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Abstract: 

During nutritional interventions, the ingestion of d31-palmitic acid 
and H2

18O allows assessment of dietary fatty acid oxidation from 
cumulative 2H recovery in urine and estimation of the total body 
water pool (TBW) from 18O dilution. Continuous flow – isotope ratio 
mass spectrometry (CF-IRMS) coupled to either equilibration or 
high temperature conversion techniques (HTC) permits 2H and 18O 
enrichment measurements in biological fluids. Thus it was of great 
interest to compare these methods applied to the determination of 
dietary fatty acid oxidation.  
Linearity, accuracy and correlation between CF-equilibration and 
CF-HTC were first checked using 2H- and 18O- enriched water and 
urine samples. Urine samples from 14 subjects were then measured 
with both methods. 2H- and 18O- raw data were normalised against 
calibration lines. The final aim was to study the impact of 
normalised raw results on physiological data (i.e. TBW and d31-
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palmitate recovery). 
No significant difference was observed between δ18O‰ and δ2H‰ 
enrichment measurements depending on the analytical method 
used. Volumes of TBW calculated from δ18O‰ enrichments 
measured either with CF-equilibration or CF-HTC were not 
significantly different with respectively 45.2±1.0L or 45.7±1.0L 
(mean±sem, p=0.09). Palmitic acid oxidation results obtained from 
δ2H‰ enrichment measurements and TBW from CF-equilibration 
vs CF-HTC were not significantly different (p≥0.26) with 
respectively 16.2±1.6% vs 16.2±1.1% at 8h, 18.7±2.0% vs 
17.6±1.3% at 12h and 21.7±1.9% vs 21.5±1.3% at 3 days post-
dose (mean ± sem). 
Thus, even if CF-HTC was preferred because it was more practical 
to carry out, both methods allow study of dietary lipid oxidation in 
man and generate similar results. 
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ABSTRACT 250 words max 

During nutritional interventions, the ingestion of d31-palmitic acid and H2
18O allows 

assessment of dietary fatty acid oxidation from cumulative 2H recovery in urine and 

estimation of the total body water pool (TBW) from 18O dilution. Continuous flow – isotope 

ratio mass spectrometry (CF-IRMS) coupled to either equilibration or high temperature 

conversion techniques (HTC) permits 2H and 18O enrichment measurements in biological 

fluids. Thus it was of great interest to compare these methods applied to the determination of 

dietary fatty acid oxidation.  

Linearity, accuracy and correlation between CF-equilibration and CF-HTC were first 

checked using 2H- and 18O- enriched water and urine samples. Urine samples from 14 subjects 

were then measured with both methods. 2H- and 18O- raw data were normalised against 

calibration lines. The final aim was to study the impact of normalised raw results on 

physiological data (i.e. TBW and d31-palmitate recovery). 

No significant difference was observed between δ18O‰ and δ2H‰ enrichment 

measurements depending on the analytical method used. Volumes of TBW calculated from 

δ18O‰ enrichments measured either with CF-equilibration or CF-HTC were not significantly 

different with respectively 45.2±1.0L or 45.7±1.0L (mean±sem, p=0.09). Palmitic acid 

oxidation results obtained from δ2H‰ enrichment measurements and TBW from CF-

equilibration vs CF-HTC were not significantly different (p≥0.26) with respectively 

16.2±1.6% vs 16.2±1.1% at 8h, 18.7±2.0% vs 17.6±1.3% at 12h and 21.7±1.9% vs 21.5±1.3% 

at 3 days post-dose (mean ± sem). 

Thus, even if CF-HTC was preferred because it was more practical to carry out, both 

methods allow study of dietary lipid oxidation in man and generate similar results. 

 

Abbreviated title (up to 70 characters):  

HTC or Equilibration for the determination of fatty acid oxidation 

 

Key words (5 maxi): deuterium; oxygen-18; continuous flow – isotope ratio mass 

spectrometry; equilibration; high temperature conversion. 
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INTRODUCTION 

 

Stable isotopes are useful tools to study human metabolism in many situations.[1] Body 

composition[2] and total energy expenditure (TEE) [3] can be measured by mass spectrometry 

using stable isotope labelled water, while the metabolism of proteins, lipids and carbohydrates 

can be measured using the appropriate labelled tracers (e.g. 
2H-, 13C- or 15N- amino acids, [4,5] 

2H- or 13C- glucose, [6,7] 2H- or 13C- fatty acids[8]). 

Assessing dietary fatty acid oxidation is of major importance during nutritional 

interventions. The conventional method using 13C-labelled fatty acids[9] required measurement 

of 13C-enrichment in exhaled CO2 and determination of total CO2 production (VCO2) by 

indirect calorimetry. Moreover an acetate correction factor was required due to 13C 

sequestration in the tricarboxylic (TCA) cycle.[10] In 2001, Votruba et al.[11] validated a 

simpler method using palmitic acid uniformly labelled with deuterium atoms (ie d31-palmitic 

acid) and 18O-labelled water. During d31-palmitic acid oxidation, the 2H label is removed from 

fatty acids during β-oxidation and TCA cycle. The deuterium atoms appear as 2H2O which 

mixes with the body water pool, providing a cumulative record of fat oxidation, while 18O 

dilution gives the total body water (TBW) estimation. With this method, only urine samples 

need to be collected. VCO2 determination and acetate correction for the calculation of recovery 

are no longer needed and experimentation can be performed in free-living conditions, unlike 

the conventional method which requires that volunteers stay at the clinical investigation 

center for measuring respiratory gas exchanges (VCO2) by indirect calorimetry. 

Continuous flow – isotope ratio mass spectrometry (CF-IRMS) allows 2H and 18O 

enrichment measurements in biological fluids (plasma, saliva and urine). According to the 

method used, samples are converted into gaseous hydrogen, carbon dioxide or carbon 

monoxide carried by helium carrier gas inside the mass spectrometer source. Among 

commercially available devices, two methods are traditionally used: gas/liquid equilibration 

[12-14] and carbon supported-high temperature conversion. [15-17]  

Principle of continuous flow gas/liquid equilibration method remains the same since 

the works of Epstein and Mayeda in 1953, [18] Rolston et al. in 1976, [19] or Horita et al. in 

1989, [20] using off-line devices:  H2O from biological fluids is equilibrated either with CO2 

gas or with H2 gas in the presence of platinum to catalyze equilibration.[13] Initially dedicated 

to water, CF-equilibration was also used in complex matrix like urine and plasma in our 

laboratory [21-23] and other teams.[13,24,25] 

With carbon supported-high temperature conversion, the underlying principle is the 

Unterzaucher reaction.[26] Water is converted in H2 and CO in a glassy carbon reactor heated 
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at temperatures well in excess of 1000°C. H2 and CO are then separated on a molecular sieve 

column and introduced into the isotope ratio mass spectrometer source. Continuous flow high 

temperature conversion method is widely used for 2H and 18O enrichment measurements in 

biological fluids. In 2004, Richelle et al.[27] applied this method to the determination of 2H 

and 18O enrichments measurements in plasma samples of rats. High temperature conversion 

was then presented as a promising tool to assess body composition and total energy 

expenditure. In 2006, Ripoche et al.
[28] validated the accuracy of 2H and 18O enrichment 

measurements in urine and plasma samples by comparison to classical dual-inlet methods. A 

chromium tube was used for 2H reduction, and a glassy carbon reactor for 18O pyrolysis. More 

recently, high temperature conversion of H2O from urine and saliva was validated using a 

glassy carbon reactor[29]. 

Although equilibration and carbon supported-HTC techniques are well described in 

the literature, these two methodologies have never been directly compared for the 

measurement of 2H and 18O enrichments in urine samples. The principles are fundamentally 

different. With the equilibration technique, the measurement is performed on the gas resulting 

from the isotopic equilibrium between H2O from the sample and the added equilibration gas. 

With the HTC technique, results are produced directly from the liquid sample reaction in the 

glassy carbon reactor. To facilitate the reading, in the following of this paper, carbon 

supported-HTC was replaced by HTC and corresponds to the method of high temperature 

conversion supported by a glassy carbon reactor.  

This essay critically examines the two methods and their practicability with large 

series of samples, which are current in nutritional intervention protocols in man. In this paper, 

we first checked the agreement of results obtained from IAEA (International Atomic Energy 

Agency) reference waters (SLAP2, GISP and VSMOW2) and from 2H- and 18O- enriched 

water or urine samples using both methods. Then the results obtained with urine samples from 

14 subjects, who participated in a nutritional intervention, were compared using either 

continuous flow -equilibration or -HTC. The final aim was to study the impact of the raw 

results (i.e. analytical results which are 2H and 18O normalised enrichments expressed in δ‰) 

on physiological data (i.e. TBW and d31-palmitic acid recovery).  

 

EXPERIMENTAL 
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Samples 

Preliminary tests 

Linearity and accuracy tests between CF-equilibration and CF-HTC techniques for δ2H‰ and 

δ18O‰ enrichment measurements were performed using reference waters SLAP2 (Standard 

Light Antartic Precipitation, δ18O= -55.5‰, δ2H= -428.8‰ ), GISP (Greenland Ice Sheet 

Precipitation, δ18O= -24.8‰, δ2H= -189.5‰) and VSMOW2 (Vienna Standard Mean Ocean 

Water, δ18O= 0.0‰, δ2H= 0.0‰) from the International Atomic Energy Agency (IAEA, 

Vienna, Austria), as well as 2H- and 18O-enriched waters. The correlation between 

equilibration- and HTC- data was evaluated with the analysis of 2H- and 18O- enriched water 

and urine samples. Eight water samples and nine urine samples were enriched with increasing 

quantities of 2H2O (99% enriched) and H2
18O (10% enriched, Eurisotop, Saint Aubin, France).  

Dilutions were prepared gravimetrically. Final enrichments of water samples were previously 

determined by repetitive measurements against reference waters from IAEA and were used as 

expected values, ranging from -8.2 δ‰ to 220.7 δ‰ for 18O and from -65.2 δ‰ to 1218.3 δ‰ 

for 2H. For urine samples, the averaged enrichments measured in the present study ranged 

from -2.7 δ‰ to 200.6 δ‰ for 18O and from -21.1 δ‰ to 1814.4 δ‰ for 2H. 

 

Protocol 

Isotopic enrichments were measured in urine samples from 14 subjects. The subjects were 

fully informed of the purpose and potential risks of the experimental protocol. Individual 

informed written consents were obtained before the study which was approved by the 

Scientific Ethics Committee of Lyon (CPP Sud Est II). After collection of baseline urine 

samples, the subjects ingested 0.5g.kg-1 of H2
18O (10% enriched) to measure total body water. 

They then ingested a breakfast in which 20mg.kg-1 of [d31]-palmitic acid (>98% enriched, i.e. 

98% of palmitic acid molecules were labelled with 31 deuterium atoms, Eurisotop) were 

homogenized. Following ingestion of the meal, hourly urine samples were collected for 12h, 

and on days 1, 2 and 3 post-dose. Equilibration time in the body water pool for H2
18O was 

taken at 4h and 5h post-dose. In order to determine the body water pool size, a dilution of the 

H2
18O dose ingested was performed gravimetrically for each subject in Evian water (Dil.), in 

such a way as to obtain δ18O‰ enrichments similar to those in urine samples after tracer 

ingestion. Results from this sample determined the dilution factor of 18O in the body, and 

consequently TBW. The determination of [d31]-palmitic acid oxidation rate required the 

collection of 13 urine samples. 2H enrichment measurements were performed on all samples, 

whereas three urine samples and the diluted solution of the labelled water were analysed for 
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their 18O content. No further details on clinical part of the protocol will be provided here, 

insofar as the subject of this paper is to compare two analytical methods, and not to discuss 

the results of the study which are to be published later. 

 

Sample processing 

Urine samples (2ml) were decolorized with dry black carbon (20mg), filtered (0.45µm, 

cellulose acetate membrane, Macherey Nagel, Hoerd, France) and stored at -20°C until 

analysis. Water samples were analysed without purification. 

 

Continuous Flow Equilibration  

Continuous flow equilibration analyses were performed using a Multiflow system connected 

to an Isoprime IRMS (Isoprime Ltd, Cheadle, UK). 200µL of standard water, 2H and 18O 

enriched water or filtered urine sample were loaded in Labco Exetainer® vials with screw 

caps and pierceable rubber septum (16.5mm, Labco Limited, Buckinghamshire, UK). A 

platinum catalyst (Hokko coils, Elementar, Villeurbanne, France) was inserted into vials for 

the hydrogen equilibration process to speed up the hydrogen isotope exchange reaction 

between water and H2 gas.[30] Hokko coil catalysts were washed with deionised water and 

conditioned at 80°C for 8 hours before use. Vials were placed in a temperature-controlled 

rack (40°C ± 0.1°C) offering 60 locations and filled either with CO2/He (5%) or H2/He (10%). 

The equilibration times recommended by the manufacturer were 4h30 for CO2 or 1h30 for H2. 

Taking into account the autofilling time with equilibration gas (150sec /vial, at least 54 vials 

in the rack), the real equilibration times were actually 4h30 for CO2 and 2h15 for H2. 

Equilibrated gas was then transferred from the vial’s headspace to the sample loop (50µL for 

CO2 or 100 µL for H2) then on a molecular sieve GC column (90°C, 2.5m, 1/8 inch, 60-

80mesh) where all water vapour was separated. The dried gas was then allowed to pass from 

the water trap (Nafion® membrane) to the isotope ratio mass spectrometer for analysis. The 

sample peak was followed by one pulse of reference gas (H2 grade 5.6 or CO2 grade 5.5). The 

2H/1H ratios were corrected for the H3
+ effect.[31] Two batches of analyses were performed, 

one for 2H- and another for 18O- enrichment measurements. To avoid refocusing the mass 

spectrometer and changing the sample loop between each sequence, all samples from 

preliminary tests and nutritional intervention were first analysed for their 2H contents and then 

for their 18O content. Samples were prepared in triplicate for 2H analyses, in duplicate for 18O 

analyses and were each injected three times. Even if no memory effect was observed using 

equilibration method,[32] urine samples were analysed in the ascending enrichment order. The 

total analysis time for 20 samples including the autofilling with equilibration gas, 
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equilibration time and analyses, was 15h for 2H enrichment measurements and 13h for 18O 

enrichment measurements. The total volume of purified urine required for the 2H- and 18O- 

analysis of each sample was 1mL. 

 

Continuous Flow High Temperature Conversion 

High temperature conversion analyses were performed using a commercial device consisting 

of a Thermo AS3000 liquid autosampler, a high-temperature conversion elemental analyser 

(TCEA) coupled with a Delta Advantage isotope ratio mass spectrometer via a Conflow IV 

Interface (Thermo Scientific, Bremen, Germany). According to the manufacturer design, the 

reactor consisted of a glassy carbon tube (OD 12mm, ID 7mm, length 356mm) containing 

carbon granulates (diameter ≥ 3mm) above a quartz wool pad. This set was inserted in a 

ceramic tube (OD 17mm, ID 13mm, length 470mm). A stainless steel injector sleeve (opening 

~ 8mm, length 60mm) was placed at the top of the glassy carbon tube. The following 

conditions were used: reactor temperature 1420°C, GC column temperature 90°C and helium 

flow from the top of the reactor 90 mL/min. Standard waters and filtered urine samples were 

thawed and 300µL aliquots were transferred to a vial for autosampler with an insert (Agilent, 

Massy, France). The insert was entirely filled with sample in the aim to reduce isotope 

exchange in the sample container. Aliquots of 0.1µL were injected into the glassy carbon 

reactor where water from samples was converted into H2 and CO, which were then separated 

on the molecular sieve GC column (0.6m, ¼ inch, 5A°). In order to keep optimal separation 

conditions, GC column was heated to 300°C overnight every 2000 injections. Each analytical 

run consisted of two pulses of the hydrogen reference gas (grade 5.6) followed by elution of 

H2 (retention time (RT) = 123sec) and CO (RT = 183sec) gases from the sample, and then 

finally by two pulses of carbon monoxide reference gas (grade 4.7). After the elution of the 

H2 peak, a "peak jump" occurred at 150sec, allowing CO analysis: ion beams of m/z 28 

(C16O) and m/z 30 (C18O) were then focused to specific Faraday cups by a rapid change in the 

magnetic field strength. The 2H/1H ratios were corrected for the H3
+ effect.[31]  

Inter-samples memory effects have been reported for water analyses using the high 

temperature conversion of water on glassy carbon. Precautions were taken to minimize this 

well-documented effect: [27,28, 32,33,34, 35] I) the sample was injected after 3 pull-ups, (II) the 

needle of the 1µL syringe was left in the heated injector for 10sec after the injection, (III) 

urine samples were analysed in ascending enrichment order and finally, (IV) for each sample, 

five consecutive injections were done in a single run, and then the sample was injected once 

in five consecutive runs. Only the last four runs were used for calculations. In these 

conditions, the total analysis time for 20 samples was 16h for both isotopes enrichment 
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measurements. The total volume of purified urine required for the 2H- and 18O- analysis of 

each sample was 300µL, each sample injection requiring only 0.1µL.  

 

Corrections, calibration and order of samples analysis 

2H and 18O enrichments were expressed in δ‰ vs VSMOW. Laboratory water (Evian®, 

Evian, France) was analysed at the beginning and the end of each sequence. Raw data 

obtained from these samples were used to calculate the drift value due to the long period of 

analysis. Using this value and the forecast function of the software Excel (pack Office 2002, 

Microsoft®), the drift-correction was applied to each sample of a same batch of analyses. 

Calibration was the same for the samples from preliminary tests and for those from the 

nutritional intervention. Three water standards from Iso-analytical Limited (Cheshire, UK; IA 

R053, δ18O= -10.18‰, δ2H= -61.7‰; IA R054 , δ18O= 0.56‰, δ2H= 4.93‰ and IA R055 

, δ18O= 108.63‰, δ2H= 843.43‰ relative to VSMOW) were used to establish the calibration 

curve for normalisation of the values. For both techniques, the isotopic composition of 

enriched waters and urine samples was calculated from raw data using the linear regression 

equation obtained from known and measured values of these water standards. 

Concerning the order of samples analysis, for both techniques, 2H- and 18O- enriched waters, 

reference waters from IAEA and standard waters from preliminary tests were analysed in the 

ascending enrichment order.2H- and 18O- enriched urine samples and samples from nutritional 

intervention were measured as following for both methods: laboratory water was first 

measured, then standard waters in the ascending enrichment order. Another laboratory water 

was injected to avoid memory effect on the following urine samples which were injected in 

the ascending enrichment order. Finally laboratory water was measured a last time for the 

drift correction. 

 

Calculations 

The oxidation rate of palmitic acid was inferred from the cumulative recovery of 2H in total 

body water (TBW) according to Votruba et al.:[11] TBW was determined using the 18O isotope 

dilution method.[2] First, the equation (1) allowed H2
18O dilution space calculation from 

baseline and 4h or 5h urine samples, plus dilution of the ingested dose and Evian water which 

were analysed in the same batch.  
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N is the pool space in moles (i.e. the oxygen dilution space), 
OH

D 18
2

 is the weight of labelled 

water administered in g, VDil  is the total amount of water (Evian + H2
18O) used to dilute the 

labelled water in g, 
OH

v 18
2

 is the labelled water diluted for analysis in g, 
OH

MW
2

 is the 

molecular weight of water in g.mol-1; and δ18Ο is the enrichment in ‰ of the diluted labelled 

water for analysis (Dil.), dilution water (Evian), post-dose sample (T4 or 5h, the maximum 

δ18O‰ enrichment was used for calculations), and pre-dose baseline (basal). Next, using the 

equation (2), TBW was deduced from the dilution space of 18O (N) after adjusting it by a 

factor of 1.007. Indeed, it is established that the dilution space of 18O is 1.007% greater than 

the water space.[2]  

 

 

 

Finally, recovery of deuterium from palmitic acid oxidation was calculated as indicated by 

equation (3) 

 

 

∆δ was the urine δ2H in excess compare to basal and was expressed in ‰ (“basal” being 
2H‰ 

enrichment from urine before the ingestion of the tracer) RSTD was the 2H/1H ratio of SMOW, 

D was the amount of ingested d31-palmitic acid in g, P was the 2H isotope atom% of d31-

palmitic acid, n was the number of labelled atoms per molecule, and MW was the molecular 

weight of d31-palmitic acid in g.mol-1. 

 

Statistical analysis 

Regarding the raw data from the 14 subjects, a Bland and Altman[36] test was used to evaluate 

differences between δ18O enrichments measured using either high temperature conversion or 

equilibration. A mixed model was used for δ2H enrichment comparison. Significant 

differences between TBW obtained from δ18O measurements with equilibration or HTC 

techniques were tested using a paired Student test. Cumulative recoveries of d31-palmitic acid 

obtained from δ2H and δ18O measurements with equilibration or HTC techniques were tested 

using a paired Student test and finally, a Bland and Altman test was used to evaluate 

differences between recoveries of d31-palmitic acid 3 days after the ingestion of the tracer 

according to the analytical method used. The analyses were performed with Statview (Abacus 

(2) 
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Concepts, Inc., Berkeley, CA) or Stata 11 (Stata Corp LP, Texas, US)), and values are the 

mean ± sem, with p < 0.05 considered statistically significant.  

 

RESULTS – DISCUSSION 

 

Preliminary tests  

Before analysing the samples from the nutritional intervention, the linearity of 2H- and 18O- 

enrichment measurements, i.e. correlation between measured and expected enrichments, and 

accuracy of both methods were checked by analysing enriched water samples. Then the 

correlation between equilibration- and HTC- data was evaluated with the analysis of enriched 

water and urine samples. Table 1 shows 18O- and 2H-enrichments measured either by CF-

equilibration or CF-HTC, in reference waters from IAEA (SLAP2, GISP and VSMOW2), 

enriched water samples, and enriched urine samples. These measured values were normalised 

against calibration points from Iso-analytical Limited (IA R053, IA R054 and IA R055). 

Linearity, accuracy and correlation results were obtained from these data.  

 

Linearity 

Table 2 shows regression parameters calculated from theoretical enrichments against 

measured values in enriched waters, both expressed in δ‰. The coefficients of determination 

were greater than or equal to 0.9999. Linearity of 2H- and 18O- enrichment measurements was 

as satisfying for equilibration measurements as for HTC measurements and the same is true 

for 2H- and 18O-measurements. Data were comparable with those published elsewhere.[12,13,29]  

 

Accuracy 

Table 3 shows individual accuracy data calculated from 2H and 18O enrichment measurements 

of enriched waters presented in Table 1. The means of accuracy results obtained for the whole 

range of 18O- enrichments were -0.54±0.30‰ and -0.39±0.34‰ when samples were measured 

by CF-equilibration or CF-HTC respectively. For the whole range of 2H- enrichments, the 

means of accuracy results were respectively -1.00±3.33‰ and -1.52±3.39‰ when samples 

were measured by CF-equilibration or CF-HTC respectively. The difference from the 

expected value was smaller for 18O enrichment measurements and remained under 1.80‰. 

Results were less favourable for 2H enrichment measurements and reached 8.51‰. Accuracy 

results were similar between both methods (t-test, p>0.1). They corresponded to the level of 

accuracy reported in the literature[27,28] and remained acceptable.   
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Correlation between equilibration- and HTC-CF-IRMS 

Table 4 presents the correlation parameters between data obtained with the equilibration 

technique and the HTC technique, for δ18O‰ measurements and for δ2H‰ measurements in 

water samples and in urine samples of increasing enrichments. Expected enrichments were in 

a range of -55.5 δ‰ to 220.7 δ‰ for 18O and of –428.0 δ‰ to 1218.3 δ‰ for 2H in water 

samples (including IAEA reference waters). For urine samples, averaged enrichments 

measured in this study ranged from -2.7δ‰ to 200.6δ‰ for 18O and from -21.1 to 1814.4δ‰ 

for 2H. The slopes were respectively 1.0030 and 1.0049 for 2H- and 18O- measurements in 

water samples, and respectively 0.9993 and 0.9948 for 2H- and 18O- measurements in urine 

samples. The coefficients of correlation R were 1.0000 in all cases. Thus, there is excellent 

agreement between the two introduction systems and this is true whatever the isotope (2H or 

18O) or sample nature. It should be noted however that the intercepts were different according 

to the sample type (water or purified urine). When measurements were performed on water 

samples, the intercepts were respectively 0.0558 and -1.4604 for 2H-  and 18O- measurements. 

With urine samples, the intercepts were 0.7228 for 18O and 8.4954 for 2H-measurements, 

suggesting a bias between the 2 methods. In the case of measurements by HTC, the entire 

sample is injected into the reactor. Indeed, one fundamental difference between equilibration 

and HTC is that the equilibration reaction takes place between the equilibration gas and the 

H2O molecules of the samples, whereas HTC measurements involve a bulk analysis of the 

sample including water. Some authors used a larger amount of black carbon to purify urine 

samples.[28] An insufficient purification of urine samples may explain this result. This could 

be a serious drawback if the accurate isotopic contents were needed. But in metabolic studies 

performed in the field of nutrition, the measured enrichments in biological samples are always 

compared to a basal value measured in a sample of same type before the tracer ingestion. This 

is true for the calculation of Total Body Water,[2] Total Energy Expenditure,[3] or Dietary Fat 

Oxidation,[11] using 2H- and/or 18O- labelled water. 

 

Analytical results  

We shall now look at the analytical results from the urine samples of the 14 subjects who took 

part in the protocol. Analytical results were the normalised δ18O‰- and δ2H‰- enrichments 

measured by CF-IRMS coupled either to equilibration or HTC. The set of water standards 

used to normalise the data was included in each sample batch. The equation of the calibration 

curve was therefore established for each series of analyses, in order to compensate for any 

changes that might occur during the analytical process (e.g. temperature variation during 

equilibration, reactor lifetime with HTC).  
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δ18
O‰ enrichment measurements 

Figure 1(A) shows the average of δ18O‰ enrichments obtained in the urine samples at 

baseline, before the ingestion of H2
18O by subjects and at 4h and 5h post-dose. δ18O‰ 

enrichments were also measured in the dilution of the labelled water dose (Dil.) ingested by 

subjects, and in the water used to dilute this dose (Evian). All these measurements enter in the 

calculation of the volume of TBW using equations (1) and (2). δ18O‰ enrichments at baseline 

were found at -3.8 ± 0.3‰ and -4.0 ± 0.3‰ (mean ± sem) using respectively equilibration or 

HTC. Equilibration of labelled water in urine was reached after 4 or 5h depending on the 

subjects, and was found at 41.4 ± 1.3‰ and 41.2 ± 1.3‰ using equilibration or HTC 

respectively for the analyses. The dispersion of δ18O‰ enrichment measurements, namely, 

the standard deviation of replicates injection, was greater with the equilibration technique 

compared with HTC. Standard deviations averaged 0.37 ± 0.24‰ for all the measurements, 

and were about 3 times higher than those obtained with thermal conversion elemental analysis 

(0.14 ± 0.20‰). Nevertheless, for each sample from the 14 subjects, no significant difference 

was observed depending on the analytical method used (paired t-tests, p>0.11). A Bland and 

Altman test (Fig.1(B)) that presents the differences between results from both methods in 

function of their respective average, showed a good agreement between both methods for 

δ18O‰ enrichment measurements with a mean bias of 0.12‰ and a confidence interval of 

differences between -3.51 and +3.27‰. Further purification of urine samples should reduce 

the bias between the two methods, including increasing the amount of black carbon. This step 

appears to be essential to obtain good quality of analyses using HTC.  

 

δ2
H‰ enrichment measurements 

The evolution of deuterium enrichment in urines samples until 3 days after ingestion of d31-

palmitic acid is presented in Figure 2. δ2H‰ enrichment in urine continuously increased until 

the end of the test, sharply from 60 to 480min after ingestion of the deuterated fatty acid, and 

moderately after 480min. A plateau was reached during the last 2 days. As can be seen from 

Fig.2(A), the results for one subject show that the dispersion of δ2H‰ enrichment 

measurements was greater with the equilibration technique than with high temperature 

conversion. Standard deviations averaged 7.26 ± 2.11‰ and were about 16 times higher than 

those obtained with HTC technique (0.45 ± 0.23‰). The fact that each sample vial was 

injected several times may explain this dispersion problem with equilibration method. Indeed, 

the repeated injections from a same vial result in a decrease of the signal amplitude. No more 
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than three injections are possible using H2O/H2 equilibration. Moreover, due to the device 

configuration, the number of vial for each sample was limited to 3 in order to analyse all 

samples from one subject (see Experimental part). Nevertheless, Fig.2(B) provides the results 

for the 14 subjects and shows that the average values of deuterium enrichments in delta ‰ 

were homogeneous. The previous observation was confirmed by applying a mixed model 

which did not show any significant differences between the two methods for δ2H‰ 

measurement (p=0.513). Using equilibration, results are dependent on the parameters 

influencing the isotopic exchange process between liquid and gaseous phases, i.e. temperature 

and catalyst efficiency. These two parameters are not easy to control. Due to the temperature-

dependent fractionation factor of hydrogen between liquid and gas phases, a temperature 

variation of only 1°C during the equilibration process can cause a difference of 6‰ on δ2H‰ 

measurement[37,38] Little information is available concerning the catalyst life time and its 

regeneration. A lower efficiency of catalysts used in this study could have been the cause of 

the large dispersion of deuterium enrichment measurement using equilibration. However the 

enriched water samples from preliminary tests (Table 1) were measured using new platinum 

catalysts with H2O/H2-equilibration method, and the standard deviations remain important in 

the same way as standard deviations from samples of the nutritional intervention. 

 

Conclusion 

δ2H and δ18O in urine samples can be analysed using either equilibration or HTC-CF-IRMS. 

Both methods were perfectly correlated and linearity of measurements was excellent in a 

range of -55.5 δ‰ to  220.7 δ‰ for 18O, and of -428.0 δ‰ to 1218.3 δ‰ for 2H. Accuracy of 

2H- and 18O- measurements was acceptable for both techniques. Concerning high temperature 

conversion, one disadvantage which is largely described in the literature is the memory 

effect.[27,34,32] With a regular maintenance of the reactor (every 2000 injections) and by taking 

the various precautions described in the experimental section, this paper shows that it is 

possible to obtain results with limited analytical variation and without any modification of the 

high-temperature reactor.[34] But this has a cost. Indeed consumables used to the maintenance 

of the reactor are expensive. The volume of sample required with HTC method is reduced 

compared to equilibration method. That can be a great advantage when urine samples have to 

be collected in specific populations as new-born, or people with handicap (intellectual and/or 

motor). Regarding the duration of the analyses (see Experimental part), time saving with HTC 

method is real compared to equilibration method, provided that 2H and 18O enrichment 

measurements are necessary for all samples analysed. Indeed, for a same number of samples 

to measure, if only one isotope is needed, the duration of analyses is roughly equivalent. 
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Physiological results 

 

Volume of total body water 

Volumes of TBW were calculated from δ18O‰ enrichments measured either with the 

equilibration device or the HTC device using the equations (1) and (2) described in the 

experimental section. Individual results (Figure 3(A)) show differences of up to 2.2L and the 

results from 8 of 14 subjects show TBW differences less than or equal to 1L. The mean 

difference in the volume of TBW for each subject was 1.0±0.7L (mean ± SD) depending on 

the analytical method. Finally, for the 14 subjects, the volume of TBW calculated with the 

data obtained using equilibration or HTC were respectively 45.1±1.0L and 45.7±1.0L (mean 

± sem, Figure 3(B)). Thus, volume of TBW does not depend on the technique used for δ18O 

enrichments. This was confirmed by applying a paired t-test (p=0.0869).   

 

Dietary fatty acid oxidation 

Figure 4 shows the 8h, 12h and 3 day cumulative percentage recoveries of d31-palmitic acid in 

urine samples from the 14 subjects calculated with the data coming from the equilibration or 

from the HTC device. The calculation of palmitic acid oxidation (See equation (3), 

experimental section) required deuterium enrichment measurements in urine and the volume 

of total body water, obtained previously through δ18O‰ enrichment measurements. As shown 

in Figure 4(A), the recovery rate of deuterium in urine at 8h, 12h and 3 days post-dose were 

respectively 16.2±1.6% vs 16.2±1.1%, 18.7±2.0% vs 17.6±1.3% and 21.7±1.9% vs 

21.5±1.3% (mean ± sem, data from equilibration vs HTC). A paired t-test showed no 

significant difference for d31-palmitic acid recovery calculated either from the equilibration 

data or the HTC data, at 8h (p= 0.9715), 12h (p= 0.2616) and 3 days post-dose (p= 0.8840). A 

Bland and Altman test (Fig.4(B)) shows differences between results from both methods as a 

function of the average of results obtained with each method. This diagram shows a mean bias 

of -0.14% according the analytical methods used, with a confidence interval between -6.39 to 

+6.75%.Thus, both methods allow study of dietary lipid oxidation in man and generate similar 

results. Analytical variations remained lower than inter-subject variations.  

 

CONCLUSIONS 

A series of experiments conducted in this study indicated that δ2H and δ18O in urine 

samples can be analysed using either equilibration-CF-IRMS or HTC-CF-IRMS. Both 

methods were perfectly correlated, accuracy was acceptable and the linearity of enrichment 
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measurements was excellent for enrichments usually encountered in the field of human 

nutrition. With the equilibration method, the dispersion of measurements is much greater than 

when using HTC.  

Applying these methods to the determination of d31-palmitic acid oxidation resulted in 

similar results and no significant difference was observed for fatty acid recovery and total 

body water volume. 

2H and 18O enrichment measurements in biological fluids have numerous applications 

in the field of nutrition. Indeed, measuring TBW also enables study of body composition;[39] 

2H and 18O elimination rate calculation after doubly-labelled water ingestion allows for the 

determination of total energy expenditure.[3] Showing that these measurements are equivalent 

using two commercially available devices based on fundamentally different principles is of 

great interest.  

Regarding the practical aspect of the two methods, due to the isotopic exchange 

process, the equilibration method is expected to be less sensitive to impurities from biological 

samples. However deuterium enrichment determination depends on the efficiency of the 

catalyst. Large volumes of samples are required and the method is time-consuming because of 

the necessity to analyse the biological samples for 2H- and then 18O- content. Conversely, 

HTC gives 2H- and 18O- enrichment results in the same run. 

Despite the drawbacks of the HTC method which include memory effects, limited 

reactor lifetime and the cost of consumables, high temperature conversion analysis rather than 

equilibration for measuring δ2H and δ18O enrichments in urines remains more convenient for 

clinical studies where the number of samples for each subject is often high. However, it is 

important to follow instructions to minimise inter-sample memory effects and special 

attention should be paid to sample purification when analyses are performed using HTC. Even 

if measured enrichments in biological samples are always compared to a basal value in 

metabolic studies performed in the field of nutrition.
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δδδδ18
O ± SD  (‰) δδδδ2

H ± SD  (‰) 

CF-Equilibration CF-HTC CF-Equilibration CF-HTC

Sample  Run1 Run2 Run3 Run1 Run2 Run3 Run1 Run2 Run3 Run1 Run2 Run3

-55.46 -55.30 -55.04 -55.24 -54.96 -55.02 -428.32 -433.52 -429.22 -420.93 -423.90 -419.96

0.38 0.28 0.34 0.14 0.20 0.13 6.83 5.88 7.07 0.40 0.28 0.33

-24.74 -24.71 -24.62 -24.81 -24.86 -25.06 -191.77 -190.91 -191.43 -187.06 -188.42 -186.76

0.33 0.29 0.29 0.21 0.25 0.21 5.19 8.59 6.02 0.13 0.20 0.35

-7.67 -7.75 -7.79 -7.75 -8.26 -8.33 -64.32 -64.14 -65.65 -62.21 -63.08 -62.18

0.30 0.24 0.27 0.18 0.36 0.27 6.81 5.17 6.87 0.31 0.28 0.15

-4.55 -4.63 -4.63 -4.59 -4.99 -5.24 -21.74 -20.94 -16.98 -20.70 -21.19 -20.75

0.32 0.27 0.27 0.08 0.15 0.18 6.91 5.60 7.19 0.13 0.28 0.22

-0.01 -0.06 -0.02 0.42 0.93 1.76 0.77 -3.04 -2.19 1.18 1.46 1.73

0.33 0.27 0.28 0.06 0.30 0.15 7.64 5.84 8.58 0.30 0.20 0.29

1.67 1.54 1.50 1.30 1.34 1.27 20.72 18.27 17.18 18.15 17.60 18.24

0.28 0.30 0.25 0.39 0.22 0.08 5.13 9.75 9.09 0.24 0.19 0.18

13.71 13.29 12.97 12.80 13.67 13.18 66.50 59.35 66.45 62.36 61.94 62.07

0.30 0.28 0.30 0.26 0.35 0.39 8.85 6.46 8.80 0.17 0.19 0.48

28.97 28.58 28.65 28.43 28.74 28.37 199.00 195.59 197.55 195.17 194.90 195.04

0.28 0.20 0.26 0.10 0.23 0.30 6.66 7.03 6.25 0.21 0.34 0.28

48.75 48.48 48.65 48.68 48.55 48.00 473.83 472.64 472.00 470.19 470.11 469.80

0.24 0.22 0.23 0.15 0.26 0.23 5.09 7.03 6.19 0.30 0.33 0.56

102.79 102.50 102.37 102.30 102.41 101.92 826.26 827.74 825.35 824.78 825.74 824.85

0.14 0.14 0.20 0.36 0.10 0.27 5.23 8.34 8.40 0.51 0.26 0.65

220.91 221.10 221.86 220.73 220.37 220.52 1215.08 1211.59 1213.82 1211.55 1212.51 1210.62

0.11 0.20 0.67 0.54 0.46 0.31 7.46 7.26 5.70 0.63 0.50 0.77

-2.39 -2.52 -2.41 -3.22 -3.07 -3.03 -26.21 -30.32 -30.56 -31.12 -31.74 -31.44

0.20 0.27 0.19 0.05 0.09 0.08 8.06 10.37 11.12 1.04 0.39 0.53

0.24 -0.04 0.03 -0.60 -0.57 -0.63 -2.43 -1.29 -8.48 -10.23 -9.68 -10.73

0.27 0.15 0.12 0.03 0.02 0.10 6.31 4.73 13.31 0.12 1.31 0.29

2.40 2.42 2.31 1.74 1.76 1.71 29.75 29.20 32.00 20.79 20.45 20.72

0.22 0.22 0.12 0.03 0.04 0.08 7.51 9.65 9.17 0.29 0.12 0.66

9.93 9.79 9.81 9.12 9.22 9.13 59.20 59.81 60.35 50.82 49.69 49.86

0.26 0.26 0.16 0.06 0.05 0.03 12.30 6.36 6.53 0.38 0.34 0.28

14.98 14.72 14.56 14.03 14.12 14.04 81.77 85.49 87.74 76.37 76.62 77.07

0.21 0.23 0.14 0.07 0.07 0.08 12.70 5.55 5.22 0.81 0.47 0.16

21.95 21.72 21.62 20.92 20.95 20.87 167.57 160.77 155.79 149.57 150.04 149.99

0.20 0.20 0.13 0.03 0.06 0.06 7.36 3.88 9.88 0.40 0.45 0.53

38.78 38.47 38.12 37.62 37.65 37.67 506.40 507.45 513.99 501.09 503.90 502.59

0.19 0.18 0.14 0.04 0.14 0.05 10.29 6.93 14.78 0.79 1.10 0.97

122.22 121.98 121.39 121.14 121.25 121.17 915.63 916.79 918.35 908.84 908.62 911.34

0.08 0.09 0.16 0.06 0.03 0.06 9.48 5.86 7.18 0.23 1.77 1.56

201.59 200.77 200.15 200.01 200.36 200.54 1817.11 1816.85 1812.68 1814.03 1818.50 1824.60

0.09 0.08 0.13 0.05 0.08 0.10 4.83 12.12 8.73 1.41 1.03 0.83

VSMOW2

H2O 3

Urine 6

Urine 7

H2O 4

H2O 5

H2O 6

H2O 7

SLAP2

GISP

H2O 1

H2O 2

H2O 8

Urine 1

Urine 2

Urine 3

Urine 4

Urine 5

Urine 8

Urine 9

 
Table 1. 

18O- and 2H- enrichments measured either by CF-equilibration or CF-HTC in 
enriched water samples including reference waters from IAEA (SLAP2, GISP and 
VSMOW2) and in enriched urine samples. Data were normalized against calibration points 
supplied by Iso-analytical Limited (IA R053, IA R054 and IA R055). Results are presented as 

the mean (in bold) ± standard deviation (SD, in italic). The injection conditions are described 
in the experimental section for each method (paragraphs “Continuous Flow Equilibration” and 
“Continuous Flow High Temperature Conversion”). Measurements were done in 3 batches of 
analyses performed on 3 different days using both techniques (Run1, Run 2 and Run 3).  
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18
O

2
H

CF-Equilibration CF-HTC CF-Equilibration CF-HTC

Slope Intercept R² Slope Intercept R² Slope Intercept R² Slope Intercept R²

Run 1 1.0009 0.5598 1.0000 0.9997 0.4017 1.0000 0.9991 2.1431 1.0000 0.9939 2.8098 1.0000

Run 2 1.0011 0.4322 1.0000 0.9982 0.5057 1.0000 0.9999 -0.1234 0.9999 0.9958 2.0114 1.0000

Run 3 1.0032 0.4498 1.0000 0.9981 0.3658 0.9999 0.9985 1.4399 0.9999 0.9931 2.9819 1.0000

Mean 1.0017 0.4806 1.0000 0.9987 0.4244 1.0000 0.9992 1.1532 0.9999 0.9943 2.6010 1.0000

SD 0.0013 0.0692 1.3E-05 0.0009 0.0726 1.9E-05 0.0007 1.1601 8.8E-06 0.0014 0.5178 1.5E-06

H2O

 
Table 2. Regression parameters calculated from expected delta values (X-axis, Table 3) and 

18O- and 2H- enrichments from enriched waters measured either by CF-equilibration or CF-

HTC (Y-axis, Table 1). Isotopic enrichments ranged from -55.5 δ‰ to +220.7δ ‰ for 18O and 

from -428 δ‰ to +1418 δ‰ for 2H relative to VSMOW. Results are presented as the mean (in 

bold) ± standard deviation (SD, in italic) of the 3 batches of analyses (Run 1, Run 2 and Run 

3).  
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Accuracy (δ‰) CF-Equilibration CF-HTC

Expected

(δ‰)
Run 1 Run 2 Run 3 Run 1 Run 2 Run 3

SLAP2 -55.5 -0.04 -0.20 -0.46 -0.26 -0.54 -0.48

GISP -24.8 -0.06 -0.09 -0.18 0.01 0.06 0.26

H2O 1 -8.2 -0.57 -0.49 -0.45 -0.49 0.02 0.09

H2O 2 -5.3 -0.70 -0.62 -0.62 -0.66 -0.26 -0.01

VSMOW2 0.0 0.01 0.06 0.02 -0.42 -0.93 -1.76

H2O 3 1.0 -0.69 -0.56 -0.52 -0.32 -0.36 -0.29

H2O 4 12.5 -1.17 -0.75 -0.43 -0.17 -1.04 -0.55

H2O 5 27.9 -1.08 -0.69 -0.76 -0.54 -0.85 -0.48

H2O 6 47.8 -0.97 -0.70 -0.87 -0.90 -0.77 -0.22

H2O 7 101.8 -1.01 -0.72 -0.59 -0.52 -0.63 -0.14

H2O 8 220.7 -0.24 -0.43 -1.19 -0.06 0.30 0.15

Mean ± SD  -0.54 ± 0.30  -0.39 ± 0.34

SLAP2 -428.0 0.32 5.52 1.22 -7.07 -4.10 -8.04

GISP -189.5 2.27 1.41 1.93 -2.44 -1.08 -2.74

H2O 1 -65.2 -0.91 -1.09 0.42 -3.02 -2.15 -3.05

H2O 2 -23.9 -2.17 -2.97 -6.93 -3.21 -2.72 -3.16

VSMOW2 0.0 -0.77 3.04 2.19 -1.18 -1.46 -1.73

H2O 3 16.2 -4.48 -2.03 -0.94 -1.91 -1.36 -2.00

H2O 4 58.0 -8.51 -1.36 -8.46 -4.37 -3.95 -4.08

H2O 5 194.2 -4.83 -1.42 -3.38 -1.00 -0.73 -0.87

H2O 6 471.7 -2.15 -0.96 -0.32 1.49 1.57 1.88

H2O 7 822.5 -3.80 -5.28 -2.89 -2.32 -3.28 -2.39

H2O 8 1218.3 3.22 6.71 4.48 6.75 5.79 7.68

Mean ± SD  -1.00 ± 3.33  -1.52 ± 3.39

18
O

2
H

 
 

 

Table 3. Accuracy (difference between the expected value and the measured value in ‰) of 

2H- and 18O- measurements in water using either CF-Equilibration or CF-HTC. Accuracy 

results were calculated from data presented in Table 1. Three batches of analyses were 

performed on 3 different days using both techniques (Run1, Run 2 and Run 3).  
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Correlation parameters
18

O
2
H

Slope 1.0030 1.0049

Intercept 0.0558 -1.4604

R 1.0000 1.0000

Slope 0.9993 0.9948

Intercept 0.7228 8.4954
R 1.0000 1.0000

H2O

Urine

 

Table 4. Correlation between δ18O- and δ2H- measurements obtained from CF-Equilibration 

(Y-axis) and CF-HTC (X-axis) techniques. The correlation parameters were calculated from 

data presented in Table 1. The samples were enriched and non-enriched waters (including 

reference waters from IAEA, SLAP2, GISP and VSMOW2) or 18O- and 2H- enriched urines. 

All were measured in 3 batches of analyses performed on 3 different days using both 

techniques. Injection conditions are described in the experimental section. 
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Figure 1. δ
18

O‰ enrichments in urine (basal, T4h and T5h) after ingestion of H2
18

O (0.5g.kg
-

1
, 10% 

18
O), and in the dilution of the ingested H2

18
O dose in Evian water (Dil.) (Fig.2(A)). 

Data are presented as the mean values (±sem) for samples of 14 subjects measured by 

continuous flow IRMS coupled to either an equilibration device (�) or a HTC device (�). A 

Bland and Altman test (Fig.2(B)) shows differences between results from both methods as a 

function of the average of results obtained with each method. This diagram shows a mean bias 

of 0.119‰ between the two methods, with a confidence interval between -3.51 and +3.27‰. 
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Figure 2. δ
2
H‰ evolution in urine until 3 days after ingestion of d31-palmitic acid (20mg.kg

-

1
) measured by continuous flow IRMS coupled either to an equilibration device (�) or a HTC 

device (�). Data are presented as the mean of injections (±SD) for 1 subject (A) and as the 

mean values (±sem) for 14 subjects (B). A mixed model showed no difference for the δ
2
H‰ 

measurement between the two methods used (p=0.513). 
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(A) (B)

45.1
45.7

43

45

47

49

Total Body Water (L)

Subject Equilibration HTC ≠

1 47.5 46.8 0.7

2 48.4 48.7 0.3

3 45.5 45.4 0.1

4 46.1 45.1 1.0

5 42.8 44.2 1.4

6 44.7 46.6 1.9

7 37.3 36.7 0.6

8 38.0 40.1 2.1

9 46.0 46.6 0.6

10 44.9 46.1 1.2

11 45.4 46.8 1.4

12 44.6 44.7 0.1

13 49.8 48.9 0.9

14 51.1 53.3 2.2

 

Figure 3. Total body water in L calculated from δ18O‰ enrichments measured either with 

equilibration (�) or HTC (�) techniques, using equations (1) and (2) (See experimental 

section). Individual results and differences (≠) between values for the 14 subjects are 

presented (A) and the average ± sem (B). No significant difference in volumes of Total Body 

Water depending on the analytical method was revealed (paired t-test, p=0.0869).  
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Figure 4. Cumulative recoveries expressed in % (mean ± sem) of d31-palmitic acid until 3 

days post-ingestion (Fig.4(A)), were calculated from δ2H‰ enrichment measurements and 

TBW obtained either from equilibration (�) or HTC (�) techniques, using equation (3) (See 

experimental section). Data are presented as the mean values (±sem) obtained from the 

samples of 14 subjects. A paired t-test showed no significant difference for d31-palmitic acid 

recovery calculated either from equilibration data or HTC data, at T 8h (p= 0.9715), T 12h 

(p= 0.2616) and 3 days post-dose (p= 0.8840). A Bland and Altman test (Fig.4(B)) shows 

differences between results from both methods as a function of the average of results obtained 

with each method. This diagram shows a mean bias of -0.14% according the analytical 

methods used, with a confidence interval between -6.39 to +6.75%. 

(A) 
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