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Abstract 

This report describes the use of the doubly labelled water (DL W) method for 
estimating energy expenditure in free living subjects to investigate possible 
adaptation to low energy intakes in subjects in India, Mexico and Malaysia. 
The DLW method, which utilises the stable isotopes 2H and '80, was used 
together with established methodologies to determine whether adaptation 
of energy needs to chronically low energy intakes occurs and, if so, whether 
it operates via an effect on metabolism, body composition or behaviour. 
Experimental design relevant to the DL W method is discussed with reference 
to the methodological problems anticipated for each of the groups studied. 
Particular attention is given to errors introduced by isotope sequestration 
and fractionation and the measures taken to deal with these potential 
sources of error. New approaches to monitoring mass spectrometer 
performance during routine sample analysis are described. A method is 
described whereby serial dilutions of the dose material may be analyzed as 
if they wore biological samples and the pool size and water and C02 flux 
rates calculated as normal. The accuracy of pool size and water flux may 
be verified by comparison with the gravimetric data and the accuracy of the 
CO 2 flux determined by comparison with the theoretical value of zero. The 
formulae used to calcula te pool size, and wa ter and C02 flux ra tes are given. 
The results of the completed DLW studies are presented and areas of 
continuing work described. 

1. SCIENTIFIC BACKGROUND AND SCOPE OF THE PROJECT 

Knowledge of whole body energy expenditure is important if we are to make 
accurate estimates of energy requirements for optimum health. This project is concerned 
wi th applicability of the FAO/WHO/UNU [1] energy requirement prediction equations to 
individuals in developing countries where adaptation to low intakes may occur by 
metabolic/behaviourial means or via the effect of chronic undernutrition on body 
composition. The FAO/WHO/UNU [1] prediction equations reduce energy expenditure to 
two components, the basal metabolic rate (BMR) and total energy expenditure (fig 1). 
Energy requirements are then calculated as multiples of BMR but until recently it has 
proved extremely difficult to objectively assess the total energy expenditure of free living 
subjects in their normal environment. However, wi th the advent of the DLW method this 
has become possible. The DLW technique [2,3] is based on the observation that the 
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turnover of water oxygen (0) is greater than that of hydrogen (H) because both elements 
are lost from the body as water but 0 is also lost in the form of expired C 0 2 . This occurs 
because the C 0 2 in the body is in equilibration with water O. The reaction is catalysed by 
carbonic anhydrase and each enzyme molecule can hydrate 1 0 s molecules of C 0 2 / sec; 
this is 1 0 7 times faster than the uncatalysed reaction and, for the purposes of the DLW 
method, equilibration can be considered to be instantaneous. Therefore, when body water 
is labelled w i th the stable (non-radioactive) isotopes deuterium (2H) and oxygen-18 ( 1 8 0) , 
the rate of 2 H dilution gives a value for water flux (rHjO) and the rate of 1 8 0 dilution a value 
for water flux plus C 0 2 production (reo,) 

The aim of the research programme described here is to evaluate the applicability 
of the FAO/WHO/UNU [1] prediction equations to individuals in developing countries and, 
where appropriate, to identify whether any discrepancies between predicted and measured 
energy expenditure can be ascribed to metabolic/behaviourial adaptation or to the effects 
of chronic undernutrition on body composition. Thus, the outcome of this study will be 
of great importance in the verification and refinement of the FAO/WHO/UNU [1 ] equations 
for prediction of energy needs in developing countries. Considering the two components 
of energy expenditure used to predict energy requirements we may reduce the postulated 
phenomenon of adaptation to two testable hypotheses. 

Hypothesis 1. BMR per unit body mass is reduced in chronically undernourished 
individuals. 

Possible mechanisms: 

(i) the tissues have a lower rate of basal metabolism, perhaps due to a 
biochemical adaptation, and/or 

(ii) those tissues wi th low metabolic rates in the resting state make up a greater 
proportion of body mass. 

Hypothesis 2. The FAO/WHO/UNU multiples of BMR used to predict energy expenditure 
are not appropriate for chronically undernourished individuals. 

Possible mechanisms: 

(i) individuals do less muscular work because they are energetically more 
efficient at performing tasks, and/or 

(ii) they are unable to sustain high levels of work, and/or 

(in) they are less active during leisure time because they are too tired after the 
demands of work, and/or 

(iv) the tissues have a lower rate of metabolism, perhaps due to a biochemical 
adaptation, and/or 

(v) those tissues wi th low metabolic rates make up a greater proportion of body 
mass. 
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It can be seen from these hypotheses that the process of adaptation can span many fields 
of research, from biochemistry to behaviour, and the laboratories in India, Mexico and 
Malaysia have each chosen to concentrate on different aspects of this complex problem 
(see the respective reports elsewhere in this document for details). 

2. EXPERIMENTAL METHOD 

2 . 1 . Organisation 

The role of the Rowett Research Institute in this programme was to facilitate these 
studies on energy needs in the developing world by providing technical assistance in the 
use of stable isotopes to study energy expenditure. Specifically, the Rowett undertook to 

(a) Design the DLW protocol for each laboratory and assist wi th overall study 
design. 

(b) Train workers from developing countries in the use of calorimetric 
techniques and the principles and practice of the DLW method. 

(c) Purchase and distribute isotope. 

(d) Analyze samples of body fluids for 2 H and 1 8 0 . 

(e) Calculate rco 2 and energy expenditure from isotope results. 

(f) Discuss interpretation of results wi th workers from each laboratory and 
assist in preparation of data for publication. 

The DLW study protocols can be found in the respective reports elsewhere in this 
document. The details of stable isotope analysis and calculations are given below together 
w i th the quality assurance procedures fol lowed. Anticipated problems associated wi th 
application of the DLW method in each of the protocols are also presented below together 
w i th the steps taken to address these problems. 

2.2. Training and communication 

During the course of the CRP, representatives from each of the three collaborating 
laboratories in India, Mexico, and Malaysia visited the Rowett Research Institute (RRI) to 
be trained in the principles and practice of the DLW method and mass spectrometry. 
2 H 2

i a O was distributed to the laboratories. In addition, one litre of calibrated laboratory 
reference waters was dispatched from RRI to India for use in their new mass spectrometer 
laboratory. Biological samples were transported to the RRI for analysis. Drs. Haggarty and 
McNeill of the RRI went to Mexico to train workers in the use of DLW and calorimetry and 
Dr. Haggarty discussed DLW protocols in India. 
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3. ANALYTICAL 

Sufficient isotope was administered to raise the 2 H 2 and 1 8 0 concentrations in the 
body water to approximately 300 parts per million (ppm) excess (0.19g H 2

1 8 0 /kg body 
weight; 0.24g 2 H 2 0 /kg body weight). All isotope enrichments were determined on SIRA-
10, SIRA-12 or SIRA-II mass spectrometers (VG Instruments Ltd. Middlewich, U.K.) 
relative to a series of laboratory reference waters calibrated against V-SMOW and SLAP 
using 155.6 ppm ( 2 H 2 0) and 2005.9 ppm (H 2

1 8 0) as the best estimate of the abundance 
of V-SMOW. The mean standard error for mass spectrometer analysis was 0.4 ppm for 
2 H and 0.1 ppm for 1 8 0 , there was no indication that the standard errors changed wi th 
sample enrichment. The precision and accuracy of the measurements can be judged from 
the values obtained for the four IAEA reference waters analyzed at this Institute. Our 
results (labelled RRI) are plotted beside those of 7 other laboratories taking part in the 
reference water comparison (fig 3). In all cases the values are within the 9 5 % confidence 
limits and the standard deviations are similar to or smaller than those reported by other 
laboratories. 

3 . 1 . Quality assurance 

The isotopic enrichment of samples is normally determined against a series of laboratory 
reference waters of known isotopic composition. If the assumed enrichment of the 
reference waters differs from the true value because of e.g. contamination or exchange 
with atmospheric water or errors in the original analysis of the reference water, then bias 
may be introduced into the calculation of rco 2 . A simple check on this is to prepare serial 
dilutions of the 2 H 2

1 8 0 dose material with unenriched tap water to obtain a similar starting 
enrichment and k to that found in the experimental subjects. By running these 'artif icial ' 
samples alongside biological samples the values for k, N and flux rate for each isotope may 
be estimated and their absolute accuracy verified against the gravimetrically predicted 
values (fig 4). A more sensitive test of accuracy on the DLW method as a whole arises 
from the fact that, since both isotopes are diluted in exactly the same way, they should 
give identical values for the k and N and hence the flux rate. Since rco 2 is calculated 
essentially as the difference between the two flux rates the values for rco 2 should be zero. 
Following this procedure we obtained values for f lux' 8o and flux JH which differed by only 
3g/day (equivalent to +21 C0 2 /day). Thus it can be assumed that the enrichments 
determined in the samples are a true reflection of the 2 H and 1 8 0 abundance in the body 
water. 

3.2. Calculations 

In the formulae given below the following notation is used: 

N start pool size (g) 
A(g) weight of dose (g) 
A(mm), B{mm) molecular mass of dose and background water (amu) 
A(ppm), B(ppm) enrichment of dose and background water (ppm) 
l(ppm) initial enrichment of body water (ppm) 
X fractionated water loss as a proportion of total 
f, 2 3

 2 H and 1 B 0 fractionation factors 
k rate constant (/day) 
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N, flux rates, rH2o and rco 2 were estimated as fol lows; 

Flux = k N 

N - Afl) B(mm) \pm) B(pPm) 
'"start —7 X - —-

^(mm) 'ippm) D(ppm) 

The rH2o was calculated from the flux2H after correcting for fractionated water loss (X) 
(f, = 0 . 9 4 1 ) . 

FluxZH 

'H20 if, X) + (1 - X) 

The rcOj was calculated from the difference between f lux 1 8 o and flux JH after correcting for 
isotope fractionation (f2 = 0.99, f 3 = 1.039). The fractionation factors f, and f 2 are based 
on in vitro equilibrium fractionation data and although there may be some kinetic 
fractionation during evaporation from the skin, both f, and f 2 wil l be affected to a similar 
extent and the errors wil l largely cancel in the calculation of rco 2 [4, 5 ] . 

'C02 
HuxA80 - {(/ 2 X rH2D) + (1 - X) 

2 U 

4 . SPECIAL CONSIDERATIONS IN DLW STUDY DESIGN 

If it were possible to determine exactly the true enrichment of 2 H and 1 8 0 in the 
body water following isotope administration and if 2 H and 1 8 0 flux rates were functions 
only of rH2o and rco 2 then the DLW method would provide a true and exact value for rco 2 . 
We have already ruled out mass spectrometer measurement as a source of bias but f iux 1 8o 
and flux 2H may not simply be functions of rH2o and rco 2 . Because of mass effects, 2 H and 
1 8 0 are not perfect tracers for the more abundant 1 H and 1 6 0 isotopes in water, also, the 
H and O of water may have routes of loss other than C 0 2 and H 2 0 . The magnitude of bias 
on DLW derived rC02 resulting from these processes will depend on the prevailing 
environmental conditions and the physiological state of the subjects and therefore will be 
specific to each experimental group. 

4 . 1 . Potential problems 

4.1.1. Fractionated water loss 

Water lost in the exhaled breath and transcutaneously is fractionated [4] and 
isotope flux rates must be corrected for the amount of fractionation in the calculation of 
rH2o and rco 2 . The exact method of calculation of fractionated water loss is still open to 
debate and the assumption of a single value for transcutaneous loss does not fully take 
account of the factors which are known to affect skin losses and may be too simplistic [4] . 
Fractionated water loss was calculated here as the mid-point of a maximum physiological 
range and the uncertainty inherent in the range was incorporated into the estimate of 

119 



precision of the final value for energy expenditure. Assuming that the breath is 9 5 % 
saturated at 36°C (40 mg H 20/l breath) and that it contains 3.5% carbon dioxide [5] the 
breath water loss can be calculated from the rate of carbon dioxide production (1 .14 g/l 
carbon dioxide). However, a problem occurs because a value for fractionated water loss 
is required to calculate rco 2 which is then used to calculate fractionated water loss. This 
can be overcome by an iterative approach where the uncorrected flux rates are used to 
calculate carbon dioxide production initially, each parameter is then repeatedly calculated 
until it becomes stable and does not change with further iterations. 

Transcutaneous water loss is largely a function of skin temperature [6]. Kuno [6] 
has estimated transcutaneous water loss to be 16 g/m 2 /h for resting man at room 
temperature. This value doubles for a 10°C rise in skin temperature whilst, conversely, 
Schoeller et al. [7] argue that it is halved because of the effect of clothing. The minimum 
fractionated water loss was estimated here using only breath water loss and the maximum 
as the breath water loss plus the resting transcutaneous water loss measured by Kuno [6]. 
The value used in calculations was the mid-point and the range was incorporated into the 
overall precision on energy expenditure [8]. This approach ensures that the DLW-derived 
expenditure values are accurate to within the given estimates of precision. 

4.1.2. Isotope sequestration 

Loss of 2 H into any product other than water (sequestration) will cause water 
flux to be overestimated and consequently rco 2 to be underestimated [9]. Conversely, 1 8 0 
sequestration would cause rco 2 to be overestimated. The term sequestration is usually 
applied to incorporation into the stable carbon-hydrogen bonds of organic compounds but 
exchange of water H and O wi th material which is subsequently exported from the body 
(e.g. faecal or milk solids) wi l l , for all practical purposes, also appear as sequestration [9] . 
Fat, being the most reduced class of compound in the body, is potentially the greatest sink 
for water 2 H and is the only one of the above with the potential to affect the technique 
significantly (fig 5). This potential problem is of particular concern during overfeeding 
studies such as those being carried out by Professor Shetty and his group in India. For this 
reason we have jointly designed a protocol to quantify 2 H sequestration into fat using t w o 
approaches: 

a) by direct measurement of the end product (i.e. the circulating free fatty 
acids released from adipose tissue after and overnight fast and nor-adrenalin 
infusion; see fig 6) and 

b) by quantifying fatty acid turnover from the time taken for the 2 H 2 0 
enrichment to return to background levels (see fig 7). 

5. RESULTS 

The DLW derived results from the first phase of the Mexico study protocol are 
presented in Table I. The values for the three different BMI groups studied are presented 
separately (see report by Dr. Valencia elsewhere in this document for physiological 
interpretation), the second phase of this study is now underway. The Malaysian DLW 
derived results are presented in Table II. The mean calculated parameters for the urban 
and rural groups are given separately (see report of Dr. Noor elsewhere in this document 
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for physiological interpretation). Plasma samples from the sequestration study of Dr. 
Shetty have been sent to Aberdeen and the fat wil l be extracted and analyzed for 2 H 
incorporation. All other samples arising from the Indian studies will be analyzed in India 
using their newly acquired mass spectrometers. 

6. DISCUSSION 

Studies on the effects of chronic under-nutrition on energy metabolism in man are 
often confounded by concomitant changes in body composition. In this multi-centre study 
we have attempted to circumvent this problem by studying both the energetic 
consequences of chronic under-nutrition in individuals of low BMI and the effect of low 
BMI on the energy expenditure of individuals w i th access to food of sufficient quantity and 
quality to meet their dietary requirements. The reference point for these studies has been 
the FAO/WHO/UNU estimates of energy requirements [1]. 

The studies in Mexico showed that the FAO/WHO/UNU equations overestimated 
the BMR of adult males by approximately 8%. However, there was an effect of body 
composition and the overestimate was greatest in those individuals wi th the lowest BMI 
( + 10% in the group with BMI = 18 and body fat = 14%). The results from Malaysia 
confirm the finding that the true BMR is lower than predicted by FAO/WHO/UNU but the 
discrepancy, in subjects of similar body composition (BMI = 21.4, body fat = 17%) to 
those studied in Mexico, was almost double that of the Mexican males. Studies in India 
have shown an increase in BMR in response to energy supplementation although the 
interpretation of this finding is complicated by the fact that the subjects may not have 
been fully post-absorptive, as indicated by very high RQ values during the BMR 
measurements. We can, however, safely conclude that the existing FAO/WHO/UNU 
equations for predicting BMR overestimate the true value in individuals from different 
countries and with a wide range of body compositions. If the Malaysian BMR results are 
confirmed they suggest that there may also be ethnic differences in the relative masses 
of the body tissues in subjects with the same gross body composition or differences in the 
metabolic rate of the tissues. 

The accuracy of the FAO/WHO/UNU equations was tested by measuring TEE in 
adults from rural and urban communities in Malaysia wi th DLW. The measured BMR 
multiples in the Malaysian subjects were 1.81xBMR (urban) and 1.77xBMR (rural) whilst 
the multiples on which the FAO/WHO/UNU equations are based are 1.55xBMR (light 
work), 1.78xBMR (moderate work) and 2.10xBMR (heavy work). The absolute level of 
expenditure, determined using DLW, was, however, lower than the FAO/WHO/UNU 
predicted values for those engaged in occupations classified as moderate but similar to the 
FAO/WHO/UNU predictions for those engaged in light work. Since the rural Malaysian 
group was engaged in moderate to heavy work during the measurement period we can 
conclude that the FAO/WHO/UNU equations overestimate expenditure in these subjects. 
It is also notable that the urban group, whose work was classified as light, achieved a 
similar BMR multiple to the rural group whose work was classified as moderate to heavy. 
This suggests that leisure activity can have large effects on expenditure but the 
FAO/WHO/UNU approach to estimating requirements takes little account of variability in 
leisure time activities, choosing instead to concentrate on occupation as the main 
determinant of expenditure. This contrasts wi th more recent estimates of energy 
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requirements for the UK population [10] which take account of both occupation and levels 
of activity during leisure t ime. 

Studies in Mexico on the interaction of body composition wi th leisure activity in 
subjects performing a standard working day under highly controlled laboratory conditions, 
showed that the BMI had no significant effect on the proportion of total energy expended 
during leisure t ime. However, the Mexican data on the energy costs of activities indicates 
that individuals w i th low BMI are more efficient at performing work tasks, both in terms 
of the absolute level of expenditure and when expressed as a multiple of BMR. Thus, 
chronically low energy intakes, resulting in a low BMI, could bring about an increase in 
efficiency of muscular work thereby representing a possible mechanism for adaptation to 
low energy intakes. 

Application of the DLW method to subjects in energy imbalance, as in the 
overfeeding studies to be carried out in India, may give rise to a number of methodological 
problems. Essential preliminary methodological work has therefore been carried out in 
India prior to application of the DLW method. The results of the proposed DLW studies 
in India, together wi th the work already completed, should allow us to determine whether 
adaptation occurs in the subjects studied and, if it does, to elucidate the mechanism. The 
results obtained so far suggest that present FAO/WHO/UNU equations for estimating 
energy requirements could usefully be updated in the light of more accurate BMR 
measurements and that the BMR multiples ascribed to occupational activities should be 
amended accordingly. The potential for BMl to affect the energetic efficiency (and hence 
BMR multiple) associated wi th any given task indicates a potential area of adaptation in 
subjects of low BMl, which may usefully be considered in any revision of the present 
FAO/WHO/UNU prediction equations. Also, the finding that leisure activity can account 
for an appreciable proportion of TEE, even in individuals performing heavy work, suggests 
that any future system of estimating energy requirements should allow for a wide range 
of discretionary activities. 
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TABLE I. SUMMARY OF DLW DERIVED PARAMETERS (MEXICO STUDY). 
(mean ± SD) 

Low BMI group Medium BMI group High BMI group 
(n = 4) (n = 4) (n = 4) 

2 H pool size (g) 3305 4143 4323 
.+ 261 jf_449 _+ 364 

2 H flux rate (g/day) 5132 5329 5986 
+.669 ±847 j f . 445 

1 S 0 flux rate 6083 6495 7176 
(g/day) .+ 821 +.1077 ^ 3 4 6 

rH2o (g/day) 5186 5393 6052 
.+ 674 ± .853 j + 4 4 3 

rco 2 (l/day) 542 666 679 
+.109 +.153 .+ 78 .+ 78 

TABLE II. SUMMARY OF DLW DERIVED PARAMETERS (MALAYSIA STUDY). 
(mean ± SD) 

Urban group (n = 7) Rural group (n = 7) 
2 H pool size (g) 3650 3170 

±392 4^437 

1 s O pool size (g) 3512 3071 
J^381 ±429 

2 H flux rate (g/day) 3275 3303 
.+ 460 .+ 579 

1 s O flux rate 4057 4008 
(g/day) .+ 594 .+_690 

rH2o (g/day) 3324 3347 
+.466 ^ 5 8 5 

rco 2 (l/day) 444 400 
±85 +.71 
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C O M P O N E N T S O F E N E R G Y E X P E N D I T U R E 
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Figure 1 . The components of energy expenditure as a proportion of the total. 

125 



Energy needs in developing countries 
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Figure 2. Relationship between the organisations involved in this research programme. 
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SAMPLES ANALYSED IN 2 H 2 " 0 STUDIES 
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Figure 4. The principle of using an artificial decay curve to check analytical accuracy 
under typical run conditions. 
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WATER HYDROGEN INCORPORATION INTO 
DE NOVO SYNTHESISED FATTY ACIDS 
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Figure 5. Mechanism of incorporation of water hydrogen (and 2H) into de novo 
synthesised fatty acids. 
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PREDICTED 'HjO ENRICHMENT IN SEQUESTRATION STUDY 
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Figure 6. Experimental protocol used to quantify incorporation of 2 H into body fat 
(short duration study). 
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PREDICTED *H S 0 ENRICHMENT (EXCESS OVER 150 PPM BACKGROUND) 
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Figure 7. Experimental protocol used to quantify incorporation of 2 H into body fat 
(long duration study). 
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