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Objective:lsotope ratio mass spectrometry of hydrogen and 95% confidence interval was 438 to 550 kcal/day.
oxygen is frequently used to determine total energy expen- Discussion:These data suggest that the platinum method

diture (TEE) using doubly labeled water. Conventionally, 'S @t least as reliable as the zinc method as a sample

hydrogen isotope ratio is determined in hydrogen gas gen_preparauo_n techm_que for isotope ratio mass spectrometry

erated from water samples using zinc reduction. We com- of deutgrlum—ennched water samples. 'I_'he p_Iatmum

pare this with a new automated platinum method to deter- method is also less costly and less labor-intensive than
. . : . : . the zinc method.

mine the ratios of hydrogen isotopes in deuterium-enriched

water samples.
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in three ways: analytical variation in deuterium enrichment
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(within sample;n = 51), analytical variation in TEE esti- o Introduction . _
mates (within sample sety = 10), and level of agreement Determination of energy expenditure is fundamental to
of TEE estimates between both methods( 14). investigations of human energy metabolism, particularly

Results: For the zinc method, the standard deviation for When examining the adaptation of energy metabolism to
multiple sets of triplicate®H,0 sample analysis was conditions such as growth and development, aging, over-
+4.36% and=2.07%. for platinum. The correlation be- feeding, underfeeding, and physical activity. The generally
tween TEE estimates when sample sets were analyzed iraccepted technique for measuring energy expenditure in
dup"cate was = 0.89 for zinc and = 0.83 for p|atinum_ free'IiVing human SubjeCtS is the doubly labeled water
The intercept and slope of the regression line were signifi- Method. Used in a variety of circumstances, the popularity
cantly different from the line of identity for duplicate TEE  ©f this method in human studies has grown rapidly in the

estimates by zinc but were not different from the line of last 15 years through its ease of use and noninvasive nature.
The principle underlying the doubly labeled water tech-

nigue is based on the kinetics of two stable isotopes of

Submitted for publication June 15, 1999. water, namely’H,O and H'®0. It is assumed that water
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be calculated from the rates of G@roduction, together  occasion, at least 3 hours apart, and all samples were stored
with food quotient data (measured or theoretical), thus al- in sealed containers at70 °C.
lowing rates of energy expenditure to be derived based on Samples were prepared and analyzed in triplicate by
the equation of de Weir (2). isotope ratio mass spectrometry. On one occasion, only
One of the technical limitations of the doubly labeled the CQO, equilibration technique was used to prepare
water method is the laborious, expensive, and time-consum-samples fot®0-enrichment analysis (7). The$%0 anal
ing nature ofH analysis of water samples. Conventionally, yses were used in all subsequent calculations. Samples
deuterium-enriched water samples are prepared for isotopefor ?H analysis were prepared for isotope ratio mass
ratio mass spectrometric analysis off-line by the zinc reduc- spectrometry by the two methods under comparison: us-
tion method (3). At high temperatures the zinc reacts quan- ing the conventional zinc equilibration method and using
titatively with water, producing K with an isotopic com the more recent platinum system.
position equal to that of the water. More recently a less  For the zinc equilibration method, hydrogen gas was
complicated on-line method has been established that equil-prepared from the samples using an off-line zinc reduc-
ibrates water with hydrogen gas in the presence of a plati- tion method previously described by Wong and Klein (8).
num catalyst (4). Comparison of these two methods hasg uL of sample (water, diluted dose, or urine) were
previously been examined using five deuterium-enriched gispensed into quartz reduction vessels over a stream of
water standards (5). The same author also reported rates ofitogen gas. The base of the vessels contained 100 mg of
energy expenditure by the two methods in a single vquntelerzinC (Biogeochemical Laboratories, University of Indi-
©). .However, there have not been any other su.b_stan_t|alana, Bloomington, IN). Samples were frozen with liquid
studies that have compared the new platinum equilibration nitrogen, and the vessels were evacuated and then sealed.

method with the conventional zinc reduction technique. . . )
. . ) . Reduction of the samples was achieved by heating the
Additional information and comparisons of the two methods R . .
vessels at 500 °C for 30 minutes. The resulting hydrogen

are needed for the platinum equilibration method to be . . . . .
gas was introduced into a dual inlet, stable isotope ratio

accepted as an alternative to the zinc method for preparation o |
of deuterium-enriched water samples for isotope ratio mass™ass spectrometer (OPTIMA; Micromass Inc., Beverly,
MA) and analyzed for deuterium enrichment.

spectrometry. Therefore, the objective of this study was to ) P&
compare total energy expenditure (TEE) by doubly labeled _For the platinum method_, equn_lbratlon of the samples
water arising from either the zinc or platinum equilibration With hydrogen gas was achieved in the presence of a plat-
procedures and to determine whether these methods ofum catalyst using an on-line system. We used a commer-
2H,0 sample preparation yield comparable results for esti cially available sample preparation device (Multiprep; Mi-
mates of TEE in human subjects. cromass Inc.), specifically for use with dual inlet, stable
isotope ratio mass spectrometers. The computerized system,
comprising a temperature controlled sample rack, an auto
Research Methods and Procedures sampler, and a water trap, was configured to equilibrate
The study used data collected from children and adults hydrogen with water samples f6H analysis. 20QuL of
who were previously involved in studies of energy metab- sample (water, diluted dose, or urine) were dispensed into
olism in our laboratory. Rates of energy expenditure using reaction vials (Alltech, Deerfield, IL) containing glass cap-
the doubly labeled water technique were monitored rou- illary tubes filled to a depth of 3 mm with platinum black
tinely in these subjects as an integral part of longitudinal (Aldrich, Milwaukee, WI). The vials were sealed with
studies of energy metabolism. The protocol for the doubly septum-lined caps (Alltech) and were incubated at 40°C for
labeled water technique was in accordance with recommen-6 hours. Hydrogen gas was automatically injected into the
dations by the International Atomic Energy Agency report vials and, following the equilibration reaction, the prepro-
(6). Briefly, subjects reported to the General Clinical Re- grammed automatic sampler transferred the equilibrated gas
search Center after an overnight fast, and a baseline urinefrom the headspace of the vial to the water trap for removal
sample was obtained. Subjects then consumed an oral dosef any water vapor. The drying process took an average of
of doubly labeled water, prescribed according to body mass4 minutes, after which the gas was transported from the
(0.15 g of H,*0 and 0.075 g ofH,0 per kg of body mass).  water trap to the inlet system of the mass spectrometer
For each subject’'s dose, a weighed 1:400 dilution of the (OPTIMA) for deuterium enrichment analysis.
dose was prepared and stored-at0 °C for later analysis by The equation applied to calculate €@roduction utilized
isotope ratio mass spectrometry. Similarly, samples of the individual dilution spaces and turnover rates for bbi®
water used for dilution were also stored-at0 °C for later and?H (using either zinc or platinum data), as previously
analysis. Urine samples were collected from subjects at thedescribed (9). To convert Croduction to energy expen
beginning (Day 1) and end (Day 14) of the doubly labeled diture, the equation of de Weir (2) was used, assuming a
water study period. Two samples were obtained on eachconstant food quotient of 0.88.
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The zinc method was compared to the platinum method at Results

the following three levels: Analytical Variation for Deuterium (within Sample)

) o ) ) We analyzed data from 51 sets of samples generated from
1) Analytical variation for deuterium enrichment was as- doubly labeled water studies, including water standards,
sessed from multiple sample reanalysis using the within- i ted dose standards, baseline urine samples, and urine
method variation for the same sample analyzed in triplicate samples collected on Days 1 and 14 after dosing. Each
using either the zinc or platinum method. For each method, sample was analyzed in triplicate using the zinc or platinum
the average standard deviation and coefficients of variation methods. For the zinc method, the average standard devia-
from triplicate analysis across a range of deuterium enrich- tion for multiple sets of triplicatéH,O sample analysis was
ments was used. +4.36%o, which was equivalent to approximately 0.8% of
2) Analytical variation for assessment of TEE was assessedthe mean enrichment of the water, dose, and urine samples.
in 10 subjects (2 adults; 8 children) using the within-method For the platinum equilibration method, the average standard
variation for estimates of TEE when the same set of samplesdeviation was+2.07%., which was equivalent to approxi-
from the same subject were analyzed on two separate oc-mately 0.35% of the mean enrichment.
casions using either the zinc or platinum method. For each
method, the standard deviation of the difference between Analytical Variation for TEE Using the Zinc and
measurement 1 and measurement 2, known as the “repeatPlatinum Methods (within Sample Sets)
ability coefficient” (10), for pairs of energy expenditure data  The repeatability of TEE using the zinc and platinum
in the 10 healthy individuals was calculated. methods foPH,O analysis is presented in TableFor both
3) The level of agreement for TEE using either the zinc or methods, the mean difference in energy expenditure be-
platinum methods for determining TEE was examined in 14 tween measurement 1 and measurement 2 was not signifi-
healthy individuals (2 adults; 12 children) using the statis- cantly different from zero, thus satisfying the criterion for
tical methods recommended by Bland and Altman (10). In calculating repeatability coefficients. The repeatability co-
addition, the relationship between estimates of TEE by eachefficient (i.e., the standard deviation of the difference be-
method was examined by correlation and regression analy-tween measurement 1 and measurement 2) for the zinc
sis. The correlation between estimates of TEE by each method was+169 kcal/day and for the platinum method
method was adjusted for the intra-assay variation of eachwas +225 kcal/day. There was no significant difference in
method by dividing the correlation coefficient by the square TEE values when using the zinc compared to the platinum
root of the product of the correlation coefficients of dupli- method by paired test (1854 vs. 1769 kcal/dap; = 0.4).
cate estimates of TEE by each method, itéZn — Pt)/ Repeatability of the dilution space ratios for each method is
V[r(Zn — Zn) X r(Pt — PY)]. given in Table 2. The dilution space ratio coefficients of

Table 1. TEE in 10 subjects when the same samples were analyzed in triplicate on two occasions by the zinc and
on two occasions by the platinum equilibration methods

TEE (kcal/day)

Zinc Platinum
Subject Analysis 1 Analysis 2 A Analysis 1 Analysis 2 A
1 1739 1512 227 1234 1051 183
2 1587 1839 —252 1732 2266 —534
3 1710 1658 52 1273 1292 -19
4 2004 2134 —130 2327 2289 38
5 2283 2642 —359 1777 2081 —304
6 1854 1789 65 1827 1713 114
7 1984 1921 63 2085 2014 71
8 1349 1398 —-40 1452 1431 21
9 1929 1961 -32 1927 1823 104
10 1892 1897 -5 1956 1830 126
Mean (SD) 1833 (255) 1875 (346) —41.1 (169) 1759 (351) 1779 (414) —20 (225)
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Table 2. Dilution space ratio data in nine subjects when the same samples were analyzed in triplicate on two

occasions by the zinc and on two occasions by the platinum equilibration methods

Dilution space ratio

Zinc Platinum
Subject Analysis 1 Analysis 2 A Analysis 1 Analysis 2 A
2 1.09 1.07 0.02 1.01 0.99 0.02
3 1.07 1.07 0.00 1.04 1.03 0.01
4 1.08 1.05 0.03 1.04 1.01 0.03
5 1.01 1.10 —0.09 1.07 1.04 0.03
6 1.05 1.07 —0.02 1.07 1.05 0.02
7 1.08 1.12 —0.04 1.02 1.07 —0.05
8 1.04 1.07 —0.03 1.04 1.05 -0.01
9 1.05 1.10 —0.05 1.06 1.05 0.01
10 1.03 1.06 —0.03 1.05 1.07 —0.02
Mean (SD) 1.06 (0.03) 1.08 (0.02) 0.02 (0.04) 1.04 (0.02) 1.04 (0.03) 0.004 (0.03)

variation for the zinc and platinum methods were 2.3% (SD achieved—the fractionation factor is low and precise tem-
1.7) and 1.5% (SD 0.9), respectively. (Subject 1 was ex- perature control is required (11). Consequently, conven-
cluded from the analysis, because ratios were less than 1.Gional methods of sample preparation for hydrogen analysis
and were therefore out of the physiological range). The have tended to be laborious and time-consuming. The data
dilution space ratio was significantly higher using zinc presented in this paper compared the conventional zinc

compared to platinum (1.07 vs. 1.0d;= 0.04). reduction method with the more recently developed plati-
num method of sample preparation for isotope ratio mass

Agreement between Zinc and Platinum Equilibration spectrometry analysis 6H-enriched water samples gener

Methods ated by the doubly labeled water technique. Previous work

The relationship between TEE derived using the zinc comparing the zinc method with the platinum method was
method and TEE derived from the platinum method is limited by a small data set, i.e., five comparisons of deu-
shown in Figure 1A. After correcting for the intra-assay terated water standards and TEE estimates from just one
variation of each method, the correlation between the zinc Volunteer (5). The present data are therefore the most com-
method and the platinum method for rates of energy expen-Prehensive available to suggest that the hydrogen isotopic
diture wasr = 0.77 (Figure 1A). The regression between C€omposition of water samples can be measured equally
TEE by the two methods of analysis was significantly Well, if not better, using the platinum equilibration method
different from the line of identity for the intercepp (= compared with the conventional zinc method.

0.04) but not for the slopep(= 0.05) (Figure 1A). A limits ‘We compared the performance of the platinum method
of agreement approach to the corrected data (10) gave awith the zinc method in three ways: the within-sample
mean difference between the zinc method and the p|atinumanalytical variation for deuterium enrichment, the within-

method of 56 kcal/day, with a 95% confidence interval of S€ts of samples analytical variation for TEE, and the level of
—438 to 550 kcal/day (Figure 1B). agreement between the zinc and platinum methods. The

analytical variation for deuterium enrichment by the plati-

num method was almost half that by the zinc method

Discussion (£2.07%0 vs. +4.36%0), and linear regression analysis

Analysis of stable isotopes of water was established over showed that duplicate analysis of TEE estimates and dilu-
half a century ago and has subsequently been simplified andtion space ratios by the platinum method were more accept-
automated. Before analysis can begin, however, water sam-able than were those by the zinc method. High association,
ples require equilibration with the gas phase so that the however, does not necessarily imply good agreement. To
isotopic information of the water is transferred into the gas overcome this problem, we also assessed how close the
phase. The oxygen component of water exchanges isotopigoints on plots of duplicate TEE values lay to the respective

information with CQ and reaches equilibrium relatively lines of identity for zinc data and the platinum data (if the

quickly. For hydrogen, however, equilibrium is less easily points follow the line of identity, then the level of agreement
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Figure 1. (A) Relationship between TEE by the zinc (Zn) method and TEE by the platinum (Pt) method. Regression line is broken
(intercept= 775 (SE 335) kcal/day; slope 0.58 (SE 0.19)); line of identity is continuous. (B) Difference vs. mean for TEE values using
the zinc method and the platinum method. The broken line represen®6 SDs, and the continuous line represents the mean difference
between methods.

is high). This rigorous approach, of using a correlation icantly higher for the zinc method than for the platinum
coupled with observing the nearness of the points to the line method (1.07 vs. 1.04), suggesting that the former may
of identity, indicated that the reproducibility of TEE esti- introduce some systematic error. However, this effect is
mates by the platinum method was better than that of the small and did not affect the TEE values, which were not
zinc method. The use of the zinc method for estimating TEE significantly different when using zinc vs. platinum. We
has previously been criticized, because it underestimates thealso noted, however, that the zinc method was more impre-
deuterium enrichment of urine samples (12). Indeed, the cise than the platinum method, such that it is likely to be a
present analysis shows that dilution space ratios are signif-source of random error.
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The relation between TEE by the zinc method of sample equipment needs, the zinc preparation method required the
preparation and that by the platinum method was baseduse of specialized reaction tubes ($100 each; they are reus-
largely on graphical techniques and calculations describedable, but they do break and need repair or replacement) as
by Bland and Altman (10). However, regression analysis well as an initial outlay for a sample preparation manifold,
was also considered; the intercept (775 kcal/day) was sig-vacuum pump, and heating block. In addition, the zinc
nificantly different from zero. The offset between the zinc reduction uses zinc metal ($0.30 per tube) and nitrogen gas
and platinum methods was similarly reflected in the limits (negligible cost per tube). The platinum method requires
of agreement approach recommended by Bland and Altmanmicrotubes ($0.05 per tube and reusable unless broken),
(10). This statistical method for assessing the level of con- platinum black ($0.40 per tube and reusable), septa ($0.26
formity between the zinc and platinum methods gave a per tube), and seals ($0.08 per tube). The major feature that
confidence interval for the differences between TEE esti- allows a great increase in sample output is the ability of the
mates by the two methods-@38 to 550 kcal/day). The  Multiprep system to analyze samples from an automatic
disadvantage of this approach is that the agreement betweesampler. This increased the number of tubes analyzed per
the methods appears poorer than it actually is, because thelay from 30 to more than 60. There is also the timesaving
95% confidence interval is twice as wide as the standard benefit of using equipment that did not require Changing the
deViation, the most Comm0n|y Used indicator of Variation. batch of tubes every nine tubes and then restarting_ The
Nevertheless, in our opinion the agreement between the Zi“CMuItiprep system also allows some overlap of individual

method and the platinum method was acceptable, given thesgmples during analysis, which is not possible with the zinc
intra-assay variation for each method. That is the between- o4,ction method.

method ahali/tical .ri10|se wi;as dcomparable to the within- gacause our major finding was related to precision rather
assay “noise” for either method, than the accuracy of the zinc method, these findings have

If used n !SOIat'On' there are cer}amly I|m|tat|pns o each very little implication on the quantitative accuracy of data
of the statistical approaches used in our analysis of the data, . . i
previously reported from our laboratory using the zinc

and the correct single approach is not straightforward or I ) )
obvious. However, the strength of our “aggregate” approach method. Even when recognizing the small difference in
' ' TEE estimates between the two methods, we do not cur-

is that it allowed several statistical methods of comparison . .
X S ; rently have any evidence to support which number would be
to be used in combination and, thus, probably provides the o i
more correct. However, the current findings do imply that

most complete way to compare the performance of the two . . .
. ome of our previously reported data using the zinc method
methods. Taken together, therefore, statistical analyses o . . o L
may contain greater inter- and intraindividual variation (ran-

the data indicate that the performance of the zinc method is . .
. : dom not systematic). However, the overall effect is small,
surpassed by the platinum method and that there is good S . :
because the greatest source of variation is physiological and

agreement between the methods. Furthermore, our results . .
. not methodological. For example, we previously reported

show that water samples analyzed by the platinum method " . N .

) i .. _“that the within-subject variation in TEE in adults wag2%
of reduction are closer to the interlaboratory mean precision

for the doubly labeled water technique than samples ana-(14)' Using a value of 5% for methodological error in the
lyzed by the zinc method (13). doubly labeled water technique previously implied that the

Not only is the performance of the platinum method observed within-subject variation in TEE was mainly phys-

. o iological at+10.9% (square root of £2— 52). If we now
preferred to the zinc method, it is also favored because . :
: . .+ _assume that the methodological error in the doubly labeled
increased sample throughput can be achieved at consider-

) a0 . i
ably lower costs for supplies and technician time. In our water technique is=29%, then we project that if we repeated

| this study we would observe a variation in TEE®011.1%
laboratory, each subject generated a set of seven sample > ) .
. square root of 109+ 22), but the projected estimate of the
(baseline, two samples on Day 1, two samples on Day 14,

and two standards), which were analyzed in triplicate. We ph_ifisifrlg%rc:l ti\inalt;i;u\jvrﬁuri?e?ﬁogriglia\ercehdéa er faster. and

estimate that the sample preparation time for the zinc re- , (e p - per, '

duction method is-2 hours for each set of samples (i.e., 21 more reproducible and efficient process, allowing a 2- to
. LT A 3-fold increase in throughput, requiring less technical ex-

reaction tubes for seven samples analyzed in triplicate), ertise for sample preparation. and. overall a more analvi-

consisting of 30 minutes to prepare the tubes and fill them b . pi€ preparation, s ' ) y

with zinc, 60 minutes to load the samples and to freeze and|.caIIy reliable and economical alternative to the zinc reduc-

evacuate the tubes, and 30 minutes for the reduction reac-tlon method.

tion. This is equivalent to 6 minutes of sample preparation

time per reaction tube analyzed. In comparison, we estimate Acknowledgments
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