition is a serious problem in India, where a large proportion of the 
population have body mass indices (BMI, weight (Kg)/ height2(m)) which are less than 
18.5. These individuals are weight stable, and lead economically productive and otherwise 
healthy lives. It is possible that this state of chronic undernutrition may influence the 
susceptibility of such individuals to chronic infections, since it has been shown that the 
acute phase response is blunted in undernutrition Mi

lt is known that undernutrition predisposes individuals to infection, which leads to 
increased nitrogen loss. The stress of the infection leads to specific changes in 
metabolism of the body in general and of liver metabolism in particular. There are anabolic 
responses involved in the mounting of an immune response, consisting of the synthesis 
and release of globulins and acute phase proteins (2]. This anabolic response is probably 
maintained by either shifting liver protein synthesis away from other proteins [3], such as 
transport proteins, or by the catabolism of body proteins such as skeletal muscle. In 
addition, this catabolism of protein also provides substrates for the synthesis of essential 
substrates, such as of glucose by gluconeogensis. 

Despite the fact that the amino acid sequence of many of the acute phase proteins 
has been determined [4], the source of the amino acids is not known. There are two 
possible sources: catabolism of the lean body mass and dietary intake. Since the acute 
phase proteins are known to have a high content of aromatic amino acids, and since there 
is an imbalance in the aromatic amino acid content of muscle and acute phase reactants, 
there would be an excessive breakdown of muscle in order to meet the aromatic amino 
acid requirements of the acute phase protein synthesis (51- If the latter is the case, then 
it may be possible to decrease the catabolism of lean body mass that occurs with infection 
by increasing intake of protein, aromatic amino acids, or other nutrients. The route of 
administration of these amino acids is also of interest as parenteral nutrition can be 
administered when bowel rest is required. In such cases, the entero-insular axis is not 
activated, and this could lead to different physiological responses by the body. It may also 
be that selective amino acid supplementation may be more effective in supporting acute 
phase protein synthesis. 

It is necessary to study a model of infection in humans with a view to delineating 
the components of the stress response as well the nutritional requirements. Stable 
isotopes offer this possibility. The use of a uniformly labelled protein source, ^N-Spirulina 
algae, minimizes the bias introduced by the use of single tracer amino acids, as well as 
minimizes the problems of uncertainties with respect to the enrichment of the protein 
precursor synthetic pool. 
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2. PREVIOUS WORK FROM THE ST. JOHN'S LABORATORY 

Earlier work in this laboratory, done in collaboration with Dr. D. Macallan from St. 
Georges Hospital, London, measured the kinetics of whole body protein turnover in 
undernourished male subjects and in newly diagnosed (pre-treatment) tuberculosis patients. 
13C-leucine infusions were used in an eight-hour fasted and fed protocol. In that study, it 
was found that the rates of whole body protein turnover were elevated (by about 8%) in 
the tuberculosis group. However, this was lower than the turnover measured in similar, 
healthy but chronically undernourished subjects. It was also lower than the increased rates 
of turnover in HIV patients (who had turnovers which were 25% higher than controls). 
Importantly, during the switch from the fasted to the fed state there was a decreased rate 
of synthesis in the tuberculosis patients compared to controls. This phenomenon needs 
to be investigated further in the context of the Spirulina study. 

It is also necessary to use different probes, such as ,5N-glycine, to study whole 
body protein turnover, which is currently being done in the NRC, Bangalore, by 
Dr. M.J. Soares. Preliminary results from these studies have shown that the measurement 
of whole body protein turnover by the ,5N-glycine method gives higher values for turnover 
in the undernourished group. However, this may be related to the dietary intake on the 
day of the experiment. These two methods, (13C-leucine and 15N-glycine) need to be 
compared, as the 15N-glycine method is preferable in India, where patients resist blood 
sampling. Further, the 15N-glycine method gives information on the flux of two different 
end products: urea and ammonia. 

3. OTHER COLLABORATIONS 

Apart from this CRP, the Nutrition Research Centre, Bangalore, is also collaborating 
with the Baylor College of Medicine, Houston, USA in the study of substrate oxidation 
rates with refeeding in chronic undernutrition. In addition, there is a collaborative effort 
in establishing the use of the labelled bicarbonate method in the measurement of daily 
energy expenditure. This collaboration is with Dr. M. Elia, Dunn Clinical Nutrition Centre, 
Cambridge, U.K. 

4. METHODS 

Four chronically undernourished, but otherwise healthy young male volunteers, and 
two well nourished controls were studied. None of the subjects had any significant past 
history of disease, and all were weight stable. The undernourished subjects had a mean 
BMI of 16.4 ± 1.0, while the controls had a mean BMI of 20 A ± 0.2. The basic 
anthropometry is provided in Table I. The undernourished subjects came from an urban 
slum, had incomes below the national average, did not have drinking water or sanitation 
in their homes and were on daily wage labour. Their diets were monotonous, with not 
much variation from day to day. The caloric intake ranged from 1840 to 1950 kcal/day, 
and the composition of the diet was as follows: 65 - 75% carbohydrate, 10% protein and 
the remainder fat. The controls were medical students, with intakes of over 
2000 kcal/day. 
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Ethical approval was obtained from the college ethical board, and informed consent 
(by thumb print or signature) was obtained from the subjects after the procedures were 
explained to them in their own language. 

The subjects stayed overnight in the laboratory, and were studied the next morning 
in the fasted state. One hour prior to beginning administration of 15N-Spiruiina, subjects 
were given a meal aliquot. Meal aliquots were then given every 120 min until the fifth 
hour after the administration of Spirulina. Daily energy requirements were calculated from 
the 1.56 times the predicted BMR. The BMR was predicted using an equation generated 
for Indian males in this laboratory. This total caloric requirement was divided into three 
equal parts, intended for breakfast, lunch and dinner. The first one third of the caloric 
requirement (for breakfast) was divided into four equal parts, which were given at two 
hourly intervals, the first part being given one hour prior to the start of the experiment. 
The other two thirds of the total caloric requirement, were given as lunch and dinner 
respectively. The aliquoted meal consisted of 75% carbohydrate, 15% fat and 10% 
protein (soy protein). 

The study was started at zero hours (approximately 0700 hours). After taking 
basal blood samples and emptying the bladder for a basal urine sample, the subjects were 
given a priming dose of Spirulina (13.5mg/kg Wt). Intermittent maintenance doses 
(3.5 mg/kg Wt) were subsequently given from 0.5 hours till 5.5 hours at half-hourly 
intervals (see Fig.1). All urine output was collected at hourly intervals for the first six 
hours, and at six hourly intervals thereafter until 24 hours. A pooled aliquot was therefore 
collected for every six hours of the protocol (Fig. 1). Blood samples were collected at four, 
five and six hours after the administration of the priming dose of Spirulina. The urine 
samples were acidified and stored at -20°C. The blood samples were anticoagulated with 
mixed oxalates, centrifuged immediately and the plasma divided into three aliquots. The 
first and second aliquots were treated with an antiprotease (PMSF, with a final 
concentration of ICO //) and stored immediately at -20°C. The first aliquot was shipped 
to Houston for Apo B100 analysis. The second aliquot was treated as follows: 0.5 ml was 
taken and the protein precipitated by treating with 6.0% sulphosalicylic acid (SSA) and 
centrifuged. The supernatant was removed and stored. The precipitate was washed with 
6% SSA, and treated with 40% ethanol overnight, after which the precipitate was once 
again centrifuged and the alcohol removed for analysis. The precipitate was washed with 
distilled water for subsequent analysis. Therefore three fractions were obtained : the first 
supernatant (amino acid), the second supernatant of alcohol (albumin fraction) and the 
third fraction of precipitate (non-albumin fraction). These were analyzed by GC-IRMS 
(ANCA-MS, Europa Scientific, Crewe, UK). The samples were pipetted in duplicate into 
tin capsules and dried in a hot air oven. The capsules were then combusted and oxidized 
in an oxidation furnace (Dumas Combustion), followed by reduction of the oxides of 
nitrogen to elemental N. This was dried, and fed into the GC-IRMS. Since low 
enrichments of the fractions were expected, background enrichment ammonium sulphate 
and albumin were used as standards. The CV of the estimate was 0.07% for ammonium 
sulphate, and 0.39% for bovine serum albumin. 

The urine samples were analyzed for total N by the Kjeldahl technic, and the 
ammonia and urea enrichments assessed separately. 
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The fractional protein synthesis rate (FPSR) was calculated from the rate of 
incorporation of labelled N into individual protein fractions, using the standard precursor-
product equation : 

FPSR = (PE t-PE„)/E • 100 

where (PE, - PE0) is the increase in enrichment of protein bound tracer over the period 
studied, and E is the area under the curve of precursor enrichment. 

5. PRELIMINARY RESULTS 

The anthropometric and dietary intake data are shown in Table I. Isotopic data are 
shown in Table II. There was an increase in the 1 5N enrichment of all fractions of the 
plasma between the pre-dose baseline and the four, five, and six hour samples on both 
study days in both groups of subjects. The increase from baseline was highest for the 
amino-acid fraction, and lowest for the non-albumin fraction in both groups of subjects on 
both study days. There was a residual enrichment from the pre-vaccination study for all 
the fractions in the basal post-vaccination study plasma sample. The enrichments of the 
various fractions after 16N-Spirulina administration seemed to be greater in the controls 
(Table III). A graphic representation of the time course of the enrichments is given in 
Figure 2 a and b. The enrichments of the supernatant (amino acid fraction) were fluctuant 
over the three hours of sampling, though this could have been due to variable absorption 
along with the aliquot meals. One striking feature was the decrease in the enrichment of 
the amino acid fraction after vaccination in the undernourished subjects (Fig. 2a). This 
could be due to an increased amount of unlabelled amino acids reaching the plasma, for 
example, from muscle protein breakdown, or due to increased amounts of labelled urea in 
the plasma pool, or to a blunting of the immune response by malnutrition. 

6. PLANS FOR FUTURE WORK 

It is important to now conduct the 15N-Spirulina study in greater detail and numbers. 
There are a few recommendations for the next study: 

(1) The sample size should be increased from 10 to 12 subjects. 

(2) A higher dose of 15N-Spirulina should be used, such that there is a greater 
enrichment of the various fractions (at least double that seen in this study). 
This is because the enrichment in the non-albumin fraction was low. 

(3) Attempts should be made to measure whole body protein turnover at the 
same time, using different isotopic labels, eg : 13C-leucine. This is 
necessary, in order to find out more about the muscle protein turnover 
during stress. 

(4) Some further work needs to be done on regulating the amount of 
albumin/non-albumin fraction going into the combustion furnace for 
GC-IRMS. Normally, a good response is obtained with 100 micrograms of 
sample (albumin). However, with the present extraction method, it is 
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difficult to regulate this. The Europa system is dependent on constant 
amounts of sample being combusted. 

(5) Other work planned : Since the ,5N-glycine method is preferable for 
measuring protein turnover in India (non-invasive), it is planned to assess 
this method in relation to 13C-leucine in eight undernourished and eight 
control subjects. We have already carried out four comparisons, and the 
samples are being analyzed. 
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TABLE I. CHARACTERISTICS OF SUBJECTS 

CONTROLS UNDERNOURISHED 

PARAMETERS 

S.E.S Class I Class IV 

Height (m) 1.725 ± 0.02 1.646 ± 0.01 

Weight (kg) 60.60 ± 0.99 44.50 ± 2.89 

B.M.I ( Wt/Ht2) 20.37 ± 0.16 16.44 ± 1.03 

Skinfolds 31.60 ± 10.18 18.00 ± 2.51 

Fat percent weight 13.05 ± 3.90 6.66 ± 1.65 

Fat-free mass, kg 52.72 ± 3.22 41.51 ± 2.21 

M.A.C 26.30 ± 0.71 22.45 ± 0.99 

Legend 

S.E.S. = Socio Economic Scale 
B.M.I. = Body Mass Index 
M.A.C = Mid Arm Circumference 
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TABLE HA. PRE-VACCINATION ENRICHMENTS (atom%» 

HOUR: 0000 0400 0500 0600 

CONTROLS 

Amino acid- 0.375 0.625 0.659 0.585 
fraction ±0.007 ±0.006 ±0.025 ±0.012 

Non-albumin 0.369 0.399 0.403 0.396 
(globulins) ±0.0006 ±0.005 ±0.003 ±0.007 

C.E.D. 

Amino acid- 0.371 0.625 0.659 0.585 
fraction ±0.001 ±0.063 ±0.023 ±0.012 

Non-albumin- 0.372 0.389 0.395 0.401 
(globulins) ±0.002 ±0.004 ±0.003 ±0.002 

TABLE IIB. POST-VACCINATION ENRICHMENTS (atom %) 

HOUR: 0000 0400 0500 0600 

CONTROLS 

Amino acid- 0.386 0.621 0.637 0.631 
fraction ±0.003 ±0.032 ±0.068 ±0.051 

Non-albumin 0.400 0.428 0.429 0.440 
(globulins) ±0.005 ±0.008 ±0.007 ±0.007 

C.E.D. 

Amino acid- 0.383 0.473 0.506 0.458 
fraction ±0.007 ±0.016 ±0.066 ±0.029 

Non-albumin- 0.392 0.414 0.415 0.423 
(globulins) ±0.011 ±0.007 ±0.007 ±0.007 
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TABLE IIIA. PRE VACCINATION URINARY PARAMETERS 

HOURS: 0-6 6-12 12-18 18-24 

CONTROLS 

Volume 3973 ± 1241 1485 ± 530 530 ± 456 403 ± 223 

Nitrogen 6.63 ± 0 2.52 ± 0.19 1.82 ± 0.87 151 ±013 

C.E.D 

Volume 2013 ± 688 648 ± 224 398 ± 2 0 9 210 ± 34 

Nitrogen 2.87 ± 0.98 1.36 ± 0.50 1.24 ± 0.12 1J00 ± 0-23 

Volume of urine in millilitres 

Urinary nitrogen in grams/litre 

TABLE HIB. POST-VACCINATION URINARY PARAMETERS 

HOURS: 0-6 6-12 12-18 18-24 

CONTROLS 

Volume 3143 ± 718 468 ± 39 330 ± 127 440 ± 396 

Nitrogen 4.49 ± 1.03 0.99 ± 0.39 1.35 ± 0.21 1.55 ±0.73 

C.E.D 

Volume 1121 ± 308 821 ± 623 331 ± 230 195 ± 68 

Nitrogen 1.94 ± 0.47 1.39 ± 0.64 1.06 ± 0.61 ** ±0.45 

Volume of urine in millilitres 

Urinary nitrogen in grams/litre 
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Abstract 

Although it has been known for many years that injury and infection lead to 
body nitrogen loss, the reason has remained obscure. In this paper, we 
develop the argument that the processes that are activated during infection 
demand the provision of specific amino acids which have to be supplied 
from body protein. In particular, we show that the positive acute phase 
proteins are very rich in the aromatic amino acids and the exaggerated use 
of these amino acids (phenylalanine, tryptophan and tyrosine) in acute phase 
protein synthesis lead to an endogenous "emino acid imbalance' which 
restricts the use of other amino acids for tissue protein synthesis. Minimally 
invasive protocols, involving the administration of , 5/V and ,3C-labelledamino 
acids for studying whole body nitrogen turnover, amino acid oxidation and 
plasma protein synthesis are described. 

1. BACKGROUND 

It has been known for at least 60 years that accidental injury, surgical trauma and 
infection lead to a significant loss of body nitrogen (1]. Although the anorexia that often 
accompanies these insults will in itself lead to negative nitrogen balance, the nitrogen loss 
(approx. 220 mgN/kg/d; [1,2]) exceeds that to be expected under fasting conditions. It 
is generally accepted that much of the nitrogen mobilized derives from the skeletal muscle 
protein mass. This might be expected given the dominating influence of this protein pool 
on whole body protein. However, following infection or injury, mechanisms are activated 
that lead to depletion of muscle protein. These changes are presumably induced by the 
combined actions of the cytokines (e.g. interleukin-l, tumour necrosis factor-a) and the 
so-called stress hormones (the glucocorticoids, glucagon and epinephrine). Unfortunately 
the protein metabolic changes that initiate the loss of muscle protein remain poorly 
characterized and whether infection or trauma lowers the rate of muscle proteins synthesis 
remains controversial [3,4]. However there are also derangements in the membrane 
transport systems that are responsible for the maintenance of the large 
intracellular-extracellular glutamine concentration gradient (4] so that despite the activation 
in glutamine synthase induced by increased glucocorticoid levels traumatic conditions are 
associated with a reduction in the concentration of glutamine. Conditions associated with 
body nitrogen loss are also accompanied by exaggerated excretion of taurine [5] and 
creatine [61, observations that support the notion of significant derangements in muscle 
membrane function [7]. 
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It seems a reasonable presumption that the mobilization of muscle protein confers 
an adaptive advantage to the organism and it is equally reasonable to suppose that the 
amino acids released are used in support of other processes that are activated as part of 
the individual's defense mechanisms. The central questions are: 

(1) What are the processes associated with immune activation and trauma 
responses that demand the provision of amino acids ? 

(2) Why does this lead to net nitrogen loss from the body ? In other words, why 
is the mobilized nitrogen utilized with such a low efficiency ? 

Three factors appear to be important: 

(1) Under conditions of infection, the proliferative response of the cells of the 
immune system will consume amino acids for both protein and nucleotide 
synthesis. The quantitative impact of this burst of metabolic activity has 
not been established in any detail. 

(2) Much attention has also focused on the changes in glutamine metabolism 
that occur after a variety of stresses. It is clear that despite increased 
glutamine synthesis and efflux from skeletal muscle, muscle and plasma 
glutamine concentrations fall. This appears to be because glutamine 
utilization by the splanchnic tissues increases to an even greater extent [7] 
than glutamine synthesis by the peripheral tissues. Unfortunately the 
pathways that consume glutamine under these circumstances remain 
incompletely established. However, significant amounts of glutamine might 
be used in the synthesis of arginine ultimately destined for nitric oxide 
synthesis [8] and in the synthesis of glutathione [9]. The synthesis of the 
former is a critical factor in the regulation of macrophage activity 110] and 
hence it is a key regulator of the activation of host defenses. The latter 
factor is of critical importance in the maintenance of peroxidative protection 
under conditions of immune activation. 

(3) Our research is concentrating on a third major pathway that consumes 
amino acids under conditions of infection and trauma. A uniform response 
to injury or infection is a rapid switch 111] in hepatic protein metabolism 
away from the synthesis of nutrient transport proteins, such as albumin, the 
apolipoproteins, prealbumin, retinol binding protein etc., towards the 
synthesis of a set of proteins termed collectively the positive acute-phase 
reactants [12,13]. Waterlow [14] has calculated that the quantities of 
protein that are synthesized during the peak of this response could amount 
to 1.2 g protein/kg per d - a value that represents a significant proportion of 
whole body protein synthesis. Given the anorexia that usually accompanies 
injury and infection, the amino acids necessary for the synthesis of these 
proteins come largely from the existing protein mass of the body, especially 
muscle. 

It is important to recognize that the utilization of amino acids within the pathways 
of arginine, glutathione, lymphocyte and acute phase protein synthesis should not a priori 
lead to excessive amino acid nitrogen loss from the body because in strict terms these 
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processes involve the anabolic utilization of amino acids. Thus even though the rate of 
turnover of the acute phase proteins, has not, to our knowledge been measured in man, 
protein turnover in and of itself does not lead to amino acid loss because the amino acids 
released by proteolysis are recycled. The fact remains though that net nitrogen loss from 
the body does occur and hence net amino acid catabolism and oxidation are increased. 

Recent work has established clearly that nutritional status has an important bearing 
on the ability of the liver to mount an adequate acute phase response [15,16] and 
Grimble's work [ 17] has suggested strongly that under conditions of immune activation 
cysteine appears to play a key role in the amino acid metabolism of the body. While it is 
reasonable to argue that changes in glutathione metabolism have an important bearing on 
cysteine metabolism under these circumstances, we also wondered whether the major 
acute phase proteins were generally rich in cysteine. Table I shows the gross amino acid 
composition of the major human positive acute phase reactants as calculated from their 
primary amino acid sequences [18]. The results show that these proteins in fact have low 
concentrations of cysteine. However the results reveal that four of these proteins 
(C-reactive, amyloid A, haptoglobin and a,-antitrypsin) contain a high amount of 
phenylalanine, 5 of the proteins (C-reactive, fibrinogen, a,-acid glycoprotein, haptoglobin 
and amyloid A) contain a high amount of tryptophan and 3 of the proteins (a,-acid 
glycoprotein, haptoglobin and amyloid A) contain high amounts of tyrosine. If muscle is 
the major source of amino acids fuelling the acute phase protein response, then the results 
in table I and the calculations in tables II and III suggest that approximately 2 g of muscle 
protein must be mobilized to support the aromatic amino acid demands of an acute phase 
response totalling 1 g/kg/d. Because of the imbalance in aromatic amino acid content 
between the acute phase and muscle proteins, of the 2 g mobilized, approximately 0.7 g 
(130 mgN) is in effect wasted because the excess amino acids cannot be recycled back 
into a protein pool. 

Thus the main hypothesis guiding the two projects described in this paper is that 
a significant part of the nitrogen loss associated with a variety of stresses represents an 
imbalance between the amino acid composition of the source (muscle protein) and that of 
the product (mixed acute phase proteins). Based on this thesis we predict a quantitative 
relationship between the magnitude of the acute phase reaction, the total synthesis rate 
of this set of proteins and the magnitude of the nitrogen loss. In order to test this 
hypothesis we are developing protocols based on experimental infection (immunization). 
These studies will examine the magnitude of changes in leucine and body nitrogen 
metabolism following measles vaccination in infants (in Houston) and the interaction 
between nutritional status and the acute phase response to typhoid vaccination in adults 
(in Bangalore). 

2. METHODS 

The two protocols that we are developing and are currently carrying out as pilot 
studies address two sides of the same question - the degree to which infection affects 
amino acid catabolism and the degree to which undernutrition alters this response. Both 
are using as a controllable model of immune :tivation - the body's response to 
vaccination. The two vaccines (measles/mumps/rubella in Houston and typhoid in 
Bangalore) are known to cause demonstrable clinical changes in the recipients. These 
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include in a number of cases fever and we believe that they will be effective methods of 
increasing, in a predictable way, acute phase protein synthesis. 

2.1 "The use of measles vaccination as a model of immune activation" 

In this protocol we are addressing two related issues. 

(1) Whether vaccination induces an increase in leucine oxidation and 
whole body nitrogen flux. 

(2) Whether the changes in leucine and nitrogen metabolism relate to 
fever (and increased C0 2 production) or whether they relate more 
closely to the timing and magnitude of the acute phase response. 

To examine these questions we have elected to investigate the usefulness of a 
minimally invasive protocol that uses orally administered 1 SN/ , 3C leucine and 2 H 2

1 8 0 water 
and relies on breath and urine samples to sample the metabolic pools. Three blood 
samples (2 ml each) are taken so that changes in acute phase proteins and plasma albumin 
can be monitored. It is in essence a double end-product method in which changes in 
leucine and nitrogen metabolism are inferred from changes in the labelling of their 
excretory products, C0 2 and urinary urea/ammonia. 

At the analytical level, the method is based entirely on variants of gas isotope ratio 
mass spectrometry. Both ' 3 C0 2 and urinary , SN labelling will be measured in a Europa 
ANCA GIR machine, the former by introducing breath from vacutainers into the gas line, 
the latter by Dumas combustion of isolated dried samples. The enrichment of deuterium 
and 1 8 0 will be measured using a VG SIRA-12 ai J Finnigan Delta E gas isotope ratio 
machines [19]. 

2.1.1 Expected results 

In this study we expect to find a positive correlation between the timing and 
magnitude of the acute phase response and the rate of leucine catabolism. We also expect 
to find a reduction in the urinary 1 6N enrichment during the acute phase response, 
signifying an increase in nitrogen flux. At this stage we have no a priori expectation with 
regards to 1 5N excretion. It is possible that because of enhanced need for non-essential 
amino acid synthesis, associated with changes in glutamine synthesis and use, the 
proportional rise in 1 5N excretion will be less than that of leucine carbon catabolism, 
signifying an important role of leucine as a nitrogen donor. On the other hand if there is 
an inherent inefficiency in the use of the amino acid mobilized from muscle (as implied by 
the changes in phenylalanine and tryptophan concentrations that accompany infection [2]) 
the proportion of 1 5N dose excreted may alter to the same extent as leucine carbon 
oxidation rate. 

To date we have completed one study in a child before and 24 h after measles 
vaccination. The proportion of 1 3C- expired in C0 2 was increased substantially following 
the vaccination despite no change in the C0 2 synthesis rate as deduced from the 2 H 2

1 8 0. 

Percent dose excreted C0 2 production 
(//mol/kg/min)\ 

Control study 13.2 266 
24 h post vaccination 24.5 266 
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2.2 "A study of acute phase and transport protein synthesis in simulated 
infection in undernourished men" 

In this protocol we are pursuing two main aims; one biological, the other technical. 
The biological question is : 

(1) To what extent does prior nutritional status influence the degree to which 
a standard "infection" stimulates acute phase protein synthesis and 
suppresses transport protein synthesis ? 

(2) Does the use of repeated oral administration of highly 1 5N enriched protein 
provide a useful method for measuring plasma protein synthesis in man ? 

This protocol is being carried out in well- and under-nourished Indian men and 
involves an analogue of the continuous infusion approach that has generated a large 
literature. The label - lyophilized 15N-labelled spirulina algae - is administered at half hourly 
intervals over a 6 hour period. Blood samples are taken at 4 points between 3 and 6 hours 
of "infusion" and processed for the separation of albumin, isolated by an acid ethanol 
extraction and the "non-albumin" fraction. Separate samples are processed in Houston by 
GCMS to measure the isotopic enrichment of a number of amino acids in the hepatic 
secretory protein VLDL apoB-100. In previous studies employing intravenous infusion we 
and others have shown that these rapidly turning over proteins can be brought to isotopic 
equilibrium within a few hours and once at isotopic plateau provide a direct measure of the 
isotopic enrichment of the amino acids passing into hepatic protein synthesis. We believe 
that this approach has some advantages over conventional methods. First it seems to us 
that the use of a complete amino acid mixture as tracer will minimize bias in the data and, 
in particular, minimize uncertainties with respect to the isotopic enrichment of the protein 
synthetic precursor pool. Second, by applying gas isotope ratio mass spectrometry we can 
achieve a substantial increase in analytical sensitivity. 

We have used a variant of this method in which the isolated amino acid fraction has 
been infused intravenously into infant pigs [201. This shows highly satisfactory results 
with particularly good analytical precision. 

2.2.1 Expected results 

We anticipate that typhoid vaccination will, within 48 hours, activate acute phase 
protein synthesis. This will be reflected in an increase in the labelling of the "globulin" 
fraction of the plasma accompanied by a concomitant fall in that of albumin. This will, as 
in the children, be accompanied by an increase in nitrogen flux as measured by a reduction 
in the 1 5N enrichment of urinary urea and ammonia. We anticipate that the magnitude of 
the increase in acute phase protein synthesis in the under-nourished subjects will be less 
than that of the well nourished but that the reduction in albumin synthesis will be at least 
as great. These results will be reflected in a smaller increase in whole body N flux and 
perhaps by a smaller increase in urinary nitrogen loss. 

3. PLANS FOR FUTURE WORK 

Our long term aims are two-fold. 

(1) To identify whether there is a level of nutritional deficit below which host 
defenses become compromised. Animal results {15] suggest that, as far as 
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the acute phase response is concerned, the interaction between dietary 
protein intake and the response is a continuous one. 

(2) To identify whether the degree of nitrogen loss can be ameliorated by diets 
that are supplemented with aromatic amino acids. 

On the assumption that the protocols give the expected results we plan two main 
developments. On the presumption that undernourished individuals will indeed show a 
blunted acute phase response we will then examine how rapidly nutritional 
supplementation restores the response to vaccination to "normal". Given the results 
obtained [16] we would expect to find that the full response is restored only when body 
composition (e.g. weight for height and/or body mass index) approaches normal. An 
obvious protocol would be to follow four cohorts and administer vaccines at different 
points during nutritional recovery. This may identify a degree of deficit below which the 
host defenses become clearly compromised. 

In children, on the other hand, we will need to attempt the reverse. First, by 
showing that in relatively severely undernourished infants and children, the response to 
vaccination is blunted (a likely outcome) but, more importantly, to identify populations that 
present a variable nutritional status. Once again the aim is to identify whether there is a 
continuous relationship between nutrient status (as assessed by anthropometry) and 
immune competence. 

We would plan to address the second of the aims initially in an animal model before 
passing to specific human supplementation trials. These will require a certainty of 
outcome because the design will be complex. 
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TABLE I. GROSS AMINO ACID COMPOSITION OF POSITIVE ACUTE PHASE 
REACTANT PROTEINS AND SKELETAL MUSCLE PROTEIN (SMP) 

C-reactive Fibrinogen a,-acid J o,-
glycoprotein j antitrypsin 

Haptogio 
bin 

Amyloid 
A 

SMP 

Amino acid 

Leucine 9 1 1 62 101 124 82 29 80 

Isoleucine 54 32 48 49 47 29 48 

Valine 77 48 46 59 84 8 54 

Lysine 71 77 75 92 92 33 98 

Histidine 16 27 17 37 38 35 51 

Phenylalanine 105 46 64 83 30 103 40 

Tyrosine 50 56 74 27 70 67 36 

Tryptophan 42 35 30 11 32 45 13 

Methionine 16 32 11 28 16 22 25 

Cysteine 13 15 18 6 24 0 13 

Arginine 36 84 52 23 28 116 69 

Proline 44 48 34 41 44 34 48 

Glycine 46 59 19 33 44 61 45 

Serine 84 91 31 49 40 47 41 

Alanine 31 29 36 43 54 106 59 

ASX 2 82 113 102 106 113 128 92 

GLX2 112 119 173 136 115 87 145 

Threonine 58 60 74 66 54 30 47 

1 Values are expressed as g. amino acid per kg protein and adjusted for water of 
hydrolysis. 
2 ASX = Aspartate + asparagine; GLX = Glutamate + glutamine. 

Sequence information was obtained from Barker [21,22] within which the source 
references can be found. 
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TABLE II. AVERAGE MUSCLE EQUIVALENTS OF AMINO ACID IN ACUTE PHASE 
PROTEINS. 

1 Leucine 1.02 ±0 .37 1 

Isoleucine 0.91 ± 0.18 

1 Valine 0.99 ± 0.35 

1 Lysine 0.74 ± 0.20 

Histidine 0.55 ± 0.18 

Phenylalanine 1.71 ± 0.66 

Tyrosine 1.59 ± 0.44 

Tryptophan 2.50 ± 0.84 

Threonine 1.21 ± 0.29 

Methionine 0.83 ± 0.29 

Cysteine 0.97 ± 0.60 
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TABLE III. ESTIMATE OF THE AMINO ACID NEEDS TO SUPPORT A "TYPICAL"1 

ACUTE PHASE PROTEIN RESPONSE EXPRESSED IN ABSOLUTE TERMS2 OR 
IN TERMS OF MUSCLE PROTEIN EQUIVALENT3. TOGETHER WITH AN 
ESTIMATE OF THE EXCESS AMINO NITROGEN RELEASE. 

Acute Phase 
response 

Muscle 
protein 

equivalent 

Excess release Acute Phase 
response 

Muscle 
protein 

equivalent Amino acid 
(mg) 

Nitrogen 
(mg) 

Amino acid 

Leucine 89 1090 72 8 

Isoleucine 54 1120 41 4 

Valine 67 1240 40 5 

Lysine 90 920 104 20 

Histidine 33 640 68 11 

Phenylalanine 79 1980 0 0 

Tyrosine 55 1530 16 1 

Tryptophan 24 1850 2 < 1 

Methionine 23 910 26 2 

Cysteine 14 1080 12 1 

Arginine 54 780 83 28 

Proline 50 1320 25 3 

Glycine 50 1110 39 7 

Serine 70 1700 11 1 

Alanine 51 860 66 10 

ASX 121 1320 61 12 

GLX 147 1010 140 15 

Threonine 65 1380 28 4 

1 Assuming that the "typical" acute phase response consists of an increase (mg/kg) 
of C-reactive protein (250), fibrinogen (200), a,-acid glycoprotein (50), a,-
antitrypsin (200), haptoglobin (50), amyloid A (100) 

2 mg amino acid/kg body weight per d. 

3 mg muscle protein/kg body weight 
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Abstract 

Shigellosis is a major cause of childhood mortality in developing countries. 
A substantial proportion of children who survive develop secondary 
protein-energy malnutrition (PEM) and become stunted. In a previous study 
at ICDDR.B using a high-protein (animal) diet with generous portions of 
selected micronutrients. we were able to show accelerated rates of catch-up 
in weight and length gain, ie., to begin to reverse stunting. However, the 
dietary ingredients we used are costly and therefore the intervention is 
impractical. Therefore, the next step is to test the hypothesis that stunting 
can also be reversed by carefully formulated diets based on affordable 
ingredients. To test this hypothesis, we will use rice-legume-based diets in 
which the amino acid patterns are complimentary, and will supplement the 
diet to increase intake of key micronutrients which affect linear growth. 
The effects of the experimental diet will be compared with those of a 
standard diet recommended by WHO/FAO and with those of the diet we 
used previously, which was based on animal products and provided 15% of 
energy as protein and more micronutrients than the standard re feeding diet. 
We will measure growth by standard means, but will add measurements of 
protein anabolism to learn whether this is an early predictor of length gain. 

The study will be conducted in ninety Bangladeshi children aged two to five 
years who will be hospitalized in a metabolic refeeding ward for three 
weeks. During the study, anthropometric measurements will be made on 
day one and at the end of the study. The studies of protein turnover will be 
done using the stable isotope tracer "C-leucine and 2H3-leucine, which can 
be administered safely to children because of the fact the isotopes are 
neither radioactive nor do they alter normal metabolism. The protocol 
includes some preliminary studies to establish the most reliable and practical 
methods of isotope administration and sample collection. Isotopic 
enrichment will be measured in samples of urine, plasma and breath by gas 
chromatography-mass spectrometry and isotope ratio mass spectrometry. 

The results of this study will determine whether diets based on common 
Bengali foods reverse stunting. Further, it will improve our scientific 
understanding of how nutritional factors affect the body so that growth 
stunting is reversed. It will also show whether the protein anabolism is 
useful as an early predictor of length gain. 
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1. SCIENTIFIC BACKGROUND AND SCOPE OF THE PROJECT 

Shigellosis is a major cause of childhood mortality in developing countries. 
Approximately 300 million children are infected with shigellosis, about 650.000 children 
die annually due to shigellosis (11. A substantial fraction of the survivors suffers from 
secondary protein-energy malnutrition (PEM). Most of the deaths are due to severe 
life-threatening complications such as haemolytic-uraemic syndrome [2], sepsis [3] 
hypoglycaemia [4], hyponatremia and intestinal obstruction [5]. The risk of death 
increases substantially in patients with severe PEM. 

The effects of Shigella infection on growth in Bangladeshi children were studied by 
Black er al. 16] and Henry et al. [71 who found children with shigellosis had significant 
reductions in linear growth compared to those who had watery diarrhoea. The growth 
retardation during diarrhoeal disease is due to the interaction of loss of appetite and/or 
food withholding, malabsorption, increased catabolism of body protein, and to loss of 
serum proteins in the stool [8]. In severe shigellosis, as much as 500 ml of serum may be 
lost per day (9,101. This leaking of serum protein may persist even during recovery (111, 
leading to or exacerbating malnutrition. In Bangladeshi children with severe shigellosis, 
serum protein concentrations are only half of the normal value [21. In severe malnutrition, 
depressed serum albumin concentrations are instrumental in lowering plasma oncotic 
pressure and allowing the oedema of kwashiorkor to develop [121. 

The conditions of optional feeding during acute diarrhoea are still debated widely. 
Brown and MacLean [13] reviewed the fundamental issues in this debate. The theoretical 
advantages of delayed feeding include avoidance of increased fluid loss, acidosis, and 
mucosal injury caused by certain foods. The advantages of continued feeding during 
diarrhoea are to prevent weight loss and protein deficits, to maintain and repair injured 
mucosa, and to sustain the benefit of breast feeding. The World Health Organization has 
recommended continuation of breast feeding during diarrhoea. It has also recommended 
that the weaning diet be provided as it was prior to the onset of disease, with the 
exception that cow's milk or formula milk diets be diluted [13]. These recommendations 
apply principally to watery diarrhoeas that affect the small intestine. Less attention has 
been given to refeeding after shigellosis and o'her invasive diarrhoeas that affect the colon 
[14]. Kabir et al. 115,16] recently demonstrated that catch-up growth could be accelerated 
during recovery from PEM secondar, to shigellosis by feeding a diet with substantially 
more high-quality protein than is commonly recommended. The linear growth rate in those 
studies in the control group (7.5% of energy as protein) was almost equal to the NCHS 
standard, but the rate of linear growth in the children fed the high-protein (15% of energy) 
significantly exceeded the rate in the control children. We have also shown that 
successful dietary treatment with high protein diet is associated with increased levels of 
insulin-like growth factor 1 (IGF-1) and IGF-binding proteins [151. Either or bo*h of these 
could play a role in stimulating growth. These findings are important because they imply 
that dietary interventions can be applied to stimulate the anabolic drive and speed recovery 
from PEM [17]. The findings also suggest the involvement of IGF-1 and IGF-binding 
proteins in producing the anabolic effects and open many questions about the specific 
roles of the various nutrients in stimulating linear gain. 

Increases in linear growth have also been observed in undernourished Bundi children 
of New Guinea who were fed a high-protein diet [18] and in malnourished Peruvian children 
[19]. An association between accelerated linear growth and the high-protein diet in both 
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groups of children was suggested by the observation that control children fed a 
comparable diet but with less protein gained a higher percent of body fat (18) or did not 
show similar acceleration in length gain (19]. Jackson [20] has also discussed the 
tendency toward more deposition of fat tissue at the expense of lean tissue under 
conditions of refeeding with a diet that is either qualitatively or quantitatively too low in 
protein. In a study in Colombia, diarrhoea was negatively associated with body length 
among unsupplemented children whereas diarrhoea had no effect on length in children who 
were supplemented with a diet in which protein provided 14-15% of energy [21 ]. Similar 
findings have been reported in Guatemala and Brazil [22]. In a recent study in Nigerian 
malnourished children, a plant-protein based rehabilitation diet showed satisfactory 
recovery in growth in association with increased concentrations of IGF-1 values which 
v,ere comparable with those fed a milk-based diet [23,24]. 

Since the source of protein used by Kabir et at. [16] was animal foods which are 
too costly in most developing countries where PEM is common, the next step is to 
determine whether more low cost sources of protein and micronutrients can be substituted 
while maintaining the anabolic effects of the high-quality protein and to learn what 
mechanisms underlie the increased growth rate. Therefore, we propose a plant-based 
legume-cereal (lentil + rice) diet for refeeding children with shigellosis during recovery, as 
rice and lentils are the major source of energy and protein and are widely available in many 
developing countries. 

1.1. Rationale for using legume-based protein diet 

The experimental diet we used previously was based on animal protein which is too 
costly to be applicable widely in most developing countries where shigellosis and PEM are 
public health concerns. As in many developing countries, rice and dal (red gram/lentils) 
are combined in Bangladesh to make a dish known as khichuri. Rice is relatively deficient 
in lysine and lentils are relatively deficient in methionine. However, the combination 
produces a food with a complimentary amino acid pattern that is expected to be able to 
meet the known requirements for amino acids in growing children. 

As the plant-based diet we propose may contain less zinc, which might be a limiting 
micronutrient for growth, lean tissue repletion [25] protein synthesis or muscle synthesis 
[26], additional zinc will be supplemented with the to match the intake in the animal-based 
high-protein group. Additional carotenoids, calcium, folic acid, and iron will also be 
provided as each of these is expected to affect length gain. 

2. METHODS 

2.1. Objectives. 

To test the hypothesis that: 

(1) Diets which provide approximately 15% of energy as protein and which are 
based on low-cost commonly available foods: 

(a) Stimulate the anabolic drive and speed catch-up growth by 
accelerating weight gain and height accretion, increasing lean body 
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mass, and improving rates of net protein anabolism as evidenced by 
increased ratios of rates of protein synthesis to rates of protein 
breakdown. 

(b) Increase the serum concentrations of total protein, pre-albumin, 
retinol-binding protein, IGF-1, and IGF-binding protein. 

(2) Catch-up growth, measured by standard anthropometrics, can be predicted 
by favourable changes in the ratio of rates of protein synthesis to rates of 
protein breakdown. 

2.2. Study Design 

This study will be conducted in ninety preschool Bangladeshi children who will be 
hospitalized in a metabolic-refeeding ward at the ICDDR,B during the three week course 
of study. Subjects will be assigned randomly to one of three dietary groups (see 
Treatment protocol and Table) and will receive the experimental diet assigned to them for 
the duration of the study. Clinical, laboratory, anthropometric, protein kinetic, and body 
composition data will be obtained according to the methods and protocol described below. 
The laboratory and body composition data will be collected before the study diet is begun 
and again after the twenty-one day treatment and data analyzed by paired comparisons 
so each subject will serve as his/her own control. Anthropometric data will be collected 
more often and paired comparison will also be made of these data. Protein kinetic data 
will be collected as early as feasible, following an appropriate period of dietary 
equilibration, and again after the twenty-one day dietary therapy. Paired comparisons will 
also be made of these data. 

2.3. Subjects 

Children aged twenty-four to sixty months whose parent or guardian consent to the 
child remaining in the hospital for three weeks will be admitted if they meet the criteria 
listed below. At least one patient per week can be admitted during the two year period 
of the study. 

2.3.1. Admission criteria 

(a) History of blood-mucoid stool for less than five days 
(b) Stool culture positive for Shigella sp. 
(c) Length-forage <-3.0 Z scores by NCHS 
(d) Weight-for-length < -1.5 Z score by NCHS 
(e) No frank kwashiorkor 
(f) No complication illnesses such as pneumonia, tuberculosis, 

septicaemia 
(g) No haemolytic-uraemic syndrome 
(h) Parental consent 

2.4. Sample size calculation 

From the NCHS standards and from our previous study [16] in children aged 
between twenty-four and sixty months the mean monthly increment in height is 6.9 mm 
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with a variance of 3.4 mm. To achieve an alpha error of 0.05 and a power of 80% for a 
worthwhile difference between the nets of 2 mm per month in height, the required sample 
size is twenty-eight in each group. Calculating for dropouts the total sample size is ninety 
patients, i.e., thirty in each group. However, to determine the protein kinetics using 
deuterated and 13C-leucine, only ten patients are needed in each group. 

Identification and enrolment of children: Children suspected of having shigella will 
be identified by the health workers in one of the clinics associated with the ICDDR,B and 
referred to the study team for further evaluation. 

2.5. Initial examination 

2.5.1. Clinical 

On admission a clinical history and physical exam will be completed initially to 
assure that each patient fulfils the entry criteria for the study. This information obtained 
on admission will also be used post-hoc to compare the two treatment groups, to assess 
their initial similarity. The history and physical exam will contain the following information: 

(a) Identification of patient by name, date of birth, date of admission, 
age, gender, address, study number. 

(b) Description and duration of symptoms prior to admission, 
characteristics of stool, presence of vomiting, abdominal pain, 
straining, fever, and change in appetite. 

(c) Diet during the previous twenty-four hours. 

(d) Treatment provided prior to admission, including oral rehydration 
solutions and medications. 

(e) Physical examination for degree of dehydration, nutritional status, 
and any pathophysiological physical findings. 

(f) Weight, height, midarm circumference, triceps, biceps, suprailiac, 
and subscapular skinfolds, and head circumference will be recorded. 

2.5.2. Laboratory 

On admission, analyses of stool and blood culture will be performed to assure that 
each patient fulfils the entry criteria: 

(a) Stool microscopical examination for faecal leukocytes, red blood cells 
count and sensitivity. 

(b) Haematocrit, and complete blood count. 

(c) Venous blood will be analyzed for serum proteins, serum zinc, IGF-1 
and IGF-BF. 
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The measurements will be repeated as needed in any patient who manifests clinical 
signs of diarrhoea or infection. 

Concentration of serum proteins will be determined by standard techniques at 
ICDDR.B. Serum zinc will be assayed by atomic absorption spectrometry and IGF-1 and 
IGF-BP will be determined at Dr. L.E. Underwood's laboratory at the University of North 
Carolina, using standard technique as previously described 115]. 

2.6. Diets 

The diets will be either animal-based high-protein, diet (15% of energy as protein, 
derived from animal protein), or a vegetable-based high-protein diet with supplemental 
intake of calcium, zinc, iron, folic acid, and carotenoids, (15% of energy as protein, 
grain/legume-based), or a WHO/FAO reference diet for undernourished children (7% of 
energy as protein, derived from vegetables). The dietary treatments will be provided 
during the entire twenty-one day study period. The diet will be prepared in a semi-liquid 
consistency at a dilution of 75 kcal/100 ml and will be provided ad libitum up to a 
maximum of 150 kcal (200 ml/kg) body weight per day in six feedings. Intake will be 
determined by weighing the feeding vessels before and after each feeding and recording 
the weight of spills and/or food regurgitated. Diet composition is shown in Tables I, II, and 
III. 

2.7. Randomization 

After inclusion in the study the children will be randomly assigned to either the 
animal-based diet, to the vegetable-based diet (15% of energy as protein, grain/legume-
based), or to the reference standard diet (7% of energy as protein, derived from 
vegetables). Random assignment to study group will be made using sequential numbers 
from a random number table. The sequential numbers will be kept in sealed envelopes and 
will be opened just before the study begins. 

2.8. Antimicrobial and dietary treatment 

All children will be treated prior to the study with appropriate antimicrobial 
(pivmecillinam) for five days. The effectiveness of the treatment will be assessed clinically 
as (1) the absence of fever; (2) absence of straining during defecation; (3) absence of 
blood and mucus in stool; (4) reduction of stool frequency to less than four stools per day. 

2.9. Body Composition 

2.9.1. Anthropometry 

Body weight will be obtained on admission and daily at 09:00h on a SECA scale 
(Seca Scale Co., Germany, Model 72 W) with a precision of 5 g, the height will be 
measured on a length board on admission and every third day until the study is over, and 
thereafter every fifteenth day during follow-up. At least three measurements will be 
obtained by trained health assistants. Mid-arm circumference, and skinfolds will be 
measured on admission and after seven, fourteen, and twenty-one days of nutritional 
therapy using standard techniques. 
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2.9.2. Bioelecthcal impedance 

To monitor the impact of supplementing the different study diets on body 
composition, bioelectrical impedance assay will be done in children before the study begun 
and at the end of twenty-one day study period using a BIA analyzer (BIA, RJL model 
101 A). This assay will allow us to detect the changes in :3t free mass of those 
supplemented children and give us a better idea of nutritional s.atus. Our previous study 
has found a strong relationship of height and body weight changes with fat free mass 
(Kabir et al. AJCN submitted). 

2.10. Protein kinetics 

Protein kinetic studies will be performed on a subset of each dietary group before 
and following the twenty-one day dietary therapy. [1-13C] leucine and [ 2H 3] leucine 
(1 mg.kg'' .h"1)] will be infused by intravenous and nasogastric routes, respectively, for four 
and six hours, respectively. The intravenous infusions will be prefaced by priming doses 
of [1 1 3C] leucine (1 mg.kg1) and 13C-bicarbonate (0.18 mg.kg') 1271. The nasogastric 
infusions will be by tube into the small intestine (aspirate pH checked). Protein kinetic 
studies will be conducted following an eight hour overnight fast, or in the face of small 
repetitive oral feeds (every thirty minutes) to mimic energy expenditure at the resting 
metabolic rate. The resting energy expenditure will be measured in the "postabsorptive" 
state which, for practical reasons, may not be longer than six hours after a feeding. The 
REE will be measured for >30 minutes, during which the child is quiet and in thermal 
neutral and quiet environment on a day immediately prior to the infusion study. Gas 
exchange equipment already available at the ICDDR,B can be used for these 
measurements. The principal investigator and staff at the ICDDR,B are experienced in the 
proper use of the equipment for making determinations of respiratory gas exchange and 
REE measurements. Calculation of protein kinetics i.e., rates of protein synthesis, 
breakdown and oxidation, will be based on measurements of the enrichment of labelled 
leucine and its ketoacid (ketoisocaproate) (28] in plasma and in urine which will be 
performed by gas chromatography-mass spectrometry in the laboratory of Dr. David 
Halliday. Plasma and expired air samples will be collected before the infusion of label 
(baseline) and at fifteen minute intervals over the last two hours of the infusions. The 
intravenous infusions of |1-13C] leucine will provide flux (Q), oxidation (0) and intake (1) 
data directly and the rates of whole body protein synthesis (S) and breakdown (B) 
indirectly, according to the equation: Q = S + 0 = B + 1 . The nasogastric infusions will 
orovide information on the splanchnic utilization of leucine [29]. importance is attached to 
studies in the fed state, i.e., during the provision of amino acids as substrate, as the 
dietary amino acids will maximize the potential level of net protein synthesis (pre- and 
post-dietary therapy) which might be masked were the studies conducted in the fasted 
state. 

2.11. Treatment failure 

Children with recurrence of dehydration > 5% and/or abnormal values of serum 
electrolytes or urinary specific gravity will be rehydrated orally and the diet will be 
suspended for the remainder of the day. At the end of this interruption, the study diet that 
was assigned initially will be introduced ad libitum at full concentration until the specific 
upper limits on volume or energy intake are achieved. Elevated blood urea nitrogen will 
also be criterion for interrupting the study, since this may suggest excess nitrogen intake. 
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This is unlikely, however, since the diets in the previous protocols with comparable levels 
of dietary protein were well tolerated (15,161. 

2.12. Data analyses 

Increments in weight (g.kg' .d 1 ) and height (mm per day actual versus mm/d 
predicted by NCHS for height-age) will be calculated and compared among the groups. 
Increments in height and weight will be compared by Student's paired t-tests. Laboratory, 
anthropometric, protein kinetic, and body composition data will be compared early and late 
in recovery by treatment group using analysis of variance (ANOVA). The NCHS-CDC 
statistics package will be used to compare the Z-score values for anthropometry. The 
clinical indices of diarrhoea and other infections will be compared by Fishers Exact test, 
Chi-Square test. 

3. SIGNIFICANCE AND INTERNATIONAL NUTRITION IMPLICATION 

Protein-energy malnutrition (PEM) remains a major public health problem in most 
developing countries. The magnitude of this problem is more obvious in underprivileged 
community in least developed countries like Bangladesh. Bangladesh Bureau of Statistics 
in their recent survey (1991) found that about 35% of under-five children were severely 
stunted (below -3 SD). About 40% of children were both severely undernourished and 
stunted. The causes of this PEM are multifactorial and perhaps related to several factors 
including improper weaning practices, recurrent infections, poverty and also inadequate 
diet during and after infection. Therefore, there is an urgent need to develop and formulate 
a designer food which can be supplemented to prevent growth faltering and stimulate 
linear growth recovery of children suffering from recurrent infections with secondary PEM. 
The results of this study are needed to determine whether the anabolic effects 
documented during refeeding with large amounts of dietary protein from animal sources 
are critical or whether equivalent rates of catch-up growth are achievable when more 
economical vegetable-based diets either as they are normally prepared or with the addition 
of micronutrients known to affect linear growth are used. These studies will thus clarify 
whether the source of protein matters, as well as add to the body of knowledge 
concerning the optimal level of protein to provide in a mixed diet. Furthermore, the results 
will be useful to learning whether the acute responses in term of protein synthesis and 
breakdown, which can be measured with stable isotope tracers, predict anabolism which 
is measured classically by anthropometrics. This outcome is also important because if this 
is demonstrated, it will pave the way for a number of studies which can be designed to 
study precisely how dietary treatment can be tailored to stimulate the anabolic drive in 
children during recovery from PEM. If an appreciable anabolic effect of the vegetable-
based diet can be demonstrated, we plan additional studies of the nutritional regulation of 
the anabolic drive during refeeding of undernourished children. 

4. COLLABORATIVE ARRANGEMENTS 

This study will be carried out at the ICDDR,B in collaboration with Dave Halliday, 
PhD, Head of the Nutrition Research Group, Clinical Research Centre, Watford Road, 
Harrow, Middlesex He 300, UK, Dr. L.E. Underwood, University of North Carolina at 
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Chapel Hills, NC, USA (for measuring IGF and IGF-BP study), and Carla R. Field, PhD, 
Senior Scientist at the International Atomic Energy Agency. 
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TABLE I. COMPOSITION OF NUTRIENTS OF THREE STUDY DIETS 

DIET I. LEGUME-BASED HIGH-PROTEIN DIET PER 1000 KCAL 

Food items Amount (g) Protein (g) Fat (g) Energy (kcal) 

Rice 

Lentil (dal) 

Oil (soybean) 

115 

115 

23 

28.75 

28.75 

3.1 

23 

23 

403 

403 

207 

1013 

Calcium, 7.8 mg; Iron 0.88 mg; Carotene, 27.0//g; Folic acid, 1.8 //g; 
Zinc, 0.47 mg. 

Protein-energy ratio 15% 

Cost per 1000 kcal Tk. 5.75 = US $ 0.14 

DIET II. LEGUME-BASED STANDARD PROTEIN DIET PER 1000 KCAL 

Food items Amount ig) Protein (g) Fat (g) Energy (kcal) 

Rice 170 11.9 — 595 

Dal (lentil) 30 7.5 105 360 

Oil (soya) 40 -- 40 360 

19.4 40 1060 

Calcium, 3.6 mg; Iron 0.82 mg 
Zinc 0.28 mg. 

Carotene, 8.1 />g; Folic acid, 1.7 fjg; 

Protein-energy ratio 7.3% 

Cost per 1000 kcal Tk. 4.50 = US$0.11 
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DIET III. ANIMAL PROTEIN BASED HIGH-PROTEIN (PER 100 G) DIET 

Food items Protein (g) Fat (g) Zinc (mg) Energy (kal) 

Bread 8.75 1.86 0.1 2.6 

Rice 1.98 0.15 0.33 124 

Chicken Curry 16.36 13.6 0.72 222 

Egg 13.23 12.31 1.26 200 

'Special Milk 

Formulation 3.72 4.58 0.55 99 

Banana 1.42 0.19 0.14 100 

Protein-energy ratio 16% 

Cost per 1000 kcal Tk.30.00 = US $ 0.75 

"Special milk (high-protein diet) contained whole-milk powder (125 g), 
egg white (50 g), sugar (50 g), and soybean oil (20 g). 
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Abstract 

In addition to requiring an increased concentration of protein, dietary 
treatments for children during convalescence from malnutrition may require 
additions of selected amino acids to meet increased requirements. 
However, relatively little is known about the quantities of amino acids to use 
in the supplements. This project will test the hypothesis that requirements 
for sulphur-containing amino acids (SCAA) are increased during malnutrition 
and diarrhoea. The primary mechanism by which requirements for SCAA 
might be increased under these conditions are that SCAA maybe restricted 
at the growth plates in bones through shunting of the available sulphur to 
other biological processes with higher physiological priority. In this study, 
evidence of the SCAA being diverted to other uses will be increased rates 
of turnover of glutathione (GSH), a sulphur-containing tripeptide with 
functions including stimulation of lymphocyte production and immune 
function. Further evidence of the diversion of SCAA to GSH and away from 
the larger metabolic pool will be decreased urinary inorganic sulphate 
excretion (ISE), and increased urinary concentrations of proline peptides 
which arise from collagen breakdown. It is expected that appropriate 
supplementation of a standard recovery diet will meet the requirement for 
GSH synthesis, thereby freeing the SCAA for growth plates, increasing the 
incorporation of proline into collagen, and will have the overall effect of 
stimulating growth. 

1. SCIENTIFIC BACKGROUND AND SCOPE OF THE PROJECT 

1.1. Malnutrition and growth failure 

Inadequate weight gain or height gain for age suggest growth failure and 
malnutrition. Children recovering from malnutrition need increased amounts of macro- and 
micronutrients. 

Failure to thrive in growing children has several factors acting in a vicious cycle of 
malnutrition-infection and malnutrition. The understanding of malnutrition remains to be 
more complex than it appeared. Causes include lack of adequate dietary provision of 
protein energy, vitamins and minerals. Even the adequate inputs of nutrients may be 
offset by infectious diseases causing growth faltering. For instance, growth retardation 
is seen when deficit of required nutrients occur by an increased requirement. It has been 
demonstrated that linear growth is dependent on an adequate supply of sulphur-containing 
essential amino acids (SCAA) to maintain generation of epiphyseal growth plates. 
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In Bangladesh, about 55% of 6-59 month-old children are growth retarded in terms 
of height (<90% Ht/Age of NCHS standard) 111- Also the nutrition surveillance report 
(June, 1993) of Helen Keller International shows that children of 6-59 month were 70.7% 
stunted in urban slum and 65% in rural area of Bangladesh [2]. Similaiiy wasting 
(-2SD of Wt/Ht) was prevalent in 19% of these children. 

Growth retarded children present to the Hospital for Sick Children in London with 
intestinal disturbances and to the International Centre for Diarrhoeal Disease Research, 
Bangladesh (ICDDR.B) with acute and persistent diarrhoea. Serious presentation is seen 
in children from developing countries in whom growth retardation is associated with 
increased small intestinal mucosal permeability 13). It is possible that the prolonged 
diarrhoea with malnutrition may reduce availability of SCAA either through increased 
permeability leading to poor absorption or by increasing the demands for SCAA by another 
biological process of higher priority (glutathione turnover). Thus availability of SCAA is 
reduced to growth plates. There is evidence that infections increase glutathione turnover. 

1.2. Alterations in requirements for selective amino acids 

The underlying mechanism by which tht requirement of SCAA might be increased 
are clinical conditions such as diarrhoea and malnutrition. During this period SCAA may 
be utilized through shunting available sulphur to other needs of higher physiological 
priority, limiting availability at growth plates in bones. The sulphur containing amino acids, 
are cysteine and methionine, while cysteine can be made from methionine, not the vice 
versa. 

There is a large requirement for SCAA by bone growth plates for the formation of 
collagen where cysteine residues form stable interchain disulphide bonds [4] 

Cysteine, glycine and glutamate form a tripeptide thiol called glutathione (GSH) that 
exist in most cell types. It activates thiol requiring enzymes, acts as a co-factor, regulates 
microtubule formation and protects cells from oxidative damage. Lymphocyte proliferation 
is dependent on GSH availability [5-9]. By providing more cysteine (which is limiting for 
GSH formation) rich dietary protein there is significant immuno enhancing effect. 

The turnover of glutathione was one of the original applications of in vivo isotope 
dynamic studies 110]. Incorporation of 1 5N- labelled glycine or glutamate into glutathione 
is rapid and in excess of the rate of incorporation into protein. This suggests a rapid 
turnover of the molecule, with consequential high requirement for the three amino acids. 

During increased demand, addition of selective amino acids may enhance growth. 
However, relatively little is known about the quantities of amino acids to meet increased 
requirements. 

The following section summarizes evidences that SCAA's are diverted during 
various pathophysiological conditions. 

(a) Administration of paracetamol to growing rats severely restricted 
bone growth unless extra SCAA was added to the diet. Detoxication 
of paracetamol in rats is done through sulphation for which SCAA 
is limited for other physiological process [11]. 
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(b) In human, paracetamol overdose can be treated with N-acetyl 
cysteine administration to facilitate the sulphation pathway and 
maintain glutathione concentrations. 

(c) Rats injected with Tumour Necrosis Factor (TNFo) demonstrate 
decreased urinary inorganic sulphate excretion (ISE). This is thought 
to indicate SCAA are being diverted into the synthesis of acute-
phase proteins (which fiave a high content of SCAA) and GSH 
production (12, 131. 

(d) Prolonged exposure to agents which suppress growth by limiting 
SCAA may have a secondary effect on the methylAfolate trap [14] 
with a consequential effect on myelination. Such an effect could be 
subacute combined degeneration and could have long-term effects 
on cerebral development. 

1.3. Recent Studws 

A recently completed study at the International Centre for Diarrhoeal Disease 
Research, Bangladesh (ICDDR,B) showed that severe and moderately malnourished children 
had significantly higher intestinal permeability (15]. A large proportion of these children 
were growth retarded as well. There was significant association between growth 
retardation and increased mucosal permeability. During rehabilitation after diarrhoeal 
recovery, the growth rate was slower among those who has higher mucosal permeability. 
An essential micronutrient supplementation (zinc) showed earlier improvement of mucosal 
permeability (16) and higher linear growth of the stunted or growth retarded children (17). 
This could be due to more availability of limiting amino acids. Linear growth could be due 
to better collagen synthesis at the epiphyseal end plates of bone. But the exact 
physiological changes remained unknown. 

A pilot study on failure to thrive children in the Hospital for Sick Children 
demonstrated that a very low inorganic sulphate excretion (ISE) was associated with 
increased small bowel permeability assessed by normallv impermeable disaccharide probe 
(111. The origin of ISE is variable but the major component comprises an end product of 
SCAA. There is a large requirement for SCAA by bone growth plates for collagen 
formation where cysteine residues form stable interchain disulphide bonds. Urine from 
patients with low ISE demonstrated a large excretion of pyridinoline and deoxypyridinoline 
cross links (proline peptide collagen) indicating collagen breakdown in excess of formation 
(Dr. S. Robins, Rewett Research Institute, Scotland]. 

1.4. Related work done in this area. 

(1) The work on sulphate and proline peptides in relation to intestinal 
permeability is underway looking at different nutritional support 
regimes for children with acute and persistent diarrhoea in London 
and Tanzania. 

(2) Work on "N-glycine is underway in volunteers and children with 
persistent diarrhoea particularly inflammatory bowel disease at 
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Hospital for Sick Children (Great Ormond Street, London) and 
Institute of Child Health (London). 

(3) Work on intestinal permeability in acute and persistent diarrhoea 
patients in ICDDR,B Bangladesh has been completed. There has 
been significant improvement in permeability with zinc 
supplementation and increase in linear growth at the rehabilitation 
phase. Absorption and permeability studies are underway at 
ICDDR.B in collaboration with Institute of Child Health (London). 

2. METHODS 

2.1. Hypothesis 

The project will test the hypothesis that requirements for sulphur containing amino 
acid (SCAA) are increased during malnutrition and diarrhoea to sustain optimal growth. 

Intestinal disorders which lead to an increased permeability of the small bowel, 
cause absorption of intestinal toxins and these toxins stimulate cytokine production 
(including TNFa) causing diversion of SCAA into GSH synthesis and suppression of bone 
growth. 

Supplementation of a standard refeeding diet with sulphur containing amino acids 
is necessary to meet requirements for sulphur under conditions of growth faltering, 
diarrhoea and increased intestinal permeability. 

2.2. Specific aims to investigate the hypotheses 

(1) Increased intestinal permeability during diarrhoea in Bangladeshi 
children is associated with increased requirement for SCAA which 
can be detected by measurement of increased rates of incorporation 
of 15N-glycine into glutathione. 

(2) Changes in SCAA metabolism are associated with decreased urinary 
sulphate and increased excretion of proline peptides from collagen. 

(3) Rates of turnover of SCAA would change as intestinal permeability 
improves during different dietary levels of SCAA in nutritional 
regimes. 

2.3. Selection of Patients 

Patients with persistent diarrhoea (> 2 weeks duration) aged between 4 and 18 
months with growth retardation (Ht/Age <95% NCHS standard) will be recruited at 
ICDOR.B Hospital in Dhaka. They will be assessed for low ISE secretion and high mucosal 
permeability of small intestine. Children will be classified into low and normal ISE 
excretions in urine. 
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2.4. Randomization 

Each group will be randomly allocated into two sub-groups. 

2.5. Dietary 

One sub-group will receive a dietary supplement of a SCAA rich protein source and 
the other sub-group a isonitrogenous standard diet. They will receive normal clinical 
management. 

2.6. Protein metabolism 

2.6.1. 

Before and at six woeks after the supplementation the children will receive regular 
drinks (15 minute) containing 15N-glycine (2 ml/kg/hr) over 10 hours to mimic a constant 
enteral infusion. One pre dose capillary blood and urine sample will be taken at 9 and 102 
hours. 

2.6.2. 

Incorporation of 15N-glycine in plasma and red cell glutathione will be assessed using 
isotope methods and gas chromatography/mass spectrometry. Glutathione turnover will 
be calculated. 

Urine will be assessed for 1 5N enrichment of urea and ammonia which will be used 
as an assessment of body protein turnover. This variable will be used as a control variable 
against which GSH turnover can be assessed. 

2.7. Biochemical and isotope estimations 

2.7.1. Homocysteine estimation by HPLC fShimadzu) 

Urine peptide estimation by HPLC (waters) 
15N-glycine, 15N-glutathione by GC-MS (Fisons VC) 
Analysis of metabolic balance for nitrogen, sulphate (Micromass Ratio MS). 
Analysis of Lactulose and Mannitol for permeability (Cobas Bio) 

2.7.2. Outcome 

The following direct measurements will be made. 

(1) Rate of 15N-glycine incorporation into plasma and red blood cell 
glutathione. 

(2) Rate of body protein turnover. 
(3) Growth plate activity by urinary proline peptide and urinary inorganic 

sulphate excretion. 
(4) Somatic growth. 
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2.7.3. Dependent variables 

The direct measurements will be used to describe relationships between the 
following variables: 

(1) Nutritional status /growth failure 
(2) Permeability and growth failure 
(3) Zinc-permeabi!ity 
(4) Growth-zinc 
(5) Permeability-growth 

2.8. Growth plate activity 

An index of growth plate activity will be assessed by measurement of urinary 
metabolites derived from collagen catabolrsm (pyridinoline cross linked peptides). Ten 
patients from each sub-group will be assessed for this. 

2.9. Folate status 

Folate status of these patients will be studied before and after supplementation with 
SCAA containing diets. Folate status is extensively associated with failure to thrive. 
Plasma homocystine will be measured for this purpose (R. Surtees). Another 30 children 
in each group will be studied. 

2.10. Sample Size 

Forty malnourished children with persistent diarrhoea will be studied in each group 
to a total of 80 children. They will be given dietary regimens of higher and lower SCAA. 
Patients will be followed up at two weekly interval for recovery from growth retardation. 
Ethical Committee approval and parents consent will be obtained beforehand. 

3. INSTITUTIONAL RESPONSIBILITIES 

3.1. Work at ICDDR.B 

Work at ICDDR.B will include patient recruitment, diet formulation, feeding, dietary 
analyses, isotope administration and sample collection and permeability probe sugar 
estimation. 

3.2. London 

Work in London will include isotope measurement, glutathione estimation, urinary 
inorganic sulphate excretion measurement and plasma homocystine estimation. 
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TABLE I. HIGH SULPHUR-CONTAINING DIET: EGG BASED 

~ " — 
Ingredient 

(per kg body weight) 
Weight 

(g) 
Protein 

(g) 
Nitrogen 

(g) 
Fat 
(g) 

______„_ 
Energy 

Kcal 
Rice 160 g 11.2 1.80 - 560 

Egg White/Egg Whole 200g 26.6 4.26 26.6 360 

Oil 20g - 20.0 180 

Total 37.8 6.06 46.6 1100 

|PER 13.7% PER 38% SCAA 7.272g | 

TABLE II. HIGH SULPHUR-CONTAINING DIET: CHICKEN BASED 

Ingredient 
(per kg body weight) 

Weight 
(g) 

Protein 
(g) 

Nitrogen 
(g) 

Fat 
(g) 

Energy 
Kcal 

Rice 160 g 11.2 1.80 - 560 | 

Chicken 150g 27.0 4.36 - 150 | 

| Oil 38g - - 38 342 | 

Total 38.2 6.12 38 1052 | 

[ | PER 13.5% | PER 38% | SCAA 4.59g | 

TABLE III. LESS SULPHUR CONTAINING AMINO ACID DIET 

i Ingredient 
| (per kg body weight) 

Weight 
(g) 

Protein 
(g) 

Nitrogen 
(g) 

Fat 
(g) 

Energy 
Kcal 

Rice 160 g 11.2 1.80 - 560 | 

Dal 100g 25.0 4.0 - 340 

Oil 46g - - 25.0 225 

Total 36.2 5.8 25.0 1125 

| PER 13.7% PER 38% SCAA 7.272g 

•PER = Protein Energy Ratio, PER = Fat Energy Ratio; SCCA = Sulphur containing 
Amino acids (Cysteine + Methionine) 
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Abstract 

Protein utilization during feeding is difficult to assess by classical tracer 
methodology, particularly under field conditions. We propose a new 
approach using the measurement of tracer recovery (expired 13COJ after the 
ingestion of a single oral dose of a 13C-leucine labelled milk protein. Protein 
will be obtained by infusing a cow with 13C-leucine. The difference between 
the amounts of tracer given and recovered should be an index of protein 
utilization. Since altitude might influence protein absorption, this 
non-invasive method will be used in Bolivian children, living either at 3600 m 
(La Paz) or at sea level. 

1. SCIENTIFIC BACKGROUND 

1.1. Protein metabolism studies during feeding 

Most tracer studies of protein and amino acid (AA) kinetics have been conducted 
in the post absorptive state, although the latter represents only approximately one fourth 
of a nycthemer. The relatively small number of studies in the fed state is due to 
methodological difficulties. Since tracer kinetics are usually calculated at steady state, this 
implies that both an isotopic and substrate plateau is achieved during feeding. Usually, 
this is obtained either by continuous nasogastric enteral infusion over 3 to 5 hours [1,2], 
or by small meals given every 15-30 minutes [3]. In both cases, the steady states 
obtained are sometimes not perfect, and more important such a "meal" might not reflect 
what happens during a "normal" meal for at least two reasons : 

(1) Modifications of AA kinetics are assessed at the end of 3-4 hours of feeding 
and, therefore, do not indicate what is happening during the first hour of 
feeding. For example, in our own studies [1], during continuous 
administration of 15 mg of N/kg«h, plasma AA (including leucine) did 
increase during the first 2 hours, but were back at baseline (or even lower) 
when kinetics measurements were performed, i.e., at 3-4 hours. 

(2) Hormonal changes, and particularly insulin secretion, are quite different 
during a continuous enteral feeding form what they are during a single meal. 
Due to continuous stimulation of cells by administration of carbohydrates, 
plasma insulin increases and usually remains elevated throughout the study 
period, a situation different from the peak and rapid return to baseline of 
insulin secretion observed during a standard meal. 
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Another important problem is which tracer should be used. In a few studies 
[1 , 2, 4], two tracers of the same AA (usually leucine) were simultaneously administered 
orally and intravenously. This allowed calculations of splanchnic extraction by the gut and 
liver, and probably gives a more accurate estimate of the endogenous leucine rate of 
appearance, an index of whole body protein catabolism. However, the most basic principle 
of tracer methodology is that tracer and tracee have the same metabolic behaviour. In the 
absence of a commercially available labelled protein, this rule is not respected when a free 
labelled AA (for example 13C-leucine) is given orally together with an unlabelled protein 
(2, 3]. It is well demonstrated that absorption of free AA can be quite different from 
protein-derived AA, due to the existence of specific transporters for di and tripeptides in 
the enterocytes. In some studies, nitrogen was given as a mixture of free AA [1 , 41. In 
this case, the tracer is actually representative of the tracee, but, again, such alimentary 
diets are unphysiological and sometimes poorly tolerated 

Finally, assessment of protein utilization during feeding is even more difficult under 
field conditions, such as those encountered in developing countries, and more generally 
in children. N balances are time consuming and accurate collection of urines and stools 
and quantification of ingested proteins are extremely difficult. End products methods 
encounter the same problems, although to a lesser degree because of the shorter duration 
of collection needed, and, in addition, have been criticized on a conceptual basis. Finally, 
the above described fed state studies with leucine tracers are impossible to conduct under 
field conditions due to intravenous tracer administration and frequent blood sampling. 

Therefore, in conclusion, current methods of assessment of protein utilization during 
feeding are plagued by conceptual and practical difficulties. In this paper we propose a 
new approach for studying whole body protein metabolism during a single oral meal, using 
a ,3C-leucine labelled protein administered as a single dose. 

1.2. Effect of altitude on protein metabolism 

Malnutrition is a common problem in Bolivian children. It might result from the 
interactive effects of at least four factors which are 

(1) inadequate protein energy intake due to a low socio-economic status; 

(2) chronic and/or frequent acute bacterial infections; 

(3) chronic multiple parasitic infections and 

(4) living at high altitude since La Paz, the capital of Bolivia, is located at 3600 m 
above sea level. 

The first step of the proposed study will be to evaluate the effects of these 
variables independently and the later stage studies would be of the interactions. For 
practical reasons, the first variable to be studied will be the altitude, which is certainly the 
most specific characteristic of Bolivia, by comparison with other developing countries in 
which malnutrition is common. High altitude can interfere with nutrition and growth in 
four ways: 
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(1) reduced total food intake; 

(2) imbalance between an increased energy expenditure and a reduced energy 
intake; 

(3) impaired nutrient absorption and 

(4) loss of muscle mass. 

Before discussing the respective importances of these mechanisms, it should be 
kept in mind that most current data in the literature on high-altitude effects were obtained 
in lowlanders exposed at high altitude for a limited period. 

Anorexia is a common problem in alpinists and during acclimatization to high 
altitude [5, 6]. This problem is unlikely to be of importance in natives of high altitude, and 
actually, food intakes in Bolivian children of high socio-economic status living in La Paz are 
normal or possibly elevated (see below). 

Energy balance is difficult to maintain above 4500 m, which is partly due to in an 
increased resting metabolic rate and partly to lowered energy intake (5]. This imbalance 
does not seem to exist in Bolivian children of high socio-economic status-

Food digestibility might be impaired at high altitude as was reported during a Mount 
Everest expedition [6]. A decreased xylose absorption was also noted in sea level hypoxic 
patients. There is controversy about the altitude at which such problem might occur 
(4000 m ? 6000 m ?) and it is usually considered that the problem is of limited importance 
unless an extreme altitude is reached. However, to our knowledge, this point was never 
considered in children living permanently at high altitude. It is noteworthy that, in recent 
food inquiries in La Paz [7, 8], the mean protein intake of girls of high socio-economic 
status was 93 ± 27 g/day. The girls were 11.3 ± 0.6 years old and were not obese. 
Such a protein intake is quite high ( 3 g/kg/day) which might suggest that a part of this 
intake is not absorbed. 

Finally, a direct effect of hypoxia on protein metabolism and specifically on muscle 
catabolism is possible [9]. A rapid muscle loss is common in alpinists [51. In addition to 
the factors listed above which could contribute to muscle loss, acute hypoxia was also 
shown to reduce leucine turnover and uptake of leucine from the forearm [10], and chronic 
normobaric hypoxia also results in similar changes in protein metabolism [11]. Acute 
hypoxia was shown to decrease protein synthesis in rat tissues in-vitro and in-vivo [12]. 

In summary, possible decreased digestibility and a direct effect of hypoxia on 
protein metabolism will be the variables tested in the following protocol. 

2. METHODS 

2.1. Assessment of protein "utilization" after a single ingestion of protein 
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The principle of the new proposed approach is to measure total leucine oxidation 
after a single oral load of a protein of high biological value, the leucines of which are 
labelled with 1 3 C in the first position. 

The metabolic fate of ingested leucine is either incorporation into protein synthesis 
or degradation by irreversible decarboxylation in the C1 position (and production of 1 3 C0 2 ) . 
This principle is the one applied in the classic precursor method. The total amount of 
expired 1 3 C 0 2 will be calculated as the area under the curve of increased V 1 3 C 0 2 over 
baseline during the hours following the meal. Then the difference between the amount of 
tracer given and the amount of tracer recovered should give an indication of the amount 
of the fraction of ingested protein utilized for protein synthesis. 

Among the assumptions and potential problems of this approach are: 

(1) Measurements of 1 3 C 0 2 enrichments and VC0 2 should be obtained for 
calculation of V 1 3 C0 2 . This is feasible under field conditions in Bolivia. A 
classic recovery factor of 0.8 or 0.9 should however be applied to measured 
V ' 3 C 0 2 as in all oxidation studies. 

(2) The most important assumption is the absence of tracer recycling that is a 
complete or almost complete return to baseline of 1 3 C 0 2 enrichment. This 
problem has plagued the studies of glucose oxidation by isotopic methods 
[13]. 4-6 hours after an oral load of 1 4 C or 1 3C labelled glucose or starch, 
labelled C 0 2 is still very high and it is difficult to calculate an oxidation with 
accuracy. It should not be the case with proteins since few proteins 
turnover so fast that they could reintroduce labelled leucine within the 
extracellular pool during the period of measurements. Preliminary data 
suggest that recycling is minimal and that a return to baseline is obtained in 
5-6 hours. 

Synthesis of the 13C-leucine labelled protein will be made by a 24 hours continuous 
intravenous infusion of L-1 -13C-leucine to a lactating cow, collection of milk, separation by 
ultrafiltration and purification of the two main fractions of milk proteins i.e. casein and 
lactoserum. From preliminary data, it appears that a steady state in milk proteins is 
obtained after 6-9 hours of tracer infusion. The needed enrichment in milk proteins 
is 15-20 % (if the enrichment is too low, the amount of ingested milk needed to obtain a 
measurable V C 0 2 will be too high for children). This labelled milk production will be done 
in collaboration with Laboratoire de Technologie Laitiere (J.L. Maubois, Rennes, France). 

Finally the kinetics of V 1 3 C 0 2 can be interpreted in two ways: 

(1) Total area under the curve will represent the amount of oxidized exogenous 
leucine and should be influenced of course by the amount of leucine 
(protein) ingested but also by the previous nutritional status : a low 
oxidation might be expected when protein energy malnutrition is present. 

(2) The shape of V 1 3 C 0 2 kinetic will also be interesting to consider. It is likely 
that in case of gut malabsorption, the appearance of 1 3 C 0 2 will be delayed 
by comparison with normal controls. These two parameters will be 
considered in the protocol exposed below. 
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2.2. Protocol 

Two groups of 10 Bolivian children will be studied, one living at high altitude 
(i.e. La Paz), the other at low altitude. 

The children will be prepubertal and matched for age and sex ratio. They will be 
of high socio-economic status, with no clinical or biological sign of malnutrition (normal 
weight, height, anthropometric measurements, normal plasma albumin and prealbumin 
levels). Absence of infections will be assessed by two consecutive negative stool 
examinations for parasites and by normal orosomucoid and C reactive protein. 

Measurements of leucine oxidation will be performed as follows : 

(1) It will be done after a brief fast (post absorptive state, i.e. at 8 a.m. after 
a normal evening meal.) 

(2) Collection of breath samples in Vacutainers at 7:30 and 7:45 a.m. All 
samples will be taken in duplicate. The child will have to breathe into a 
Douglas bag for 2 minutes, and a gas sample will then be transferred into 
the vacutainers from the bag. 

(3) At 8 a.m., ingestion of 0.5 g/kg of labelled protein dissolved in water. The 
protein will be either lactoserum or casein depending on their respective 
availability. The dose will be accurately weighed. Actually, it will be a 
mixture of labelled protein (1.5 to 2 g of 20 % enriched protein) and of 
unlabelled protein to obtain 0.5 g/kg of total protein. An alternative 
possibility is to give the protein in a mixed meal, provided that starch with 
a low natural 1 3C abundance, such as those derived from potato or beet, is 
used. 

(4) VC0 2 will be measured during 15 min, every 30 min during 3 hours 
(8 a.m. > 11a.m.) and every 60 min during the next 3 hours 
(11 a.m. > 14 a.m.). 

(5) Breath samples will be obtained at the end of each VC0 2 measurement 
(total: 2 baseline + 9 samples) and collected in Vacutainers. 

(6) Vacutainers will be sent to the Human Nutrition Laboratory in France for 
1 3 C0 2 analysis (Microgas + Optima IRMS, VG Instruments). 

This protocol could start in March 1994 (this will depend on the availability of the 
tracer: a new synthesis of tracer is scheduled in December 1993 with the tracer being 
available in February 1994). 

3. RESULTS 

Preliminary results after ingestion of 1 3C labelled protein in adults will be presented 
at the next CRP meeting. 
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4 . PLANS FOR FUTURE WORK 

The effect of multiple parasitic infections in children on protein utilization could 
follow this first protocol. Prevalence of multiple parasitic infection is extremely high in 
Bolivian children living at low altitude (> 90 % in children of low socio economic status 
and 60 % in children of high socioeconomic status) (14]. It is quite possible that t 
could result in an impaired nutrient absorption. 
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Abstract 

During the recent past decades, major technological advances have been 
achieved in the study of amino-acid and protein metabolism. The refinement 
of mass spectrometry to measure very small amounts of tracers in the form 
of stable isotopes has also motivated refinements of the concepts of 
metabolism of amino acids and protein and their application to relevant 
health problems in both the developed and developing countries. 

Traditional methods used to evaluate protein metabolism left unanswered 
some of the relevant questions in public health in developing countries, such 
as growth retardation in children. Particularly, in developing countries, 
infection (clinical and subclinical) and malnutrition are still relevant problems, 
and the most important scientific issues for the application of stable isotope 
tracer methods are related to the impact of infection, such as the oxidative 
disposal of essential amino acids in well-nourished and malnourished 
children. The objectives of the present proposal are: 

IV To simplify, make less expensive, less time-consuming, and less 
invasive, methods in clinical research on amino acid metabolism 
using stable-isotope tracers in children; and 

12) To assess the effects of infection (clinical and subclinical) on 
whole-body protein turnover in children with and without 
malnutrition. 

The objectives involve the engineering and assessment of a portable 
instrument to be used in evaluations of protein oxidation in the developing 
world. Methodological issues such as intra- and inter-subject variability, 
which are of great importance for the interpretation of amino acid 
metabolism and protein turnover, will also be considered. 

The study will be the result of the combined effort between the Centre for 
Studies of Sensory Impairment, Aging and Metabolism in Guatemala and the 
Centre for Human Nutrition, Johns Hopkins University in Baltimore, under 
the leadership and sponsorship of the International Atomic Energy Agency, 
IAEA, in Vienna, Austria. 
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1. SCIENTIFIC BACKGROUND AND SCOPE OF THE PROJECT 

The advent of mass spectrometry and the reduction of biological fluids and gases 
to forms in which quantitative separation, detection and measurement procedures for 
stable isotope ratios have been applied, has provided the experimental basis for the 
application of non-radioactive tracers into the chemical structure of macronutrient 
molecules to follow their metabolism in-vivo in the human organism. Examples of these 
applications that have contributed to our thinking and learning in the production of this 
research proposal have come from the work undertaken by our team collaborator, 
Dr. Benjamin Caballero, who, working at the Massachusetts Institute of Technology 
(M.I.T.), studied the metabolism of phenylalanine using 1 3 C and 3,3- 2 H, tracers, to quantify 
the rate of conversion of Phe to Tyr and the oxidation of Phe- and Tyr-derived carbons [11. 
The antecedent groundwork for this came in the form of the work of Motil and Matthews 
and collaborators in St Louis and M.I.T. who developed the methodology for continuous 
infusion of carbon- 13-label!ed leucine [2] and then simultaneously measured turnover of 
leucine with the 1 3 C marker and lysine with a '5N-label {3]. 

The adventure and opportunities in the program of the IAEA, as we interpret it, are: 

(a) to translate the stable isotope technology from developed country settings 
(in which the sophistication and resources may be abundant, but the 
relevance to the public health problems related to protein energy deficiency 
and/or retarded growth is minimal) to developing country settings; 

(b) to develop or modify technologies as needed; 

(c) to teach investigators effective uses of isotope technologies to improve 
human nutrition in developing countries. 

Prakash Shetty and Ismail Noor [4], from India and Malaysia, respectively, in their 
recent review entitled "Application of stable isotopes in human research in developing 
countries" state: 

"The most elegant experiments using stable isotopic tracers which are of 
considerable relevance to developing countries are those which have been 
used to prove the 'essentiality' of amino acids in the diet. Exciting results 
from the CNRC Houston indicate that short-term feeding of proteins 
uniformly labelled with 1 3C followed by analysis of a rapidly turning over 
plasma protein can be used as an in-vivo probe of 'conditional essentiality' 
for individual amino acids during periods of development and growth 
Stable isotopes are emerging as safe, silent tracers which are ideal tools for 
nutritional research in humans. The nature of the problems that these newly 
emerging tools can be used to extensively investigate are of particular 
interest to developing countries. The use of these stable isotopic tracers is 
likely to throw light on nutritional problems of poorer countries if systematic 
efforts are made to design studies using these tracers to address issues 
which are a priority in third world countries."(4] 
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1.1. Nutrition-infection interaction 

Protein-energy malnutrition (PEM), still is one of ths principal public health problems 
in Guatemala, as it is in most developing countries. The National Survey on 
Maternal-Infant Health carried out in Guatemala in 1987 reported that about 58% of 
children suffer some degree of malnutrition [5]. 

On the other hand, infectious diseases are also within the leading causes of 
morbidity and mortality in children under five years old in Guatemala. Poverty, lack of both 
education and sanitary conditions, and limited access to health services, mediate the 
development of infectious diseases. 

Early studies in Guatemala in the 1950's by N.W. Scrimshaw [6], highlighted the 
interaction between malnutrition and infection in children living in developing countries. 
In underpreviledged populations, living in unsanitary conditions, infectious diseases may 
represent a powerful factor modulating the nutritional status. In addition, it has been 
described that children from these populations usually suffer from overt infectious diseases 
several times a year, which is believed to further impair their already marginal nutritional 
status. 

1.2. Protein metabolism and infection 

In acute and subacute infections, the loss of body protein is proportionally much 
higher than the energy deficit [7]. The traditional approach for documenting this N loss 
is the N balance technique, which measures urinary and faecal N output relative to dietary 
N intake. The N balance, however, is not sensitive enough to identify early alterations in 
the rate of protein catabolism. On the other hand, the rate at which free amino acids are 
released from body proteins (breakdown), and the rate of their incorporation into proteins 
(synthesis) can be now quantified using amino acids labelled with non-radioactive (stable) 
isotopes. One approach is to administer a dose of 1 5N-glycine, and assess its appearance 
into the urinary urea and ammonia pool [8,9]. Although other methods are more precise, 
they require constant intravenous infusions of isotopes and repeated blood sampling, 
making them not appropriate for use in children. Like all the tracer methods, the 
, sN-glycine approach involves some assumptions on the way that the tracer equilibrates 
with the free amino acid pool. The 15N-glycine method has been used to assess bo ,'y 
protein turnover in malnourished children with or without infection [10]. 

1.3. Related work already performed or in progress at Institute 

Recent field studies have characterized the linear growth of more than 500 children 
in a community setting. Current and past projects have focused on Shigella dysentery 
(ADDR, Harvard Institute for International Development); acute watery diarrhoea 
(CeSSIAM and University of California at Davis and sponsored by ADDR, Harvard Institute 
for International Development); and cytokines as markers of catabolic influences on growth 
(in collaboration with University of California, Davis and sponsored by Nestle Foundation). 
A brief summary of the findings of these studies is presented below. 

In 1991 and 1992, a survey was conducted to describe the growth pattern of a 
poor peri-urban neighbourhood of Guatemala City ("Peronia"). A total of 2714 children 
were evaluated individually one time. A cohort of 541 children were followed during one 
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year. Based on Z-score for height-for-age index, the mean for the whole population was 
1.77. Most children could be classified as having linear growth retardation compared to 
NCHS reference. Based on longitudinal data, it was documented that the growth failure 
occurred principally during the first two years of life in peri-urban Guatemalan children [11] 
(Figs. 1 and 2). This study confirms previous reports by Martorell & Habicht [ 12] in other 
developing populations. Although we have documented linear growth retardation, very 
little is known about the mechanisms. Because protein accretion is central to growth, we 
are particularly inierested in how amino acid metabolism and rates of protein turnover 
and/or oxidation are changed and the roles of these changes in interrupting linear growth. 

Another project, carried out in 1992, was related to the determination of the 
prevalence of apparent and inapparent infection in preschool children in the same 
peri-urban Guatemala community ("Peronia") [13]. A total of 111 children were evaluated 
by history, physical exam and laboratory tests (acute phase reactants), including white 
Wood cell counting, erythrocyte sedimentation rate and C reactive protein. The children 
could be classified as infected or non-infected based on clinical findings, with or without 
abnormal laboratory tests. From the total group, 41.5% (46/111) were classified as 
infected based on clinical findings. On the other hand, from the group of children clinically 
classified as non-infected, 15.3% (17/111) had abnormal laboratory tests, therefore they 
were considered to have inapparent infection. In conclusion, in addition to the high 
prevalence of overt infection documented in this community, the high prevalence of 
inapparent infection indicates that based only in clinical information, it would provide an 
underestimation of the real prevalence of infection in this poor population. It is known that 
the acute-phase reaction to an infection is expressed as an increase in a series of 
hormone-like substances (Interleukines) with documented properties on protein 
metabolism. Therefore, infection whether overt and covert might divert amino acid 
metabolism from normality, toward a diminution in the synthesis and/or increment in the 
catabolism. This might explain in part the high prevalence of growth retardation in 
developing countries. 

Given the importance of the determination of infection status at the level of 
population when evaluating nutritional status, we have been developing a method to 
determine cytokines in the urine as a indicative of the infection status. This study was 
supported by Nestl6 Foundation and involved three phases: 

(a) Infected children to correlate cytokines in plasma and urine in children with 
severe infectious diseases; 

(b) To evaluate if cytokines are detectable in urine after immunological 
stimulation under controlled conditions (vaccination with DPT); and 

(c) To determine both the feasibility of using the technique at the level of field 
and the prevalence of infection in children. Preliminary results suggest the 
usefulness of this method in the characterization of the infection status, 
therefore we are proposing to use it in the present study. 

The findings mentioned above provide the bases to the present proposal to study 
protein metabolism in children with and without infection, and with and without 
malnutrition. This is an issue not yet investigated and of great importance in clinical 
medicine and public health. 
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In addition to the obvious methodological questions involved in this proposal, some 
of the most important scientific issues are: 

(1) Is there a correlation between the changes in amino acid/protein metabolism 
and cytokine levels? 

(2) What is the role of cytokines in exerting the catabolic drive? 

(3) Is chronic subclinical infection in undernourished children an important 
mechanism by which protein is diverted from whole body anabolism? 

(4) Is the effect different in well-nourished children? 

(5) What is the time-course in t!ie cataboiic drive triggered by infection? 

(6) Can early nutritional intervention ameliorate/suppress the catabolic 
response? And if so, is this reflected in the clinical course of the infection? 

1.4. Goals of project 

(1) To simplify, make less expensive, less time-consuming, and less 
invasive, methods in clinical research on amino acid metabolism 
using stable-isotope tracers in children. 

(2) To assess the effects of infection (clinical and subclinical) on whole 
body protein metabolism in children with and without malnutrition. 

1.5. Specific objectives 

(1) Adaptation of a dose administration procedure and sample collection 
to field cconditions and in young children for amino acid turnover 
studies (Leucine; Glycine) using stable-isotope-labelled subsfates. 

(2) Assessment of the intrasubject stability and intersubject variability 
of amino acid turnover in young children using simplified, field 
collection procedures. 

(3) Impact of clinical and subclinical infection on amino acid metabolism 
in relationship to growth and markers of the acute-phase response. 

2. METHODS 

Note: We were interested in developing simplified methodologies, starting with 
validated methods developed for use in more sophisticated facilities, to study protein 
metabolism. However, as a result of discussions held in Boston last year (October 1993), 
a simplified procedure was developed, namely, "Generic Protocol", which will be adopted 
entirely. This generic protocol is presented elsewhere in the report of the RCM. 
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3. PLANS FOR WORK IN YEAR 1 

3-1. Phase I (first year) 

Adaptation of a dose administration procedure and sample collection to field 
conditions and in young children for amino acid turnover studies (Leucine; Glycine) using 
stable-isotope-labelled substrates. 

3.2. Detailed explanation of goals and strategy 

The goal will be to assess the feasibility of the application of the "Generic Protocol" 
using isotopically-labelled amino acids to study protein metabolism in children under field 
conditions. The efforts will be aimed to minimize the invasiveness and inconvenience to 
the subject while maximizing the acceptability for application in the community but 
maintaining the best reliability and correspondence with what could be considered a "gold 
standard" laboratory in-patient procedure and aiming toward combined administration of 
two labelled amino acids, leucine and glycine. 

The adopted generic protocol requires collection of breath, urine and blood samples; 
therefore, we will assess the feasibility and reliability of these procedures before we begin 
collecting data on children with infections. 

3.3. Detailed outline of procedures and experiments 

The main objectives are to develop breath collection procedures and conduct a pilot 
study of the generic protocol. 

3.3.1. Development of breath collection/C02 analysis 

Procedures will be adapted to young children in the community setting in 
development of the instrument and appliances. The concept is a hood that can be 
presented as a space helmet in a "space rangers" game or an "undersea diver" game in 
which the presence of the hood in place for collection activates a videogame or video 
cartoon console to entertain and distract the subject. When the subject asks for the hood 
to be lifted, the entertainment turns off; when the hood is lowered, the entertainment 
resumes. The stages are: 

(1) the design, engineering, construction and technical testing for accuracy of 
carbon dioxide analysis of the hood/analyzer system; 

(2) the acceptability and duration-of-tolerance testing, including the role of prior 
familiarity and presentation strategies to maximize the generalizability 
(within population) of acceptance and the duration (within the individuals) 
of tolerance of the chamber. 

Children aged 2 to 4 years from both middle-class and poor, peri-urban homes will 
be enroled as needed to follow algorithmic decision-tree approaches to maximizing 
acceptability and tolerance. 
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3.3.2. Pilot study 

The Generic Protocol will be applied to a small group of children. Eight healthy 
children of the target age of the future biological studies, i.e. 2 to 4 years, will be recruited 
from families and friends of CeSSIAM staff. Each child will be studied on only one 
occasion. Complete collection of urine during 24 h under supervision will be done at 
established intervals for tracer determinations as well as for total N, creatinine, and 
3-methylhistidine excretion (an index of skeletal muscle protein breakdown). Expired air 
gas collection in the post-dose phase will be conducted with the young-child-appropriate, 
portable instrument developed and built in Phase 1 (and possibly by blowing up a collection 
balloon or Ambu mask, or Douglas bag, at specified intervals while still under the hood). 

Breath collection procedures 

Samples of breath will be collected into Douglas bag (or similar method). Samples 
of gas will then be transferred into evacuated vacutainer tubes via a syringe and kept 
frozen at -80°C until IRMS analysis. 

Urine collection procedures 

The urine from each void will be collected and frozen immediately, using dry ice if 
no freezer is available. Prior to analysis, the whole lot will be pooled, the total volume 
recorded, and an aliquot combusted and analyzed for total nitrogen, and another for 1 SN 
urea, and 1 5NH 3 . 

Stood collections 

Blood will be drawn at 8, 8.5 and 9h from the start of the generic isotope protocol, 
frozen at -20°C for derivative preparation and GCMS analysis. 

Diet 

A study diet should be consumed for 48 h preceding the study for purposes of 
dietary and nitrogen equilibration. The diet will be provided by the study for 48 h 
pre-isotope administration. It will be based on the locally available foods, cereal (maize) 
and legume (black beans) with other beverages, foods and condiments and will provide 
80-90 kcal/kg, and be 10% protein, 25% fat, and 65% CHO. The fibre content of the 
Guatemalan diet is relatively high (18], nonetheless the generic protocol recommends a low 
fibre content. 

3.3.3. Analyses of samples and data 

Collected and processed in Guatemala 

Collected, processed and preserved for future chemical and isotope/ratio analyses 
in Guatemala will be: expired air samples; plasma samples; urine samples. 

Recorded and analyzed in Guatemala 

Total/partial carbon dioxide excretion volumes and partial and total urine volumes; 
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Recorded and analyzed in USA (Baltimore/Boston) 

Analyses for total and individual plasma amino acids, for urinary phenylalanine and 
tyrosine and the isotope/ratios in gas and fluid samples will be conducted in the 
developed-country partnership laboratories. 

4. PLANS FOR WORK IN YEAR 2 

4.1 . Phase II (second year) 

Assessment of the intrasubject stability and intersubject variability of amino acid 
turnover in young children using simplified, field collection procedures. 

4.2. Goals 

Due to the nature of this phase, it will involve a very small number of subjects. A 
simplified protocol (Generic Protocol) to study protein turnover will be applied to a group 
of 8 healthy children of 3-4 years old, from the middle class families of Guatemala City. 
It will require children with an adequate nutritional status, defined as a weight-for-height 
greater than 90% according to NCHS curves. The protocol will be applied two times, one 
week apart, to the same child. 

This phase will determine the stability of the tests in several of the physiological 
variables of interest. In addition to knowing the intra- and between subject variability of 
the tests, this will be the baseline for the calculation of sample size for the investigation 
proposed as the last phase. 

5. PLANS FOR WORK YEAR 3 and 4 

5.1. Third Phase (third and fourth year) 

Impact of clinical and subclinical infection on amino acid metabolism in relationship 
to growth and markers of the acute-phase response 

5.2. Goals 

The third phase involves the most important biological questions of this proposal. 
In this phase, two groups of children matched for age and nutritional status will be studied. 
One group will be in the acute state of infection, and the other will be free of infection. 
Until we know the variability of some of the variables of protein turnover in healthy 
children, we propose to study a tentative number of 20 children for this phase. The 
generic protocol will be applied in the same fashion as in the previous phase. 

Infection status will be characterized by using acute phase reactants, including 
cytokines IL1, IL4, IL6 and TNF. Children will be recruited from the peri-urban areas of the 
City of Guatemala, where other CeSSIAM projects are ongoing. 
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6. CONCLUSIONS 

This project will involve three aspects: 

(1) Development of a mini-metabolic-cart: the custom-designed portable 
mini-metabolic cart designed to combine the entertainment and distraction 
for the child with the tolerance of the gas-collection breathing hood to set 
the bases for turnover studies in ambulatory populations in a 
community/field setting; 

(2) The adoption and assessment of the IAEA-Generic Protocol to study amino 
acid metabolism in children at the level of field setting; 

(3) The application of the assessed IAEA-Generic protocol in children with 
subclinical and clinical infection, to study their impact in terms of amino 
acids metabolism. 

REFERENCES 

[11 CABALLERO, B., SANDLER, R.. DENG, M.H.. WURTMAN, R.J., Phenylalanine 
metabolism in humans: a reciprocal labelling study using 1 3C and 3,3-2H3 tracers. 
The FASEB J. 5 (1991) A564 (abstract). 

[2] MATTHEWS, D.E., MOTIL, K.J.. ROHRBAUGH, D.K., BURKE, J.F., YOUNG, V.R., 
BIER, D.M., Measurement of leucine metabolism in man from a primed, continuous 
infusion of L-1-"-leucine. Am. J. Physiol. 238 (1980) E473-E479. 

[31 MOTIL, K.J.. MATTHEWS, D.E., BIER, D.M., BURKE, J.F., MUNRO, H.N., 
YOUNG, V.R., Whole-body leucine and lysine metabolism: response to dietary 
protein intake in young men. Am. J. Physiol. 240 (1981) E712-E721. 

[4] SHETTY, P.K., ISMAIL, M.N., Application of stable isotopes in human nutrition 
research in developing countries, (HIN, C.Y., WAI, T.N.K., SIONG, T.E., 
NOOR, M.D., Eds), Proc. of the VI Asian Congress of Nutrition. Nutritional 
Challenge and Frontiers Towards Year 2000. Kuala Lumpur, The Nutrition Society 
of Malaysia (1992) 114-116. 

[51 MINISTERIO DE SALUD PUBLICA Y ASISTENCIA SOCIAL-INCAP: Encuesta 
Nacional de Salud Materno Infantil 1987. Guatemala (1989). 

(61 SCRIMSHAW, N.W., TAYLOR, C.E., GORDON, J., Interaction of Nutrition and 
Infection, WHO Monograph Series No. 57, Geneva, WHO (1968). 

[7] BEISEL, W.R., Metabolic response to infection, Ann. Rev. Med. 26 (1975) 9-20. 

(81 WATERLOW, J.C., "Methods of measuring protein turnover". Nitrogen Metabolism 
in Man (WATERLOW J.C., STEPHEN, J.M.L., Eds), Applied Science Publishers, 
London (1981) 279-288. 

[91 FERN, E.B., GARLICK, P.J., MCNURLAN, M.A., WATERLOW, J.C., The excretion 
of isotope in urea and ammonia for estimating protein turnover in man measured 
with ,5N-glycine, Clin. Sci. 61 (1981) 217-228. 

69 



[101 TOMKINS. A.M., GARLICK, P.J.. SCHOFLELD. W.N.. WATERLOW, J.C.. The 
combined effects of infection and malnutrition on protein metabolism in children, 
Clin. Sci. 65 (1983) 313-324. 

1111 GRAZIOSO. C.F., ROMERO-ABAL. J.C., VALDEZ. C , VASQUEZ. A., BULUX, J. , 
The timing and magnitude of growth faltering in peri-urban toddlers and 
preschoolers in Guatemala. The FASEB J. 7 (3) (1993) 283 (Abstracts). 

[121 MARTORELL, R., HABICHT, J.P., "Growth in early childhood in developing 
countries". In: Human Growth: a Comprehensive Treatise (FALKNER, F.. 
TANNER, J.M., Eds). 2nd edition. Plenum Press, New York 3 (1986) 241-62. 

[131 VALDEZ, C , MAZARIEGOS. M.. GRAZIOSO. C.F.. SOLOMONS. N.W., Prevalence 
of apparent and inapparent infections in preschool children in a peri-urban 
community of Guatemala. Bulletin of Abstracts of the National Committee for the 
Blind and Deaf of Guatemala 4 (1 ) (1993) (Jan-Apr). 

[141 WINTERER, J., BISTRIAN, B.R., PHINNEY, S.D., BLACKBURN, G.L., YOUNG, V.R., 
Whole body protein turnover, studied with 1sN-glycine, and muscle protein 
breakdown in mildly obese subjects during a protein-sparing diet and a brief total 
fast, Metab. 29 (1980) 575-81. 

[151 HOFFER, L J . , BISTRIAN, B.R.. PHINNEY, S.D.. BLACKBURN, G.L., YOUNG, V.R., 
"Whole body protein turnover studied with 15N-glycine, during weight reduction by 
moderate energy restriction", Amino Acids: Metabolism and Clinical Applications 
(BLACKBURN, G.L., GRANT, J.P., YOUNG, V.R., Eds), John Wright-PSG Inc., 
Boston (1983) 48-54. 

1161 YOUNG, V.R., MUNRO, H.N., 3-Methylhistidine and muscle protein turnover. An 
overview. Fed. Proc. 37 (1978) 2291-2300. 

[171 CLARKE, J.T.R., BIER, D.M., The conversion of phenylalanine to tyrosine in man, 
Metab. 31 (1982) 999-1005. 

[181 FITZGERALD, S.L., GIBSON, R.S., THOMPSON, L.U., QUAN DE SERRANO, J. , 
P0RTOCARRER0, L, VASQUEZ, A., ZEPEDA, E., LOPEZ, C.Y., SOLOMONS, N.W., 
Trace element intakes and dietary phytate/Zn and Ca X phytate/Zn millimolar ratios 
of peri-urban Guatemalan women during the third trimester of pregnancy. Am. J. 
Clin. Nutr. 57 (1993) 195-201. 

70 



140 
130 
120 H 
110 
100 
90 
80 
70 H 
60 
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Linear growth pattern in peri-urban Guatemalan girts. Median length or 
height (cm) per age (mo) is compared to the reference curve from NCHS. 
Data obtained by a cross-sectional study. 
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GROWTH CURVE 
PERIURBAN GUATEMALAN BOYS 
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Linear growth per year in peri-urban Guatemalan boys. Filled bars show the 
linear growth per year expressed as percent of the reference population 
(NCHS) (Uank bars), for each specific age group. Data obtained by a 
longitudinal study. 
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Abstract 

Chronic undernutrition in man leads to adaptive responses which could 
reduce the requirements for dietary energy and protein. It is also possible 
that these adaptive responses, which are economical in nature, could lead 
to a decreased capacity for combatting stress. Undernourished people are 
more susceptible to infections, and during these stresses, show different 
patterns of protein and energy metabolism from wen-nourished subjects. 
Animal models have clearly shown a Unfinished response to tissue injury, 
in terms of the anabolic acute phase response. It is proposed to study the 
effect of prior nutritional status on the degree to which an infective stress 
stimulates the acute phase protein synthesis by the Over. In addition, the 
supply of amino acids to the liver in conditions of stress could come from 
the breakdown of body tissue proteins, particularly muscle. It is intended 
to study muscle protein turnover by the use of ,3C-leucine in indemourished 
subjects under conditions of stress. Since whole body protein turnover can 
be measured by two methods, using ,5N-glycine and ,3C-leucine, a 
comparison of these two methods will initially be made in chronically 
undernourished subjects. It is also intended to study daily energy 
expenditure in the subject by an isotopic method, i.e. the appearance of 
,3C02 in the breath after the administration of "C-bicarbonate. 

1. SCIENTIFIC BACKGROUND 

Chronic undernutrition in man is defined by a low weight for height, associated with 
short stature. The index used to assess this is the Body Mass Index 
[BMI, Wt (kg)/Ht2 (m)) and the cut-off used to define chronic undernutrition is a 
BMI <18.5 (11. Along with a reduction in body size, there are adaptive metabolic 
responses, such as a decreased thermogenic response to noradrenaline (2), as well as a 
slightly smaller stress response to elective surgery (31. Chronic infections like tuberculosis 
could also lead to altered responses, and studies of chronically undernourished men 
recently diagnosed to have pulmonary tuberculosis have shown that the anabolic switch 
from the fasted to fed state, when using "C-leucine infusions to study protein turnover, 
was reduced (41. 

It is also well known that undernourished people are more susceptible to infections. 
During periods of infection or stress, undernourished subjects may show different patterns 
of protein and energy metabo'ism and acute phase protein anabolism (rats). This may also 
be dependent on their habitual dietary intakes, as well as on hospital intervention diets. 
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It is of considerable importance to investigate these problems in order to have a better 
understanding of nutritional needs of chronically undernourished patients with different 
diseases. 

Following infection or injury, there is a loss of body protein [5], which is presumed 
to be from the skeletal muscle protein mass. These losses are probably related to the need 
for fuelling protein synthesis elsewhere in the body, and are probably mediated by 
cytokines [6,7] and stress hormones like glucocorticoids and catecholamines. 

While it is a reasonable presumption that this mobilization of muscle protein confers 
an adaptive advantage to tne person by fuelling other obligatory anabolic processes in the 
body, it is also reasonable to assume that, given the lower stress responses shown by 
undernourished individuals, there could be a reduced catabolic response to the stress in 
these subjects, and therefore, a smaller mobilization of amino acids. 

The use of vaccination as a method to produce a controlled immune activation 
offers the possibility of performing paired studies. Typhoid vaccine causes demonstrable 
acute responses such as local pain, and in most cases, fever, and could be an effective 
way of increasing acute phase protein synthesis, as well as muscle catabolism. 

It is important to correlate the anabolic acute phase response with the catabolic 
response in patients with an acute response (as after vaccination), as well as with actual 
wasting diseases like tuberculosis. Initial studies have already been carried out on such 
patients, immediately after diagnosis, on the catabolic response, and difference in the 
anabolic response to feeding have been documented [4]. This is similar to, but not exactly 
the same as responses to wasting diseases like AIDS in a well-nourished population. 

2. SCOPE 

The scope of the project is as follows: 

(a) To compare methods of measuring protein turnover using 13C-leucine and 
15N-glycine; 

(b) to compare protein turnover rates before and after acute infectious stress 
in malnourished and well-nourished individuals; 

(c) to compare protein turnover rstes and rate of acute phase protein synthesis 
in chronically undernourished patients with chronic disease (tuberculosis) 
and after remission of the disease; 

(d) to validate a ,3C-bicarbonate method to measure total daily energy 
expenditure. 
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3. METHOD 

3.1 Study design 

It is planned to study chronically undernourished and well-nourished young adult 
men at two time points, once when the subjects are clinically well and once 24 hours after 
the administration of typhoid vaccine (to acute infection stress). Alternately, in patients 
with chronic disease, the subjects will be studied once, soon after the disease is diagnosed 
by clinical and laboratory investigations (before treatment) and once after they are clinically 
in remission. 

3.2 Subjects 

Chronically undernourished men will be recruited on the basis of their short stature 
(< 165 cm), low BMT (< 18.5) and socio economic status. They will be recruited from a 
local area and will be manual labourers on daily wages. The subject will be screened by 
past medical history, clinical examination, and laboratory investigation (ESR) to exclude 
any disease. Chronically diseased patients will be recruited from the medical ward of St. 
John's Medical College Hospital. After recruitment of the subjects, the protocol will follow 
over the next five days. 

Initially, simultaneous assessments of 15N-glycine*and 13C-leucine methods of 
measuring protein turnover will be done. This will allow us to make comparisons of both 
methods in normal and chronically undernourished subjects. 15N-glycine (5//g/kg/hr) will 
be administered orally for 21 hours and urine samples collected in a fasting and fed state. 
13C-leucine will be administered as a prime (2 mg/kg) continuous infusion in a dose of 
2 mg/kg/hr and breath and blood samples will be collected after 8 hours of infusion in the 
fasted and fed state. 15N-Urea/Ammonia will be analyzed at the Mass Spectrometer (MS) 
facility at the Nutrition Research Centre, St. John's Medical College. In the leucine study, 
1 3 C0 2 will be analyzed in the MS facility at the Nutrition Research Centre, St. John's 
Medical College, while 13C-leucine blood samples will be analyzed by GC-MS at the Rowett 
Research Institute (RRI), Aberdeen, UK. 

3.3 Methodology 

The bicarbonate method is essentially an isotopic-dilution technique involving either 
a radioactive isotope of carbon ( 1 4C0 2) or a stable isotope of Carbon ( 1 3C0 2). When 
labelled bicarbonate is infused into the body at a known race, it will mix with and be 
'diluted' by endogenous C0 2 produced by the tissues of the body before it is expired in 
breath. The extent of this 'dilution' (the specific activity of 1 4 C0 2 or enrichment of 1 3C0 2) 
is used to calculate C0 2 production. When a constant infusion of labelled bicarbonate is 
given, C0 2 production can be estimated from the mean specific activity in equation 1 (8). 

Label infused 
C0 2 Produced = 

Specific activity of C0 2 

This simple equation assumes that the labelled C0 2 (bicarbonate) infused into the 
body is totally recovered in expired air after mixing in a single pool of C0 2 with unlabelled 
COj produced by the tissues of the body. 
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The recovery of the infused bicarbonate as breath C 0 2 is reported to range between 
80 - 94%. In the study in Cambridge, C 0 2 recovery was reported to be 95% 
(Elia, M., personal communication). Thus, a more appropriate equation for CO 2 production 
would be: 

Label infused 
C 0 2 Production = X f 

Specific activity of C 0 2 

where f is the fractional recovery of C 0 2 in breath. 

It is possible to use urea as a sample for C0 2 enrichment measurements. This is 
because C 0 2 is trapped in urea in the same enrichment as in the breath. Thus, pooled 
urine samples can be used to give integrated energy expenditure measurements over 
nominated time periods. Preliminary experiments with radioactive U C show that the 
recovery of label in urea is 95% in normal subject (Elia, M., personal communication). This 
has not been tested with 1 3 C. 

The methodology therefore, is to validate the method initially, followed by 
application. The validation of the technique will be carried out using six subjects who will 
be studied in a whole body calorimeter for a period of 48 to 72 hours whilst receiving a 
constant subcutaneous infusion of labelled bicarbonate. The subjects will follow regulated 
protocols in the chamber, and will be given diets based on their BMRs. Urine samples will 
be used for measuring specific activities. These specific activities will in turn be used to 
predict energy expenditure which will be measured continuously by indirect calorimetry. 
Essentially, measurements made from urine collection will be used to estimate total energy 
expenditure. At the same time, the recovery of infused 1 3 C 0 2 (as bicarbonate) will be 
assessed by continuous collection of calorimeter air and by intermittent 'spot breath 
samples'. 

Once the tracer technique is validated, the technique will be applied to 
undernourished patients with chronic infections (tuberculosis). The combined use of the 
tracer technique and measurements of BMR will enable calculations to be made of the 
distribution of Total Energy Expenditure between BMR and activities plus thermogenesis. 

Once CO 2 production can be estimated, values for energy expenditure are derived 
from food quotients values and energy equivalents of C0 2 . 

3.4 Laboratory analysis 

Most isotopic enrichment measurements will be carried out at the Nutrition 
Research Centre, St. John's Medical College. 1 3 C 0 2 in breath, 1 5 N in urea and ammonia 
will be performed in a combustion gas isotope mass spectrometer. 

3.5 Institutional responsibilities 

Ethical approval for the studies will be obtained from the ethics committee of St. 
John's Medical College. The entire clinical part of this study will be performed there. In 
addition, analysis of the breath for enrichment of 1 3 C 0 2 and of urine for enrichment of urea 
and ammonia, will be performed by combustion gas isotopic ratio mass spectrometry at 
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St. John's Medical College. The rest of the laboratory analysis will be performed in 
Houston and the Rowett Research Institute, Aberdeen, UK. 
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Abstract 

Our goal is to determine how the stress of infections alters the adaptation 
to reduced food intake in children. We think that an important element is 
the need for hepatic synthesis of rapidly turning over acute-phase proteins, 
a critical factor in overall maintenance of host defenses. When the child's 
prior intake has been adequate, even though growth may temporarily cease, 
the presence of adequate amino acid stores in tissues allows the hepatic 
response to stress to be maintained at the same time as an adequate rate 
of synthesis of nutrient transport proteins. However, when the immune 
system is activated in a child whose nutrition is already suboptimal, the 
ability of the liver to synthesize nutrient transport proteins is compromised 
thereby further impeding nutrient utilization. We will use stable isotope 
tracer methodology to determine the effects of severe protein energy 
malnutrition, with ani without infection, on the rates of synthesis of 
nutrient transport prcteins and acute-phase proteins in undernourished 
children at three timo points during treatment; in the early resuscitative 
period, after appetite has returned, and at the end of the catch-up growth 
phase when normal growth has resumed. 

1. SCIENTIFIC BACKGROUND AND SCOPE 

Severe malnutrition is a significant health care problem in developing countries, 
because it is a major contributor to the high mortality and morbidity of early childhood 
[1-4). When food intake is reduced, the body adapts by sacrificing redundant capacities 
of organ and functional systems to bring nutrient demand in line with nutrient supply. 
Infection, however, disturbs this reductive adaptation by increasing demand, thereby 
upsetting a fragile equilibrium, and precipitating the classical syndromes of severe Protein 
Energy Malnutrition (PEM). Delineation of the interaction between the processes of 
reductive adaptation and the response to the stress of infection is necessary in order to 
quantify the impact on nutrient needs. Such information can be used in selecting 
strategies to prevent severe PEM in marginally nourished populations who are "at risk" to 
recurrent infections. 

Both inadequate nutrition and the stress associated with even minor infections have 
a deleterious effect on normal growth. The stress of infections alters the nutrient 
requirements of the child in ways which have not been quantified. The process leading 
to severe childhood PEM often involves repeated episodes of infections, with very little 
recovery in the intervening periods (5). The cumulative demand for more nutrients can 
exceed the body's ability to supply from stores, especially in the presence of reduced food 
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intake. This state of inequality marks the point at which loss of adaptation occurs. While 
the importance of the interaction between nutrition and the immune system is well 
recognized, the mechanisms whereby they interact are poorly understood. Kwashiorkor 
is a syndrome at the upper extreme of severity along the spectrum of childhood PEM, in 
which poor nutritional status and infection interact [1,3.5]. For this reason, we propose 
to use it as a model to investigate the limits of adaptation to reduced nutrient intakes 
which might be imposed by the demands of the stress response to infection. 

With repeated episodes of stress, the increase in obligatory nutrient needs 
compromises the ability of the child to adapt successfully to reduced food intake. This 
extreme condition is characterized by suboptimal liver function (6), and a substantial 
reduction in the levels of plasma proteins that are responsible for the transport of absorbed 
nutrients to sites of utilization, thereby further impeding nutrient utilization (5,7]. Although 
the underlying mechanism(s) of the impact of stress on nutrient requirements is poorly 
characterized we are proposing that an important element is the need for the hepatic 
synthesis of rapidly turning over acute-phase proteins, a critical factor in overall 
maintenance of host defenses. When the child's prior intake has been adequate, even 
though growth may temporarily cease, the presence of adequate amino acid stores in 
tissues allows the hepatic response to stress to be maintained at the same time as an 
adequate rate of plasma protein synthesis. However, when the immune system is 
activated in a child whose nutrition is already suboptimal, the ability of the liver to 
synthesize nutrient transport proteins is compromised to the ultimate detriment of the 
individual. In this project we propose to test three hypotheses: 

(1) That PEM leads to a reduction in the rate of synthesis of nutrient transport 
proteins. 

(2) That the synthesis of these proteins, although lower, is adequate for the 
maintenance of a successful metabolic adaptation unless the child is also 
subjected to the stress of infection(s). 

(3) That the extent to which synthesis of transport proteins is impaired, is 
related to the degree of increase in rate of synthesis of acute-phase 
proteins. 

Specific experiments will be performed in undernourished children before, during 
and after recovery from severe PEM: 

(1) To determine that the plasma levels of nutrient transport proteins, albumin, 
retinol binding protein, transtyretin, transferrin, VLDL-apoB-100 and 
HDL-apoA-1 are decreased in kwashiorkor because rates of synthesis are 
suppressed, whereas in marasmics, the plasma levels are within the normal 
range because rates of synthesis are maintained constant. 

(2) To determine that the normal relationship between the rates of synthesis of 
the nutrient transport proteins, albumin, retinol binding protein, transtyretin, 
VLDL-apoB-100 and HDL-apoA-1 and the acute-phase proteins, fibrinogen, 
<x 1-antitrypsin, oc1-acid glycoprotein, and haptoglobin is reversed in 
kwashiorkor. 
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Experiment (1) will also serve to validate a new technique to measure rate of 
synthesis of hepatic synthesized plasma proteins using U-,3C-glucose as tracer. 

2. METHODS 

2.1. Study description 

During the next year we plan to study two groups comprising 6 marasmic and 6 
kwashiorkor patients at 3 time points during hospitalization. 

The first study (study 1) will be performed during the acute resuscitative period, 
post-admission day 1 or 2, when the patient is evaluated as being clinically stable and 
starts tolerating a maintenance diet of 0.75 g protein and 100 Kcal/kg/d. 

The second study (study 2) will be performed at the time when appetite returns, 
usually 3 to 6 days post-admission, the patient will still be on the maintenance diet. 
He/she will have lost oedema, (may be free of infections), and have a stable body weight. 
This study will enable us to determine underlying differences between the two syndromes 
when homeostasis has returned. That is, using the return of appetite as an indicator of 
physiological wellness. If appetite does not return by 7 days, the patient will be studied 
anyway on day 7, and again when appetite has returned. 

The third study (study 3) will be done at the end of the period of accelerated 
growth when the patient's growth rate returns to normal, - 3-4 g/kg/day, and body weight 
for height is > 90 % of the reference median. At this point, the patient will be classified 
as fully recovered. 

For all studies, the patient will be on the same diet of 0.75 g protein and 100 
Kcal/kg/d. In study 2 and 3 the patient will be placed on this diet for 3 days. The 
experiment will be performed on the last day. 

Although it may not be feasible to perform all three studies in the same patient, 
attempts will be made to conduct at least the first two. 

2.2. Isotope Infusion Protocol 

In the first series of studies the stable isotopes U-uC-giucose and 2H3-leucine will 
be used to measure rate of synthesis of hepatic secreted nutrient transport and acute 
phase proteins. The rationale is explained in the project statement. 

The isotope will be infused for eight hours during which time the patient will receive 
equal hourly feeds or continuous feeding through a nasogastric tube (Fig.1). One 
22-gauge, 2.5 cm long plastic catheter (Angiocath, Deseret Medical Inc.) will be placed in 
a peripheral vein and used for blood sampling. The sampling catheter will be kept patent 
with a saline drip. After a 2 ml baseline blood sample is drawn, a primed-constant infusion 
of the U-13C-glucose (prime = 160 //mol/kg; infusion rate = 120 //mol/kg/h) and 
*H3-leucine (prime = 45 //mol/kg; infusion rate = 45 //mol/kg/h) will be started and 
maintained for eight hours via the nasogastric tube. 
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Figure 1. Diagram of isotope mfuskm protocol. 

Three more blood samples will be drawn at 2.0, 4.0, and 8.0 hours after the 
infusion starts, immediately centrifuged at 0-4 °C, plasma separated and stored in plastic 
tubes at -40°C for later analysis. 

2.3. Sample Analysis 

2.3.1. Sample Collection 

Blood will be drawn in pre-chilled tubes containing Na2EDTA, and a cocktail of 
sodium azide, merthiolate, and soybean trypsin inhibitor, in protocols 3 and 4. The 
samples will be immediately centrifuged at 4 °C, the plasma removed and stored on ice 
until the end of the infusion. The samples will be stored at -70 °C for later analysis. 

2.3.2. Plasma Proteins Isolation and concentration 

The volume of each plasma sample available for analysis will be - 1 ml. First, the 
concentration of the proteins will be determined by radial immunodiffusion techniques oily 
on the background sample . This will require a total of 100 fA of plasma. The rest of the 
plasma will then be used to isolate the proteins. First, fibrinogen will be isolated as fibrin 
from 0.2 ml of the plasma by thrombin precipitation. The remaining serum will be 
re-comtfned with the rest of plasma. Next, albumin will be extracted with acidified 
ethanol from 5//I of the remaining plasma. The rest of the plasma will be divided into two 
aliquots of 0.6 ml and 0.4 (or 0.3) ml, and used to isolate VLOL-ApoB-100, HDL-ApoA-1, 
o1 -antitrypsin, ol-acid glycoprotein, transferrin, prealbumin and retinol binding protein. 
VLDL will be removed from 0.6 ml of serum by ultracentrifugation at a density of 1.006 
g/ml, and apoB-100 will be t xtracted with isopropanol as previously described 18]. The 
density will be adjusted to 1.21 g/ml, ultracentrifuged, and HOL-ApoA-1 isolated by 
SDS-PAGE [91. The supernatant remaining after ultracentrifugation, will be used to extract 
plasma-free alanine and o-KICA. The 0.4 ml aliquot of plasma will be used to isolate the 
remaining proteins by immunoprecipitation followed by SDS-PAGE. After staining with 
Coomasie Blue, the band corresponding to the particular protein standard will be cut out, 
washed several times, and lyophilized for acid hydrolysis. 
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2.3.3. Isotopic enrichment of leucine, alanine, and alpha keto-isocaproic acid 

The dried protein precipitates and lyophilized protein-gel bands will be hydrolysed 
in 6 moi/L HCI at 110 °C for 24 hours, and the released amino acids will be purified by 
cation exchange chromatography. The isotopic enrichment (tracer/tracee ratio) of leucine 
and alanine will be determined by negative chemical ionization gas chromatography-mass 
spectrometry as previously described (10]. The amino acid will be converted to the 
n-propyt ester, heptaflourobutyramide derivative, and the isotope ratio determined by 
monitoring ions at m/e 307 to 310, and 349 to 352. The isotopic enrichment 
(tracer/tracee ratio) of plasma o-KICA will be determined by negative chemical ionization 
gas chromatography-mass spectrometry on the pentafluorobenzyl derivative by monitoring 
ions at m/e 129 to 132. 

3. CALCULATIONS AND THEORETICAL CONSIDERATIONS 

3.1. Plasma protein kinetics 

A new approach employing the infusion of U-^C-glucose will be used with a more 
conventional approach to measure the rates of synthesis of the different hepatic-
synthesized proteins. The U-'3C-glucose will be used to indirectly produce labelled alanine 
from labelled pyruvate via the alanine aminotransferase reaction. Rate of synthesis of a 
plasma protein will then be obtained from the rate of incorporation of labelled alanine, 
using the plasma alanine steady-state enrichment as an estimate of the actual enrichment 
of the intra-hepatic alanine pool from which the protein was synthesized. The rationale 
is based on previous findings in this laboratory that the plateau enrichment of hepatic 
synthesized VLDL-apoB-100 alanine and plasma alanine iar.d pyruvate) were identical [11], 
suggesting that the alanine used to synthesize export proteins in the liver is largely derived 
from plasma pyruvate. The standard precursor-product equation will be used to calculate 
fractional protein synthesis rate (%/hour): 

PEt, -PEt0 x 100 
FSR = 

Epl t,-t 3 

where PEt, - PEt0 is the increase in enrichment of protein-bound alanine or leucine over the 
period of tracer infusion t, - 1 0 , and Epl is the plateau enrichment of plasma alanine or 
ApoB-100- leucine. 

Absolute IV R.S = Total IV. Protein Mass x FSR 

where the intravascular protein mass is calculated by multiplying the plasma volume 
(estimated as 45 ml/kg) by the plasma concentration of the particular protein. 

Although three isotopomers (1-'3C-, 1,2-13C-, 1,2,3-13C-) of labelled alanine 
(produced via pyruvate) are produced from U-13C-glucose, we will use only the uniformly 
labelled species as tracer, because the steady-state enrichment of the m + 3 isotopomer 
is the least likely to be affected by recycling of isotope through glucose. First, the 
likelihood of two uniformly labelled (phosphoenol) pyruvate molecules coming together to 
form a new molecule of U-'3C-glucose will be negligible, because most pyruvate produced 
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will be unlabelled. having been produced from unlabelled glucose 112). This is so because 
the infused U-i3C-glucose will make only a minor contribution to the total amount of 
glucose produced. Second, only - 1 4 % of the labelled glucose at most will be recycled 
as 3-carbon intermediates back to glucose (12). 

4. STATISTICAL ANALYSIS 

All data will be analyzed by standard statistical methods. When •' same subjects 
are studied more than once, the paired t-test will be used to compare values obtained at 
different times during treatment. When different patients are studied, comparisons will be 
made using analysis of variance All statistical analyses will be done in close collaboration 
with a statistician. 

5. PRELIMINARY RESULTS 

Infusions were performed in a kwashiorkor child on post-admission day 3, and in 
a child during the catch-up growth phase of recovery from marasmic-kwashiorkor. Both 
children were fed a maintenance diet of 0.75 g protein and 100 Kcal/kg/d by constant 
intra-gastric infusion during the study. Preliminary results suggest that the fractional rates 
of synthesis of most of the transport proteins are markedly reduced in the malnourished 
child when compared to the recovering child (Table I). The exceptions were HDL-apoA-1 
and transferrin. On the other hand FRS of the positive acute-phase poteins are higher in 
the malnourished child. 

6, PLANS FOR FUTURE WORK 

Work on this project has just started in August of this year. Our plans are to 
complete the studies described in the present proposal over the next year. 
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TABLE I. FRACTIONAL SYNTHESIS RATE (%/H) OF ACUTE PHASE AND NUTRIENT 
TRANSPORT PROTEINS IN A KWASHIORKOR AND A RECOVERING CHILD 

Proteins Recovering Kwashiorkor 
Transport FSR (%JM 

Albumin 0.61 0.52 

RBP 4.42 1.85 

Prealbumin 1.82 1.0 

VLDL-apoB 100 21.0 14.5 

HDL-apoA-1 1.75 2.0 

Transferrin 0.86 1.07 

Acute Phase 

Fibrinogen 1.56 2.0 

Haptoglobin 1.98 4.46 

ol-acid Glycoprotein 1.25 2.04 

ol-Antitrypsin - ~ 
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Abstract 
The dietary treatment of protein-energy malnutrition fPEM) has been 
designed on an empirical basis, with outcomes for successful management 
including body weight gain and resolution of apathy. We propose using the 
measurement of protein synthesis as a more objective measure of 
renourishment. We will therefore randomize a group of malnourished 
children fweight-for-height Z score < -2.0) to receive either a standard 
(10% of calories as protein) or increased (15%) amount of dietary protein 
early in their recovery phase. We will calculate albumin synthesis rates via 
the flooding dose technique, using 13C-leucine and serial measurements of 
'3C-enrichment of albumin. Isotope infusions will be performed on days one 
and three, following a standard three hour fast. Since albumin synthesis is 
reduced under the influence of cytokines which mediate the inflammatory 
response, results will be stratified according to the presence or absence of 
clinically apparent infections. We hypothesize that the provision of added 
dietary protein will optimize albumin synthesis rates in PEM as well as 
attenuate the reduction in albumin synthesis seen in the presence of 
infections. 

1. SCIENTIFIC BACKGROUND 

Protein-energy malnutrition (PEM) is one of the most common nutritional deficiency 
syndromes in the world, affecting approximately 100 million children less than age five in 
developing countries [1]. It is responsible for up to 50% of childhood mortality in such 
populations, being closely entwined with the concurrent morbidities of enteric and 
respiratory infections. Despite extensive scientific study of the multiple metabolic 
derangements in PEM (2], nutritional repletion of these patients has been designed largely 
on an empirical basis. In general, after correction of the several acute complications of 
PEM (dehydration, hypoglycaemia, hypothermia, and sepsis), re-feeding is o*;en done by 
gradual advancement of a milk-based diet. The rapidity of this process is dictated by 
gastrointestinal tolerance of the volume and strength of feeds. The ultimate success of 
nutritional repletion is usually judged by important but imprecise measures of well-being: 
weight gain, return of appetite, and resolution of apathy/return of playfulness [3]. 

Current recommendations for repletion reflect this state of affairs: a broad range 
of calories (100 - 150 kcal/kg/day) and pvotein (2 - 3 g/kg/day) is suggested, and no 
rational basis is given for a plan of dietary advancemenr. Basic questions regarding the 
proper nutritional management of malnourished patients remain incompletely answered, 
such as the ideal quantity of calories and protein in their diet, the optimal ratio of calories 
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to protein, the quality of protein, and the desired amounts of micronutrients (vitamins and 
minerals). In practice, the adequacy of caloric intake is usually assessed by weight gain, 
but there is evidence thai lean body mass is not always optimized by such diets 14). 
Assessment of protein status can be done by nitrogen balance techniques, but this method 
is both cumbersome and prone to inaccuracies [51. Another common measurement of 
protein status is serum albumin, but serum concentrations of proteins depend on rates of 
synthesis, degradation, and redistribution among body compartments [6]. A more 
sensitive assessment of protein nutriture would be the measurement of protein synthesis 
rates. 

Since PEM has classically been conceptualized as either hypoalbuminemic 
malnutrition (kwashiorkor) or normoalbuminaerric malnutrition (marasmus), the focus of 
many studies has been on albumin metabolism. In one of the earliest such studies, Cohen 
and Hansen [7] injected radioactively labelled albumin and followed decay curves to 
demonstrate that children with kwashiorkor had markedly reduced albumin synthesis rates 
(mean 0.84 gram/day). Upon nutritional recovery, these rates lose significantly (mean 
2.49 grams/day). Experimentally-induced protein depletion was also shown to reduce 
albumin synthesis and catabolism rates [81. 

James and Hay 191 further defined the response of malnourished children to dietary 
intake by measuring albumin synthesis and catabolism, again using ' 3 1 1 . Both malnourished 
and recovered children were fed 2.0 - 4.8 g/kg/d of protein for 7 - 10 days before being 
given a low protein diet (0.7 -1 .0 g/kg/d). Albumin synthesis rates during the latter period 
averaged 101 mg/kg/d in the malnourished group versus 148 mg/kg/d in the recovered 
group. Of note, when a high protein diet was re-introduced, synthesis rates jumped up 
quickly (to 288 and 236 mg/kg/d, respectively), while catabolic rates lagged in their 
response. These data strongly suggest that albumin synthesis rates change rapidly with 
regard to amino acid availability, whereas changes in albumin catabolism are more slowly 
made and thus likely regulated by alternative mechanisms. 

The advent in the 1960's of isotopic labelling of amino acid precursors made it 
possible to directly measure albumin metabolism [ 10]. Studies in rats using U C to measure 
albumin synthesis further delineated the metabolic changes of protein depletion. Kirsch, 
et al. [11] showed a gradual reduction in albumin synthesis rates over 12 days on a 
protein-free diet, with a dramatic return to normal or supra-normal rates in the first 24 
hours of re-introduction of dietary protein. Albumin catabolic rates returned to normal 
more slowly, over 3 to 6 days. Further studies in protein depleted rats [12, 13, 141 
showed that hepatic microsomal albumin content (a measure of synthesis) increased by 
50% within 30 minutes of re-feeding, and that as little as 18 hours of fasting lead to a 
4 0 % - 50% reduction in synthesis rates. 

Unfortunately, several aspects of these early isotopic tests limit their usefulness in 
human research. Constant rate infusions of the label over 24 hours or longer are needed, 
and measurement times are also prolonged (4 to 6 hours). In conditions where albumin 
metabolism may be in flux, such methods may obviously not be optimal. In addition, the 
use of radioactive isotopes in children is now generally thought to be unethical. Non
radioactive (so-called stable) isotopes have been devised to solve these problems. By 
injecting a "flooding dose" [151 of 13C-labelied leucine and measuring subsequent 
enrichment of plasma albumin, measurements of albumin synthesis rates can be performed 
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in 90 minutes. Reports in the literature include data from adult men [16] and neonates but 
not children with PEM. 

By using the technique of stable isotope infusion, we will be able to more clearly 
delineate dietary protein requirements among recovering malnourished children. By 
comparing refeeding regimens differing in protein content, we will be able to show how 
dietary changes affect serum protein synthesis. In conjunction with standard assessments 
of nutritional adequacy (i.e., w j h t gain, anthropometric status), evaluation of albumin 
synthesis rates will allow the design of the optimal recovery regimen. In addition, we will 
be able to assess the influence of age, nutritional status, and presence of infection as co-
factors in determining protein requirements. 

2. METHODS 

2 . 1 . Site and Patient Population 

A prospective study amot.g inpatients at the Instituto de Investigacidn Nutricional 
is proposed. The Instituto is an independent nutritional research unit in Lima, Peru which 
specializes in the care of patients with chronic diarrhoea and malnutrition. Children 
between the ages of 6 - 24 months with growth failure due to PEM (weight-for-length 
Z score < - 2.0) will be eligible for study participation. Both males and females will be 
eligible. Since abnormal extravascular collections or losses of albumin may invalidate the 
measure of albumin synthesis, children with ascites, severe oedema, or proteinuria will be 
excluded. Patients with signs of hepatic dysfunction (jaundice or elevation of serum 
transaminases to more than twice the upper limit of normal) will be ineligible. In addition, 
any condition in which the proposed study might jeopardize a patient's health or would 
interfere with the conduct of the study will be an exclusion criterion. Children with fever, 
diarrhoea, or vomiting will not be excluded; these are often concomitant findings in PEM 
and we are interested in defining a range of values for albumin synthesis in these patents. 

2.2. Clinical and Biochemical Considerations 

Since animal models and prior human experience suggest that albumin synthesis 
rates can vary with many factors, standardization and measurement of them will occur as 
follows: 

Age 

Age will be recorded in days and confirmed by documentation brought by the 
caretaker. 

Nutritional Status 

Anthropometric measurements will be used to categorize the extent of malnutrition, 
using weight-for-height, as well as weight-for-age and length-for-age of NCHS standards. 
Mid-upper arm circumference and triceps skinfold measurements will also be performed. 
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Presence of Infection 

Since even subclinical infections can adversely affect nitrogen balance, albumin 
synthesis rates may well be depressed by the presence of infections. In addition, many 
children with PEM suffer from diarrhoea, otitis media, pneumonia, and other infections. 
Therefore, evidence for the presence or absence of infections will be diligently sought. 
Admitting laboratory tests will include complete blood count with differential, erythrocyte 
sedimentation rate, chest x-ray, and cultures of urine, blood, and stool. The admitting 
history and physical exam and subsequent hospital course will determine whether clinically 
apparent infections exist, and these diagnoses will be documented. The clinical judgement 
of the admitting physician will determine the need for parenteral or oral antibiotics. Final 
results will be stratified according to the presence or absence of infections. 

Growth Rate 

Daily weights will be obtained on all subjects for the duration of their 
hospitalization. Absolute (g/day) and proportional rates (g/kg/day) of v eight gain will be 
measured. Body weights will be obtained on a digital scale each mor.iing. Lengths will 
be measured by a recumbent board and sliding foot piece. 

Acute Dietary Intake 

Since rates of protein synthesis vary greatly with recent food intake, a standard 
three hour fast will precede all isotope infusions. Total volume eaten at each feeding will 
be recorded and the measurements used to calculate total nutrient intake. 

Dietary Composition 

Current guidelines for re-feeding children at the Instituto call for a rice and milk-
based diet, beginning at 75 kcal/kg and advancing as tolerated. We propose randomizing 
patients between two groups: a standard protein intake (10% of calories) and a high 
protein intake (15% of calories). A vitamin and mineral supplement will be provided to all 
subjects. 

Standard Diet: 

Davs Energy (kcal/kq) Protein (q/kg) 
1 75 1.9 
2 125 3.2 
3' 125 3.2 

High Protein Diet: 

Days Energy (kcal/kq) .-'rotein (o/kg) 
1 75 2.8 
2 125 4.7 
3' 125 4.7 

'first bottle of the day only 
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Intolerance to dietary advancement characteristically presents itself by high stool 
volumes. Therefore, if stool output exceeds 100 g/kg/day, dietary intake will not be 
advanced as outline above. If high stool output leads to dehydration, the patient will be 
treated with oral or intravenous fluids as thought necessary. 

Serum albumin and osmo/arity 

These will be measured on days one and three. 

2.3. Data Collection 

Determination of albumin synthesis rates will be done via , 3C-labelling of leucine as 
described by Ballmer et al. [16] on the first and third days of hospitalization. Infusion of 
the stable isotope will be done via a peripheral vein. If an intravenous line is needed for 
fluid support or antibiotics, this IV may be used. Alternatively, a butterfly needle can be 
introduced temporarily. Blood samples (1 mL each) will then be drawn at time 0, 15, 30, 
60, and 90 minutes after infusion. Serum will be spun down, and samples stored for later 
analysis via mass spectrometry at MIT. 

2.4. Measurements and Calculations 

Isolation of 1 3C-enriched albumin for mass spectrometry will be accomplished as 
follows: After the serum is thawed, albumin will be extracted by differential solubility in 
absolute ethanol from trichloroacetic acid-precipitated protein 117]. The purity of the 
protein preparation will be confirmed by high-resolution polyacrylamide electrophoresis. 
The precipitates will be hydrolyzed in 6 M HCI for 24 hours and the hydrolysates 
derivitized with N-Methyl-N-(tert-butyldimethylsilyl)-trifluoroacetamide chromatography. 
The leucine will be decarboxylated with ninhydrin and the 1 3C enrichment of the released 
UC02 will be measured by gas isotope ratio mass spectrometry. 

The rate of incorporation of labelled leucine into albumin can be expressed by the 
following steady state equation [18]. 

— *kf<Jt-(ksk)Pdt (1) 
or 

where P represents the isotopic enrichment of the product pool (albumin) and F the 
enrichment of free amino acid in the precursor pool, k, and k, are first order rate constants 
signifying the rate of albumin synthesis and transcapillary escape, respectively, both being 
expressed as fractions of the intravascular pool. However, calculations from Ballmer et al. 
[16] have shown that transcapillary escape may be safely ignored, given the brief time 
course of the infusion and measurements. Thus: 

=£=*/W (2) 
at 
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Integrating and rearranging, we have 

kr-z—~ (3) * r 
[Fdt 

where the denominator is equivalent to A, the area under the precursor enrichment time 
curve between appropriate times. The time points t, and t 2 for measuring the increase in 
albumin enrichment are chosen where incorporation of the label is close to linear (fig. 1). 

The final form of the equation used to calculate albumin synthesis is therefore: 

* = F S f ? = - ^ l ^ x 1 0 0 % (4) 

where FSR is the fractional rate of albumin synthesis (expressed as percent of whole body 
pool per day). 

3. RESULTS 

Enrollment in the protocol began in September 1993 and is ongoing. Serum 
samples are being collected and stored for later analysis via mass spectrometry. 

4. PLANS FOR FUTURE WORK 

The technique described above may easily be adapted to measure the synthesis 
rates of hepatic export proteins other than albumin. Other proteins, such as the acute 
phase reactants alpha-1-antitrypsin and C-reactive protein, could be measured in a similar 
fashion. In addition, the synthesis of retinol binding protein, transferrin, and other carrier 
proteins could be assessed. Whether and how micronutrient deficiencies and/or 
supplementation bear upon the synthesis of their respective carrier proteins would clearly 
be of interest. 

In addition, further studies of recovery diets in PEM may be made, using protein 
synthesis rates as a standard by which to measure these diets. Our current work 
compares protein quantity, but protein quality could also be assessed by these methods. 
More precise estimates of amino acid requirements in the setting of recovery from PEM 
may also be made in this manner (19). Finally, the quantification of protein synthesis rates 
in the presence of infections holds the promise of improving our understanding of how 
nutritional support may modify the body's response to infections [20]. 
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ABSTIACr 
All infections no matter how mild decrease nutrient intakes and increase nutrient losses even when 

subclinical. The losses include rirnrisnl jmrtrinal absorption, direct loss of nutrients in the gut. internal 
diversion for metabolic response* to infection and increased BMK when fever is present. Infection influences 
in this way not only protein and energy status but also that of most other nutrients. The clinical importance 
of these consequences of infection depends on the prior state of the individual, the nature and duration 
of the infection and the diet of the individual during the infection, particularly dietary intake during the 
convalexnt neriod and whether full reeovny takes place before another infection occurs. In industrialized 
countries particular attention must be paid to the nutrition of hntpiralrwrl patients since they are frequently 
debilitated by their primary disease, morbidity, and their nutritional status. Morbidity and mortality are 
increased by nosocomial infections to which the poorly nourished individual is more susceptible. 

Key words: nutrition; infection; parasitic disease; nutritional status; diarrhea; respiratory disease; 
immune status; physical performance; cognitive performance. 

The WHO Monograph "Interactions of Nutrition 
and Infection" (Scrimshaw et al., 1968) presented 
extensive evidence that all infections, no matter how 
mild, affect energy intakes and requirements through 
a number of mechanisms. Moreover, the presence 
of an infection is more likely to be responsible for 
nutritional disease than a shortage of food. During 
the recovery pl»4$c, however, the quantity and quality 
of food available is usually the limiting factor. For 
rapid recovery, protein and calorie intake during 
this period must be greater than for the uninfected 
individual. 

Failure to recover adequate nutritional status 
may be due either to low iood availability or to a new 
infection following closely. As the 1968 Monograph 
also pointed out, the probability of additional infec
tions is increased for individuals in poor nutritional 
status by two factors. One is that the same social 
and environmental circumstances that lead to mal
nutrition are likely also to increase the probability of 
frequent exposure to infection. The other reason is the 
reduced resistance to infection in the malnourished. 

While this chapter focuses only on the effects of in
fection on nutritional status, the relationship between 
malnutrition and infection in human populations is 
synergistic. Each worsens the other, and the result 
is generally more serious than could be predicted from 
the effects of either alone. 

Variation in Morbidity from Infectious 
Disease 

Under circumstances that vary with time and 
place, infections are frequent in some populations 
and rare in others. Regardless of the prevalence rates 
under any specific set of circumstances there is al
ways great individual variability. Nevertheless, the 
morbidity due to infectious diseases among infants 
and young children of the poor in developing coun
tries is generally very high (Chen and Scrimshaw, 1983; 
James, 1972). For diarrhea alone, rates in Pactuba, 
Brazil averaged 6.0 episodes per child per year 
(Guerrant et al., 1983), 6.1 in Matlab, Bangladesh 

'Adapted from a chapter prepared for the book International Nutrition edited by Paul Pearson add Osman Gala! 
PUBLICATION INFORMATION WILL BE SUPPLIED. 
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(Black et a/., 1984). and 7.9 in Santa Maria Cauque. 
Guatemala (Mata, 1978). Since some children have 
few or no episodes, the burden of this disease on 
many of the children is much greater than these rates 
suggest. 

Examples are shown in Figs. ' and 2 taken 
from the long-term studies of Mata (1978) in a 
Guatemalan highland village. Fig. 3 taken from 
Chavez and Martinez (1982) illustrates the frequency 
of illness for 17 children during their first three years 
of life in a Mexican village. These high infectious 
disease rates apply to most other underprivileged 
populations in Africa. Latin America, and Asia. 

In both developing and industrialized countries 
nosocomial infections are responsible for worsening 
the nutritional status of hospitalized patiems and 
thereby increasing overall morbidity and case fatality 
rates (Gorse « a/.. 1989; Scrimshaw, 1989). Not 
enough attention is paid to the significance of the high 
frequency of intercurrent infections among hospital 
patients who are already frequently debilitated and 
vulnerable. The first INCAP studies of kwashiorkor 
were conducted under conditions of several children 
to a bed in a crowded open pediatric ward. We ob
served in every case a stationary period with no 
weight gain for many weeks after initial recovery and 
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disappearance of edema (Scrimshaw « a/., 1958). After 
changing our studies to a small private hospital with 
individual cubicles to minimize cross infections, we 
never again observed this stationary period. 

Even under relatively favorable institutional con
ditions morbidity rates can be very high. Table l 
lists 108 infections in 90 days among 32 well-fed 
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Fig. 2. Weight, infections and infectious diseases of a male child. 
Top: Solid line represents weight of child; broken line 
shows median of the INCAP standard (I9S6). Length or 
horizontal lines indicates duration of infectious disease. 
Each mark shows I week positive for a oarticular infectious 
agent. Bottom: observed weight increments (vertical bars) 
and expected median increments (dots) of the standard. 

(Mata 1978) 
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Fig. 1 Weight, infections and infectious diseases of a male child. 
Top: Solid line represents weight of child; broken line 
shows median of the INCAP standard (1956). Length 
of horizontal lines indicates duration of infectious 
disease. Each mark shows I week positive for a particular 
infectious agent. Bottom: observed weight increments 
(vertical bars) and expected median increments (dots) ot 
the standard. 

(Mata 1978) 
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Fig. 3. The non-supplemented. from the third to the fifth semester, 
have some illness for as much as half of (he time. Teozon-
(eopan, Mexico. 

(Chavez and Martinez 1982) 
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TaUt 1. 108 Acute Infections Among 32 Children Aft 2 to 
Yean Observed in a "Model" Convalescent Home in 
Guatemala City for 90 Days 

Total No. Total No 
Disease Episodes Disease Episodes 

Infectious hepatitis 2 Gonococcal vaginitis 11 
Nteasks 2 Punales* otitis media 4 
Braachopceuowaia 3 Acme tonsillitis 7 
Bronchial asthma and Lppcr respiratory 

asthmatic bronchitis I ) infection 13 
Gastroenteritis 5 Fever of milriiimii origin 9 
Amebiasis 9 Urinarv iafecuon 1 
Parotitis 4 Impetigo and crUulius 13 
Chicken poi 3 Skin allergy 5 

(Unpublished INCAP data) 

TaMt 2. Illnesses Among 60 Children 2-5 Yean Old in a 6-Month 
Orphanage Feeding Study (VeUorc, 5outh India) 

Respiratory infections 43 Jaundice 4 

Fever 24 Conjunctivitis I 

Diarrhea/dysentery 14 Gingivitis 3 

Skin infection 47 Total 136 

(Pereira unpublished data) 

children 2 to 9 years old recovering from severe 
malnutrition in a model convalescent home in 
Guatemala City (Unpublished INCAP data). Table 
2 identifies 136 infections among 60 children 2 to 5 
years old in a six months supplementary feeding study 
in an orphanage near Vellor, India (E. Pereira, un
published data). The burden of infections under less 
favorable -nstitutional circumstances is even greater. 

Infection and Growth 
In children whose nutritional status is poor, 

episodes of any of the common communicable diseases 
of childhood can be devastating. The child represented 
in Fig. 4 required twenty-two weeks after the onset 
of whooping cough to regain the weight lost (Mata, 
1978). Table 3 reveals the frequency with which this 
disease retarded growth fot many weeks in children 
in the same village. 

Measles also impacts strongly on nutritional 
status causing a sharp drop in serum albumin (Dossetor 
and Whittle, 1975) and lean body mass (F. Viteri, 
unpublished INCAP data) as well as growth (Mata, 
1978). In children whose nutritional status is marginal, 
measles will reduce growth in ensuing weeks (e.g. in 
India, Kielmann et ul., 1978; Reddy et al., 1986; in 
Kenya, Duggan and Milner, 1986). 

TaMt 3. Elapsed Time f rem Onset of Whooping Cough to Return 
to Original Weight. 44 Children. 1968 

Time, weeks Number of cases Percentage 

0 - 4 6 14 
5 - « 8 II 
9-12 t It 

13-16 4 9 
17-24 7 16 
25+ li 25 

(Mata I97S) 
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Fig. 4. Deterioration of the nutritional status of a female child 
after an attack of whooping cough. Broken ;op line cor-
resoonds to the INCAP standard, solid lin- shows the 
mean weight curve for Cauque children: bottom broken 
line is observed weights of the child. O = onset of disease; 
A = weight loss; B = weight gain expeced in period 
equivalent to the length of recuperation if not attacked by 
the disease. To estimate this amount, the mean weight 
curve for Cauque children was used; the curve of the child 
was assimilated to such a curve at the time of onset. 

(Mata 1978) 

A reciprocal relationship between morb'dity from 
diarrheal and other infectious diseases and growth 
has been reported from many countries including 
India (Kielmann t al., 1978), Guatemala (Martorell 
et al., 1975; Mata, 1990), Colombia (Lutter et al., 
1989), Gambia (Rowland et al., 1977), Uganda (Cole 
and Parkin, 1977), Mexico (Condon-Paloloni et al., 
1977, Bangladesh (Black ef al., 1984), Sudan (Zumrawi 
et al., 1987). In the Guatemalan, Colombian and 
Mexican studies, the negative effect of diarrhea on 
growth was prevented by a nutritious supplement. 
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Thus when the diet is adequate, the effect of acute 
infections on growth is usually transient and they 
are usually sufficiently widely spaced to permit full 
recovery in between. 

Nevertheless, when nutritional status is mar
ginal even seemingly minor infections can influence 
growth. In a longitudinal study in India, young 
children grew significantly less well in the three-
months period during which they received multiple 
immunizations (Kielmann, 1977; Kielmann et al., 
1978). 

Precipitation of Nutritional Diseases 
by Infections 

Because of the multiple effects on nutritional 
status, infections are likely to precipitate frank nutri
tional disease in individuals whose nutritional status 
is borderline. Kwashiorkor may follow measles, 
chickenpox, (Scrimshaw et al., 1966; Scrimshaw and 
Wilson, 1960) German measles, and whooping cough. 
Diarrhea is reported from many countries to be the 
most common contributory cause of kwashiorkor 
(Scrimshaw et al., 1968; Whitehead, 1977a). This is 
the case even when not necessarily severe, because it 
may be only the latest in a long series of diarrheal, 
respiratory and other infections which progressively 
deplete the young child, when there is neither suf
ficient food or time for complete recovery between 
episodes. 

Among prisoners of war of the Japanese during 
World War II whose diet was deficient in thiamine, 
it was well known that once a prisoner developed 
diarrhea or other infection, acute beriberi was likely 
to follow (Smith and Woodruff, 1951). It was noted 
by Spicer in 1982 and strongly reaffirmed by Oomen 
(1958) that xerophthalmia and keratomalacia can be 
precipitated in children by a wide variety of common 
communicable diseases when their vitamin A- status 
is already borderline. 

How Infections Worsen Nutritional 
Status 
Anorexia 

Experience with nitrogen balance studies that 
have been disrupted by intercurrent infections reveals 
a consistent decrease in food intake. This is true 
even when efforts are made to maintain a constant 
food intake in metabolic studies, including infections 
as asymptomatic as immunization against yellow 
fever (Gandra and Scrimshaw, 1961). Moreover, this 

is a consistent effect of infection that affects not only 
protein and energy intakes but also that of most other 
nutrients. It will be a factor in precipitating clinically 
evident deficiencies of any nutrient that is already 
borderline or deficient. 

Cultural and therapeutic practices 

Withdrawal of food from individuals with fever, 
diarrhea or other symptoms of infection is an al
most universal practice that exacerbates the effect of 
anorexia. In the case of young children with diarrhea 
or febrile infection there is a strong tendency of the 
mother to withdraw solid food and substitute thin 
starch or sugary gruels that are low in protein and 
caloric density or to offer herbal decoctions of various 
sorts (Khan and Ahmad, 1986; Hoyle et al., 1980). 
In Guatemala, for example, children with measles 
are frequently given "agua de tisana" made from 
various local wild herbs. 

In field studies it is not possible to separate the 
effects of anorexia from those of deliberate withdrawal 
of food for cultural reasons (Martorell et al., 1980; 
Brisco, 1979). Table 4 from Martorell and Yarbrough 
(1983) indicates the average reduction in caloric in
take associated with the presence of specific symptoms 
of infection in Guatemalan children. The overall 
reduction was 19%. Martorell et al. (1990) and Mar
torell and Yarbrough (1983) report consistently less 
dietaiy energy intakes of Guatemalan children with 
diarrhea than those without at all periods from 15 to 
60 weeks. Mata et al. (1977) found a strong inverse 
correlation between infections and energy intake in 
the second year of life in Santa Maria Cauque, 
Guatemala. 

Table 4. Average Reduction in Intake Associated with the Presence 
of Specific Symptoms' 

Energy (kcal/day) Protein (g/day) 

average average 

Symptom effect p effect p 

SC -175 < 0 0 l -4.8 <.001 

Respiratory illness - 67 < .001 -1.0 < .007 

Diarrhea 160 < .001 -3 .0 < .001 

Apathy 175 < .001 -5.1 < .001 

'Significance testing refers to an analysis of variance where the in
dependent variables were age (1! groups) and presence or absence 
of the symptoms. The dependent variable was either energy or 
protein. Degrees of freedom were 1/3438. The findings remained 
unchanged when dummy variables for either sex or village were 
added as independent variables. 

(Martorell and Yarbrough 1983) 
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In Matlab, ' igladesh (Hoyle et al., 1980) 
caloric intakes ir children under five years of age 
during the acute stage of diarrhea were more than 
40% below those after recovery. The differences 
were greater with diarrhea caused 'jy rotavirus and 
E. coli than with cholera and Shigella (Molla et al., 
I98'a, b). In Peru, low caloric intakes decreased 
from 10% to 86% among breast-fed d 'd ren with 
diarrhea (Bentley et al., 1991). 

Many years ago Chung (1948) in New York City 
and Chung and Viscorova (1948) in Poland showed 
that, despite a decrease in both intake and absorption 
due to the infection, the loss in young children was 
very much less than when food was given. Many 
similar studies have followed (Molla et al., 1983; 
Mahalanabis et al., 1979), and it is now recognized 
and recommended that normal food intake should 
continue to be encouraged during diarrheal and other 
infections. The acute stage can be compensated for 
by providing a higher intake during the convalescent 
period (Molla et al., 1983). 

Malabsorption 

The significant decrease in absorption of nutrients 
with diarrhea is referred to above. Chung demon
strated this in New York City in 1948. Concurrently, 
Chung and Viscorova reported that when adequate 
food was provided the absorption of nitrogen in four 
children with diarrhea varied from 40% to 74% and 
that of fat from 39% to 67%. For two similar cases 
in which food was withheld absorption percentages 
were mildly negative for both nitrogen and fat. In 
the metabolic studies of INCAP, protein absorption 
was generally reduced 10% to 30% and rarely as 
much as 40%. In Bangladesh, absorption during 
diarrhea due to rotavirus averaged 43% for nitrogen, 
42% for fat, 74% for carbohydrate and 55% for 
total calories. Corresponding absorption figures for 
diarrhea due to enteropathogenic E. coli and Shigella 
were slightly higher (Molla et al., 1981a; Molla et al., 
1982). Despite the reduced absorption it is important 
to maintain food intake to the extent possible during 
bouts of diarrhea. The frequency of diarrheal disease 
in young children makes it an important contributor 
to the frequent periods of protein and energy losses 
in young children due to infections. 

The range of infections that are associated with 
malabsorption is wide. They include the bacterial, 
viral and piotozoan enteritides, intestinal parasites 
such as hookworm, fish tapeworm, ascaris, strongy-
loides, and systemic disorders such as measles, tuber
culosis, malaria, and streptococcal infections. These 
infections act by shortening intestinal transit time, 
physically blocking mucosal surfaces, or reducing 

mesenteric blood flow. 
A certain proportion of children with acute 

diarrheal disease of nonspecific causes have persistent 
carbohydrate intolerance and undergo a much more 
severe and prolonged nutritional deficit (Rosenberg 
and Scrimshaw, 1972). In addition, between 30% 
and 50% of individuals living in an unsanitary en
vironment experience chronic changes in the intestinal 
epithelium th<u includes flattening of the villa and 
loss of microvilli given the name tropic?J jejunitis 
(Brunser etal., 1970; Baylessera/., 1971; Lindenbaum 
et al., 1972). The resulting malabsorption attracted 
considerable attention when it was identified in re
turning U.S. Peace Corps volunteers, missionaries 
and other expatriates who had lived in unsanitary 
environments and required up to a year for full recovery 
(Klipstein and Falaiye, 1969). 

Malabsorption of xylose and lactose was later 
found in American military and Peace Corps per
sonnel in Thailand (Keusch et al., 1970). Xylose 
malabsorption has been reported for local populations 
in Haiti (Klipstein et al., 1968; Cook, 1972), India 
(Baker, 1972; Gorbach et al., 1970), Thailand (Sprinz 
et al., 1962; Keusch, 1972), Bangladesh (Lindenbaum 
et al., 1971), Colombia (Mayoral et al., 1967; Ghitis 
et al., 1967), Puerto Rico (Lugo-de-Rivera et al., 1972) 
and undoubtedly occurs in most developing countries. 
While only xylose absorption was studied, other 
nutrients are undoubtedly also affected. Rosenberg 
et al. (1977) showed that most rural Guatemalans 
had reduced absorption of protein and carbohydrate. 

Catabolic losses 

A catabolic response occurs with all infections 
even when they are subclinical and not accompanied 
by fever (Beisel, 1972, 1975, 1977; Beisel and Wan-
nemacher, 1980; Keusch and Farthing, 1986). Since 
carbohydrate stores are inadequate to meet the in
creased energy requirement resulting from fever and 
the metabolic response to infection (Cahill, 1970), 
and since lipid stores are not effectively used in the 
infected patient (Beisel and Wannemacher, 1980), 
another source of energy is required. This is mainly 
gluconeogenesis. 

Under the stimulus of the release of interleukin-1 
by leukocytes, endocrine changes are initiated that 
lead to the mobilization of amino acids from the 
periphery, primarily from skeletal muscle (Dinarello, 
1984). Amino acids such as those of the branched-
chain group are utilized as energy sources for the 
synthesis of alanine or glutamine. The latter are 
rapidly taken up by the liver and utilized for glu
coneogenesis. Amino acids, such as phenylalanine 
and tryptophan, which cannot be metabolized in 
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skeletal muscle are released in elevated amounts 
(Wannemacher, 1977). 

Fig. 5 shows that in a young man with Tularemia 
more than two thirds of the negative nitrogen balance 
was due to this metabolic response and the remainder 
to a spontaneous decrease in food intake (Beisel et 
al., 1967). Fig. 6 shows that even an individual with 
completely asymptomatic Q-fever can be cumulatively 

Fig. 5. The components of (he negative N balance during (he acute 
phase of tularemia in an adult male subject are shown. 
The white area represents that proportion due to decreased 
N intake and the stippled area that due to the catabolic 
response. 

(Beisel et al. 1967) 

Iipoied 

Fig. 6. Nitrogen balance data in a subject who remained asymp
tomatic despite subclinical Q fever. This individual 
showed neither an elevation of rectal temperature above 
I00°F nor diminution of dietary intake despite the pre
sence of Coxiella burnetii in the blood over an 8-day 
period. 

(Beisel 1977) 

increasing nitrogen balance for as long as 21 days 
(Beisel, 1977). 

In INCAP experience with metabolic studies in 
children, infections are always associated with a period 
of negative nitrogen balance, even in the case of im
munization with yeilow fever vaccine which provoked 
no symptoms or immune response (Gandra and Scrim
shaw, 1961). Beisel et al. (1967) found the nitrogen 
balance responses of immunized adults with only 
mild tularemia to be qualitatively similar to those 
with the typical clinical disease. 

Anabolic losses 

A marked increase in nitrogen retention may 
occur following an infection despite only a modest 
decrease in retention during the acute period (Wilson 
et at., 1961). During an infection, amino acids are 
diverted from normal pathways for the synthesis of 
immunoglobulins, lymphokines, C-reactive proteins 
and a variety of other proteins including key liver 
enzymes (Wannemacher, 1977). This would explain 
the common finding that the extra nitrogen retained 
during the recovery period in metabolic balances 
studies exceeds that accounted for by the magnitude 
of the negative balance during the acute phase of an 
infection. 

Fever 

Whatever its benefits in resisting infection, fever 
has a metabolic cost. The regulation of normal body 
temperature within a narrow range is a complex pheno
menon that is modified by the endogenous pyrogenic 
activity of interluekin-1 released by mononuclear 
leukocytes in response to infection and acting on the 
hypothalamus. The resulting fever increases BMR 
13% for each 1 degree C (Dubois, 1937). In some 
extended infections such as pneumonia and typhoid 
fever, the elevated temperature is maintained at a 
higher level with daily variations similar to those in 
the normal range. Conversely in malaria there are 
sudden rises and falls in temperature. During the 
period of maximum fever, metabolism may increase 
by nearly one-third. 

Fig. 7 from the 1936 Third edition of the classic 
book of Eugene du Bois on Basal Metabolism in 
Health and Disease shows the relationship of basal 
metabolic rate to the degree of fever in various in
fections. Van't Hoff's law that the coefficients for 
the increase in the velocity of various chemical reactions 
with temperature lies between 2 and 3 implies an 
increase of 30<7o to 60% for a 3 degree rise from 37 
to 40 degrees C. In addition, food intake is reduced 
during fever, the fever causes an additional depletion 
that needs to be made up during recovery. 
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Fig. 7. Relation of basal metabolism to temperature in six different 
fevers. The continuous line shows the average and the 
dotted lines are drawn to represent metabolism 101k above 
and 10% below the average. 

(Dubois 1936) 

Additional intestinal losses 

Malnutrition is difficult to measure separately 
from malabsorption but a significant additional cause 
of further malnutrition is the direct loss of nutrients 
into the gut. Protein losing enteropathy has been 
described for measles (Axton, 1975; Dossetor and 
Whittle, 1975; Sarker et al., 1986) and diarrhea 
'Waldman, 1970; WHO, 1980; Mujibur Rahaman 
and Wahed, 1983) especially when due to Shigellosis 
('tahaman et al., 1974). Alpha 1-antitrypsin is a 
simple and useful quantitative marker for estimating 
the loss of protein into the gut in diarrheal disease 
(Mujibur Rahaman and Wahed, 1983). It should be us
ed for this purpose with other kinds of infections. 

In ICDDRB studies, nearly two-thirds of patients 
with enterotoxigenic E. coli (ETEC) and 40% of 
those with rotavirus diarrhea were also associated 
with excessive loss of protciii in the feces. They 
reported that due to protein-losing enteropathy be
tween 100 and 500 ml of serum were lost with feces 
each day in patients with shigellosis. 

Bleeding into the intestine from Schistosoma 
mansoni, or hookworm also represents a loss of 
calories. Brisco (1979) has concluded that each adult 
hookworm causes the loss of about 1 kcal/day. Using 
an estimate of an average hookworm load of 100 
hookworms ICDDRB studies show that this would 
amount io an energy loss equivalent to 5% to 10% 
of the caloric intake of young children. 

Reduced growth and weight loss 

Figs. 1, 2 and 4 illustrate the impaired growth 
that characterizes children subjected to frequent in
fections and borderline diets. The net result is lo 
decrease nutrient requirements although the effect is 
less significant for energy than it is for protein. This 

is because the requirement for average daily growth 
o r a two year old child is about 12 percent of the 
total protein requirement and for energy about 2% 
of the total (3% of BMR). 

The relatively small protein and energy savings 
from stopping growth is generally not sufficient to 
avoid actual weight loss. Nevertheless, the weight 
loss that is associated with a single episode is easily 
made up / / the diet is adequate to permit this. 
However, recurrent episodes without suffici" .ood 
or time for recovery accounts for most of tht poor 
growth of young children in developing countries. 

Effects of Specific Infectious 
Diseases on Nutrient Requirements 
Bacterial and viral 

As already emphasized intracellular infections of 
any kind will set off the train of metabolic responses 
outlined earlier. Previous figures illustrate the impact 
of a rickettsial infection, Q-fever and a viral infection, 
and chicken pox on nitrogen balance. Fig. 8 from 
Beisel (1977) shows the cumulative negative nitrogen 
balance in a viral infection, sandfly fever, a Bedsonian 
infection, tularemia, and malaria, due to an intra
cellular protozoan. Thus the metabolic consequences 
of systemic infections are not dependent on the specific 
causative organism but to the sequence of metabolic 
events already described. Diarrheal disease caused 
by a variety of bacterial and viral agents is the most 
common cause of morbidity and mortality in most 
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Fig. 8. Nitrogen balance data plotted in relationship to the fever 
curve in a representative bacterial, viral, and parasitic ill
ness. A cumulative plot of nitrogen balance is also shown 
for nonexposed controls who were pair-fed to match the 
tularemia group. 

(Beisel 1977) 
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developing country populations (Chen and Scrimshaw, 
1983). 
Parasitic infections 

As an acute febrile illness, malaria has the same 
consequences as acute infections of bacterial, viral 
or rickettsial origin (Barr and Dubois, 1918; McGregor, 
1982; Tomkins et al., 1983). This is also true for 
febrile episodes associated with toxoplasmosis, on
chocerciasis, leishmaniasis and trypanosomiasis. How
ever, there may be additional local effects. 

Reduced intestinal absorption of nitrogen can 
occur in malaria as a consequence of reduced mesen
teric blood flow (Migasena and MaeGraith, 1969). 
In endemic areas there is an association between 
malaria and low birth weight and malaria is associated 
with failure to gain weight (Bruce-Chwatt, 1952; 
McGregor and Smith, 1952; Cannon, 1958; Spitz, 
1959; Giles et al., 1969; Rowland et al., 1977). Anemia 
is a common sequel to Plasmodium falciparum in
fection and to a lesser extent in the other types of 
malaria (McGregor et al., 1966; Giles et al., 1969). 
This is due in part to increased iron loss due to 
hemolysis, but immunological destruction of un-
parasitized erythrocytes may also occur (Zuckerman, 
1966). Malaria infection of the placenta can inhibit 
fetal growth or even cause a miscarriage (MacGregor 
and Avery, 1974). 

Giardia lamblia is a common cause of chronic 
malabsorption including wasting, hypoalbuminemia, 
and diarrhea (Chauduri, 1943; Amini, 1963; Solomons, 
1982), and malabsorption of fat and carbohydrate 
has been well documented (Veghelyi, 1938; Palumbo 
et al., 1962; Khosla et al., 1978; Riis, 1975; Kluska, 
1972). Poor absorption of vitamin A with this proto
zoan infection was first described by Chesney and 
McCoord (1934) and Katsampes et al. (1944) and 
more recently by Mahalanabis et al. (1979). Several 
investigators have reported evidence of ileal malab
sorption of vitamin B12 (Peterson, 1957; Antia et 
al., 1966; Notis, 1972) and low serum folate levels in 
patients with Giardia infection have been described. 
It may also contribute to poor nutritional status in 
children (Loewenson and Mason, 1986). 

Intestinal helminths such as Ascaris lumbricoides 
(Gupta et al., 1977; Brown et al., 1980; Taren et al., 
1987; Venkatachalam and Patwardhan, 1953; Tripathy 
et al., 1972), hookworm (Drake, 1959; Layrisse et 
al., 1964), Strongyloides (Milner et al., 1965; O'Brien, 
1975; Carvalho Filho, 1978), Trichuris (Layrisse et 
al., 1967; Jung and Beaver, 1951), and Trichocephalus 
(Crompton, 1986), may also reduce intestinal ab
sorption of protein and other nutrients. Malabsorp
tion of vitamin A has been described with Ascaris 

(Sivakumar and Reddy, 1972). The impact of various 
helminth infections on human nutrition has been 
comprehensively reviewed by Stephenson (1987). 
Careful metabolic balance studies generally fail to 
detect a significant effect of mild to moderate worm 
burdens on intestinal absorption although appetite 
may be reduced (Bray, 1953; Kotcher et al.. i966; 
El-Mawla et al., 1966; Tripathy et al., 1972; Schneider 
et al., 1981). Ascaris and Clonorichis sinensis can 
also cause biliary and pancreatic obstruction (Rosenberg 
and Bowman, 1982). 

Hookworm is a common cause of iron defici
ency anemia (Giles, 1964). The iron losses are as
sociated with hookworm and Schistosoma hematobium. 
Individuals with S. hematobium lose blood in the 
urine and are also at increased risk of iron deficiency. 
Necator americanus causes daily loss of about .03 ml 
of blood per day (Roche et al., 1957a, 1957b; Roche 
and Perez-Gimenez, 1959), and Ancylostoma duodenal 
results in a loss per worm five to ten times higher 
(Farid et al., 1965; Farid and Miale, 1962). Although 
more or less half of the iron is reabsorbed, the loss 
in heavily infected patients ranged from 14 to 45 ml 
of blood per day (Roche and Perez-Gimenez, 1959; Giles 
et al., 1964) or 6 g of iron per day (Blackman et al., 
1965). Most of the protein in the blood entering the 
g Jt due to intestinal bleeding in hookworm infection is 
reabsorbed, but in heavily infected patients increased 
fecal protein loss may occur (Gupta et al., 1974). 

Surprisingly, even with severe hookworm anemia, 
adequate dietary iron can fully compensate for these 
losses without removal of the worms (White et al., 
1957; Giles et al., 1964; Basta et al., 1979). Stephen
son et al. (1980) described growth impairment with 
Ascaris infection and later (1989) showed that active 
antihelminth treatment impro /ed the growth of Kenyan 
school children with combined hookworm, Tricuris 
and Ascaris infection (see also Gupta and Urrutia, 
1982). 

Because of their bulk, some parasites require 
sizeable quantities of nutrients, which must be ob
tained from the same sources available to host rells. 
Physicians practicing in northern Michigan, Wisconsin, 
and Minnesota where the Scandinavian custom of 
consuming marinated raw fresh water fish persists, 
found that massive infection of the fish tapeworm, 
Diphyllobothrium latum is associated with megalo
blastic anemia. This is due to competition of the 
parasite for vitamin B12 (Scudamore et al., 1961; 
Nyberg, 1961; Von Bonsdorff, 1948, 1956, 1964). 
Some of thi.; effect and that of Giardia lamblia may 
also be due to hypochlorhydna or achlorhydria in the 
stomach (Hoskins et al., 1967), which would interfere 
with vitamin B12 absorption. 
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In Chagas disease, chronic infection with T. 
cruzi can destroy the neural plexuses in the esophagus 
and produce a severe swallowing disorder. Loss of 
gastric acidity is common in intestinal parasitic in
fection (Layrisse et al., 1964; El-Mawla et al., 1966; 
Stephenson, 1987). 

Effects of Infections on Specific 
Nutrients 

Physicians called upon to determine an ap
propriate nutritional regimen for patients with acute 
or chronic infection should be aware that any past 
dietary deficiencies have been worsened and that 
current intake and absorption of essential nutrients 
is likely to be impaired. Correction of these defici
encies by diet alone while the infection persists is 
likely to be difficult. Th&efore, careful consideration 
should be given the use of enriched formulas for oral 
feeding. Where parenteral alimentation is judged 
necessary, nutritional status should be appraised and 
the formula adjusted as required. Some of the specific 
nutritional effects of infection to be taken into con
sideration under these circumstances include the 
following: 

Protein 

Powanda (1977) has summarized data from a 
wide variety of acute infectious diseases by adding 
the total nitrogen losses and dividing them by the 
number of days over which these losses occurred. 
For all infections the average loss of 0.6 g of protein 
lost per kg per day, is equal to the mean estimated 
total protein requirement for adults. Diseases as
sociated with diarrhea or dysentery produced an 
average loss of 0.9 g of protein/kg per day. Higher 
losses were observed with typhoid fever and other 
severe infections, reaching 1.2 g or protein/kg per day. 

Another approach to the magnitude of the 
catabolic response in infection is to measure urinary 
3-methylhistidine as a measure of muscle protein 
catabolism in the septic patient. Long et al. (1977) 
have reported an increase from 12 mg/day to 30 mg 
during the peak fever response. By this measure, the 
average additional loss in the urine during sepsis was 
the equivalent to 1.14g of protein/kg per day. 

Such calculations are underestimates because 
they do not include energy expended for the multiple 
anabolic responses. As emphasized earlier, balance 
studies during recovery indicate these to be substantial. 

While the absolute loss of N with infection is 
less in the malnourished, the relative significance of 
the loss is greater. Both metabolic and field ob

servations suggest that, even with an optimum diet, 
it wzy take two to three times longer to replete than 
to deplete an individual. In this case any figure for 
daily additional dietary protein during recovery needs 
only to be from one-half to one-third of the daily 
loss during the acute phase of an infection. If the 
diet is not sufficient for a maximum rate of recovery, 
daily improvement is correspondingly reduced and 
the time '.quired for complete recovery increased. 
Under developing country conditions there is a high 
risk that another episode of infection will occur be
fore recovery has taken place (Wilson et al., 1961; 
Scrimshaw et al., 1968). The more severe and closely 
spaced the episodes of infection, the more likely that 
full recovery will not occur and that the adverse 
effects will become cumulative. 

Lipids 

Infections affect plasma l'pids, but the changes 
are highly variable and depend upon the duration 
and severity of infection, the degree of fever, and age 
(Beisel and Fisher, 1970). They include changes in 
triglycerides, free fatty acids, ketone bodies, and the 
partially oxidized products of fatty acids by the liver 
(Gallin et al., 1969; Blackburn, 1977; Masoro, 1977). 

Carbohydrates 

The catabolic responses described above have 
as one principle function the provision of amino acid 
substrate for gluconeogenesis. Thus a continual con
version of alanine carbon to glucose carbon occurs 
with acute infection, even when exogenous carbo
hydrate is adequate. It appears to be the rate of 
release of glycogenic amino acid substrates from 
peripheral tissues that determines the rate of hepatic 
gluconeogenesis (Long, 1977). 

All of the hormones that regulate carbohydrate 
metabolism participate in host responses to infection 
(Beisel, 1977). A number of groups have documented 
an increased fasting concentration of both glucagon 
and insulin in serum (Shambaugh and Beisel, 1967; 
Rocha el al., 1973; Rayfield et al., 1973). Despite 
the initial stimulation of gluconeogenesis, the body 
may eventually become severely hypoglycemic. Lethal 
hypoglycemia may result in septic neonates (Yeung, 
1970) and in severe viral infections of the liver such 
as fulminating hepatitis (Felig et al., 1970) or as 
shown in monkeys, yellow fever (Wakemen and 
M.irrell, 1931). 

Energy 

The energy costs of communicable diseases in 
infancy and childhood have been recently reviewed 
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(Scrimshaw, 1990a). The energy cost of depositing 
a gram of protein has been estimated to be 24 kcal 
or about 6 kcal of total weight gain (UNU 1979). 
If this figure is applied to the observed protein losses 
summarized above, calculated average caloric losses 
from this source alone would be between 4 and 5 kcals 
per kg per day. This seems small, but it represents 
from 14 to 29% of the requirements of a one year 
old child. Increased protein loss during infections 
estimated from increased urinary 3-methylhistidine 
excretion alone is the energy equivalent of about 7 
kcal/kg/day. 

Jackson et al. (1977) in Jamaica measured the 
energy cost of growth of children recovering from 
protein-energy malnutrition and reported a range of 
4 to 5 kcal/g weight gain with 40% of this considered 
to be fat tissue and 60% protein tissue. They estimate 
the energy cost of synthesizing a gram of lost protein 
to be 7.5 kcal g and 11.6 kcal for replacing a gram 
of fat. There are "savings" of dietary energy during 
the acute phase of an infection that are due to anorexia 
and reduced physical activity. During the recovery 
period, however, this must be made up together with 
the losses due to the deficits arising from the malab
sorption, increased catabolism, and internal synthesis 
associated with infections. Thus with each infectious 
episode there is a small decrease in de facto dietary 
requirement at the time of the infection and an in
crease during the convalescent period that is difficult 
to quantitate because it is so variable. 

Obviously, the severity of the caloric deficit is 
related to the duration and magnitude of the morbidity 
in each individua1 situation, and rarely poses a major 
threat to nutrition unless the infection is chronic or 
recurrent. For most respiratory disease the energy 
cost would be trivial, but for diarrheal disease and 
the common communicable diseases of childnood it 
could add significantly to either a chronic energy de
ficit or to increased dietary energy need depending 
on dietary adequacy during the infection. 

If the proof of the pudding can be said to lie 
in the eating, food intake is observed to drop during 
acute infection and to 'ncrease above normal levels 
if the diet is sufficient to allow this. Fig. 9 shows 
the large increase in caloric intake during convale
scence from diarrhea in Bangladesh when a good 
diet is available ad libitum (Sarker et al., 1982). 

Vitamin A 

Vitamin A blood levels are appreciably reduced 
in pneumonia, rheumatoid arthritis, acute tonsillitis, 
infectious hepatitis (May et al., 1940; Shank et al., 
1944; Harris and Moore, 1947; Jacobs et al., 1954). 
Vitamin A is not normally found in the urine but it 
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Fig. 9. Observed calorie intake in study period of 8 days-late con-
vales:ence (L.C.) stage for each group (MEAN ± SEM). 

(Sarker et al. 1982) 

does appear with at least some infectious diseases 
(Moore, 1957; Goldsmith, 1959). Lower serum carotene 
and vitamin A levels have been reported with hook
worm disease (Rodger et al., I960). 

The capacity of infections to precipitate xeroph
thalmia and keratomalacia in individuals already 
marginally deficient is well established (Oomen, 1958, 
1959; McLaren, 1963, 1986; Sommer, 1982; Sommer 
et al., 1984; Tielsch et al., 1986; Stanton et al., 1986; 
De Sole et al., 1987) and the effect is particularly severe 
with measles (Sommer et al., 1984) and also noted 
for chicken pox (Campos et al., 1987). A significant 
drop in serum vitamin A levels has been observed in 
children with acute respiratory infection, gastro
enteritis, and measles with levels returning to normal 
after recovery (National Institute of Nutrition, 1980). 

The adverse effect of intestinal parasitic infections 
on vitamin A absorption has already been described. 
Enteric infections of bacterial and viral origin also 
have this effect (Nalin et al., 1980; West and Sommer, 
1985). In addition, vitamin A malabsorption occurs 
during systemic febrile illnesses (Heymann, 1936; 
Lala and Reddy, 1970; Shank et al., 1944; Sivakumar 
and Reddy, 1975). Sivakumar and Reddy (1972) 
reported that in children with acute diarrhea and 
respiratory infections only 30% to 70% of ingested 
vitamin A is absotbed. While infection clearly im
pairs dietary carotene and vitamin A absorption (West 
et al., 1989), sufficient amounts of supplementary 
vitamin A can still be absorbed orally for effective 
treatment of corneal xerophthalmia. 

Ascorbic acid 

As already noted ascorbic acid levels decrease 
in plasma and increase in the urine in infected in
dividuals compared to non-infected persons living 
under comparable conditions. This is even seen with 
vaccination against small pox and measles (Scrimshaw 
et al., 1968) and the common cold (Hume and Weyers, 
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1973). Historically, infections are associated with the 
precipitation of florid scurvy in individuals already 
on a borderline diet. 

B- vitamins 
The classical nutritional diseases of beriberi and 

pellagra were known to be precipitated in vulnerable 
individuals by a variety of infections. This is of more 
than historical interest since alcoholics often consume 
diets low in these vitamins and infections increase 
the likelihood of clinically significant deficiencies of 
them. Given the frequency with which infections 
occur in indigent alcoholics, physicians treating them 
should be aware of this. 

The diets of indigent alcoholics are likely to be low 
in riboflavin a nutrient that is also adversely affected 
by infection. Beisel et al. (1972) has shown a marked 
increase in riboflavin excretion with sandfly fever in 
well-nourished male volunteers. 

Minerals 

Iron 
As already mentioned, one metabolic con

sequence of infection is a decrease in serum iron due 
to its sequestering in the reticuloendothelial system 
(Beisel et al., 1974). In addition, lactoferrin with a 
higher iron binding capacity than bacterial siderophores, 
is released by phagocytes. The net effect is to deprive 
the infectious agent of iron for its replication and in
hibit the spread of the infection. 

If anemia is present at the time of the infection, 
or even moderate iron deficiency without anemia, a 
number of normal resistance mechanisms are com
promised. These include impaired phagocytic killing 
power, delayed cutaneous hypersensitivity, T-cell 
proliferation and T-killer cell activity, and if suf
ficiently severe, impaired antibody formation (Chandra 
and Saraya, 1975; Keusch, 1990). 

When individuals, compromised in this way, 
are given parenteral iron or large doses of oral iron, 
a disastrous exacerbation of the infection and death 
may occur (Murray et al., 1975, 1978a, 1978b; Barry 
and Reeve, 1977; Becroft etal., 1977; Weinberg, 1978, 
1984). This occurs because the agent is supplied with 
iron before the host immune system has had time to 
recover. However, in field studies, supplementation 
of poorly nourished adults with up to 100 mg of iron 
daily and proportionately less for children, has al
ways resulted in decreased morbidity from infectious 
disease (Scrimshaw, 1990b). 

Copper and Zinc 

Infections decrease both serum copper and zinc 
(Beisel et al., 1974; Srinivase/fl/., 1988; Wannemacher 

et al., 1972). Careful metabolic studies by Castillo-
Duran et al. (1988) have documented the impact of 
diarrhea on zinc and copper status. Metabolic balances 
of these minerals were strongly negative during the 
period of acute diarrhea compared with strongly positive 
balances in the control subjects. During the recovery 
period zinc balances became positive (405.3 ± 60.8 
meg/kg/day) but copper balance remained negative, 
although less so (-21.5 x 46.7 meg/kg/day). 

The mechanism for the loss is wastage from the 
gastrointestinal tract from both malabsorption and 
excessive endogenous losses. Since the normal state 
for the growing infant is net retention of these minerals, 
the true magnitude of these losses is somewhat greater. 
The inevitable combination of reduced oral intake 
and increased fecal losses of minerals should clearly 
be taken into account in the management of prolonged 
diarrhea. 

These losses cannot be predicted from serum 
levels since copper levels often increase during infec
tions as a result of stimulation of the hepatic pro
duction of conr.loplasm (Kampschmidt et al., 1973). 
It is noteworthy that in this study serum copper levels 
were significantly lower in the diarrhea than in the 
control cases. Conversely, plasma zinc levels often 
decline during acute infections because of an internal 
redistribution of the metal to the liver (ibid). The 
reduced retention of zinc during diarrhea thus interacts 
with the redistributional influence of the infection. 
On the basis of this study it is reasonable to suggest 
that treatment regimens for diarrhea should contain 
supplemental amounts of copper and zinc, but whether 
this would make a detectable difference in therapeutic 
results remains to be demonstrated. 

Nutrient Allowances for Infectious 
Disease Morbidity 

While it is important to provide a nutritious 
diet and encourage adequate nutrient intakes during 
an acute infection, some decrease is almost inevitable 
due to anorexia. It is generally useless to attempt 
to increase food intake during illness. Nevertheless, 
for the multiple reasons discussed in this chapter 
persons are depleted to a greater or lesser degree 
during an infection. However, during the recovery 
period, there is a metabolic window in which appetite 
is increased and the rate of retention, as least for 
protein, may be as much as 9 times the average daily 
requirement. 

A 1979 UNU report calculated that a malnour
ished one year old child depleted by an infectious 
episode of 7 days duration would need approximately 
136 kcals/kg/day and 2.56 g protein/kg/day for 

105 



Effect of Infection on Nutritional Status 

repletion in 30 days. It should be noted that the 
same weight deficit without infection would have 
required less than one-third the amount of protein 
per kg/day but approximately the same number of 
calorics. 

Despite the clear evidence of the heavy burden 
of infection on developing country populations, and 
the increased nutrient needs above normal require
ment levels during convalescence from episodes of 
infectious disease, this issue is not dealt with quanti
tatively in national and international recommended 
nutrient allowances. The comment of the FAO/ 
WHO/UNU Consultation on Energy and Protein 
Requirements (1985) is illustrative: " . . . the in
creased average requirement of a population of school 
children would not be large." The report goes on 
to emphasize the need for preventing infections rather 
than simply meeting increased requirements for 
recovery resulting from them. This is true but not 
helpful to the hundreds of thousands of developing 
country children whose diets are already deficient 
or borderline and who are experiencing frequent 
infections. 

Whitehead (1977b) recommended a 30% in
crease in calories and a 100% increase in protein to 
optimize nutritional repletion of young children de
pleted by infection. This is consistent with data 
summarized by Powanda (1977) and Scrimshaw (1977). 
Moyer and Powanda (1983) discuss the basis for 
significantly increased nutrient requirements during 
convalescence without arriving at quantitative recom
mendations. However, a task force report (Rhode 
et al., 1983) utilizing this and other information con
cluded that a child should be offered 50% more than 
their usual diet for two to four times the duration of 
the illness or fed extra food daily until pre-illness 
weight is regained or exceeded. 

In a recent INCAP study, supplementation be
fore and during diarrheal disease completely offset 
the negative effect on length observed in unsupple-
mented children, attesting to the importance of an 
adequate diet during the recovery period (Lutter et 
al., 1989). Adults also need extra food available to 
them during convalescence. Unfortunately, the diet 
of most infants and young children and some adults 
in developing countries is commonly too marginal to 
permit repletion before another episode of infection 
depletes the child further. 

Other Effects of Malnutrition and 
Infection 

There are other consequences of the synergistic 
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interaction of nutrition and infection that are beyond 
the scope of this paper, but that should be taken 
into account. For example a UNESCO monograph 
(Pollitt, 1990) explores malnutrition and infection in 
the classroom. It documents the adverse consequences 
of nutritional deficiencies that are exacerbated by 
infection in the ways described in this paper. The 
effects of iron deficiency anemia (Pollitt and Leibel, 
1982; Scrims taw, 1990b) and protein-energy malnutri
tion (Brozek and Schurch, 1984; Pollitt, 1988) are 
particularly well documented. In addition, the in
creased frequency of infections in the malnourished 
contributes to absenteeism that affects the learning 
process as well as reducing agricultural and industrial 
productivity. 

An example of the latter is the observation on 
an Indonesia rubber plantation of a higher frequency 
of absenteeism due to infection in workers with 
hookworm anemia compared with those who were 
not anemic that was due largely to diarrheal and 
respiratory infections (Basta et al., 1979). The dif
ference was eliminated after 60 days oi iron supple
mentation. There is also extensive evidence for the 
direct effect of iron deficiency on work capacity and 
productivity summarized by Scrimshaw (1984) and 
Spurr (1990). Much of this deficiency is due more to 
the effect of infections than to diet alone. Most of 
the impact of the interaction of infection and nutrition 
on productivity in developing countries goes un
documented and unrecognized. 

Summary 

This paper can be summarized by emphasizing 
a number of generalizations: 

1. All systemic infections, even when not sufficiently 
severe to cause overt disease, have adverse effects 
on the status of protein and other essential nutrients. 

2. The practical significance of this effect depends 
on the prior nutritional status of the individual, 
the diet during the infection and the adequacy of 
the diet for prompt recovery. 

3. Optimum recovery from infections requires about 
one-third more protein than normal maintenance, 
more or less depending on the nature of the infection. 

4. Intestinal parasitic infections interfere with absorp
tion of nutrients when sufficiently severe and have 
a variety of additional adverse effects that depend 
on their specific nature. 

5. Individuals who live in an unsanitary environment 
with frequent enteric infections develop chronic 
intestinal mucosal changes that impair nutrient 
absorption. 
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6. The interaction between nutrition and infection is 
synergistic in the sense that not only does infection 
worsen nutritional status but also the more mal
nourished an individual becomes the more resistance 
to infection is reduced and the likelihood of new 
infections or complications of existing one:; in
creases. 

7. Food intake should be maintained to the extent 
possible during an infection despite the anorexia 
and during the convalescent period should be 
significantly greater for at least two to four times 
longer than the acute period or in the case 01 children 
until pre-illness weight is attained or exceeded. 

8. The synergistic interaction of malnutrition and 
infection in developing countries reduces educa
tional effectiveness, increases health burdens, reduces 
agricultural and industrial productivity, and hinders 
social and economic development. 
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STABLE NUCLIDE TRACER STUDIES AND HUMAN AMINO ACID REQUIREMENTS 

V.R. YOUNG 

Massachusetts Institute of Technology, Laboratory of Human Nutrition, 
Cambridge, Massachusetts 02142-1308, USA 

A SUMMARY 

The nutritional requirement for protein consists of two components: 

(a) a requirement for nitrogen to meet the needs for synthesis of physiological 
significant nitrogen-containing compounds including the dispensable amino 
acids and 

ib) the requirements for specific indispensable amino acids and of the 
conditionally indispensable amino acids. 

These requirements have been estimated for various ape groups, principally via 
growth and/or nitrogen balance studies. The current status of knowledge concerning the 
quantitative needs for specific indispensable amino acids was reviewed. It was concluded 
that, except for infants, current values for pre-school children, school age children and 
healthy adults are based on limited experimental data and/or on results from nitrogen 
balance determinations which are open to serious question regarding their nutritional 
significance. New and novel approaches are desirable in order to reduce the gap in our 
knowledge concerning the requirements for amino acids in humans under various 
pathophysiological states. Hence, a review of 13C-labelled tracer studies carried out in our 
laboratories at MIT, and by a limited number of other investigators, was undertaken to 
demonstrate the applicability of stable nuclide tracer studies for purposes of determining 
the amino acid requirements of humans. The focus of this review was on the adult, but 
the potential for exploiting these approaches in infants and young children was considered. 
Indeed, the expanding interest by investigators in utilizing 1 3C- and 1 5N-tracers for purposes 
of unravelling nutritional/metabolic problems, especially in malnourished children, is 
particularly encouraging. 

Specifically, with respect to the amino acid requirements of human adults, the 
results of our , 3C-tracer studies lead us to the conclusion that current FAO/WHO/UNU 
(1985) values are far too low. The advantages and limitations of our studies were 
considered. In short, stable isotope tracers offer an attractive, contemporary tool to 
improve upon our knowledge of human amino acid requirements, in particular, and of 
nutrient requirements in general. 
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FROM OBSERVATIONS AND ANALYSES IN GUATEMALA 
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2Centre for Human Nutrition, School of Hygiene and Public Health and School of 
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U.S.A. 

1 . INTRODUCTION 

Guatemala has long been instrumental in the development of the concepts of 
interaction of nutrition and infection. Two of the three authors of the classical treatises 
on this theme (1,2), Nevin Scrimshaw and John Gordon, had been working in Guatemala, 
while Carl Taylor's domain was India. The paradigm was taken to an ecological level in 
the 16-year longitudinal study on growth and health in the highland, Mayan village of 
Santa Maria Cauque led by Dr. Leonardo Mata [3J. The state-of-the-art of microbiology 
when this project began allowed for the isolation and identification of only a fraction of the 
pathogens causing diarrhoeal and respiratory diseases and it had ended before Yersinia. 
Campylobacter, and Cryptosporidium were recognized. 

The message of these parables is that both the advance of concepts and of 
research technology are instrumental, and move hand in hand, in furthering our 
understanding of biology and pathology. Recent years have seen a diverse array of 
conceptual advances in our thinking about body composition {4J growth and its regulation 
[5], and the nature of the immune response [6,7]. Technology for the in-vivo definition of 
protein metabolism using stable isotopes [8] and in the molecular biochemistry of the 
regulation of the immune response [9] has improved dramatically. There has also been an 
intensive, comparative epidemiological effort toward the description of growth in early life. 
The authors have taken all of these more recent conceptual and technological 
developments into consideration with the backdrop of the classical observations from 
Guatemala [1,2,3]. We report here, concisely, some results of our undertaking of new, 
directed, field observations and forging a unifying theory to relate issues of environmental 
influences to human nutriture. 

2. GROWTH AND GROWTH FALTERING 

A typical, male North American child is born with a weight of 3.8 kg and a length 
of 50 cm, and, as an adult will be 176 cm tall with a weight of about 70 kg. As assumed 
in that statement, and as exemplified by the NCHS reference growth curves which are 
used for reference around the world, we look at growth in two dimensions. There is the 
weight (for age) standard and the height (for age) standard. The two are intimately 
inter-related in what we see as the nutritional outcome for the individual, but in terms of 
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stability and regulation, linear growth and ponderal growth have elements of distinction. 

Conceptually, we see the height as the less plastic of the two. Linear growth is 
unidirectional and the gains are permanent for all intents and purposes in the childhood 
years. It is dictated by the elongation of the bones of the skeleton, with a series of 
hormonal regulators, the most prominent of which is that related to growth hormone 
(at the pituitary level) and insulin-like growth factor (at the tissue level). Each height has 
an ideal weight and over the long run, weight increase is progressive. But, at a given 
height, weight can vary widely from a state of cachexia to a state of obesity. On the side 
of excess weight, an energy imbalance with greater intake than expenditure is the 
predominant mechanism. On the side of low weight, a low intake of energy or an 
excessive energy expenditure can operate independently, or in combination to produce low 
fat reserves. Deficient protein intake or excessive wastage of nitrogen can also determine 
weight-loss of the visceral organs and muscle mass. Height change is generally slow, but 
weight shifts can be both dramatic in amplitude and rapid in occurrence. 

In contrast to the typical North American ma'e (above), the typical Guatemalan male 
weighs 3.2 kg at birth and is 50 cm long, but will attain an adult height of 160 cm and 
weigh 54 kg. Some 9% of school children (10) and an equal percentage of adults will 
have a height that is -2 Z-scores from the NCHS median (Schlimbach, A., Mendoza, I.,: 
unpublished findings). Stated another way, the prevalence of "stunting" is rampant, but 
weight is appropriate to the short stature. The gap between birth-length in the reference 
population and Guatemala is only minimal (<2%), whereas the difference in adulthood is 
18 cm (10%). Somewhere along the period of development, there is relative faltering or 
failure of linear growth for Guatemalans, as typical of most populations of poor, developing 
countries, with respect to the reference population. 

3. THE TIMING AND MAGNITUDE OF GROWTH FALTERING 

The first step to the appropriate understanding of growth failure, which would lead 
to its prevention or reversal, is an analysis of the timing and magnitude. This comes either 
from longitudinal or cross-sectional data on the heights and weights of children beginning 
as close to birth as is possible. Many recent studies have these characteristics, and older, 
archival data have been retrieved and reanalysed with this focus of inquiry in mind. 

Dewey et al. (11] assembled growth data on exclusively breast-fed infants in the 
sanitary, affluent environment of a university town in northern California (Davis) and the 
squalid, low-income squatter settlement on the outskirts of Lima, Peru (Huascar). They 
found that by nine months of age, the Peruvian boys lagged behind their US counterparts 
in linear growth, and this separation became defined for girls by 11 months. 

Calloway et al. 112] led a multicentric, epidemiological investigation with a common 
protocol in three developing countries. The children were exclusively breastfed for variable 
periods of time, with a later introduction of the traditional weaning foods, and complete 
weaning occurring at different average ages, depending of the differing cultures of the 
three localities. Children v " r e measured at 18 months of life. The percentages of children 
with a length-for-age of less than two Z-scores with respect to the NCH reference curve 
were, respectively: 42% in peri-urban Cairo in Egypt; 56% on the highland plateau of 
Kenya, and 52% in a region of Central Mexico. 
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Some interesting early-life linsar growth data from diverse populations of differing 
altitudes and ecosystems of Papua New Guinea have been reported 113]. Smith eta/. 
summarize their findings as follow: "The median pattern of linear growth observed shows 
marked deviation from that of the NCHS standards, showing a falling off in the second half 
of the first year of life. The observed medians then closely tract the NCHS Z = -2 centile, 
thus, about one half of the study population are malnourished according to this criterion." 

With respect to Guatemala, it has long been known that the loss of height is an 
early phenomenon. Russell (14] showed that highland, Mayan children had lost 15 cm 
to the NCHS standard curve by age three. The research at CeSSlAM has led us to two 
surveys in young children that have confirmed, for our circumstances. In the first 
experience, a total of 2714 children, aged 6 to 83 months, living in a sprawling, 
newly-settled peri-urban community called "La Peronia," on the south-west outskirts of the 
metropolitan Guatemala City area, 12 km from the centre of the city. The principle 
measures were height and weight [15], but other indices and indicators were employed 
[16]. During the first two years, there was a major, cumulative loss in height, relative to 
the NCHS reference; in boys grew at only 50% of North American rates, and in girls, at 
4 8 % After the second year of life, the incremental increases in height was, on a cm/yr 
basis, became equivalent to those of the NCHS reference population. However, when the 
children reached 5 years of age, the boys were 10 cm below the NCHS median for height, 
and the girls of "La Peronia" were 9 cm below that median. Overall, 50% of the children 
measured were classifiable as "stunted," i.e. greater than 2 Z-scores from the NCHS 
median. In terms of the appropriateness of weight-for-height of this population of short 
children, the values for these peri-urban preschoolers were superimposable on the NCHS 
reference. 

Immediately upon ret rig to Guatemala after the discussions in October in 
Boston, we turned our attention to a new community in the heart of Guatemala City. 
These are the children who live in and around the municipal garbage and trash dump. The 
parents make a living as scavengers for recyclable discarded items, and are known as 
guajeros. The neighbourhood has all of the characteristics of other low-income 
communities but has the additional attribute of the contamination from the dump. A total 
of 205 children, aged 6 to 84 mo, 113 girls and 92 boys were examined with 
anthropometric measures. As shown in the figure, the curves are virtually superimposable 
on those of "La Peronia." Children lose height in the first year, and have a 8 cm deficit by 
the seventh year. About fifty percent of the population is stunted. As with the 
"La Peronia" children, the median weight-for-height was a zero Z-score. 

If one takes a panoramic view of the developing world, the majority of adult 
populations are of short stature. It may be a few months earlier or a few months later that 
the linear growth curve begins to deviate from that of the NCHS reference standard, but 
in all societies with short adults, the growth faltering occurs early in life. 

4. DETERMINANTS OF GROWTH FALTERING 

Because growth, and more specifically the anthropometric measures that define it, 
are closely associated with our classification of nutritional status, foods and nutrients in 
the diet have been linked in the lexicon with growth failure. Most specifically, the dietary 
adequacy with respect to the macronutrients - protein and energy - has been linked to 
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the success or failure of growth. Micronutrients and therefore, deficiency, however, have 
also been shown to play a role in growth failure, as demonstrated by its partial reversal 
with supplementation. This is the case for zinc 117,18] and iron [19]. Iodine deficiency, 
in utero (cretinism) is associated with stunting which is not reversible in post-natal life with 
iodine administration (20). 

Even when the customary diet has an adequate density of micro and 
macronutrients, diseases can exert an effect on growth. Gastrointestinal disease exerts 
its effect primarily by interfering with the processes of digestion and absorption, and there 
is undoubtedly an influence on appetite when the pathology is centred in the stomach and 
gut 121]. 

Disease also exerts an influence on nutrition with the catabolic losses of nutrients 
under the influence of the activation of the acute-phase response. This occurs in diseases 
of neoplastic, of allergic and inflammatory, and of infectious origin 122]. 
Epidemiologically-speaking, infections are the predominant illness. Over the first two or 
three years of life, a child can spend over 30 percent of his life with an overt infection 
[23]. 

Finally, the concept that just the burden of microbes in an unsanitary environment, 
although not pathogenic to establish a localized or systemic infection, is recognized by the 
immune system. The immune system responses to this barrage of bacteria as if it were 
an infection. This condition could prevail continuously in the life of children living in such 
an unhygienic environment. To the extent that this produces metabolic disturbances 
(see below), immunostimulation [24,25] represents another candidate as a negative 
determinant of growth. It was the environmental -- but non dietary ~ factors that led us 
to comment [25]: 

"Growth failure has often been assumed to be a nutritional problem 
exclusively related to diet, and hence responsive only to dietary 
supplementation. However, poor growth appears to be strongly influenced 
by environmental factors as well as nutrition." 

5. METABOLIC RESPONSES TO IMMUNOSTIMULATION AND THE ACUTE-PHASE 
RESPONSE 

The acute-phase response (APR) to infectious and inflammatory injuries was first 
recognized in terms of its ultimate clinical effects, most notably fever [26]. Other 
elements of the APR are the leucocytosis response increasing peripheral white cells and 
the enhanced synthesis and circulation of a family of hepatic proteins, known as 
"acute-phase reactant proteins." These include o,-glycoprotein, oyanti-trypsin, 
haptoglobin and ceruloplasmin [27]. 

Insights into the nutritional and metabolic consequences of the APR came from 
observations in naturally-acquired diseases and in a series of carefully constructed 
metabolic studies in which volunteers from the military and from penitentiaries [28]. 
Keusch and Farthing [22] have summarized the metabolic changes during infection that 
alter host nutritional status: 
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"Protein metabolism: Increased nitrogen loss (negative balance); catabolism 
of muscle protein; conversion of animo acids to glucose; decreased 
synthesis of albumin, transferrin; increased synthesis of acute-phase 
proteins by liver, and proliferation of phagocytes and lymphoid cells; 
Carbohydrate metabolism: "pseudodiabetes"; increased glucose oxidation; 
peripheral (muscle) insulin resistance; augmented gluconeogensis; 
Mineral metabolism: Removal of plasma iron to liver; reticuloendothelial 
system uptake of zinc; increased plasma ceruloplasmin copper; urine, stool, 
and sweat losses of Mg, P, K and S." 

Understanding not only grew with respect to the effects and effectors of the APR, 
but also on its mediation. It was originally thought that bacterial endotoxins were the 
mediators of the APR, but when animals were made tolerant to the isolated endotoxins, 
substances from white cells produced the entire array responses [29,30]. This was called 
leucocyte endogenous mediator (LEM) [27], and the advance of immunological 
biochemistry has allowed us to recognize a host of monocyte-derived peptides [6]. These 
include the family of the interleukins (IL-1; IL-4; IL-6; IL-8) and tumour necrosis factor 
alpha (TNF-o). The mechanisms of production of these peptides, their metabolism and 
turnover, and the molecular nature of their transduction of the message for production of 
APR responses have advanced with the assistance of molecular biology techniques 
[31,32]. 

For obvious ethical reasons, no prospective studies on the effect on growth has 
been made by purposefully inducing the APR with experimental infections. Some insights 
have been gained, however, from a regimen that is part of the normal health care of the 
young child: immunizations. However, the metabolic responses to the APR, as 
characterized by Keusch and Farthing [22], are generally termed catabolic, because they 
lead to wastage of tissue and constituents. If it makes a fully-grown person smaller, it 
would produce weight-loss in a growing child. But, more to the point of this inquiry, the 
metabolic response should act against the accretion of nutrients for linear growth and 
against the hormonal signals for the consolidation of such growth. The inferences from 
the epidemiological "life-curves" illustrated by Mata et al. [3] implicate a flattening of the 
growth curve with each identified infectious episode over the first two or three years of 
life of highland, village children. 

The concept of "immunostimulation" [24] takes this whole process back out of the 
host organism again to the original foreign proteins, antigens and pathogens that set up 
the chain of events that leads to the acute-phase response. We know that allergens, 
inflammatory stimulants, and invasive pathogens provoke the white cells to produce the 
cytokines that initiate and maintain the whole metabolic cascade. In the case of a specific 
localized or systemic infection, the invading and replicating pathogens stimulate the 
immune system to the point of activating an APR. However, the APR can be maintained 
and sustained in activation even in the absence of focal or diffuse infections, simply with 
an unsanitary environment, as has been demonstrated in poultry, and can be duplicated 
by the administration of interleukin-1 [33], 

Using diagnostic tools that are in harmony with the conceptual framework of human 
immunostimulation, we have tried to take a look at this state in a free-living population, 
in the community of "La Peronia," in the same population in which the large anthropometry 
survey was conducted. In 111 preschool-aged children we tried to determine the absolute 
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and relative prevalence of the state of "inapparent" infection. We undertook a 
point-prevalence survey of three defined conditions: infection-free; clinical-infection; 
inapparent infection [34]. The latter classification is the state of interest, and it was 
defined in our laboratory as the absence of any historical or physical evidence of a specific, 
acute, infectious process but with elevation of one or more of the following laboratory 
indicators (white count; erythrocyte sedimentation rate; C-reactive protein). 

In the same subjects, urinary cytokines were measured in the laboratory of Prof. 
Kirk Klasing at the University of California at Davis 135]. The findings are preliminary but 
they can be summarized as follow: There was a poor, within-subject correlation between 
the three diagnostic categories as defined above, and the levels of interleukins and/or 
tumour necrosis factor-alpha that were measured in a spot sample of urine. However, it 
is clearly feasible to detect and quantify cytokines in this body fluid. Moreover, although 
individual correlations are poor, the group of children as a whole had, on average, an 
elevated output as compared to controls in Davis, California. 

6. IMPLICIT AND EXPLICIT RELATIONSHIPS OF PROTEIN METABOLISM TO GROWTH 
AND TO IMMUNOSTIMULATION 

The requirements for growth are relatively clear. There must be the substrates 
(building blocks; energy), there must be the executives (enzymes and co-enzymes), there 
must be the regulators (hormones) and all of this must be an expression in response to an 
overall plan programmed in the genes. 

The phenomena discussed as alterations of "protein metabolism" in the summary 
of Keusch and Farthing (22], place the rough outlines on the changes we know to be 
associated with the activation of the APR. These were determined, however, in the 1960s 
and 1970s, with metabolic techniques or serial measurements in circulating levels of 
proteins and amino acids. Although the burn and trauma literature has produced further 
refinements on amino acid metabolism and protein turnover using newer, stable- isotope 
tracer technology, the problems of developing countries have generally, to date, not had 
access to this technology. As growth faltering is a major issue in the human development 
of Third World populations, and a role for immunostimulation from inapparent infection as 
a growth retardant is a viable hypothesis, we should seek a blueprint for the investigative 
linkage of the immune response, altered protein metaboiism and impaired linear growth. 

In conclusion, the diets of developing countries may not be ideal for optimal human 
growth, but the dramatic, early, cumulative loss of linear growth cannot be ascribed 
completely to the nutrient composition and balance of the diets and their inhibitory 
substances. The arguments in this background paper cite a cogent set of evidence for 
what might be additional, adverse factors in the ambient environment. We also 
foreshadow, with our own research in Guatemala, the analytical techniques and 
epidemiological observations that can be applied in poor populations. To the extent that 
there are gaps in our knowledge of relationships, further investigations should be 
undertaken to further our understanding of the determinants of - and limitations for -
human growth. To an extent, these inquiries further confirm the role of a contaminated 
environment as a cause of early growth faltering, and gave implications for new actions 
that need to be taken to maximize the expression of human developmental potential. 
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7. IMPLICATIONS FOR INVESTIGATIVE STRATEGIES 

The observations in Guatemala and the analysis of the published literature in the 
areas of growth and immunostimulation contribute to a framework of relationships. 
Clearly, more information is required to better define the relations and the causal linkages 
in the interactions. If the sine qua non for an adverse effect in the long run is a reduction 
in attained stature relative to the inherent genetic potential of the individual, the mediation 
of that decreased growth is to be found at the dysregulation of the signals for tissue 
accretion and reflected in abnormalities in the turnover of protein and the utilization of 
amino acids. 

In terms of design for the metabolic studies, only two strategies -- associations and 
interventions -- permit the testing of hypotheses. In the former motif, correlation between 
growth response and inapparent infections would be one approach. However, the linear 
growth process is slow. A surrogate approach, would be to seek associations of 
inapparent infections with changes in protein metabolism using the emerging techniques 
of stable isotope technology. This has the double advantage of the rapidity of a response 
and the capacity to provide insights into mechanism, although it requires certain 
assumptions to link the protein metabolism to the intact growth response. 

In terms of longitudinal interventions, prospective studies on antibiotic treatment and 
growth in school children in Guatemala have been reported (36]. Analyzing the problem 
some 20 years further into the antibiotic age, a subcommittee of the Food and Nutrition 
Board, proposed some guidelines for the design of antibiotic trials for stimulating growth 
in deprived children living in contaminated environments [37]. To shorten the exposure 
to the antibiotics, a longitudinal intervention using protein metabolism indices as the 
outcome variables, as a surrogate for growth, would have the same potential advantages 
as discussed above and be constrained by the same interpretive assumptions. 

With either an associative or an interventional investigative design at the 
mechanistic level, the questions relate to oxidation of indispensable amino acids, to the 
role of glutamic acid and the gut (given the frequency of diarrhoeal episodes) and to the 
diversion of amino acids into APR proteins or away from the matrix proteins of the axial 
skeleton. However, if we consider diarrhoea and dermic infections, diversion of amino 
a^ids into rapidly turning over tissues such as intestinal mucosa and skin, turning over 
more rapidly in response to infectious injury, represent another possible impediment to 
axial growth. 

Success in this research enterprise will require the prudent selection of a population 
of the proper age to be susceptible to the growth impairment and with the appropriate 
environmental exposures. Obviously, dietary limitations must not be so severe as to 
explain 100% of any growth faltering observed. To the extent that immunostimulation, 
per SH, be the question, the definition and detection of the "inapparent" infection must be 
precise. The choice of dose, duration and spectrum of any antibiotics to be used in a 
prophylactic trial is crucial. Finally, for the approach to the metabolism of protein and 
amino acids, in-vivo techniques must be developed with precision and accuracy for the 
definition of oxidation, turnover and redirection of synthesis but with the robustness to be 
used in the community and with a non-invasive character to make them tolerable to the 
young subjects and acceptable to their progenitors. 
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8. PROGRAMMATIC AND POLICY IMPLICATIONS 

The programmatic and policy implications of the web of rational considerations are 
also important. The maximal expression of the genetic potential of individuals in 
populations could be considered an element in the definition of health and well-being. It 
is clear that this potential is not being met in most parts of the developing world [38]. 
Being taller puts a greater demand on the environment for food, but the adverse 
consequences of short-stature have been well documented. They include: "reduced 
functional capacity and increased risk of serious illness and death" [13]. Between the 
alternative options of prevention and reversal of growth-failure, the former is by the far the 
more promising, although effective interventions to accomplish neither have been 
developed. 

If factors other than the quality and microbiological safety of the diet are major 
determinants of growth faltering, a wider spectrum of intervention measures must be 
considered. Obviously, where antibiotic feeding can be used as a tool to simulate the 
reduction of the microbial assault, they are not a long-term public health solution. The 
conceivable strategies to combat both the overt, recurrent infections and the constant 
state of inapparent infection due to immunostimulation would be improved environmental 
sanitation and possibly an expanded armamentarium of immunizations, including 
immunizations against non-pathogenic microbes. Attention to the frequent elimination of 
ecto- and endoparasites might also be part of the anti-inflammatory strategy. If 
successful, such comprehensive sanitizing actions should result in a rapid, secular change 
in childhood growth and final adult stature, with populations of the developing world 
approximating their genetic potential for height. 
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ANNOUNCEMENT OF A NEW INTERNATIONAL ATOMIC ENERGY AGENCY (IAEA) 
COORDINATED RESEARCH PROGRAMME (CRP) AND INVITATION FOR 
PRE-PROPOSALS 

APPLICATION OF STABLE ISOTOPE TRACER METHODS TO STUDIES OF AMINO 
ACID. PROTEIN, AND ENERGY METABOLISM IN MALNOURISHED POPULATIONS 
OF DEVELOPING COUNTRIES 

1 . BACKGROUND 

The Division of Life Sciences of the IAEA has approval to start a new Coordinated 
Research Programme (CRP) on "Application of Stable Isotope Tracer Methods to Studies 
of Amino Acid, Protein, and Energy Metabolism in Malnourished Populations of Developing 
Countries". Part of the rationale for this CRP arose from a conclusion of the 
FAO/WHO/UNU Joint Committee (1985) that protein requirements for individuals in 
developing countries challenged by frequent infection and/or chronic undernutrition may 
differ from those of reference individuals (particularly in the case of children) but that 
available data were too scanty to support specific reevaluations. The Joint Committee 
concluded that this was a priority subject for research. 

The goals of the new CRP are to capitalize on recent developments in stable isotope 
tracer techniques to assess the impact of infection in undernourished people on the 
kinetics of protein catabolism, protein anabolism, amino acid metabolism, and on the 
synthetic rates of selected plasma proteins. Studies will be conducted in developing 
countries, particularly in young children. The data generated should be appropriate as a 
basis for reevaluating amino acid/protein requirements in these populations. 

2. PARTICIPATION AND FUNDING 

The CRP will include 14 to 18 participating institutes, mostly from developing 
countries. The CRP will use a team approach in which a developing country investigator 
is twinned with a developed country scientist with expertise in the field. The IAEA will 
provide modest funding ($5,000-7,000/year) for each developing country institute, spread 
over 4-5 years. The IAEA will also seek additional financial support from international 
funding agencies and will assist investigators who wish to make applications to 
governmental or nongovernmental organizations. Collaborations between the CRP, the 
World Health Organization, the Food and Agriculture Organization, and the International 
Dietary Energy Consultancy Group are envisioned as additional mechanisms of the CRP. 

3. DURATION 

1993 through 1997- 1998. 
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4. SCIENTIFIC SCOPE 

The overall purpose of the CRP is to use stable isotope tracers to investigate the 
impact of infection and chronic undernutrition on protein metabolism and thereby to 
improve the scientific foundation for reevaluations of protein requirements in people in 
developing countries, particularly in children, in particular, the CRP will be focused on: 

(a) dietary requirements of essential amino acids; 

(b) the metabolism (including de novo synthesis) of nonessential amino acids 
such that they may become "conditionally essential"; 

(c) the processes of protein catabolism and anabolism during infection. Priority 
will be given to well-designed protocols which will test hypotheses which 
fall within this scope. Assessments of energy metabolism at research sites 
with indirect calorimetry equipment and/or when H 2

1 8 0 becomes available 
would also be of interest. 

A Consultants' Meeting was convened recently by the IAEA to discuss the 
emphasis, orientation, and methods for the CRP. The report of this meeting should be of 
interest to investigators who wish to submit an application to the CRP and may be 
requested from the Agency by writing to the address at the conclusion of this document. 

THE PRIMARY OBJECTIVES OF THE CRP 

(1) To test the hypothesis that whole body proteolysis is increased and net 
anabolism is decreased during infectious disease in chronically 
undernourished persons. To test this hypothesis, several approaches will 
be considered including: 

(a) The kinetics of protein metabolism (catabolism, anabolism) will be 
determined at the whole body level using the classical 1 5N-glycine 
method in paired comparisons in undernourished individuals, with 
and without infection. 

(b) The kinetics of protein metabolism (catabolism, oxidation, and 
non-oxidative disposal) will be determined at the whole body level 
using the classical 13C-leucine method in paired comparisons in 
undernourished individuals, with and without infection. 

(2) To test the hypotheses that utilization of some "non-essential amino acids" 
increases during infection such that whole body proteolysis is increased 
accordingly to provide more of these amino acids. Dietary supplementation 
with certain "non-essential" amino acids (glutamine, proline, arginine, serine) 
during infection in chronically undernourished persons has several effects, 
among which might be: 

(a) Whole body protein catabolism/oxidation is reduced, determined by 
the classical 13C-leucine method. 
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(b) Protein metabolism is redirected to anabolic pathways. 

(c) The duration of the catabolic episode is reduced. 

(d) Particular physiological functions are improved, such as gut function 
in diarrhoeal disease. 

(3) To test the hypothesis that proteolysis occurs in part to provide nitrogen or 
amino acids for synthesis of acute-phase proteins. Whole body protein 
metabolism would be combined with determinations of rates of synthesis 
of acute-phase proteins. 

(4) To perform inter-method comparisons between the phenylalanine-tyrosine 
method and the leucine method for measuring protein oxidation. The 
phe-tyr method would use urinary enrichments, the leu method would use 
plasma and breath. 

(5) To perform inter-method comparisons and/or validate modifications of 
existing methods for measuring amino acid/protein kinetics so that the 
methods are more widely applicable in studies in developing countries. 
Emphasis should be on oral administration of isotopes in lieu of intravenous 
administration, sampling of urine in lieu of plasma, and obviating the need 
for breath collections. 

ANTICIPATED APPLICATION OF THE FINDINGS 

The research results from this CRP have several potential applications. They can be 

(a) to further clarify the pathophysiology of the synergy between malnutrition 
and infection, 

(b) to estimate dietary requirements for amino acids to direct protein 
metabolism away from oxidation and toward synthesis in undernourished 
children, 

(c) as a basis for reevaluating the protein and amino acid requirements during 
infection, 

(d) in patterning synthetic peptides which would have important nutritional 
consequences in developing country nutrition. 

7. HOW TO APPLY 

Those who wish to participate in this CRP should first submit an informal 
pre-proposal in the form of a letter which should include the information specified below. 
Each application should be submitted on behalf of one team (see Section 2). The 
information requested is: 

used: 
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(a) description of the investigation in one single-spaced page. 

(b) names, addresses, telephones, telexes, and FAX numbers of applicants in 
both the developed and developing countries, 

(c) background information i r ' uding whether this developing-developed country 
team has worked togett r, whether they have joint publications. 

8. DEADLINES AND PRIORITIES 

There is no deadline for the submission of pre-proposals to join the CRP. However, 
the initial selection will be made on the basis of pre-proposals received by 15 April, 1993. 
Thereafter, priority will be given on a first-come-first-served basis to applicants whose 
projects fit the objectives of tne CRP. 

ADDRESS FOR PRE-PROPOSALS AND ENQUIRIES 

Carla R. Fjeld, Ph.D. 
Senior Scientist 
Section of Nutritional and 
Health-Related Environmental Studies 
International Atomic Energy Agency 
Box 100, A-1400 Vienna, AUSTRIA 

Tel(1): +43-1-2360-1680 
Tel(2): +43-1-2360-1658 
Fax: +43-1-234564 
Email: RLN@IAEA1.IAEA.OR.AT 
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AGENDA 

0 9 : 0 0 - 12.30 

14 :00 - 14:15 

14 :15- 15:15 

15 :15- 16:16 

16:15 - 16:30 

16 :30- 17:30 

SUNDAY. 24 OCTOBER 1993 

OPENING: Introductions and business matters 

Overview of the purpose of the meeting 

Infection and Malnutrition: Evolution of Understanding and 
Limitations of Classical Methods 
Nevin Scrimshaw 

Multi-Centre Studies: Lessons from the UNU 
Will Rand 

General Discussion 

Protein Requirements In Relation To Amino Acid Metabolism 
Vernon Young 

0 9 : 0 0 - 12:30 

MONDAY, 25 OCTOBER 1993 

SESSION I: Chair: Dave Halliday 

WORKING PAPERS - ENDOGENOUS PROTEIN 

Reviewers: D. Halliday, C. Fjeld, V. Young 

12 :30- 14:00 

Texas: 
Jamaica: 
India: 
Bolivia: 
Peru: 

Lunch 

P. Reeds 
J. Jahoor / T. Forester 
A.V. Kurpad / P. Reeds 
J.L. San Miguel / B. Beaufrere 
J. Lembcke / C. Duggan 

14 :00- 17:30 SESSION II: Chair: Anura Kurpad 

Adoption of the agenda 

Status report on the Coordinated Research Programme 

WORKING PAPERS - EXOGENOUS PROTEIN 

Reviewers: B. Caballero, C. Fjeld, N.S. Scrimshaw, P. Reeds 

Bangladesh: 
Bangladesh: 

S. Roy / A. Tomkins 
I. Kabir/ D. Halliday 
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TUESDAY. 26 OCTOBER 1993 

09:00-12:30 SESSION III: Chair: Ben Caballero 

WORKING PAPERS - METHODS ISSUES 

Review protocols as needed and decide which are "generic" aspects 
that need to be standardized to improve study outcome, including: 

Clinical Characterization 
Biochemical Characterization of Nutritional Status 
Period and Conditions of Dietary Adaptation 
Inf 2ctive Stress Assessment Methods 
Isotope Administration and Sample Collection (discussion) 

12 :30- 14:00 Lunch 

14 :00 -17 :30 SESSION IV: Chair: Farook Jahoor 

Review 2nd decisions about aspects which are "unique" 
(i.e., protocol - specific) to improve study outcome. 

WEDNESDAY, 27 OCTOBER 1993 

09:00 - 10:00 SESSION V: Reviewers' feedback on CRP proposals presented in 

Sessions I and II. 

10:30 - 12:00 Develop budget for Generic Protocol 

12:00 - 12:45 A. Ajami: Metabolic probes 

12 :45 -14 :00 Lunch 

14 :00- 15:00 SESSION VI: Chair: J. Bradley 

CIL and small grants programme 

15:00 Investigator Team Meetings 

FUTURE 

FASEB (EB) Abstract deadline 1 December 1994 

Next Research Coordination Meeting February 1995 

(First pass on Research Results - Refinements - FASEB) 

FASEB (EB) March or April 1995 

MiniSymposium Possibility: Infection, Metabolism, and Nutritional 
Significance, FASEB, 1995 
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THURSDAY, 28 OCTOBER 1993 

0 9 : 0 0 - 1 2 : 3 0 SESSION VII 

Discussion and recommendations (continuation) including preparation 
of draft report 

1 4 : 0 0 - 1 7 : 3 0 SESSION VIII 

Continuations 

FRIDAY, 29 OCTOBER 1993 

0 9 : 0 0 - 1 2 : 3 0 SESSION IX 

Potentials for additional funding 

DISCUSSION TOPICS FOR SESSIONS III AND IV 

GENERAL DISCUSSION TOPICS PERTAINING TO STUDY DESIGN 

1. Timecourse of infection which may be of nutritional importance 

2. Moving from vaccines as a model of infection to subclinical chronic and/or to 
hyperendemic acute infection protocols 

3. Tracer methodologies 

3 . 1 . further discussion of preliminary data from acute-phase protein synthesis 
studies 

3.2. classical methods/adaptations for developing countries 

3.3. standardizing protocols/generic protocol concept 

4. Dietary constancy requirements for protein kinetic studies 

5. Novel tracer methods for use in developing countries 

6. Significance of our research to feeding to prevent malnutrition. Practical application 
of data generated by the CRP 

7. Characterizing clinical picture 
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GENERAL 

13. New participants in this CRP 

14. Report of this RCM 

15. Next RCM (time and place) 

16. Information exchange-network to exchange new info, i.e., from Current Contents 

17. Additional funding 

18. Publications by IAEA-produce manual on guidelines/protocols as in our CRP 
methods? 

19. Other matters 
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LIST OF PARTICIPANTS, COST-FREE CONSULTANTS AND OBSERVERS 

Bangladesh 

Dr. Iqbal Kabir 
International Centre for Diarrhoeal 

Disease Research, Bangladesh 
GPO Box 128 
Dhaka-1000 

Bangladesh 

Dr. Swapan Roy 
International Centre for Diarrhoeal 

Disease Research, Bangladesh 
GPO Box 128 
Dhaka-1000 

Boliva 

Dr. Jose Luis San Miguel 
Jefe del Dpto Nutricion 
Instituto Boliviano de Biologia de Altura 
La Paz 

France 

Dr. Bernard Beaufrere 
Laboratoire de Nutrition Humaine 
58 rue Montalembert 
B.P. 321 
63009 Clermont Ferrand Cedex 1 

Guatemala 

Dr. Monolo Mazariegos 
Centre for Studies of Sensory 
Impairment, Aging and Metabolism 

Hospital de Ojos y Ofdos 
"Dr. Rodolfo Robles V." 
Diagonal 21 y 19 Calle, Zona 11 
Guatemala City 

India 

Dr. Anura V. Kurpad, 
Nutrition Research Centre 
Department of Physiology 
St. John's Medical College 
Bangalore, 560 034 

Jamaica 

Dr. Terrence Forrester 
Tropical Metabolism Research Unit 
University of the West Indies 
Mona, Kingston 7 

Peru 

Dr. Jorge Lembcke 
Instituto de Investigaci6n Nutricional 
Apartado 18-0191 
Lima 18 

Philippines 

Dr. Miriam D. Kuizon 
Food and Nutrition Research Institute 
Department of Science & Technology 
Pedro Gil Street, P.O. Box EA-467 
Ermita, Manila 1000 

United Kingdom 

Dr. Dave Halliday 
Nutrition Research Group 
Clinical Research Centre 
Watford Road 
Harrow, Middlesex HA1 3UJ 
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United Kingdom United States of America 

Dr. Andrew Johnson 
Centre for International Child Health 
University of London 
30 Guilford St. 
London WC1N 1EH 

Dr. Farook Jahoor 
Children's Nutrition Research Centre 
Baylor College of Medicine 
1100 Bates St. 
Houston, TX 77030-2600 

United States of America United States of America 

Dr. Christopher Duggan 
Harvard Medical School 
Massachusetts General Hospital 
Boston, MA 02115 

United States of America 

Dr. Benjamin Caballero 
Director, Centre for Human Nutrition 
The Johns Hopkins University 
School of Hygiene and Public Health 
615 North Wolfe St. 
Baltimore, MD 21205-5478 

Dr. Peter Reeds 
Children's Nutrition Research Centre 
Baylor College of Medicine 
1100 Bates St. 
Houston, TX 77030-2600 

CONSULTANTS 

United States of America United States of America 

Prof. Nervin S. Scrimshaw 
United Nations University 
Food and Nutrition Programme for 
Human and Social Development 

Charles Street Station, P.O. Box 500 
Boston, MA 02114-0500 

Dr. Vernon Young 
Massachusetts Institute of Technology 
Laboratory of Human Nutrition, 
Cambridge, MA 02142-1308 

OBSERVERS 

Brazil Guatemala 

Dr. Ana Lydia Sawaya 
Escola Paulista de Medicina 
Depto. Fisiologia 
Rua Botucatu 860 
Sao Paulo, SP 

Dr. Noel Solomons 
Centre for Studies of Sensory 
Impairment, Aging and Metabolism 

Hospital de Ojos y Ofdos 
"Dr. Rodolfo Robles V." 
Diagonal 21 y 19 Calle, Zona 11 
Guatemala City 

136 



Guatemala United States of America 

Or. Carolina Vettorazzi 
Centre for Studies of Sensory 

Impairment, Aging and Metabolism 
Hospital de Ojos y Oi'dos 
"Dr. Rodolfo Robles V." 
Diagonal 21 y 19 Calle. Zona 11 
Guatemala City 

Dr. Joel C. Bradley 
President 
Cambridge Isotope Laboratories, Inc. 
30 Commerce Way 
Woburn. MA 01801 

United States of America United States of America 

Dr. Alfred M. Ajami 
Tracer Technologies, Inc. 
20 Assembly Square Dr. 
Somerville, MA 02145 

Dr. Susan Roberts 
USDA Human Nutrition Research 
Centre 

Tufts University 
711 Washington St. 
Boston, MA 02111-1524 

HOST 

United States of America 

Dr. Irwin H. Rosenberg 
Editor, Nutrition Reviews 
USDA Human Nutr. Res. Centre 
on Aging 

Tufts University, Office of the Director 
711 Washington St. 
Boston, MA 02111-1525 

IAEA STAFF MEMBER 

Austria 

Dr. Carla R. Fjeld 
Section of Nutritional and 
Health-Related Environmental Studies 

Division of Human Health 
International Atomic Energy Agency 
P.O. Box 100 
A-1400 Vienna 


