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INTRODUCTION

The measurement of breast milk intake using the isotope dilution techniques is
now well established. The methodology involves the administration of a bolus of tracer
followed by observation of the kinetics of its passage though the system. For example
in the popular 'dose to the mother' method [1] a dose of labeled water is administered
to the mother, and over the following days samples of body fluids are taken and the
concentration of tracer determined in order to establish the rate of loss of tracer from
her body. Likewise samples are taken from the breast fed infant in order to determine
the rates of tracer intake and subsequent loss.

Deuterium is the tracer of choice for these experiments since it is non-radioactive,
and therefore suitable for use in these vulnerable subject groups, and also because of its
relative cheapness. Conventionally isotope ratio mass spectrometry (IRMS) has been
used for the determination of the amount of deuterium in the body fluids. However this
methodology is expensive (an instrument might typically cost US$150,000), and it
requires a considerable amount of dedicated technical expertise for its operation.
Consequently such instrumentation is not widely available, and this has limited the
number and scope of studies using this technique.

Recently there have been reports of possible alternative technologies for the
determination of deuterium in body water which appear attractive because of the wider
general availability of the equipment required. It is the purpose of this report to assess
these reported methods for their suitability for breast milk intake measurements.

Gas chromatography/mass spectrometry

Gas chromatograph/mass Spectrometers (GC/MS) instrumentation is widely found
in analytical laboratories. The coupling of the gas chromatograph for chemical
separation with the mass spectrometer for identification and quantitation of the
compounds as they elute from the column has resulted in an almost indispensable tool
for chemical analysis. There are many instruments available with increasing degrees of
complexity, but it is the 'benchtop' instruments which are of concern here. These
instruments use a mass spectrometer which utilises a combination of radiofrequency
and DC electrostatic fields to select ions of a particular mass/charge ratio and transmit
them to the detector. These mass spectrometers use a quite different principle to that
employed in IRMS methodology. Benchtop GC/MS spectrometers are capable of being
used over a much wider mass range, but are much less precise than their IRMS
counterparts.

A typical benchtop GC/MS system, like that shown in Figure 1, will cost about
US$75,000, the price including a data system and an autosampler. The considerable
amount of automation now built into these instruments, allowing them to operate
unattended while performing triplicate or more analyses of up to 200 samples, makes
them extremely cost effective and attractive for high volume studies. The major
consumable is high purity helium (or hydrogen) gas for the GC. Maintenance is low for
'clean' samples, involving periodic cleaning of the GC injector assembly and (less
frequently) cleaning of the mass spectrometer ion source.
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There are a number of companies (for example Hewlett Packard, Perkin Elmer,
Shimadzu, and Thermoquest) supplying a high volume of such instruments, and spares
distribution and service networks are generally well developed worldwide by all the
major manufacturers. However not every benchtop instrument is suitable for isotope
ratio work. The mass selectors used in these instruments fall into two distinct types -
the conventional quadrupole mass filter and the more novel ion trap. Although the latter
is rapidly becoming more popular due to its claimed increased sensitivity, the ion trap is
not suitable for isotope analysis. Quadrupole instruments should be used with an
electron impact ionisation (El) source. It is desirable to have the facility to vary the
energy of the ionising electron beam continuously in the range 10-70eV, but this option
is becoming less common on the grounds of added cost.

The properties of the capilliary column on which compound separation takes place,
and which is used to introduce the sample into the mass spectrometer make it
impossible to analyse body fluids directly. Aqueous samples are extremely damaging to
these columns, and so some method of presenting the hydrogen to be analysed in a
form other than as water must be employed. Recently two different approaches have
been proposed:- chemical transformation to a compound suitable for GC analysis, and
the exchange of hydrogens from water onto sites of other organic compounds.

Chemical transformation - the 'acetylene' method

The use of metal carbides to generate acetylene from water for determination of
deuterium content has been proposed many times in the last few years. Most recently
Previs et al [2] have proposed a GC/MS method for body water measurements using
this chemistry. Their method is to put an excess of CaC2 into a sealed tube fitted with a
septum, and then to inject the aqueous sample. The water is decomposed according to
the equation

CaC2 + 2H2O -» Ca(OH)2 + C2H2

The headspace gas is then injected into GC/MS, and acetylene measured at
m/z = 26 and 27Da. Ion molecular interactions can cause protonation of the molecular
ions within the GC/MS ion source, giving an enhanced signal at m/z = 27. The authors
claim that the severity of this effect depends upon the cleanliness of the ion source, but
can be largely overcome by reducing the energy of the ionising electrons from 70eV to
~40eV. However such effects are likely to be highly dependent on source design, and
an investigation would have to be conducted to find the correct conditions for the
particular instrument being used.

Although the reaction appears to take place almost instantaneously it is our
experience that in order to get the correct isotopomer* ratios it is necessary to wait at
least six hours between adding the sample to the calcium carbide and performing the
GC/MS analysis. The calcium carbide obtained from the usual sources tends to suffer
from the presence of impurities, and for this reason it has been suggested that lithium
carbide is more suitable [3].

A more serious drawback to this methodology is the presence of interfering
isotopomers due to naturally occurring 13C. This is most readily appreciated by
considering the distribution of isotopomers at natural abundance. As Table I indicates
the natural ratio of m/z = 27/26 is 2.204%, of which only 0.029% is due to

Isotopomers are molecules of the same chemical species but with differing isotopic composition. Thus
'H^O^C'H and ^ C ^ C ' H are both isotopomers of acetylene, the former with a molecular weight of 26, the
latter with one of 27.
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incorporation of deuterium. The precision of the GC/MS measurement of isotopomer
ratios under the best conditions has been found to be about ±0.025%, and so in
practice the limit of precision of this method is about 150ppm of deuterium. This is to
be compared with the maximum permissible enrichment of a subjects body water which
is probably limited to about 2000 ppm on ethical grounds.

Clearly the precision of the acetylene method is insufficient for human studies
without considerable refinement, possibly beyond the scope of current instrumentation.
The method may, however, have some use in animal or in vitro work where deuterium
fractional abundances in the range of 5,000-10,000ppm are possible.

Deuterium exchange - the acetone method

The polarity of the hydroxyl groups of many organic compounds is high enough to
allow exchange of the hydrogen with those of solvent water molecules via hydrogen
bonding. Since the water is in excess then the original isotopic composition of the
exchanging hydrogens of the organic is insignificant, and an equilibrium is reached
where the deuterium content of the organic molecule reflects that of the water sample.
The organic compound can then be analysed using GC/MS techniques.

In practice most hydroxyl bearing compounds are unsuited to gas chromatographic
separation without chemical modification because of the high reactivity of the polar
groups at the temperatures required for good chromatographic performance. To avoid
decomposition of the compound these functional groups are usually converted to
thermally stable entities, which invariably involves removing the hydrogen carrying the
isotopic information required. For exchange methods to be practical it is necessary to
find a method of exchanging hydrogens onto thermally insensitive sites.

One possible method is to use the action of keto-enol tautomerism. The organic
chosen should contain a carbonyl at a carbon adjacent to a chain terminating methyl
group. A canonical form of this grouping structure is an hydroxyl attached to a carbon
which is also attached to an unsaturated bond, although the molecule can be regarded
to be in this form for only a small fraction of the time. However it is sufficient for
hydrogen exchange with water to occur, the molecule then reverting to the ketone form
with the exchanged hydrogen safely attached to a carbon atom at a thermally stable
site. The process is shown schematically in Figure 2.

Yang et al [4] have successfully employed such exchange between water and
acetone under strongly alkaline conditions. In their method 1ml of the aqueous sample is
mixed with 2|ul 10M NaOH and 0.2^.1 acetone and incubated overnight. The acetone is
then extracted with chloroform of with hexane and the resultant solution dried and
injected into the GC/MS. There is again a possibility of ion-molecular interference in the
ion source, and it may be necessary to operate at extremely low electron energy,
perhaps as low as 10-15eV.

Acetone contains three carbon atoms, and might be expected to suffer from the
same interference from unwanted isotopomers as was found for acetylene. However
the commercial availability of universally labelled 13C acetone allows such effects to be
eliminated. The compound has six hydrogens available for exchange, and thus in the
absence of mass discrimination due to isotope effects the isotopomer ratio in the
acetone should be enhanced threefold over that in the original water.

Results on standard waters at HNR have shown that there is little in the way of
isotope discrimination, and that the normal error in measuring isotopomer ratio of
±0.025% translates into an error in deuterium abundance of around 40ppm. Whilst this
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is still large compared with the IRMS gold standard it is approaching the useful range for
breast milk intake measurements. It is felt that the method warrants further
investigation, and currently we are making attempts to refine the methodology.

Fourier Transform infra-red spectrophotometry

Infra-red spectrophotometric techniques for the analysis of deuterium in water
have been used by many workers. Absorbance in the infra-red region of the spectrum is
due to molecular vibrations. Water exhibits three vibrational modes, which to a first
approximation can be regarded as modes of vibration of the O-H bond. The energy of
the vibration is proportional to the square root of the reduced mass of the atoms
between which the bond is made. The effect of substitution of deuterium for hydrogen
gives the biggest effect of any isotopic substitution, causing a shift to lower energy by
a factor of about 1.37. This is fortunate since absorption bands for liquids are quite
wide, and so a big shift is needed for adequate resolution of the signals due to the
different isotopes.

The infra-red spectra due to O-H and 0-D bonds are shown in Figure 3. In practice,
since the fraction deuterium present is very small (~1000ppm maximum), and since the
dynamic range of the detectors used is insufficient to allow accurate measurement of
the intensities of the peaks due to O-H and O-D in the same sample only the intensity of
the O-D peak is used at a fixed pathlength, and the concentration of deuterium
estimated using the Beer-Lambert law. Unfortunately at the low levels of deuterium
encountered the O-D signal appears as a small peak superimposed on the wings of the
peak due to the O-H bond. Furthermore atmospheric CO2 causes a sharp doublet on the
low energy side of the O-D signal. The consequences of these two effects is to make
the estimation of the baseline under the O-D peak difficult to estimate.

This problem is made more difficult if the intensity of the O-D signal is measured
at a single wave number. Infra-red instruments with optical systems based on dispersive
elements (prisms or gratings) can scan the spectral range required, but the scan rate is
slow. This methodology is not employed in more modern infra-red spectrophotometers.
Instead these use the Fourier Transform (FTIR) method. Infra-red radiation from the light
source impinges on a beam splitter, where half is reflected to a fixed mirror, whilst the
remainder is transmitted to a moving mirror, which oscillates with a period of around
one second (Figure 4). When the radiation from these two mirrors is recombined it
interferes providing a source of infra-red light which has a spectral composition
periodically modulated by the position of the moving mirror. This radiation is then
passed through the sample, and the absorption pattern measured as a function of the
moving mirror displacement. This output contains all the information regarding the
conventional absorption spectrum of the sample, which can be recovered by the
mathematical process of Fourier transformation.

FTIR instruments have many advantages over their dispersive counterparts. In
particular they provide a very fast method of scanning, a whole spectrum being
recorded for each period of the mirrors movement. The addition of visible laser radiation
to that from the infra-red source allows high stability operation, and in particular
eliminates frequency drift so that multiple spectra can be summed. An added advantage
is that since a large aperture can be used at the light source and there is no analogue of
the resolving slit all the radiant energy is used giving a very high signal to noise ratio for
the spectra recorded.

As is the case for GC/MS instrumentation FTIR equipment is now very common
and is widely available from a number of manufacturers. An instrument like the one
illustrated in Figure 5 typically costs US$30,000 including the data system, and is
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virtually maintenance free. The only routine work is the changing of a dessicant pack
which protects the optics, normally on a weekly basis, but more often in environments
with high humidity.

For determination of deuterium in body water it is best if each sample is read
against a basal sample. A reference calibrant is made up by adding pure D2O to local tap
water. If the absorption spectrum of the tap water is subtracted from that of the
reference then the instrument is calibrated directly in terms of ppm excess of deuterium.
Body water samples can be treated in the same way, but in this case the spectrum
subtracted should be the basal (time 0) body water sample. The facility to perform this
background subtraction is included in the instrument's software, and to facilitate the
measurement further an automated sample shuttle can be supplied to automatically
place first the basal (background) sample in the beam for measurement, followed by the
sample, without the operator having to open the spectrometer sample compartment.

A mathematical method for comparing the spectrum of calibrant and sample which
automatically fits baselines to the peaks has been described in the literature (5). This
method is now available as a programme"1" which runs under Microsoft Windows on the
same data system as supplied with the instrument, and operates directly on text files
generated by the FTIR vendor. Since most manufacturer export files in slightly different
formats from each other the HNR software must be pre-configured to match the
instrument being used. At present this can be done for instruments made by Thermo
Unicam and Shimadzu.

The amount of sample needed is about 100(il. If saliva samples are used there is
little sample preparation. The sample should be frozen as soon as possible after
collection, and thawed just prior to analysis. Brief centrifugation is all that is required
before the supernatent is transferred directly to the sample cell of the instrument (For
more details see reference [5]). Plasma can be treated in a similar way as can breast
milk, but correction factors need to be applied to account for the presence of dissolved
material. Urine has not yet been analysed successfully in the long term as it is known to
attack the CaF2 windows of the sample cells which we use. If there is no alternative to
using urine then ZnSe or quartz cells may be applicable.

The precision available by this method is about ±3ppm. For breast milk intake
studies by the dose to the mother method we routinely give 30g of deuterium, but there
is ample evidence that this could be halved without detriment to the quality of the
results. Agreement with IRMS is good - in the region 500-700ppm excess the rms
deviation between the two methods is of the order of 10ppm - and there is little bias
evident in comparisons of the methods by Bland and Altman analysis.

Conclusions

Both GC/MS and FTIR offer alternatives to IRMS for the measurement of
deuterium in body water for breast milk intake studies. Of the two techniques FTIR is
the better established, producing sound data at very moderate cost. The drawback to
the method is that it is not automated, and is labour intensive.

GC/MS, on the other hand, is routinely run in a highly automated fashion.
However the methodology for isotope measurement is not so well defined, and lacks
the precision offered by the optical technique. Methods involving exchange are the most

+ "Isotope.exe" available from Dr LJC Bluck, MRC Human Nutrition Research, Downhams Lane, Milton Road,
Cambridge UK, CB4 1XJ
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promising of the GC/MS proposals, and further investigations to refine the current
techniques should be pursued.
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Fig. 2. Schematic of the hydrogen exchange between water and keto-enol tautomers.
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Fig. 3. The infra-red spectra of the O-H and the O-D bonds
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Fig. 5. A typical FTIR instrument
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Fig. 4. Schematic of an FTIR spectrometer
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