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FOREWORD

The IAEA has fostered the more widespread use of a stable isotope 
technique to assess body composition in different population groups to address 
priority areas in public health nutrition in Member States. It has done this by 
supporting national and regional nutrition projects through its technical 
cooperation programme and coordinated research projects over many years. 

This publication was developed by an international group of experts to 
provide practical hands-on guidance in the use of this technique in settings where 
analysis of stable isotope ratios in biological samples is to be made by isotope 
ratio mass spectrometry. The publication is targeted at new users of this 
technique, for example nutritionists, analytical chemists and other professionals. 
More detailed information on the theoretical background and the practical 
applications of state of the art methodologies to monitor changes in body 
composition can be found in IAEA Human Health Series No. 3, Assessment of 
Body Composition and Total Energy Expenditure in Humans by Stable Isotope 
Techniques.

The IAEA is grateful to the major contributors to this publication 
(T. Preston, United Kingdom; D. Schoeller, United States of America; C. Slater, 
United Kingdom; M.E. Valencia Juillerat, Mexico) for sharing their technical 
expertise and extensive experience in stable isotope techniques in nutrition.

The IAEA officer responsible for this publication was L. Davidsson of the 
Division of Human Health.



EDITORIAL NOTE

Although great care has been taken to maintain the accuracy of information contained in 
this publication, neither the IAEA nor its Member States assume any responsibility for 
consequences which may arise from its use.

The use of particular designations of countries or territories does not imply any 
judgement by the publisher, the IAEA, as to the legal status of such countries or territories, of 
their authorities and institutions or of the delimitation of their boundaries.
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registered) does not imply any intention to infringe proprietary rights, nor should it be 
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The IAEA has no responsibility for the persistence or accuracy of URLs for external or 
third party Internet web sites referred to in this book and does not guarantee that any content 
on such web sites is, or will remain, accurate or appropriate.
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1. INTRODUCTION

1.1. BACKGROUND

For many years, the IAEA has fostered the more widespread use of the 
stable isotope technique to assess body composition in different population 
groups to address priority areas in public health nutrition in Member States. The 
objective is to support national and regional nutrition projects through both the 
IAEA’s technical cooperation programme and its coordinated research projects.

1.2. OBJECTIVE

This publication was developed by an international group of experts to 
provide practical, hands-on guidance in the use of this technique in settings where 
the analysis of stable isotope ratios in biological samples will be made by isotope 
ratio mass spectrometry (IRMS).

1.3. SCOPE

This manual is aimed at new users of this technique, for example 
nutritionists, analytical chemists and other professionals. More detailed 
information on the theoretical background and the practical application of state of 
the art methodologies to monitor changes in body composition can be found in 
the IAEA publication Assessment of Body Composition and Total Energy 
Expenditure in Humans by Stable Isotope Techniques (IAEA Human Health 
Series No. 3).

1.4. STRUCTURE

Following this introduction, Section 2 provides a technical overview of 
parameters related to body composition assessment. Section 3 describes the 
1

equilibrium technique of estimating TBW by deuterium dilution. Section 4 
details the procedures involved for using the technique, including planning the 
study, preparation and storage of deuterium oxide doses, measuring TBW and 
urine sampling. Section 5 explains how to analyse deuterium enrichment, while 
Section 6 provides detailed information on how to perform the various 
calculations necessary for applying the deuterium dilution technique for body 



composition assessment. Section 7 deals with quality control issues and Section 8 
summarizes the critical steps for good quality data. A list of frequently asked 
questions is given in Section 9. Finally, four appendices provide general 
information on the safety of deuterium oxide, a sample data sheet for TBW 
estimation by deuterium oxide dilution, an equipment list and a description of 
isotopic fractionation, respectively.

2. BACKGROUND

2.1. BODY COMPOSITION

On its own, body weight is a relatively poor indicator of health and 
nutritional status. A more important indicator is body composition, namely what 
components comprise an individual’s body weight. The human body is often 
subdivided into two component parts: FM and FFM. This is known as a two 
compartment model.

2.2. TOTAL BODY WATER

Water is the most abundant constituent of the body. At birth, the body 
contains 70–75% water, but this proportion decreases as the body matures to 
50–60% in lean adults and to less than 40% in obese adults. Water is found 
exclusively within the FFM, which is approximately 73.2% water in adults. TBW 
includes both intracellular fluid and extracellular fluid. If there is an estimate of 
TBW, the amount of FFM can be estimated. Body FM is the difference between 
body weight and FFM.

In free-living conditions, when adequate food and drink are available, the 
body water compartment is in a constant state of flux, with water molecules 
entering and leaving the body. The circulatory system is responsible for providing 
a regular supply of nutrients to, and removal of waste from, all body cells. Each 
2

time we drink fluid, consume food containing moisture or produce a water 
molecule during energy substrate oxidation, these molecules mix with the body 
water pool. At the same time, water constantly leaves the body in different forms. 
This includes insensible water losses as water vapour from the lungs and skin as 
well as water loss in urine and faeces. In adults, the body water compartment 
remains relatively constant in size and rarely varies by more than a few per cent 



within or between days. During a typical day, the input and output of water is 
roughly equal, and the pool size remains relatively constant [1].

TBW can be estimated in the field using the deuterium oxide dilution 
technique. An advantage of this technique is that it can be used to assess 
longitudinal changes in body composition before and after an intervention. Other 
field methods to estimate TBW include bioelectrical impedance analysis and 
predictions from anthropometry (weight, height, sex, age). These are less 
accurate and require prediction equations to be derived for particular population 
groups by comparison with a reference method (probably TBW) in a 
representative sample [2, 3].

2.3. DEUTERIUM

Stable isotope techniques have been used in studies of human nutrition for 
over 50 years. Deuterium is a stable (non-radioactive) isotope of hydrogen, with 
the symbol 2H. It is given orally as deuterium oxide (2H2O), and after mixing with 
body water is eliminated from the body in urine, saliva, sweat and human milk. 
Deuterium oxide is handled in the body in the same way as water, and is dispersed 
through the body water within a matter of hours.

More information on deuterium oxide is included in Appendix I.

2.3.1. Analysis of deuterium enrichment in body water

Body water can be sampled in the form of saliva, urine, plasma or human 
milk and the enrichment of deuterium can be measured by IRMS using duel inlet 
or continuous flow IRMS [4] or Fourier transform infrared (FTIR) spectrometry 
[5]. FTIR is not as sensitive as IRMS and, therefore, requires a larger dose of 
deuterium oxide (approximately ten times as much). FTIR is not suitable for 
analysis of urine or human milk.

The equilibration of deuterium in body water is faster with saliva than 
urine: 2–4 h in saliva compared with 3–6 h in urine (in healthy adults). However, 
small errors are introduced by isotope fractionation in saliva due to evaporative 
loss, and if no account is taken of the loss of deuterium in urine and insensible 
water during the equilibration period. Thus, the most accurate estimate of TBW is 
3

obtained when urine is sampled, losses are accounted for and the deuterium 
content is analysed by IRMS. This methodology was originally validated against 
chemical analysis of cadavers.



2.4. EQUILIBRIUM VERSUS THE BACK-EXTRAPOLATION METHOD 
OF ESTIMATING TBW

This manual describes the estimation of TBW by deuterium dilution using 
the equilibrium or plateau technique with urine sampling and analysis of 
deuterium by IRMS. The technique is appropriate for use in adults and children, 
but in situations where the participants have high water turnover, such as infants 
and adults undergoing high physical activity, the back-extrapolation technique 
gives more accurate results. Body composition is determined by 
back-extrapolation as part of the doubly labelled water technique of estimating 
total energy expenditure [6], and in lactating mothers during the ‘dose to mother’ 
technique of estimating human milk intake in breastfed babies [7]. The 
back-extrapolation technique measures water turnover over a two week period in 
adults and over seven days in infants (3–4 cycles of water turnover). An 
advantage of the equilibrium technique is that sample collection is completed in a 
single day.

3. THE EQUILIBRIUM TECHNIQUE FOR
ESTIMATING TOTAL BODY WATER

BY DEUTERIUM DILUTION

3.1. BRIEF SUMMARY OF THE TECHNIQUE

The technique involves the following steps:

— The body water pool naturally contains a small amount of deuterium (2H). 
This represents the natural abundance of 2H in body water and is usually 
close to 0.015 at.% 2H.

— After collection of a baseline sample, a known quantity of deuterium oxide 
(99.8 or 99.9 at.% 2H) is ingested (0.05 g/kg body weight for adults). 
Deuterium oxide is also known as D2O.

— The 2H2O mixes with body water within a few hours (Fig. 1). The amount 
4

of deuterium in body water above that naturally present is known as the 
enrichment of body water. Enrichment reaches a ‘plateau’ after 2–5 h in 
body water.

— As the bladder does not empty perfectly, some mixing and delay can occur. 
It is recommended that two post-dose urine samples are collected at the 



‘plateau’ enrichment. It is, therefore, necessary to sample urine for 6–8 h 
after the deuterium oxide was administered. 

— The volume of all fluids consumed during the equilibration period should 
be recorded.

— The enrichment of 2H in urine samples can be measured using continuous 
flow–isotope ratio mass spectrometry (CF–IRMS). 

3.2. ASSUMPTIONS OF THE TECHNIQUE

There are certain assumptions associated with the deuterium dilution 
technique of estimating TBW [1]. These are:

— The deuterium oxide is distributed only in body water;
— The deuterium oxide is equally distributed in all body water compartments 

(e.g. saliva, urine, plasma, sweat, human milk);

+  dose

At baseline After dose equilibration  

Body Water

Deuterium 

Deuterium Dilution 

 FIG. 1. Estimating TBW by deuterium dilution.
5

— The rate of equilibration of deuterium oxide is rapid;
— Neither deuterium oxide nor body water is lost during the equilibration 

time.



Where the assumptions are not true, a correction factor must be included in 
the calculation of TBW or precautions taken to minimize the effect. Each of these 
assumptions is discussed in the following sections. 

3.2.1. Assumption 1: The deuterium oxide is distributed only in 
body water

This is not true. Deuterium in body water enters other pools within the 
body. This is known as non-aqueous exchange:

— Deuterium exchanges with exchangeable hydrogen atoms in body protein. 
Exchangeable hydrogen atoms are those on amino (–NH2), hydroxyl (–OH) 
and carboxyl (–COOH) groups of amino acids.

— Deuterium is also sequestered into fat and protein as these are synthesized.

Thus, the volume of distribution, sometimes known as the dilution space, of 
deuterium is slightly greater than TBW. The 2H space (conventionally termed ND

when the dilution space is expressed as moles of H2O) is 1.041 times that of TBW. 
ND is calculated from the dose of deuterium oxide administered and the enrichment 
of the urine. The calculations are described in detail later (see Section 6).

3.2.2. Assumption 2: The deuterium oxide is equally distributed in 
all body water compartments

This is true for water in the body but not for water leaving the body as water 
vapour, which is subject to isotopic fractionation. There is no fractionation in urine, 
faecal water or sweat. Sweat is excreted from the sweat glands as liquid water and 
evaporation occurs after it leaves the body water, and, thus, it is not fractionated as 
it leaves the body. However, water leaving the body as water vapour in breath and 
transdermal evaporation is subject to fractionation. Transdermal evaporation is 
insensible water loss from the skin through routes other than the sweat glands. The 
effect of increased insensible water losses, which contain less deuterium than body 
water, is to concentrate the deuterium oxide left behind, which leads to an 
underestimation of TBW and, therefore, an overestimation of body fat. It is 
important to avoid physical activity during the equilibration period to avoid 
6

increasing the rate of breathing and transdermal evaporation.

3.2.3. Assumption 3: The rate of equilibration of deuterium oxide is rapid

This is true in healthy participants but water turnover is slower in the 
elderly, pregnant women and patients with expanded extracellular water volume 



(such as malnourished children with oedema), and during systemic shock. A 
longer equilibration time should, therefore, be allowed in these participants:

— Equilibration is the process whereby the deuterium oxide is evenly mixed 
throughout the body water. After equilibration, all body water 
compartments will contain the same concentration of deuterium.

— Equilibration between the enriched dose and body water is not 
instantaneous. Equilibration of body water with saliva is rapid but 
equilibration with urine, especially in elderly subjects with residual urine 
post voiding, can take a few hours. The question is how long the delay is 
before equilibration is complete.

— In healthy adults, equilibration is usually achieved after 2–5 h. Figures 2–4 
show typical data from participants of different ages. In general, children 
have faster water turnover than adults, and elderly adults have slower water 
turnover than younger adults. Various disease states can also influence 
water turnover. It is, therefore, important to do a small pilot study to 
determine the required sampling time before starting the main study. 
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FIG. 2. Equilibration of deuterium oxide in urine in a healthy child.
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Asking participants to collect three post-dose urine samples usually results 
in two samples at the plateau enrichment. The first sample is not usually at 
the plateau enrichment and is, therefore, not used in the calculation of TBW 
but in the calculation of urinary loss of deuterium.         
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FIG. 3. Equilibration of deuterium oxide in urine in a healthy young adult.
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FIG. 4. Equilibration of deuterium oxide in urine in an elderly adult.
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3.2.4. Assumption 4: Neither deuterium oxide nor body water is lost 
during the equilibration time

This is probably not true but precautions should be taken to minimize 
losses. Body water is not a simple closed system. Body water is a dynamic system 
with a variety of inputs (drink, food and metabolic water) and outputs (urine, 



faeces, sweat, breath, etc.). In temperate climates, approximately 8% of body 
water is turned over in adults each day. Water turnover is 50–100% greater in 
tropical climates due to increased insensible water losses in the lungs and from 
the skin. When TBW is measured using the equilibration technique described 
here, participants can be asked to avoid physical activity during the equilibration 
period and, therefore, minimize insensible water loss. Loss of deuterium in urine 
is measured and the calculated TBW is adjusted to take account of this.   

3.2.5. Assessment of TBW in infants

It is preferable to use the back-extrapolation procedure to assess TBW in 
infants [8]. Furthermore, the help of an expert should be sought if it is planned to 
assess TBW in infants, as special precautions must be taken to ensure that the 
dose is consumed correctly, and to avoid fractionation of urine.    

3.3. HYDRATION OF FFM

The two compartment model of body composition divides the body into FM 
and FFM. Hydration of FFM refers to the proportion of water within the FFM. It 
is assumed that FFM contains 73.2% water in adults (aged 21 years and above).

FFM (kg) = TBW (kg)/0.732

Cellular hydration in all mammals is controlled within strict limits. The 
classic work of Pace and Rathbun [9] is the source of the commonly used 
hydration coefficient, 0.732. In vivo studies in adults indicate that there is no 
effect of ageing on the constant up to age 70 years [10, 11]. Factors that can result 
in individual variation in the hydration of FFM have been described by 
Wang et al. [12]. The hydration of FFM can vary by between 2 and 3% (standard 
deviation) in healthy adults [13, 14]. These values include both measurement 
errors and physiological variation. The true physiological variation in the 
hydration of FFM in healthy adults cannot be estimated without knowledge of the 
measurement errors. Schoeller estimates the average measurement error to be 
1%. The within laboratory standard deviation in the measurement of in vivo 
9

hydration is estimated to be 1.1% and the physiological variation to be 0.5%, 
which is quite small [1].



3.3.1. Variation of FFM hydration during infancy and childhood

The adult hydration factor of 0.732 is not appropriate for use in children and 
infants. The hydration of lean tissue is known to vary as the body develops during 
infancy. Newborn infants have relatively little muscle mass in proportion to their 
body weight. As the proportion of muscle mass increases, the hydration of FFM 
decreases during childhood [15, 16]. Lohman provides hydration factors for 
children and adolescents (Table 1). In infants, the Fomon hydration factors 
(Table 2) are often applied to convert TBW to FFM [17]. Data on body 
composition in infants are also available from Butte et al. [18]. The hydration of 
FFM in infants was reviewed by Fomon and Nelson [19]. Corresponding data for 
prematurely born infants are lacking. Thus, until more information becomes 
available, any assessment of body fat in premature infants should use three or 
four compartment models of body composition [20].

3.3.2. Variation of FFM hydration during pregnancy and lactation

During pregnancy, the water content of FFM (the hydration coefficient) 
increases [21]. There is presently no consensus regarding the most appropriate 
hydration coefficients for different stages of pregnancy. The deuterium dilution 
technique is, therefore, not recommended for a two compartment model assessment 
of body composition in women in the second and third trimesters of pregnancy.    

TABLE 1.  HYDRATION OF FFM (%) IN CHILDREN AND 
ADOLESCENTS (reproduced with permission from the author [16])

Age (years) Boys Girls

1 79.0 78.8

1–2 78.6 78.5

3–4 77.8 78.3

5–6 77.0 78.0

7–8 76.8 77.6

9–10 76.2 77.0
10

11–12 75.4 76.6

13–14 74.7 75.5

15–16 74.2 75.0

17–20 73.8 74.5



The conventional hydration coefficient, 0.732, is generally used in lactating 
women and women in the first trimester of pregnancy. 

4. PROCEDURES

The following sections give detailed descriptions of the steps and 
procedures involved in the deuterium dilution method of estimating TBW.

These include:

— Planning the study;

TABLE 2.  HYDRATION OF FFM (%) IN INFANTS 
(reproduced with permission from the author [17])

Age (months) Boys Girls

Birth 80.6 80.6

1 80.5 80.5

2 80.3 80.2

3 80.0 79.9

4 79.9 79.7

5 79.7 79.5

6 79.6 79.4

9 79.3 79.0

12 79.0 78.8

18 78.5 78.4

24 78.1 78.2
11

— Preparation and storage of deuterium oxide doses;
— Anthropometric measurements of participants;
— Sampling urine and storage of specimens;
— Analysis of deuterium enrichment;
— Calculations.



Details of the analysis of the enrichment of deuterium in urine samples by 
IRMS are beyond the scope of this manual.

4.1. PLANNING THE STUDY

Careful planning is essential for a successful outcome in any study. The 
most important part of any study is to determine its purpose. The focus should be 
on one main issue. What is the hypothesis being tested?

— How many participants are required to address the issue? A sample size 
calculation should be performed. A biostatistician should be consulted for 
advice on sample size determination.

— How will the data be handled? What statistical tests will be performed? 
Expert advice should be sought at the planning stage, not after the data have 
been collected.

— What is the procedure for obtaining ethical approval?

4.1.1. Ethics

All studies involving human participants must be reviewed and approved 
by the local ethics committee. Most leading journals will not accept a paper for 
publication without a statement of its approval by the local ethics committee. The 
ethics committee is usually composed of medical doctors, scientists and lay 
people, including religious and community leaders, and an advocate or lawyer. It 
could be based at the Ministry of Health, Ministry of Science or the local 
university. The committee should be contacted at an early stage to determine the 
process for seeking ethical approval and to obtain copies of the required 
documentation.

Participants must be informed of the purpose of the study in language 
appropriate to the local situation. Participants must give their voluntary informed 
consent to take part, and be informed that they are free to withdraw at any time 
during the study.

The following is an example of the kind of information required by the 
ethics committee but the details will vary, depending on local circumstances:
12

— The purpose of the proposed study must be clearly stated;
— A summary of the study design and methodology, including details of the 

proposed sample size, giving indications of the calculations used to 
determine the required sample size;

— An outline of the ethical considerations involved in the proposal;



— Details of how consent is to be obtained, including an information sheet 
written in simple non-technical language;

— Who will have access to the data and what measures will be adopted to 
maintain confidentiality of the participants;

— Who the investigators are (including assistants) that will conduct the study, 
and their qualifications and experience;

— Location(s) where the project will be carried out;
— Proposed start date, proposed completion date.

Appendix I contains information about the safety of deuterium oxide, which 
may be useful in the preparation of applications for ethical approval.

4.1.2. Preparation of participant data sheet

Data from each participant should be recorded in a suitable manner. A low 
cost way is to keep paper records in the field, which can be transferred to an 
electronic spreadsheet later. The minimum information required is shown in 
Table 3, but additional information specific to the study will also be required, 
such as information on the participant’s health. The information sheet should be 
designed at the planning stage, so that it can be evaluated, and if necessary 
amended during the pilot study. Information sheets can be designed using a word 
processor or a spreadsheet and reproduced as many times as necessary. An 
example of a participant data sheet is included in Appendix II.  

4.1.3. Pilot study

If this technique has not been used before, it is advisable to do a pilot study 
before starting.

A pilot study is important to:

— Practise and test the procedures, including sampling, analysis of samples 
and data handling;

— Train all people involved;
— Develop routine and team work;
— Develop strategies to overcome practical difficulties. 
13



A pilot study is usually conducted with a relatively small number of 
participants. It can be used to check the equilibration time in the particular 
circumstances encountered in the study [22, 23]. Water turnover is affected by the 
physiological condition of the participants. Age, health status and climate all 
affect water turnover.

4.1.4. Sample size calculation

TABLE 3.  MINIMUM INFORMATION REQUIRED FOR A PARTICIPANT 
DATA SHEET

Project name/code

Date

Name/initials of researcher

Participant’s data

Participant’s study ID

Participant’s weight (kg)

Dose number

Dose weight (g)

Time dose taken

Volume of water consumed (L)

Specimen data

Time Volume

Baseline urine sample

1st post-dose urine sample

2nd post-dose urine sample

3rd post-dose urine sample
14

In any study, it must be ensured that an appropriate number of participants 
are included to be able to obtain a reliable answer to the question being asked. 
Sample size or power calculations are an important component of any study 
design, and are required by ethical review committees and funding bodies. A 
power calculation can be used to determine the sample size necessary to obtain a 



reliable answer. A biostatistician should be consulted for advice on sample size 
determination. Power calculations can be performed using statistical software.

To calculate the required sample size, it is necessary to know the standard 
deviation (SD) of body composition parameters in a population similar to that 
being studied, and to define the difference between study groups that will be 
regarded as significant (d). Before visiting the biostatistician, a literature search 
should be performed to obtain this information. The number of participants 
required in a public health situation, where measurements are conducted at field 
centres, will be more than for measurements conducted under carefully controlled 
conditions in a research laboratory.

The power of a study is usually expressed as the percentage of time that a 
study will detect a significant result when there is a true difference. A power of 
80% is usually selected, which means that if there is a true difference and a study 
was performed 100 times, 80 would detect a statistically significant result and 20 
would not (these 20 would detect a false negative result). The significance level 
(a) is fixed at some low value (usually 0.05). This is the probability of a false 
positive result.

4.1.4.1. Example

If the effect of a nutritional intervention on body composition of adults 
living with HIV is to be studied, the SD of TBW in the population and the 
magnitude of change that would be clinically important (d ) need to be known. In 
a recent study in Africa, the between subject SD (s) of TBW in 150 HIV 
sero-positive adults was 5 kg (personal communication). The mean body weight 
of participants was approximately 60 kg. An increase of FFM equivalent to 
5% body weight might be considered clinically important. An FFM of 3 kg is 
equal to 2.2 kg of TBW (3 × 0.732). Therefore, if it is assumed that σ = 5 kg and 
d  = 2.2 kg of TBW, with a power of 80%, a significance level of 0.05 and two 
study groups (control and intervention), the required sample size (n) can be 
calculated using the following equation:

n = ¥ ¥ Ê
ËÁ

ˆ
¯̃

2 7 85
2

.
s
d
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where 7.85 is the multiplication factor f(a, power) for a power of 80% and 
a = 0.05 obtained from statistical tables. Therefore:

 
n = ¥ ¥ Ê

ËÁ
ˆ
¯̃

=2 7 85
5

2 2
81

2

.
.



At least 81 participants in each group are required to achieve statistically 
significant results. If more power or a higher level of significance is required, 
then more participants will be required for the study. It is also sensible to add a 
factor to allow for drop-outs based on local experience. If a 25% attrition rate is 
assumed, then about 110 participants would need to be recruited in each group.

4.2. PREPARATION AND STORAGE OF DEUTERIUM OXIDE DOSES

The usual dose of deuterium oxide for estimating TBW is 0.05 g of D2O per 
kg body weight, when samples are analysed by IRMS. This will result in an 
enrichment in body water of approximately 100 ppm excess 2H (0.01 at.% excess 
2H). In large studies, it is easier to give all participants the same dose. A standard 
dose can be prepared based on the average weight of the participants, or several 
standardized doses for studies involving participants of different ages and body 
weight. Suggested doses are given in Table 4. Doses should be prepared in a clean 
area, e.g. a food preparation area. It is not good practice to prepare the doses for 
human consumption in a chemistry laboratory because the balance may have 
previously been used to weigh toxic compounds.

It is preferable to make up doses in batches from a single bottle of 
deuterium oxide, as it is necessary to analyse a dilution of the dose along with the 
urine samples. A 1 in 10 dilution of the highly enriched D2O is prepared in a large 
glass bottle and mixed. This is then dispensed into leak proof bottles containing 
the required amount of deuterium oxide, depending on the weight of the 
participants (see Table 4). Doses must be accurately weighed by laboratory 
trained personnel.

TABLE 4.  RECOMMENDED DOSES FOR PARTICIPANTS OF DIFFERENT 
BODY WEIGHTS

Category Body weight range (kg) Dose D2O (g)

Adult >70 6

Adolescent 35–70 3
16

Child 10–35 1

Infant <10 0.3



4.2.1. Equipment

All equipment used for preparing doses must be completely dry to avoid 
contamination with water. 

A large glass bottle (such as a 5 L borosilicate glass with a PTFE lined 
screw cap) is required to make a 1 in 10 dilution of the highly enriched deuterium 
oxide. The balance used to weigh the stock solution should be able to weigh up to 
10 kg with an accuracy of 0.1 g. The dose must be weighed to four significant 
places at each stage, e.g. 300.1 g, 55.05 g, 6.116 g.

Dose bottles must be screw capped and leak proof (e.g. 120 mL wide 
mouth, leak proof, autoclavable, polypropylene bottles) to avoid losses during 
storage and contamination by moisture from the atmosphere. It is not necessary to 
autoclave the bottles but these bottles will not crack or leak if stored in a freezer.

The balance used to weigh the dose must have a weighing range that is 
adequate for the amount and the container to be weighed. A balance capable of 
weighing to 0.01 g is recommended.

An equipment list is included in Appendix III.

4.2.2. Procedure

4.2.2.1. Making up the stock dilution

A 1 in 10 dilution of the D2O is prepared in a large glass bottle using local 
drinking water. A clean 5 L capacity screw cap bottle is required. A new 
borosilicate reagent bottle that has a screw cap with a PTFE facing disc would be 
suitable. A bottle that has previously been used to store chemical reagents should 
not be used. A balance that can weigh 10 kg to 0.1 g is required.

If the target is to make 50 adult doses each containing 6 g of D2O, then 
300 g of D2O should be diluted with 2.4 L of local drinking water. Note that the 
density of deuterium oxide (2H2O) is 1.105 g/mL at 25ºC. A quantity of 300 g of 
2H2O has a volume of 271.5 mL. The density of water (H2O) at 25ºC is 
1.000 g/mL, therefore 2.4 L weigh 2.4 kg.

A record should be kept in a laboratory notebook of the following: the batch 
number of the stock solution of deuterium oxide used to make the doses, the date 
the doses were prepared, the dose number, the weight of the bottles, and the 
17

weight of the bottle plus water at each stage. This information can be transferred 
to a spreadsheet later, and the exact amount of D2O in each dose bottle calculated.

The lid should be kept on the bottle during weighing to avoid loss by 
evaporation.



If an electronic balance is used:

— The bottle plus the lid should be tared. If not, the bottle plus the lid should 
be weighed.

— 300 g (approximately 270 mL) of D2O should be added to the bottle and the 
lid replaced.

— The weight of deuterium oxide in the bottle should be recorded 
(A, approximately 300 g).

— 2.4 L of local drinking water should be added to the bottle and the lid 
replaced. The weight of the deuterium oxide plus drinking water should be 
recorded (B, approximately 2.7 kg).

Some of the local drinking water should be kept (500 mL) to make a 
dilution of the dose for analysis with the urine specimens (see Section 4.2.4).

The procedure is summarized in Fig. 5. 

4.2.2.2. Dispensing individual doses

If an electronic scale is used:

— The dose bottle with the lid on should be tared (to 0.01 g).
— 55 mL (or the required volume, Table 5) of the stock D2O dilution should be 

added to the bottle using a measuring cylinder and the lid replaced.
— The exact weight should be recorded (C) (to 0.01 g). 
— The weight of D2O will not be exactly 55 g, as the density of deuterium 

oxide is greater than the density of water (the density of D2O at 25ºC is 
1.105 g/mL and the density of H2O 1.000 g/mL). This does not matter as 
long as the exact weight is recorded and used in subsequent calculations.

— The amount of D2O in each dose can be calculated by proportion:

Weight of D2O in the dose (D) = C × A/B (g) 

The procedure for dispensing individual doses is illustrated in Figs 6 and 7.
Example calculation (adult dose):
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Weight of D2O = 300.1 g (A)
Weight of D2O plus drinking water = 2701.4 g (B)
Weight of diluted D2O in the dose bottle = 55.05 g (C)
Weight of D2O in the dose bottle (D) = C × A/B 

= 55.05 × 300.1/2701.4 g
= 6.116 g



          

TABLE 5.  RECOMMENDED DOSES (1 IN 10 DILUTION) FOR 
PARTICIPANTS OF DIFFERENT BODY WEIGHTS

Category Body weight range (kg) Dose D2O (g)
Required volume of
1 in 10 dilution (mL)

Adult >70 6 55

 A

B

Tare large (5 L) glass bottle + lid or

weigh bottle + lid (to 0.1 g)   

Add 270 mL (300 g) of D
2
O,

Note the weight (to 0.1 g) 

Add 2.4 L of local drinking water,

Note the weight (to 0.1 g)  

Keep some (~500 mL) of the local

drinking water to make the diluted dose

for analysis with the samples   

Dispense individual doses as

described in Fig. 6   

FIG. 5. Preparation of a 1 in 10 dilution of deuterium oxide.
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Adolescent 35–70 3 27

Child 10–35 1 9

Infant <10 0.3 2.7



A few mL (5 mL) of the dose water (1 in 10 dilution of the D2O stock 
solution) should be kept in a small air tight container to make a diluted dose for 
analysis with the urine specimens (see Section 4.2.4).  

4.2.3. Dose storage and transport 

The doses can be made in batches and stored in a refrigerator until required.
To ensure good hygiene and avoid cross-contamination, doses should not be 

  
FIG. 6. Dose preparation — doses should be prepared in a food preparation area, not a 
laboratory.
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stored in the same place as urine specimens. Urine specimens will have a 
deuterium enrichment of approximately 0.01 at.% excess 2H (100 ppm excess 
2H), whereas the doses are enriched to approximately 10 at.% excess 
(100 000 ppm excess 2H). The dose, therefore, contains 1000 times as much 



deuterium as the biological specimens. In addition, doses should not be stored 
with body water specimens to avoid microbial cross-contamination. 

When transporting doses to and from the field, separate boxes for doses and 
specimens should be used.

4.2.4. Making up the diluted dose for analysis

It is important to analyse the enrichment of 2H in the dose water, as well as 
in the body water specimens. A small volume (4–5 mL) from each dose batch 
should be retained for analysis with the body water samples. It is necessary to 
make a dilution (1:500–1:1000) of this so that the enrichment is similar to that 

Weigh or tare the dose 
bottle (to 0.01 g)  

Add the required volume of 
diluted D2O (Table 4) 

 Note the weight 
 (to 0.01g )  

C

  DCalculate the amount of D
2
O

in the dose

FIG. 7. Preparation of individual doses.
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expected in the post-dose body water specimen. Note that if individual doses are 
prepared for each study participant, then an aliquot (1–2 mL) of each dose must 
be retained. If the dose is made up in batches, then it is only necessary to analyse 
an aliquot from each batch. Knowledge of the dose enrichment as well as the dose 
weight is required for calculation of TBW (see Section 6).



The diluted dose is prepared by blending 0.1 g of the dose (weighed to four 
decimal places) with 100 g of local drinking water (weighed to four decimal 
places). To avoid losses by evaporation when weighing small volumes (100 μL), 
the following procedure is recommended:

(1) A 100 mL volumetric flask with its stopper should be tared or weighed on 
an analytical balance capable of weighing to four decimal places (0.0001 g) 
should be used.

(2) Approximately 50 mL of local drinking water should be added. The stopper 
should be replaced and the weight noted.

(3) 100 µL of the dose water should be added using an automatic pipette. The 
stopper should be replaced and the weight noted.

(4) The volumetric flask should be filled to the 100 mL mark with local 
drinking water, the cap replaced and the flask weighed again.

(5) The weight of dose added = ‘a’ g (i.e. weight at Step 3 minus weight at 
Step 2).

(6) The total weight of water added = ‘W’ g (i.e. weight at Step 4 minus weight 
of dose, ‘a’ (calculated above) minus the weight of the flask and its stopper, 
if the balance was not tared to zero).

Example calculation (assuming the balance was tared at Step 1):

Weight of drinking water added to the empty flask = 49.7326 g
Weight of drinking water plus 100 µL of the dose water = 49.8339 g
Weight of dose added (a) = 49.8339 – 49.7326 g = 0.1013 g
Total weight of drinking water plus dose at Step 4 = 99.5187 g
Weight of drinking water (W) = 99.5157 – 0.1013 g = 99.4174 g

This dilution will produce an enrichment similar to the target in body water 
(0.01 at.% excess 2H or 100 ppm excess 2H).

Aliquots (4–5 mL) of the diluted dose and the drinking water used to make 
this dilution can be stored in cryovials with screw caps in a freezer (–20°C) with 
the urine specimens until it is time for them to be analysed.
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4.3. PROCEDURE FOR MEASURING TBW

The procedure for measuring TBW by deuterium dilution is summarized in 
Fig. 8.



The participant should have normal fluid and food intake on the day before 
the TBW estimation and avoid vigorous exercise after the final meal of the 
previous day to avoid dehydration and depletion of glycogen stores. 

For accurate measurements of TBW, participants should be asked to empty 
their bladder before starting. This will ensure that body weight is measured under 
the same conditions each time in longitudinal studies, and that water in urine is 
not included in TBW.

4.3.1. Anthropometric measurements

Invert dose bottle to ensure
contents are fully mixed   

Participants should be asked to void their bladder and

bowels. At this time, a baseline urine specimen is collected.  

Weigh participant in light

clothing (to 0.1 kg)  

Participant drinks the dose of D
2
O.

Add 50 mL of drinking water to the bottle and ask the

participant to consume this. Add another 50 mL of

drinking water and ask them to drink this also.    

Collect samples of all urine voided over

the next 6–8 h  

Measure the volume of urine passed at each

void. Retain 5 mL for analysis by IRMS.  

FIG. 8. Flow chart describing the procedure for measuring TBW by deuterium dilution.
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An accurate measure of body weight is required because body fat is 
estimated by the difference of FFM from body weight. Participants should be 
asked to empty their bladder (and, if possible, bowels) before being weighed, and 
should be weighed in light clothing. Standardizing conditions in this way is 
particularly important in longitudinal studies. The accuracy of scales used for 



measuring body weight should be checked daily using a calibration weight of 
known mass. Much care is taken to ensure the accuracy and precision of isotopic 
data. Body composition results will be compromised if equal care is not taken to 
ensure the accuracy of anthropometric measurements.  

4.3.1.1. Measuring weight and height in adults and children

Measuring weight

— The participant’s weight must be measured to the nearest 0.1 kg using 
electronic scales or any balance with adequate precision.

— The balance must be placed on a level surface. This should be checked 
using a spirit level, if possible.

— Participants should wear minimal clothing and no shoes (Fig. 9). If they do 
not wish to wear minimal clothing during the weighing procedure, their 
clothes could be weighed separately afterwards, and the weight of their 
clothes subtracted to obtain an accurate measure of body weight.

FIG. 9. Measuring weight — weight is measured in light clothing without shoes.
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— The weight should be recorded on the participant’s information sheet to 
0.1 kg.  

— In longitudinal studies measuring changes in body composition over 
relatively short periods of time, an accurate measurement of body weight is 
essential. Account must be taken of the weight of any clothing worn during 
the measurement.



— The accuracy of the scales should be checked daily using a calibration 
weight of known mass.

Measuring height

— Height must be measured to the nearest 0.1 cm using a stadiometer.
— The stadiometer must be placed on a level surface, which should be 

checked using a spirit level, if possible. The accuracy of the stadiometer 
should be checked periodically using measure rods of known length.

— Height is measured without shoes.
— The participant should stand upright with their heels to the wall or touching 

the vertical post on the stadiometer. Their knees should be straight.
— The participant should be asked to look straight ahead. It should be ensured 

that their eyes are at the same level as their ears (Fig. 10).
— The beam should be lowered until it just touches the top of the head. 

Elaborate hair arrangements must be undone. The height should be 
recorded in centimetres (to the nearest 0.1 cm) on the participant’s 
information sheet. The measurement should be repeated. Both 
measurements should be recorded and the mean calculated.

In children, height is measured above 85 cm and length is measured below 

FIG. 10. Measuring height — hair down, eyes forward.
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85 cm (see next section). The World Health Organization has developed detailed 
instructions on how to measure a child’s weight and length/height. The materials 
can be downloaded from the following web site: http://www.who.int/ 
childgrowth/training/en/index.html.



4.3.1.2. Measuring weight and length in infants

Measuring weight in infants

— Infants must be weighed without clothes using scales accurate to 0.01 kg 
(Fig. 11).

— A cloth should be left in the weighing pan to prevent chilling the child.
— The scales should be adjusted to zero with the cloth in the pan.
— The naked child should be gently placed on the cloth in the weighing pan.
— It is necessary to wait for the child to settle and the weight to stabilize.
— The weight should be measured (to the nearest 10 g, 0.01 kg) and recorded 

immediately.

Standardization (levelling) of the scales should be performed weekly or whenever 
the scales are moved.

Checking the scales

Known weights of 3, 5 and 10 kg, and if appropriate of 20 kg, should be 
weighed. If calibration weights are not available, sealed bottles containing water 

FIG. 11. Measuring the infant’s weight.
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can be used. These must have been accurately weighed on a calibrated balance, 
and the weight should be checked periodically.

To check tared weighing, a 20 kg weight should be weighed, the scale tared 
and then a 3 kg weight should be added. The scales should indicate the 3 kg 
weight. If the weights are not accurate, the scales should be calibrated if possible. 
If it is not possible to recalibrate, the scales need to be replaced.



Measuring length in infants

The infant’s length is measured using a measuring board (sometimes called 
an ‘infantometer’). Two people are needed to measure the child’s length (Fig. 12).

One person should:

— Assist in positioning the child face-up on the measuring board, supporting 
the head and placing it against the headboard.

— Position the crown of the head against the headboard, compressing the hair. 
Check that the child lies straight along the centre line of the board and does 
not change position. Shoulders should touch the board, and the spine should 
not be arched.

Usually this person stands or kneels behind the headboard.
The second person should:   

— Support the trunk as the child is positioned on the board.

FIG. 12. Measuring the infant’s length.
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— Lay the child flat along the board.
— Place one hand on the shins above the ankles or on the knees and press 

down firmly. With the other hand, the footplate should be placed firmly 
against the heels. It should be ensured that the toes do not prevent the 
footplate coming into contact with the heels.

— Measure the length (to the nearest 0.1 cm) and record it immediately.



The measuring board should be kept clean and stored at normal indoor 
temperature, protected from humidity. The board should be checked for accuracy 
every week. 

4.3.2. Dose administration

In adults and children, the dose should be consumed at least 2 h after the last 
meal, preferably after an overnight fast. If this is not possible, a small meal may 
be given 1 h after the dose was taken. The meal should be simple and less than 
1250 kJ (300 kcal). This allows the dose to empty from the stomach before the 
meal, but water in the meal to equilibrate with body water before the post-dose 
urine samples are collected. In infants, the dose is usually given with a meal. In 
breastfed babies, a disposable syringe can be used to administer the dose 
immediately before feeding. If a disposable syringe is used, the dose should be 
determined accurately by weighing the syringe while full and again after the dose 
has been given. In bottle fed babies, the deuterium oxide can be given in the milk. 
If the dose is not consumed completely, the infant cannot be included in the study. 
It is recommended that advice is sought from someone with previous experience 
of measuring TBW in babies:

— Baseline urine specimens must be obtained before the dose is consumed.
— If the dose has been frozen, it should be completely thawed before use.
— Whether stored in a fridge or thawed after freezing, the bottle should be 

inverted several times to mix any condensation on the cap into the bulk of 
the liquid. This should be done immediately before the dose is consumed. 
This is because the condensation is fractionated relative to the bulk liquid 
(see Appendix IV for more information on fractionation).

— The bottle should not be opened until it is time for the dose to be consumed.

When talking to participants, it is often better to use the term ‘heavy water’ or 
‘special water’ rather than ‘deuterium-labelled water’ or ‘stable isotope 
labelled water’, as there can be confusion over the word ‘isotope’, which is 
often associated with radioactivity.

There is no radiation hazard associated with the use of deuterium oxide.
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(1) The bottle number and the time the dose was taken should be noted on the 
participant’s data sheet.

(2) The participants should drink the dose through a straw to avoid spillage 
(Fig. 13).



(3) About 50 mL of drinking water should be added to the dose bottle and the 
participants asked to drink this through the same straw. This should be 
repeated with another 50 mL of drinking water. This will ensure that no 
labelled water is left in the bottle.

4.3.3. Food, drink and physical activity during the equilibration period

It is not necessary for participants to fast during the equilibration period. A 
small meal may be given 1 h after the dose was taken. A note of the volume of all 
drinks taken during the equilibration period, including the 100 mL used to rinse 
the dose bottle, should be kept. This volume should be subtracted from the 
calculated TBW. If no additional fluid is consumed during the equilibration 
period, the 100 mL of water used to rinse the dose water is usually ignored. 

Participants should avoid physical activity during the equilibration period 
to minimize water loss in breath and evaporation from the skin (insensible water 
loss). There is less deuterium in water vapour than in body water due to isotopic 
fractionation. An increase in insensible water loss will, therefore, lead to an error 

FIG. 13. Dose administration. The participant should drink the dose through a straw to avoid 
spillage.
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in the calculation of TBW.

4.3.4. Urine sampling 

It should be ensured that the following items are available before starting. 
All equipment must be clean and dry before use.



Urine collection device:

— In male participants, urine can be collected in a dry graduated 1 L 
polyethylene measuring cylinder. The volume is noted and an aliquot 
(4–5 mL) retained for analysis. The remainder can be discarded.

— Alternatively, a dry polyethylene jug or plastic toilet hat can be used. The 
urine is then transferred to a measuring cylinder and the volume noted, as 
above.

— Cotton wool swabs placed inside a nappy (diaper) can be used to collect 
urine samples from infants.

Specimen storage vials:

— Must be screw capped with a seal to prevent losses, fractionation and 
cross-contamination during storage, e.g. 4 mL cryovials. It is a good idea to 
use different coloured caps for baseline and post-dose samples, e.g. blue 
caps for baseline samples and red caps for post-dose samples.

— Must be completely dry before use.
— Must not be reused to prevent cross-contamination between enriched 

(post-dose) samples and unenriched (baseline) samples.
— Should be labelled with the participant’s identification number, date and 

time the sample was taken. Names should not be written on sample bottles 
to preserve confidentiality. 

Gloves:

— New disposable gloves must be worn when handling urine specimens. 

Zip-lock bags:

— Two small zip-lock bags are needed for each participant: 
• One for the baseline specimen;
• One for the post-dose specimens.

— Another zip-lock bag is needed to keep all the specimens from each 
participant together.
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— All bags must be labelled permanently with the participant’s identification 
number.



Labels:

— It should be ensured that labels are of good quality and cannot come off the 
containers/vials.

— A permanent marker should be used to write on the labels, to avoid the 
writing being smudged or removed, in particular when the samples are 
thawed.

Participant data sheets:

— Print outs of data sheets for each participant need to be available before the 
first sampling (baseline).

— To preserve confidentiality, names should not be written on the data sheets. 
The names and corresponding participant identification numbers must be 
recorded separately.

— An example of a participant data sheet is shown in Appendix II.

4.3.4.1. Sampling times

A baseline urine sample must be collected before the dose is consumed. 
A specimen from all urine voided for 6–8 h after the dose should be taken 

and retained. Children have faster water turnover than adults, so 5–6 h of urine 
sampling will probably be sufficient. The equilibration time will be longer in 
elderly participants and those with expanded extracellular water volume, such as 
malnourished children. In these participants, a longer sampling time (up to 8 h) 
will be required. It is recommended that three post-dose urine samples be 
collected to confirm that the dose has fully equilibrated with body water and a 
plateau in body water enrichment has been reached (see Figs 2–4). The optimum 
equilibration time can be determined in a pilot study in participants of the same 
age and health status as is planned for the main study. In studies involving elderly 
participants, the dose can be given in the evening 1 or 2 h before bedtime, with 
urine sampling the following morning before breakfast, resulting in a 10 h 
equilibration time. The participant should void between the time of the dose and 
bedtime to improve equilibration. Urine voided during the night can be discarded 
to minimize the burden for participants. 
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4.3.4.2. Sampling procedures

The volume of urine passed at each void should be noted and an aliquot 
(4–5 mL) retained for analysis. The remainder can be discarded. It is 



recommended that two aliquots are stored. One can be sent for analysis and the 
other kept in case the first one does not reach the analytical laboratory.

Male participants can urinate directly into a dry graduated 1 L polyethylene 
measuring cylinder. Alternatively, a dry polyethylene jug or plastic toilet hat can 
be used. The urine is then transferred to a measuring cylinder and the volume 
noted.

Cotton wool balls that have been stored in a dry low humidity container, 
placed inside a nappy (cloth diaper), can be used to collect urine samples from 
infants. The cotton wool ball is placed in the body of a new 20 mL disposable 
syringe and the urine is squeezed into a storage vial using the plunger. In infants, 
it is difficult to estimate the volume of urine.

The participant’s identification number, date and time the sample was taken 
should be recorded on each vial. All dates and times of urine collection should be 
recorded on the participant’s data sheet. This information should be copied to a 
spreadsheet as soon as possible.

Storage vials or syringes should not be reused.

4.3.4.3. Storage and transport of urine samples

A large study will generate hundreds of samples; therefore, careful 
management and labelling of specimens is essential. The procedure below should 
be followed:

— Containers must be firmly closed to prevent loss of water by evaporation, 
and cross-contamination between samples.

— Containers should not be filled beyond 90% of capacity to allow for 
expansion in case they are frozen at any time before analysis.

— Zip-lock bags can be used to keep all specimens for a single person together 
and prevent cross-contamination between persons. A small bag should be 
used for the baseline sample and another small bag for the post-dose 
samples. The two bags should then be placed in a third larger one, so that 
the samples from a single participant are kept together.

— The participant’s identification number should be written on both the 
sample vials and the zip-lock bags.

— A log of samples should be kept in a spreadsheet.
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Urine specimens should be stored frozen (–20ºC) until analysis. If this is 
not possible, samples should be stored in a refrigerator at 4°C or in a cool box 
until they can be transferred to a freezer.



To avoid contamination of samples:

— Samples and doses should never be stored together.
— It should always be ensured that the cap of the specimen vial is tightly 

closed to avoid losses by evaporation and contamination by moisture from 
the atmosphere. 

4.3.4.4. Transport of specimens to the analytical laboratory

It is not necessary for urine specimens to be kept frozen during transport to 
the analytical facility. Specimens must be packaged in accordance with the IATA 
650 Packaging Instruction. UN3373 Biological Substance Category B. Details 
can be found at: http://www.iata.org/NR/rdonlyres/C993126E-9AAF-4498-
B76E-583B3D774F90/0/DGR_48_PI650.pdf

Briefly, specimens must be in primary containers (e.g. cryovials and 
zip-lock bags), which are packed inside a secondary container and then in rigid 
outer packaging. Primary containers must be leak proof and packed inside a 
secondary container in such a way that, under normal conditions of transport, 
they cannot break, be punctured or leak their contents into the secondary 
container. The secondary container must also be leak proof. Absorbent material 
must be placed between the primary and secondary containers. The absorbent 
material (e.g. cotton wool) must be in sufficient quantity to absorb the entire 
contents of the primary containers. Either the primary or the secondary container 
must be capable of withstanding, without leakage, an internal pressure of 95 kPa 
in the range of –40°C to 55°C (–40°F to 130°F). The outer packaging must not 
contain more than 4 L. The outer container must be labelled “Biological 
Substance — Category B packed in accordance with IATA 650.UN3373”.

5. ANALYSIS OF DEUTERIUM ENRICHMENT

Deuterium enrichment is measured using an isotope ratio mass 
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spectrometer. An isotope ratio mass spectrometer is an expensive instrument and 
requires considerable expertise to operate and maintain, and therefore samples 
are usually sent to a central location. 

A mass spectrometer is an instrument that separates ions in a high vacuum 
according to their mass to charge ratio (m/z). The major components of a mass 
spectrometer are the inlet system, high vacuum, ion source, mass analyser and 



detector. Modern mass spectrometers are computer controlled and have 
sophisticated data processing software. A typical isotope ratio mass spectrometer 
suitable for analysis of deuterium in urine samples is shown in Fig. 14.  

The abundance of the stable isotopes of C, H, O and N are measured in 
simple gases (CO2, H2, N2) using IRMS with individual detectors for each 
isotope. The mass spectrometer is on the table to the left of the operator in 
Fig. 14. The operator is loading samples (in Exetainer gas sampling vials) onto 
the autosampler.

In an isotope ratio mass spectrometer, sample gas is ionized by electron 
impact from electrons emitted from a hot filament within a high vacuum. The 
ions are separated in a magnetic field. The current of each ion beam is measured 
as the charge generated by ions impacting a detector for each isotopic species. 
The detectors are known as Faraday Cups. Each sample is compared with a 
reference gas of known composition. IRMS can accurately measure very low 
enrichments, down to natural abundance.

In hydrogen gas, two species are present: unlabelled hydrogen, 1H2 with 
m/z = 2 and hydrogen gas containing deuterium (HD or 1H2H) with m/z = 3. The 
abundance or concentration of 2H measured by IRMS is often expressed as parts 
per million (ppm) 2H [24].
34

FIG. 14. Continuous flow isotope ratio mass spectrometer.



This is the ratio of moles of 1H2H divided by moles of 1H2H plus moles of 
1H2 multiplied by a million. The term [2H2H] is usually negligible and can be 
omitted. Note that these mol/mol ppm are not the same as mg/kg ppm, often used 
to express concentration. The two units are not equivalent. 

Enrichment is the amount of deuterium present above the natural 
abundance, i.e. the abundance of 2H in post-dose specimens minus the abundance 
in the baseline specimen. The unit of enrichment is ppm excess 2H. 

Note that the units of enrichment in IRMS are at.% excess 2H, also 
sometimes reported as ppm excess 2H. These parts per millions are a molar 
fraction, ppm (mol/mol) and not a weight ratio (mg/kg). It is important not to 
confuse IRMS ppm excess units with ppm (mg/kg) units reported by FTIR 
instruments. The two kinds of ppm are not the same and are not interchangeable. 
This affects the calculation of the pool space. When calculating TBW using 
IRMS data, the weight of deuterium oxide consumed is converted to moles. TBW 
will then be in moles and must be converted to kg. It is important to ensure that 
spreadsheets for calculating TBW contain the correct calculations, depending on 
the method used to analyse deuterium enrichment.

6. CALCULATIONS

6.1. OUTPUTS FROM BODY COMPOSITION CALCULATIONS

The enrichment of the deuterium oxide in the body water of a participant 
can be used to calculate the participant’s:

— TBW;
— FFM;

ppm H = 
H H / H H

H H H H H H
2

1 2 2 2
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— Body fat.

These data can be used to assess the nutritional status of the participant.



6.2. CALCULATION OF TBW

The following information is required to calculate TBW (see also 
Sections 4.2.2.2 and 4.2.4):

(a) W = Total weight of water added when making the dose dilution (g).
(b) A = Weight of dose taken by the participant (g).
(c) a = Weight of dose in diluted dose (g).
(d) ΔDD = enrichment of 2H in the diluted dose (ppm excess 2H), i.e. the 

abundance of 2H in the diluted dose (ppm 2H) minus the abundance of 2H in 
the tap water used to make the dilution (ppm 2H).

(e) ΔBW = enrichment of 2H in body water (ppm excess 2H), i.e. the abundance 
of 2H in the post-dose urine specimen (ppm 2H) minus the abundance of 
2H in the baseline urine specimen (ppm 2H).

(f) Cumulative loss of 2H in urine (this is multiplied by two to estimate the total 
sensible and insensible loss of body water; if a study specific factor is 
available, this should be used). Units are either moles (g/18.0153) or kg to 
match the units of ND.

In addition, the participant’s body weight is required to estimate their body 
composition from the calculated TBW.

TBW is calculated from the dilution space of 2H (ND). It is important to 
remember that the output from the IRMS is a molar ratio. The dilution space is, 
therefore, in moles of water and must be converted to kg before body composition 
can be estimated.

which can be simplified to
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W = total weight of water added when making the dose dilution (g);
A = weight of dose taken by the participant (g);
18.0153 = the molecular weight of water
a = weight of dose in diluted dose (g);
ΔDD = enrichment of 2H in the diluted dose (ppm excess 2H);
ΔBW = enrichment of 2H in body water (ppm excess 2H).

The dilution space of 2H is 4.1% higher than TBW due to non-aqueous 
exchange of hydrogen atoms in the body (see Section 3.2.1).

The following is the above equation in a format suitable for a spreadsheet:

TBW (kg) = ((W × A/a) × (ΔDD/ΔBW)/(1000 × 1.041)) 
– (2 × cumulative urine loss)

6.3. EXAMPLE CALCULATIONS

Table 6 shows example data and intermediate calculations from two adults 
with a similar body mass index (BMI), but different body composition. An 
example of data from a child is also shown.

6.3.1. Calculation of cumulative urine loss

Cumulative urine loss is simply the total volume of urine passed from the 
time the dose was taken up to and including the volume of the current specimen 
as shown in Table 7.

Loss of water from the body in breath, sweat and faeces is accounted for by 
multiplying urinary loss by 2.

6.3.2. Calculation of TBW using data from Tables 6 and 7

TBW (kg) 
WA

a

DD

BW

1

1000 1.041
(2 cumulative urine loss)¥ ¥

¥
- ¥D

D
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TBW (kg) = ((W × A/a) × (ΔDD/ΔBW)/(1000 × 1.041))  
– (2 × cumulative urine loss)    



TABLE 6. EXAMPLE DATA SETS  

Adult 1 Adult 2 Child

Study ID A001 A002 Child1

Study date 15 Aug. 2007 15 Aug. 2007 15 Aug. 2007

Date of birth 9 Jan. 1957 5 Apr. 1945 21 Jul. 1994

Age (years) 50 62 13

Sex Male Female Male

Body weight (kg) 80.0 47.4 50.5

Height (cm) 183.0 141.5 158.7

BMI (kg/m2) 23.9 23.7 20.1

Weight of dose consumed (g), A 39.9846 27.898 32.039

Time dose was consumed 07:00 10:10 12:26

Time of first post-dose specimen 09:10 12:10 13:35

Volume of first post-dose specimen (mL) 135 50 240

Time of second post-dose specimen 10:05 16:20 16:30

Volume of second post-dose specimen (mL) 60 100 105

Time of third post-dose specimen 11:15 17:30 17:30

Volume of third post-dose specimen (mL) 70 45 100

Weight of dose in diluted dose, DD (g), a 0.1032 0.10130 0.1717

Weight of water in DD (g), W 49.7426 99.41736 54.9684

2H abundance of water used to make DD 
(ppm 2H)

154.3 153.3 150.7

2H abundance of DD (2H ppm 2H) 345.7 255.4 418.1

Enrichment of 2H in DD (ppm excess 2H), ΔDD 191.4 102.1 267.4

2H abundance of baseline specimen (ppm 2H) 156.6 155.0 156.3

2H abundance of first post-dose specimen 
(ppm 2H)

213.8 271.2 208.6

2
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H abundance of second post-dose specimen 
(ppm 2H)

240.5 272.6 253.5

2H abundance of third post-dose specimen 
(ppm 2H)

234.1 275.8 252.7



6.3.2.1. Adult 1

1(a) TBW using first post-dose specimen without adjustment for urinary loss:

TBW (kg) = (49.7426 × 39.9846/0.1032) × (191.4/58.2)/(1000 × 1.041) 
= 60.94 

With adjustment for urinary loss:

TBW (kg) = 60.94 – (2 × 0.135) = 60.94 – 0.27 = 60.67

Enrichment of 2H in first post-dose urine 
specimen (ppm excess 2H), ΔBW1

58.2 116.2 52.3

Enrichment of 2H in second post-dose urine 
specimen (ppm excess 2H), ΔBW2

84.9 117.6 97.2

Enrichment of 2H in third post-dose urine 
specimen (ppm excess 2H), ΔBW3

87.5 120.8 94.4

Note: DD = diluted dose.

TABLE 7.  CALCULATION OF CUMULATIVE URINE LOSS

Adult 1 Adult 2 Child

Loss in first post-dose 
specimen

Volume = 135 mL
= 135 g = 0.135 kg

Volume = 50 mL
= 50 g = 0.05 kg

Volume = 240 mL
= 240 g = 0.24 kg

Cumulative loss in second 
post-dose specimen

135 + 60 = 195 mL
= 195 g = 0.195 kg

50 + 100 = 150 mL
= 150 g = 0.15 kg

240 + 105 = 345 mL
= 345 g = 0.35 kg

Cumulative loss in third 
post-dose specimen

195 + 70 = 265 mL
= 265 g = 0.265 kg

150 + 45 = 195 mL
= 195 g = 0.195 kg

345 + 100 = 445 mL
= 445 g = 0.445 kg

TABLE 6. EXAMPLE DATA SETS (cont.) 

Adult 1 Adult 2 Child
39

1(b) TBW using second post-dose specimen without adjustment for urinary loss:

TBW (kg) = (49.7426 × 39.9846/0.1032) × (191.4/84.9)/(1000 × 1.041) 
= 41.78



With adjustment for urinary loss:

TBW (kg) = 41.78 – (2 × 0.195) = 41.78 – 0.39 = 41.39

1(c) TBW using third post-dose specimen without adjustment for urinary loss:

TBW (kg) = (49.7426 × 39.9846/0.1032) × (191.4/87.5)/(1000 × 1.041) 
= 40.54

With adjustment for urinary loss:

TBW (kg) = 40.54 – (2 × 265) = 40.54 – 0.53 = 40.01

Mean TBW (kg) calculated from second and third post-dose 
specimens = 41.16 before correction for urinary water loss and 40.70 after 
correction for urinary water loss.

The deuterium oxide dose had not fully equilibrated with body water at the 
time of the first specimen (2 h and 10 min after the dose was consumed), resulting 
in an overestimation of TBW.

6.3.2.2. Adult 2

2(a) TBW using first post-dose specimen without adjustment for urinary loss:

TBW (kg) = (99.41736 × 27.898/0.10130) × (102.1/116.2)/(1000 × 1.041) 
= 21.30 

With adjustment for urinary loss:

TBW (kg) = 21.30 – (2 × 0.05) = 21.30 – 0.10 = 21.20

2(b) TBW using second post-dose specimen without adjustment for urinary loss:

TBW (kg) = (99.41736 × 27.898/0.10130) × (102.1/117.6)/(1000 × 1.041) 
= 21.04 
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With adjustment for urinary loss:

TBW (kg) = 21.04 – (2 × 0.15) = 21.04 – 0.30 = 20.74



2(c) TBW using third post-dose specimen without adjustment for urinary loss:

TBW (kg) = (99.41736 × 27.898/0.10130) × (102.1/120.8)/(1000 × 1.041) 
= 20.49

With adjustment for urinary loss:

TBW (kg) = 20.49 – (2 × 0.195) = 20.49 – 0.39 = 20.10

Mean TBW (kg) calculated from second and third post-dose 
specimens = 20.94 before correction for urinary water loss and 20.42 after 
correction for urinary water loss.

There is great inter-individual variation in equilibration time. In this 
participant, the deuterium oxide dose was almost equilibrated with body water at 
the time of the first specimen (2 h after the dose was consumed). It can often take 
5–6 h for the dose to fully equilibrate. Having three post-dose specimens gives 
confidence that the plateau enrichment can be identified.

6.3.2.3. Child

3(a) TBW using first post-dose specimen without adjustment for urinary loss:

TBW (kg) = (54.9684 × 32.039/0.1717) × (267.4/52.3)/(1000 × 1.041) 
= 54.34

With adjustment for urinary loss:

TBW (kg) = 54.34 – (2 × 0.24) = 54.34 – 0.48 = 53.86

3(b) TBW using second post-dose specimen without adjustment for urinary loss:

TBW (kg) = (54.9684 × 32.039/0.1717) × (267.4/97.2)/(1000 × 1.041) 
= 29.24

With adjustment for urinary loss:
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TBW (kg) = 29.24 – (2 × 0.35) = 29.24 – 0.70 = 28.54



3(c) TBW using third post-dose specimen without adjustment for urinary loss:

TBW (kg) = (54.9684 × 32.039/0.1717) × (267.4/94.4)/(1000 × 1.041) 
= 29.48

With adjustment for urinary loss:

TBW (kg) = 29.48 – (2 × 0.445) = 29.48 – 0.89 = 28.59

Mean TBW (kg) calculated from second and third post-dose 
specimens = 29.36 before correction for urinary water loss and 28.57 after 
correction for urinary water loss.

Comment: Although children generally have faster water turnover than 
adults, the dose was not fully equilibrated with body water at the time of the first 
specimen (3 h after the dose was consumed), but it was by 4 h, when the second 
specimen was collected.

6.4. ESTIMATION OF BODY COMPOSITION FROM TBW

TBW is used to estimate FFM, assuming that the hydration of FFM is 
73.2% in adults:

FFM (kg) = TBW (kg)/0.732

In infants and children, the hydration of FFM is calculated according to the 
age of the child (see Tables 1 and 2, Section 3.3.1).

FM is calculated by the difference between body weight and FFM:

FM (kg) = body weight (kg) – FFM (kg)

Results are often expressed as % body weight:

FM (%) = FM (kg)/body weight (kg) × 100
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Table 8 shows the calculation of body composition from TBW.



6.5. EFFECT OF URINE LOSS CORRECTION

The difference between TBW calculated with and without adjustment for 
urinary loss is relatively small (1–3% of TBW in the examples shown here, 
Table 9); therefore, some laboratories choose to ignore urinary loss to simplify the 
procedure. However, this small difference could be significant in longitudinal 
studies looking for relatively small changes in body composition. If it is not 
possible to measure urine output, then a note should be kept of fluid intake, and 
cumulative fluid intake should be subtracted from the calculated TBW. Whichever 
study design is chosen, the same approach should be followed for all participants.   

TABLE 8.  ESTIMATION OF BODY COMPOSITION FROM TBW

Adult 1 Adult 2 Child

TBW (kg) 41.70 20.42 28.57

Hydration factor (adults 0.732; children, see Table 1) 0.732 0.732 0.747

FFM (kg) = TBW (kg)/hydration factor 55.6 27.9 38.2

FM (kg) = body weight (kg) – FFM (kg) 24.4 19.5 12.3

FM (% body weight) = FM (kg)/body weight (kg) × 100 30.5 41.2 24.3

FFM (% body weight) = FFM (kg)/body weight (kg) × 100 69.5 58.9 75.7

TBW (% body weight) = TBW (kg)/body weight (kg) × 100 50.9 43.1 56.6

TABLE 9.  EFFECT OF URINE LOSS CORRECTION ON CALCULATED 
BODY FAT %

Adult 1 Adult 2 Child

TBW (kg) without urinary loss correction 41.2 20.8 29.4

TBW (kg) with urinary loss correction (true TBW) 40.7 20.4 28.6

Difference % true TBW 1.1 1.7 2.8

% Body fat without urinary loss correction 29.7 39.6 22.2

% Body fat with urinary loss correction 30.5 41.2 24.3
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Body fat (kg) without urinary loss correction 23.8 19.0 11.2

Body fat (kg) with urinary loss correction 24.4 19.5 12.3

Difference body fat (kg) as % body weight 0.8 1.0 2.1



7. QUALITY CONTROL ISSUES

7.1. INSTRUMENT CALIBRATION

All analyses are compared with natural abundance and enriched water 
standards of known deuterium content. Standards should be analysed at the 
beginning and end of each batch of samples, and at intervals during the run to 
check for instrumental drift.

7.2. ANALYTICAL PRECISION

Analysis of replicate samples can be used to estimate analytical precision. 
When using IRMS, a precision (SD) of 1 ppm 2H excess should be attainable.

7.3. MEASUREMENT OR ASSAY VARIATION

Comparison of TBW calculated from each post-dose sample can be used to 
estimate measurement or assay variation, which includes equilibration, sampling, 
handling and analytical precision. The first post-dose urine sample is often 
omitted as urine may not have equilibrated with TBW by this time (that is, TBW 
is obviously overestimated, as seen in Adult 1 and the child examples in 
Section 6.3.2). The second and third post-dose urine samples give values that are 
within 2% of their mean.

7.4. IDENTIFYING OUTLIERS

Measured TBW can be compared with a predicted value using the method 
of Bland and Altman [25], and the data flagged for checking or re-analysis if 
outside a normal range. If no other prediction is available, the relationship with 
height3 can be used: TBW = 7.4 × height3 (m3), validated in children and adults 
[26]. If the measurements fall outside the 95% confidence intervals of this 
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relationship, the data and calculation should be checked and the samples 
re-analysed if necessary. However, it is expected that 2.5% of measurements are 
more than +2SD from the mean difference (in obese participants with a 
high BMI) and 2.5% less than the mean difference –2SD (in participants with a 
low BMI).



An example is shown in Fig. 15. TBW was assessed by deuterium dilution 
in 131 adults with various disease states, including pancreatic cancer, lung cancer, 
mild hypertension and type-2 diabetes. The mean difference between TBW 
calculated from deuterium enrichment and TBW estimated from height was 
0.5 kg. The 95% confidence interval for the difference was –8.8 to +9.8 kg.

8. SUMMARY OF CRITICAL STEPS
FOR GOOD QUALITY DATA
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FIG. 15. Bland–Altman (residual) plot of TBW measured by deuterium dilution, and TBW 
estimated from height [26].
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Dose preparation:

— The doses should be weighed to correct precision (at least 0.001 g). This 
should preferably be undertaken by trained scientists in an analytical 
laboratory.



In the field:

— Training of field workers: Well trained field workers can help with 
anthropometry and collection of urine samples, but it is important that they 
appreciate the importance of care in making measurements of height and 
weight, and accurate record keeping.

— Participants should have normal food and fluid intake the day before the 
measurement and should not take part in strenuous activities after the final 
meal of the previous day to avoid dehydration and depletion of glycogen 
stores.

— Participants should be weighed in minimal clothing (to 0.1 kg); the weight 
of any clothing worn during the measurement must be subtracted from the 
measured weight to give body weight.

— Before the dose bottle is opened, it should be inverted a few times to mix in 
condensation on the lid. 

— The bottle should not be opened until it is time for the dose to be consumed.
— It should be ensured that 100% of the dose is consumed by adding water to 

the bottle and asking participants to drink this also.
— Sampling time: enough time should be allowed for tracer equilibration 

(4–6 h). In elderly and sick participants, 6–8 h should be allowed. 
Collecting three post-dose samples helps to identify the plateau enrichment.

— Sample vials should be labelled with the participant’s identification 
number, time and date.

— All data should be recorded on the patient information sheet.
— The data should be transferred to a spreadsheet, e.g. Microsoft Excel, as 

soon as possible.
— Paper records should be kept as a backup.

9. FREQUENTLY ASKED QUESTIONS

Q. Why did I get a negative value for % body fat?
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A. Negative values occur when the deuterium dose has not had sufficient time 
to fully equilibrate with body water or the dose was not completely consumed. 
This is seen as low deuterium enrichment, resulting in an overestimation of the 
size of the body water pool and, hence, a high FFM and low % body fat.



Q. How soon can I repeat a measurement?
A. For adults, it takes about 5 weeks for the deuterium oxide dose to wash out 
of the body water and the concentration of deuterium to return to baseline levels 
in tropical regions and 10 weeks in temperate regions. However, since body water 
is calculated from the difference in deuterium concentration between the pre-dose 
and post-dose specimens, it is not necessary to wait for this length of time before 
repeating a measurement using the equilibration method, which takes only a few 
hours. A second baseline specimen should be collected on the day of the repeat 
measurement. When time between measurements is short, water intake between 
the time of the dose and final urine specimen on the day of the repeat 
measurement should be minimized. Water intake at this time will have a larger 
dilution effect during the repeat measurement than during the first measurement.

Q. Why is it necessary to collect three post-dose specimens?
A. It is necessary to collect three post-dose specimens to ensure that the 
plateau enrichment has been reached. Two samples with the same enrichment 
(within 2%) confirm that the dose has fully equilibrated with body water. 
Occasionally, in participants with slow water turnover, the dose will not have 
fully equilibrated with body water at 5–6 h. Do not try to save time by stopping 
urine sampling after 6 h in elderly participants. Do a pilot study to confirm the 
equilibration time under your local conditions before commencing the main 
study. Consult with more experienced people to evaluate the results of the pilot 
study.

Q. Is it necessary to fast during the protocol?
A. Fasting during the protocol gives a more accurate estimate of TBW. Keep a 
record of the volume of fluids taken and subtract this from the calculated TBW if 
urinary losses are not measured.
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Appendix I

GENERAL INFORMATION ON THE SAFETY
OF DEUTERIUM OXIDE

I.1. ISOTOPES OF HYDROGEN

An atom consists of a central nucleus composed of neutrons and protons, 
which is surrounded by electrons that orbit around the nucleus. Protons carry a 
positive charge of 1 and have a mass of about 1 atomic mass unit (amu). Neutrons 
are electrically neutral and have a mass of about 1 amu. Electrons carry a negative 
charge of 1 and have a mass of 0.000 55 amu. 

Atoms with different numbers of protons are called elements. For example, 
hydrogen has one proton, carbon has six protons and oxygen has eight. Isotopes 
of an element have the same number of protons and a different number of 
neutrons. Stable isotopes are not radioactive and are present naturally in the 
environment, including in the human body, in proportions known as the ‘natural 
abundance’ of the isotope. Most elements are a mixture of various stable isotopes. 
All atoms of an element have the same number of protons in their nucleus, while 
the number of neutrons may differ if more than one stable combination is 
possible. Stable isotopes of several elements (carbon, hydrogen, oxygen and 
nitrogen) have been used extensively in biomedical research.

Hydrogen consists of a nucleus with one proton (which is positively 
charged) and one electron (which is negatively charged). One proton represents a 
mass of 1 and, thus, the mass for hydrogen is 1; this stable isotope is also called 
protium. In deuterium, a heavier stable isotope of hydrogen, the nucleus contains 
one proton and one neutron (which has no charge and a mass of 1). Thus, the 
mass of deuterium is 2. The mass of an element is often shown at the top left of 
the letter indicating the element. Thus, hydrogen is 1H and deuterium 2H. 
Deuterium is also commonly indicated as D. Deuterium was discovered in 1932.

Hydrogen has one proton in the nucleus 1H (stable isotope)

If one neutron is present in the nucleus, this is deuterium 2H (stable isotope)

If two neutrons are present in the nucleus, this is tritium 3H (radioactive)
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The natural abundance of deuterium is 0.015%. This means that an adult 
woman weighing 55 kg with 30 kg of body water contains about 4.5 g of 
deuterium in her body water.



Deuterium oxide is water in which 99.8 or 99.9% of the hydrogen atoms are 
in the form of deuterium. This is referred to as 99.8 (or 99.9) at.% 2H2O or 99.8 
(or 99.9) at.% D2O. Deuterium oxide can be used to measure the size of the body 
water pool (TBW) by isotope dilution.

I.2. DEUTERIUM OXIDE SAFETY

Stable isotopes have been used in human metabolic studies for over half a 
century. Although stable isotopes of hydrogen emit no potentially harmful 
radiation, the mass of deuterium is 2 (2H) and the mass of hydrogen is 1 (1H). The 
mass difference between deuterium and hydrogen (a factor of two) is greater than 
for any other stable isotopes of the same element. This mass difference may cause 
significant ‘isotope effects’ at very high concentrations (>15%) of deuterium 
oxide in the tissues. Isotope effects are caused by the fact that the presence of 
deuterium in a molecule shortens covalent bonds, making them stronger and 
more resistant to breakage. Molecules containing deuterium, therefore, display 
slightly different reaction rates than those containing only hydrogen. The 
difference in rate constants between a reaction involving a molecule containing 
only hydrogen and that involving a molecule containing deuterium is known as 
the ‘kinetic isotope effect’, and can occur during enzymatically catalysed 
reactions in the body. Animal studies have shown that tissues containing more 
than 15% of deuterium labelled water exhibit a multitude of effects, including 
impaired protein and nucleic acid synthesis, altered conformation and stability of 
biopolymers, altered rates of enzymatic reactions, impaired cell division and 
morphological changes [27]. The overall effect of deuterium labelling appears to 
be a depression of tissue metabolism due to lower reaction rates of deuterium 
labelled compounds in vivo. While some toxic effects of deuterium labelling are 
reversible, very high concentrations may prove lethal. In mammals, 
concentrations of deuterium below 15% have not been associated with harmful 
effects. Levels of deuterium labelling of 15% must be maintained by continual 
dosage before adverse effects become evident [27]. However, lesser effects, such 
as transitory episodes of vertigo, have been reported in human adults consuming 
an amount of deuterium oxide sufficient to enrich body water to 0.35–0.65% [27]. 
It has been suggested that a threshold for noticeable transitory side effects exists 
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when body water is enriched above 0.2%. The threshold of deuterium toxicity has 
been defined as 15% and is far in excess of concentrations conceivable for use in 
human studies [27]. The amount of deuterium consumed in studies of human 
milk output and body composition enriches body water to a maximum in the 
region of 0.1% in the mother and less than half of this in her baby. At this level, 
no adverse side effects have been reported.



Appendix II

SAMPLE DATA SHEET FOR TBW ESTIMATION
BY DEUTERIUM OXIDE DILUTION

Person performing the test:_________________    Date: ______/______/______
  Day    Month    Year

I. Participant

Name:________________________________________  Code/ID:___________
Weight: ______ . __ __ kg   Height/Length: ______ . __ cm   BMI ______ kg/m2

Date of Birth: ______/______/______   Age:________ years   Gender: M  F 
Healthy:   YES NO 
Notes (health):____________________________________________________
________________________________________________________________

II. Dose

Dose bottle number: ______
Dose weight: ___ ___ . __ __ __ g
Did the participant fast overnight? YES NO 
If no, how long was the fast before the dose? _________
Was the container opened just before the dosage? YES NO 
Was the dose consumed correctly? YES NO 
If not, what was the weight of the dose not consumed? ___ . ___ ___ ___
Was the container rinsed with 2 × 50 mL of water? YES NO 
Was the same straw used? YES NO 
Notes: ___________________________________________________________

III. Specimen times and volumes

Time of baseline urine sample:   ____:_______
Time dose was taken:   ____:_______
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Post-dose urine samples:
1st post-dose Time: _____:______ Volume: ________ mL
2nd post-dose Time: _____:______ Volume: ________ mL
3rd post-dose Time: _____:______ Volume: ________ mL



Appendix III

EQUIPMENT LIST

III.1. DOSE PREPARATION AND PREPARATION OF DILUTED DOSE

Deuterium oxide (99.8 or 99.9 at.% 2H).
Drinking water.
Large screw cap bottles for preparing doses (e.g. 5 L borosilicate glass bottles 

with PTFE lined screw caps).
Dose bottles (screw cap, leak proof, e.g. 120 mL wide mouth, polypropylene leak 

proof autoclavable bottles).
Glass measuring cylinder to transfer doses to dose bottles.
Glass or plastic funnel.
Volumetric flask (100 mL) for making dose dilution.
Automatic pipette (200 μL) plus tips.
Large capacity balance weighing up to 10 kg with an accuracy of 0.1 g.
Electronic balance weighing to 0.001 g for weighing doses.
Electronic balance weighing to 0.0001 g for making dose dilution.
Refrigerator or freezer (–20ºC) for storing doses.
Freezer (–20ºC) for storing urine specimens.
Voltage stabilizers for all electronic equipment.

III.2. IN THE FIELD

Doses (prepared in the laboratory).
Drinking water.
Drinking straws.
Balance weighing to 0.1 kg for weighing participants.
Stadiometer for measuring participants’ height.
1 L polyethylene measuring cylinder to measure urine volume.
Urine collection device (measuring cylinder, polyethylene jug or toilet hat).
Urine storage vials with screw cap (e.g. 4 mL internal thread self-standing cryovials).
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Labels for sample vials.
Permanent ink pens for writing on labels.
Zip-lock bags for sample vials.
Disposable gloves.
Plastic bags/boxes for storing/transporting urine specimens.
Watch (to note time of urine sampling).



Refrigerator for storing doses if working in the field for several days without 
returning to base.

Cool box with ice pack (for storing samples in the field until they can be frozen).
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Appendix IV

ISOTOPIC FRACTIONATION

Deuterium oxide (2H2O) is not identical to water with respect to its physical 
properties.

When deuterium oxide mixes with body water, three isotopic forms are 
found (Fig. 16). For example, in a water sample containing 1000 mg/kg (ppm) of 
deuterium oxide, the probability of any particular H being 2H is 0.001, and the 
probability of it being 1H is 0.999.

For any molecule of water, the probability of both H being 1H (1H–O–1H) 
is:

P (1H–O–1H) = 0.999 × 0.999 = 0.998001 or 99.8001%

The probability of both H being 2H (2H–O–2H) is:

P (2H–O–2H) = 0.001 × 0.001 = 0.000001 or 0.0001%

The probability of any particular water molecule containing one 1H and one 
2H is:

P (1H2HO) = 2 × 0.999 × 0.001 = 0.001998 or 0.1998%

The factor of two arises because there are two possible arrangements, 
1H–O–2H and 2H–O–1H, which are equivalent.
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FIG. 16. Abundance of different molecules in a water sample containing 0.1 at.% (1000 ppm) 
2H.



The energy of the bond between deuterium (2H or D) and oxygen (O) is 
slightly greater than the energy of the bond between hydrogen (1H) and O. This 
can lead to isotopic fractionation when water undergoes a chemical or physical 
change. Isotopic fractionation of water occurs when water liquid becomes water 
vapour (gas).

There is less deuterium in water vapour than in the main volume of liquid 
water from which the vapour evaporated. The fractionation factor (f) for 
deuterium between water vapour (a gas) and liquid water is 0.941 at 25ºC.

There is very little isotopic fractionation of water within the body. Plasma, 
urine, human milk and sweat show little fractionation. However, water leaving 
the body as water vapour in breath and transdermal evaporation contains less 
deuterium than body water. Transdermal evaporation is insensible water loss 
from the skin through routes other than the sweat glands. The effect of increased 
insensible water losses, which contain less deuterium than body water, is to 
concentrate the deuterium oxide left behind, which could lead to an 
underestimation of TBW and, therefore, an overestimation of body fat. For this 
reason, participants should not take part in excessive physical activity during the 
urine sampling period.

Similarly, condensed water vapour on the caps of bottles used for storing 
doses, samples and standards contains less deuterium than the bulk of the liquid 
and, therefore, bottles should be inverted or centrifuged to mix the contents 
before opening, and should not be left open to the atmosphere.

The following example (Fig. 17) shows the effect of fractionation if 100 μL 
of condensation is clinging to the lid of a sample vial containing 4 mL of saliva, 
which originally contained 0.1 at.% (1000 ppm) 2H.

The effect of fractionation is more pronounced when the volume of saliva is 
small. For example, if a vial containing 1 mL of saliva is left open to the 
atmosphere and 100 μL evaporate, there will be only 900 μL (0.9 mL) left behind, 
and this will contain 1006 ppm 2H (Fig. 18).    
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GLOSSARY

atom per cent (at.%). The number of atoms of the stable isotope of interest 
expressed as a proportion of the total number of atoms of that element, e.g.

In practice, the number of 3H atoms is negligible and is, therefore, ignored.

deuterium. The stable isotope of hydrogen with the symbol 2H, sometimes 
abbreviated to D.

deuterium oxide. Water in which 99.8 or 99.9% of the hydrogen atoms are in the 
form of deuterium (2H2O or D2O).

deuterium oxide dilution method of measuring total body water. A well 
established technique to measure total body water (TBW) from which body 
composition is estimated using a two compartment model, assuming the 
body is composed of fat and fat free mass (FFM). FFM is 73.2% water in 
healthy adults. TBW (kg)/0.732 = FFM (kg). Fat mass (FM) is calculated as 
the difference between FFM and body weight.

enrichment. As stable isotopes are naturally present, baseline samples must be 
taken before administration of the labelled compound. Enrichment is the 
concentration of the isotope above the baseline level. The concentration of 
deuterium in body water (above the baseline level) can be measured by 
Fourier transform infrared (FTIR) spectrometry or isotope ratio mass 
spectrometry (IRMS).

equilibration. The hydrogen atoms on water molecules in the body are not 
permanently attached to the oxygen atoms, but are constantly exchanging. 
They are in a state of constant flux. When a person drinks a dose of 
deuterium oxide, it is not a simple matter of the deuterium oxide (2H2O) 
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mixing with water in the body. The deuterium atoms in H2O exchange with 
hydrogen atoms in water molecules, so that after a few hours, the 
probability of finding a molecule of 2H2O is very low. Most water 
molecules are still in the form of 1H2O, but a few are in the form of 1H2HO 
after exchange of 1H with 2H. This is the process of equilibration.



fat free mass. The term used in body composition studies to refer to the part of 
the body that is not fat. FFM includes water, protein, bone minerals and 
non-bone minerals. FFM contains 73.2% water in healthy adults [9], but the 
hydration of FFM is higher in children, the latter stages of pregnancy and 
certain clinical conditions.

Fourier transform infrared spectrometry. A technique that can be used to 
measure deuterium enrichment concentration in saliva samples from studies 
of body composition and human milk intake. FTIR is not as sensitive as 
isotope ratio mass spectrometry and cannot be used for the analysis of urine 
samples.

fractionation. Isotopic fractionation is the term used to describe the fact that 
molecules containing different isotopes display slightly different reaction 
rates. This can occur during physical changes such as evaporation. Water 
leaving the body as water vapour in breath contains less deuterium than 
body water. Similarly, condensed water vapour on the caps of bottles used 
for storing doses, samples and standards contains less deuterium than the 
bulk of the liquid. Bottles should, therefore, be inverted to mix the contents 
before opening.

insensible water loss. Insensible water loss refers to water lost from the body in 
breath and transdermal evaporation, which is water lost from the skin by 
routes other than the sweat glands. Water leaving the body as water vapour 
contains less deuterium than liquid body water, due to fractionation. A 
correction is made for insensible water losses when water intake from 
sources other than human milk is estimated in breastfed infants using the 
deuterium oxide dose-to-mother technique.

isotope. An element with the same number of protons and a different number of 
neutrons.

Hydrogen has one proton in the nucleus 1H (stable isotope)
If one neutron is present in the nucleus, this is deuterium 2H (stable isotope)
If two neutrons are present in the nucleus, this is tritium 

         3
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H (radioactive isotope)

isotope dilution. A known amount of a labelled compound is added to a 
biological system and mixes fully with that pool. The dilution of the 
labelled compound by endogenous unlabelled compound will give a 



measure of the size of the pool. This principle is the basis of the deuterium 
dilution method of measuring TBW.

isotope exchange. Deuterium (2H) can exchange with hydrogen (1H) atoms in 
water molecules and in other compounds. This is known as isotope 
exchange.

isotope ratio mass spectrometer (IRMS). A low resolution magnetic sector 
mass spectrometer. The sample must be introduced to the mass 
spectrometer ion source in the form of a pure gas (CO2, N2 or H2). The gas 
is ionized by electron impact from a hot filament. The ions are separated in 
a magnetic field. The detectors are Farady Cups. IRMS can measure very 
low enrichments, down to natural abundance, very accurately.

mass spectrometer. an instrument which separates ions in a vacuum according to 
their mass to charge ratio (m/z). The major components of a mass 
spectrometer are an inlet system, ion source, mass analyser, detector and a 
vacuum system.

non-aqueous exchange. The process whereby isotopes in body water enter 
components of the body, other than water, is known as non-aqueous 
exchange. For example, deuterium exchanges with exchangeable hydrogen 
atoms (mainly –NH and –OH) in body protein. Hydrogen isotopes are also 
sequestered into fat and protein as these are synthesized. The volume of 
distribution, also known as the dilution space or pool space, of the tracer is, 
therefore, slightly greater than TBW. The 2H dilution space (ND) is 
1.041 times that of TBW. This is accounted for by dividing the calculated 
volume of distribution (ND, moles) by 1.041 to achieve TBW.

radioactive isotope. Radioactive isotopes have unstable nuclei which emit 
ionizing radiation in the form of particles or waves. Radioactive decay is 
the process by which a nucleus releases energy and transforms to a lower 
energy state. Tritium is the radioactive nuclide of hydrogen. Tritium has a 
half-life of 12.35 years.
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stable isotope. Stable isotopes are not radioactive, are present naturally in the 
environment, including the human body, in concentrations known as the 
‘natural abundance’ of the isotope. Hydrogen has two stable isotopes: 1H or 
protium, the major stable isotope of hydrogen, and 2H or deuterium, the 
minor stable isotope of hydrogen. Approximately 0.015% of hydrogen 
atoms in natural water are in the form of deuterium (2H).



total body water. The term used to refer to the total water content of the body, 
which makes up 70–75% of body weight at birth, but decreases to 50–60% 
of body weight in lean adults and less than 40% in obese adults. FFM is 
approximately 73.2% water in adults. Measuring TBW establishes the 
amount of FFM. FM is calculated as the difference between FFM and body 
weight. TBW includes both intracellular fluid (ICF) and extracellular fluid 
(ECF).

volume of distribution. The volume through which the isotope is distributed, 
also known as the pool space or dilution space (N). In studies of TBW by 
deuterium dilution, the volume of distribution (ND) is larger than TBW due 
to non-aqueous exchange.
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The mandate of the IAEA human health programme originates from Article II of 
its Statute, which states that the “Agency shall seek to accelerate and enlarge the 
contribution of atomic energy to peace, health and prosperity throughout the world”. 
The main objective of the human health programme is to enhance the capabilities of 
IAEA Member States in addressing issues related to the prevention, diagnosis and 
treatment of health problems through the development and application of nuclear 
techniques, within a framework of quality assurance. 

Publications in the IAEA Human Health Series provide information in the areas 
of: radiation medicine, including diagnostic radiology, diagnostic and therapeutic nuclear 
medicine, and radiation therapy; dosimetry and medical radiation physics; and stable 
isotope techniques and other nuclear applications in nutrition. The publications have a 
broad readership and are aimed at medical practitioners, researchers and other 
professionals. International experts assist the IAEA Secretariat in drafting and reviewing 
these publications. Some of the publications in this series may also be endorsed or co-
sponsored by international organizations and professional societies active in the relevant 
fields. 
There are two categories of publications in this series: 

IAEA HUMAN HEALTH SERIES
Publications in this category present analyses or provide information of an 

advisory nature, for example guidelines, codes and standards of practice, and quality 
assurance manuals. Monographs and high level educational material, such as graduate 
texts, are also published in this series. 

IAEA HUMAN HEALTH REPORTS
Human Health Reports complement information published in the IAEA Human 

Health Series in areas of radiation medicine, dosimetry and medical radiation physics, 
and nutrition. These publications include reports of technical meetings, the results of 
IAEA coordinated research projects, interim reports on IAEA projects, and educational 
material compiled for IAEA training courses dealing with human health related subjects. 
In some cases, these reports may provide supporting material relating to publications 
issued in the IAEA Human Health Series.

All of these publications can be downloaded cost free from the IAEA web site:
http://www.iaea.org/Publications/index.html

Further information is available from:
Marketing and Sales Unit
International Atomic Energy Agency
Vienna International Centre
PO Box 100
1400 Vienna, Austria

Readers are invited to provide their impressions on these publications. 
Information may be provided via the IAEA web site, by mail at the address given above, 
or by email to:

Official.Mail@iaea.org.
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