s1dLIOSNUBIA JoyINy sispund DN 8doin3 ¢

s1dLosnuUep JoyIny sispund DN adoin3 ¢

Europe PMC Funders Group
Author Manuscript
Nephrol Dial Transplant. Author manuscript; available in PMC 2017 January 03.

Published in final edited form as:
Nephrol Dial Transplant. 2008 June ; 23(6): 2064—2070. doi:10.1093/ndt/gfn045.

A Non-invasive, On-line Deuterium Dilution Technique for the
Measurement of Total Body Water in Haemodialysis Patients

Cian Chanl, David Smith?, Patrik Spanel3, Christopher W. Mcintyre4, and Simon J. Davies®

1Renal Research Fellow, Department of Nephrology, University Hospital of North Staffordshire,
Stoke-on-Trent, ST4 7LN, United Kingdom

2professor of Chemical Physics, Institute of Science and Technology in Medicine, Keele University
Medical School (Hartshill Campus), Thornburrow Drive, Hartshill, Stoke-on-Trent, ST4 7QB,
United Kingdom

3Senior Research Scientist, J. Heyrovsky Institute of Physical Chemistry, Academy of Sciences of
the Czech Republic

4Associate Professor and Reader in Vascular Medicine, School of Graduate Entry Medicine and
Health, University of Nottingham, Uttoxeter Road, Derby, DE22 2NE, United Kingdom

SProfessor of Nephrology and Dialysis Medicine, Institute of Science and Technology in Medicine,
Keele University Medical School (Hartshill Campus), Thornburrow Drive, Hartshill, Stoke-on-Trent,
ST4 7QB, United Kingdom

Abstract

Background—Despite its importance, total body water (TBW) is usually estimated rather than
measured due to the complexity of isotope dilution methods. The aim of this study was to
demonstrate the applicability in haemodialysis (HD) patients of a recently developed on-line
breath test, previously validated in healthy subjects, that uses the gold standard deuterium dilution
method to measure TBW. In particular we wished to show that a pre-dialysis estimation was as
good as a post dialysis equilibrated measurement in order to avoid patients needing to remain
behind after dialysis treatment.

Methods—The dispersal kinetics of breath HDO, measured using a flowing-afterglow mass
spectrometer (FA-MS) following ingestion of D,O immediately post-dialysis, were determined in
12 haemodialysis patients and used to calculate the absolute TBWpqgtHp after full equilibration.
TBWoprenp Was then determined from breath samples taken immediately prior to the next dialysis.
This measurement was adjusted for the inter-dialytic weight change and urine output
(TBWohreHD-adjusted) @nd compared to the TBWpqogp. The accuracy and precision of FA-MS was
also assessed using known concentrations deuterium enriched water samples.

Results—Mean TBWpqstp Was 50.0 £ 9.3 L and TBWpreHp-adjusted 90-7 + 9.0 L. They were
highly correlated (R=0.99, p<0.001) with a CV of 2.6%. The mean difference was +0.74 L (SEM
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0.35, 95%CI -0.03 to 1.51 L, P=0.059), compatible with a daily insensible loss of 0.37 L.
Accuracy and precision of FA-MS were comparable to the previous validation work.

Conclusions—This non-invasive adaptation of the D isotope dilution method for determining
TBW can be applied to haemodialysis patients who show deuterium equilibration kinetics
identical to normal subjects; a pre-dialysis estimation may be used to determine TBW so avoiding
the necessity to remain behind after dialysis making this suitable for application in the clinical

setting.

Introduction

Absolute measurement of total body water (TBW) is of value in tracking longitudinal body
composition, fluid status and individualized dialysis dose in haemodialysis patients. Isotopic
dilution studies are the gold standards of TBW measurement. However, due to the
complexity of these techniques, specifically the laboratory quantification of isotope in
clinical samples, they are largely used for research only [1, 2]. The ideal TBW assessment
method is that of a bedside, portable isotopic deuterium dilution method that allows
reproducible TBW measurement in a clinical setting. To meet this challenge we have
developed a technique of TBW measurement using a Flowing Afterglow Mass Spectrometer
(FA-MS) that can measure the D content of breath water vapour giving an immediate result
from a sample obtained non-invasively. It is based on the principle of the Deuterium dilution
technique, which involves administering a dose of isotope to a subject, allowing the isotope
to equilibrate within the dilution volume (in this case TBW) before the dilution volume is
determined. The equilibration time for D dilution has been quoted to be between 4 to 6 hours
in previous studies [3], although we have demonstrated equilibration with breath in normal
subjects is within 2 hours [4]. This is another major limiting factor when applying such
conventional isotope dilution technique within a clinical setting, as most patients prefer not
to extend their time on the dialysis unit.

The main purpose of this study was to establish the agreement between TBW measured post
dialysis following the ingestion of D and observation of its full equilibration with body
water over ~ 2 hours with the TBW measured pre-dialysis at the subsequent dialysis session.
If the agreement were sufficiently good, we can then rely on the pre-dialysis TBW
measurement alone, negating the need for prolonged breath sampling to achieve
equilibration after administrating the D,0O. In addition we wished to see if this approach to
measuring TBW was acceptable to patients, to determine the subsequent clearance of D
from the body and to re-validate the accuracy and precision of FA-MS in the measurement
of known concentration of D enriched water samples.

Subjects and Methods

Subjects

12 haemodialysis patients undergoing thrice weekly haemodialysis were selected for their
variability in body composition. The average vintage of dialysis was 3.6 years (range from
0.6 to 16 years). Their demographics are summarized in Table 1.
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Principle of Flowing Afterglow Mass Spectrometer

The Flowing Afterglow Mass Spectrometer is a prototype built by Trans Spectra Ltd., U.K.
that underwent safety inspection by the hospital bioengineering department prior to its
clinical use. The principle of FA-MS has been described previously [4, 5]. Briefly, a swarm
of H3O* precursor ions is created in inert gas (helium or argon) by a weak microwave
discharge. These precursor ions react with water (H,180), deuterated water (HD80) and the
isotopomers (H»170 and H,180) that occur naturally in the water vapour present in a breath
exhalation (Figure 1). A small fraction of a single breath exhalation is sampled via a
calibrated capillary and introduced into the carrier/gas ion swarm. The hydrated ions HzO™.
(H,0)3 with a mass-to-charge ratio (m/z) of 73, their isotopic variant ions HgDO4* and
Hgl7005* (m/z of 74) and Hg'8003* (m/z of 75) are thus formed. By adopting the known
fractional abundance of 180 in water vapour and accounting for the contribution of the
isotopic ions Hgl’O03™ to the ion signal at m/z of 74, a measurement of the 74/75 ion signal
ratio under equilibrium conditions provides the fractional measurement of deuterium
abundance in the water vapour sample.

Previous studies have shown that FA-MS can be used to measure deuterium in breath water
vapour to a precision and accuracy of ~1% [6]. The method has also been validated in
normal subjects, compared with anthropometrics, and used successfully to track their body
composition over 12 months [7, 8]. The technique has also been applied to the measurement
of TBW and water transport across the peritoneum in peritoneal dialysis patients; in these
studies the FA-MS method was able to accurately measure the addition of 2l dialysate to the
TBW [9].

Study Design

The protocol (see outline Fig.2) was approved by the local ethics committee and all patients
gave their informed consent. Baseline breath samples were obtained on day 1 of the study
prior to the ingestion of D,0. Following the ingestion of a dose of D50 (0.3g/kg of body
weight; typically 25 ml), detailed dispersal kinetics and dialytic clearances of D,O were
determined in all 12 patients. The exhaled breath was directly sampled and analyzed at 5
minute intervals until equilibration was achieved. It should be noted that the D,O quickly
becomes HDO in excess water (H,0) via the process of rapid D/H exchange. The dose of
D,0 was chosen to give a predicted five-fold rise in the breath HDO level [9] for which FA-
MS provides accurate measurements. Breath sampling was continued until equilibrium (a
steady HDO value in breath) was reached. Baseline TBW post dialysis (TBWpgstHp) Of the
patient was calculated from the increase in breath HDO between equilibration and baseline
(pre-ingestion) in relation to the volume of D50 ingested (Equation 1). Finally, the TBW
values were reduced by 4% to account for the H-D exchange that occurs between the HDO
with the carboxyl and amino groups in body proteins [2].

Equation 1: Calculation of TBW

TBW :L
A(D/H)
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V p2o = volume of D,0 ingested

A (D/H) = the change in breath deuterium content= Average equilibrated D/H of patient
minus average baseline D/H

From the day of ingestion of D,O to the pre-dialysis study day, dilution of HDO within the
body spaces will occur as the subject ingests fluid (measured by inter-dialytic weight
changes). In addition, deuterium losses would also have occurred from sweating, respiration
(insensible loss), faecal (not measured) and urinary loss (measured as total urine output over
44 hours). On subsequent pre-dialysis day, breath samples were collected from the patients
to calculate pre-haemodialysis TBW (TBWpeyp). This second sampling procedure is
shorter, taking only 10 to 15 minutes before dialysis. Therefore, the post-haemodialysis
TBW (TBWopgstHp) is almost equivalent to TBW pre-dialysis (TBWpeqp) minus the total
urine output (UO) and inter-dialytic weight changes (AW) plus insensible loss (IL)
(Equation 2). When the pre-dialysis TBW was adjusted for inter-dialytic weight changes and
urine output, we termed this TBWpre Hp_adjusted- BY taking into account total urine output
(UO) and inter-dialytic weight changes (AW), we expected that the TBWpgtHp Would be
highly correlated with TBWpyeHp_adjusted-

TBWpostHD=(T'BWpreHD — AW — UO)+IL=TBWpreHD |[adjusted]+ IL

AW = inter-dialytic weight changes
UO = total urine output in 44 hours
IL = insensible loss

To establish the rate of disappearance of D,O from the breath of dialysis patients, further
breath samples were taken on subsequent dialysis days before and after dialysis. This
enables us to calculate the rate of disappearance of breath and thus body water HDO due to
further dilution, insensible and urinary loss as well as due to dialysis treatment. The overall
timing of breath samplings and TBW determination are summarised by the flow diagram in
Figure 2.

Measurement of deuterium enriched water samples to establish accuracy and
reproducibility of FA-MS

Deuterium enriched samples of various concentrations (156, 354, 356, 456, 552, 556, 656
and 750 ppm) were prepared using gravimetric method by mixing 99.8% D,0 with local tap
water (Cambridge Isotope Laboratories, U.S.). 10 ml of samples were placed in glass bottles
sealed with aluminium caps fitted with rubber septa. The samples were heated to 38 °C ina
water bath and the headspace vapour was sampled in triplicate (mean calculated to give each
value) via a heated capillary using a 23G needle (Figure 1). 2 or 3 measurements of each of
the deuterium enriched water samples 156 to 750 ppm were performed over 9 separate
sessions to establish accuracy of the FA-MS instrument, see Fig 3. Reproducibility between
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sessions was then calculated by taking 18 measurements of the 556 and 656 ppm samples (9
measurements each), chosen as these represent the range of concentrations of HDO achieved
at equilibration level following ingestion of D,0.

Data acquisition and Statistics

Results

The D/H ratio was obtained using the FA-MS data acquisition programme (SCILIB library,
version 4.96, 2005, Patrik Spanel, Trans Spectra Ltd., http://www.transspectra.com). Data
normality was confirmed (Kolmogorov-Smirnov test). Data were presented as mean +
standard deviation (SD). Correlation between TBWpqstip and TBWpreHp-adjusted Was
assessed using the Pearson’s correlation coefficient. Coefficient of variance (CV) was used
to assess variability. Paired t-tests were used to compare means. A Bland and Altman plot
was applied to assess the agreement between TBWpqstip and TBWprepp-adjusted: The
accuracy of FA-MS was established by comparing the measured D/H measurements to the
expected D/H values of the D enriched samples. The relationship of the measured to the
expected value was investigated using Pearson’s correlation. The Paired Student t-test was
also used to determine the differences between the expected to measured values.

The agreement of the values was assessed using a Bland and Altman plot. The
reproducibility of measurements was established by 9 repeated analyses of the 556 and 656
ppm samples according to the coefficients of variation of these measurements. Statistical
analyses were performed using the SPSS 14.0 statistical package (SPSS Inc., U.S.).

12 patients completed the study. The data for one patient (patient 3) were excluded from
analysis due to the failure to achieve full equilibration, since the study had to be terminated
early. Two patients were unable to complete final part of the protocol (D disappearance) due
to hospital admissions unrelated to the study. The average inter-dialytic weight gain of the
cohort was 1.9 + 0.6kg. None of the patients had recent intra-dialytic hypotension or clinical
symptoms to suggest fluid overload. The demographics of the patients are shown in Table 1.

The accuracy in measurement of deuterium in the vapour phase by the FA-MS is shown in
Figure 3. The Pearson’s correlation between expected and measured D/H was 0.99 (p <
0.001). The mean D/H values of 556 ppm and 656 ppm standards were measured to be (528
+ 12.8) ppm and (632.6 + 16.7) ppm and the coefficients of variation were 2.4% and 2.6%
respectively.

The ease of breath sample acquisition was closely monitored throughout the study. No
difficulty in breath sampling was reported by the patients. The distribution kinetics of the
D,0 following ingestion of D after dialysis was established to determine the TBWpggtHp at
the end of equilibration. The HDO equilibration (Degm) times for the 12 patients are given in
Table 1. The average Degm time was 1.54 + 0.23 hours. Three distinct phases of breath
deuterium content, similar to non-dialysis subjects [4], are shown in Figure 4a. The
clearance of HDO is illustrated in Figure 4b.
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The individual TBW values measured by FA-MS after dialysis (TBWpgstHp), pre-dialysis
(TBWprenp) and following adjustment for interdialytic changes TBWpreHp-adjusted are
summarized in Table 1. TBWpstp Was strongly correlated with TBWpyeHp-adjusted (R=
0.99, P <0.001), with a C.V. of 2.6%. The mean difference between TBWpgstqp (50.0 £ 9.3
L) and TBWpreHp-adjusted (50.7 £ 9.0 L) was 0.74 L (SEM 0.35, CI -0.03 to 1.51, P= 0.059).
This was compatible with a daily insensible loss of 0.37 L. The Bland and Altman plot
demonstrates this agreement with no significant bias between post-dialysis and adjusted pre-
dialysis TBW (Figure 5).

Discussion

This paper described a Deuterium-dilution technique that can be integrated into the current
dialysis schedule, allowing determination of post-dialysis TBW by measurement breath
samples 10 to 15 minutes before a dialysis session. The FA-MS measurements using
prepared deuterium enriched water samples indicated an accuracy of ~2% and has high
reproducibility in the measurement of HDO in water vapour, reinforcing our earlier
validation work [6].

Breath sampling is a simple and effortless technique preferred by many patients to blood
sampling. Compared to conventional deuterium measurement methods using blood samples,
FA-MS has a number of advantages. Firstly, it involved non-invasive breath sampling.
Secondly, no adjustment of the difference between plasma water and plasma volume is
necessary since the dilution space of HDO in breath is 100% water vapour. In the
conventional D dilution technique involving blood or plasma samples further adjustment of
dilution space to plasma water volume is required as an average plasma sample contained
only 93% water [10]. Furthermore, FA-MS not only enables on-line assessment of TBW, as
with bioelectrical impedance, but it is the currently only near-subject isotopic dilution
technique which can measure the absolute TBW rather than relying on regression equations.

This study has established the absorption, equilibration and clearance kinetics of HDO in the
water vapour contained in breath of dialysis patients. The distribution kinetics of HDO in
breath following an ingestion of D after dialysis is similar in HD patients to that in healthy
subjects [4]. The HDO equilibration time was well within 2 hours for all the patients.
Although other workers have postulated that the rate of D equilibration may be dependent on
body composition, gastrointestinal absorption and cardiac output of the subjects [11, 12], no
obvious related differences have been observed in the HDO kinetic profiles of our patients.
One factor that requires consideration when using the deuterium dilution technique is the
reduction by 4% in the derived TBW to adjust for the non-aqueous hydrogen exchange
between the HDO and the carboxyl and amino groups in body proteins [2]. The exact value
for this correction factor is unclear but is generally thought to be between 2 to 6% as
extrapolated from animal studies [13, 14]. In this study, the small difference in absolute post-
and pre-dialysis TBW over 44 hours, which can be accounted for by insensible loss,
suggests that this fraction of non-aqueous exchange does not continue to increase after
equilibration (i.e. 2 hours) and the subsequent prolonged inter-dialytic period.
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Assuming that inter-dialytic fluid losses are accurately measured, we postulated that the
TBW measured post dialysis will be highly correlated to the TBW measured at the
subsequent pre-dialysis day. We found that the TBW measured after equilibration of HDO in
breath is indeed highly correlated to TBW that measured pre-dialysis. The correlation is
enhanced when the pre-dialysis TBW is adjusted to urine output/44 hours and inter-dialytic
weight gain. This is vital as the breath sampling regime before dialysis means that it is not
necessary for patients to stay behind after dialysis in order to complete the equilibration
phase. Additionally, the small difference in the TBW between dialyses can be explained by
insensible loss, confirming the ability of FA-MS in tracking fluid status changes between
dialysis.

Whilst the number of overall patients, and specifically female subjects, in this study are
small, we have demonstrated that the dispersal kinetics and clearance of deuterium are
highly reproducible in haemodialysis patients. Additionally, the kinetic profiles are not
different between female and male subjects. The main confounder of this approach is the
accuracy of inter-dialytic fluid losses measurements. Accepting that patients do not always
remember to collect their urine and the presence of systemic error in weighing of patients
(same scale was used with similar clothing in this study), this sampling regime is still highly
reproducible and accurate. A proof of principle study is now required to determine the
clinical value of absolute TBW determination in conjunction with bioelectrical impedance
analyser to improve clinical management.
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The subject exhales gently into a disposable tube; breath is sampled from a calibrated
capillary into the flow tube where it mixes with protonated water (H3O™) created by a
microwave discharge. Whilst flowing down the tube, driven by a constant stream of the inert
gas (e.g. Helium), breath water vapour forms clusters with the H3O*, and those with a m/z
ratio of 74 will contain Deuterium. A relative increase in these water clusters when
compared to m/z 75 detected by the mass spectrometer enables calculation of deuterium

enrichment.
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Figure 2.

Flow diagram of the experimental protocol

Nephrol Dial Transplant. Author manuscript; available in PMC 2017 January 03.




s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Chan et al.

Page 11

- 25
(=]
2 ] y = 0.0032x - 3.0841
g al R? = 0.0071 --
=]
b 15 -
c -
L=
; 10 4 ® 9.50
g e 7.00
eE 57 -0.85
3 § 0 . 4 $ 117 1
§ § D 100 260 300 300 500 600 700 800
“ -5 w . -5-51 '.' """89
§ ® -8.15
& -10 1 1 ® -10.52
(=]
£ s 1
]
-]
£ 201 1
=25
Average of measured and expected HDO in enriched samples (ppm)
Figure 3.

Bland and Alman plot of observed versus expected measurements of D abundance in the
vapour phase above known dilutions of HDO in tap water. Each point represents the mean
(x95% CI) difference at 8 different dilutions each measured at 9 independent experimental

sessions.

The average difference across the range of dilutions was —0.25 ppm; the outer

limits for all the 95%ClI are +20 ppm, 3% of a typical measurement.
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Figure 4. Deuterium Kinetics

(a) Average equilibration curve of breath D following oral ingestion; the initial large peak is
due to D still present in the mouth. Subsequently there is gastrointestinal absorption and then
equilibration by 2 hours.

(b) Over the next few days there is exponential clearance of D from the breath, (mean
values, those marked PRE are pre-dialysis) predominantly during dialysis treatments (shown
as vertical arrows) such that it is cleared by 10 days.
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Figure 5.

Bland and Altman plot comparing the measurement of TBW following post-dialysis
equilibration and immediately prior to the next dialysis session, having adjusted for weight
changes and urine output. The small systematic difference can be explained by insensible
losses; there is no bias across the wide range of TBW volumes studied.
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