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bstract

A study has been carried out of the reactions of three isomers of hydroxybutyric acid, giving special attention to 3-hydroxybutyric acid, 3-HBA,
ith H3O+ and NO+ ions to acquire the required kinetic data for a selected ion flow tube mass spectrometry, SIFT-MS, search for 3-HBA in the
eadspace of urine since it is known to be one of the “ketone bodies” important in the diagnosis of ketoacidosis. Thus, the product ions formed
n the reactions of the H3O+ and NO+ precursor ions with the three hydroxy acids were established by sampling the headspace above the pure
ompounds over a range of absolute humidities from 1.5% (ambient air) to 6% (liquid headspace at 37 C and exhaled breath). Then these data,
ogether with the rate coefficients for the reactions estimated by calculation, were used to detect and quantify 3-HBA in the headspace of an aqueous
olution of this compound of known concentration and above urine donated by two volunteers. The level of 3-HBA above the urine samples after

hey were acidified with hydrochloric acid was seen to be typically 40 parts-per-billion, ppb, which is much lower than that for acetone seen to be
ypically 800 ppb. Exploiting the aqueous solution data as a reference, the 3-HBA concentration in the urine samples was estimated to be about
–2 mmol/L, which is typical of the urine from healthy individuals.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Acetone is present in the blood stream of all humans and is
enerally considered to be linked to dextrose metabolism, to be
product of lipolysis and to be elevated by ketoacidosis [1,2].
levated breath acetone has been commonly associated with dia-
etes [3,4], but this is now being questioned and requires further
nvestigation. It also appears in exhaled breath, in healthy people
ypically at a relative concentration of a few hundreds of parts-
er-billion, ppb [5,6], and also in urine and its headspace vapour
7,8]. The details of the biochemical routes to acetone produc-

ion are well understood; the precursors are considered to be the
o-called ketone bodies, acetoacetic acid and 3-hydroxybutyric
cid, 3-HBA (or �-hydroxybutyric acid), which in blood and
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rine predominantly exist as ions in solution and are assayed
s acetoacetate and �-hydroxybutyrate, the decarboxylation of
hich gives acetone [9,10].
A question often asked of us is “can these ketone bodies

e detected in urine headspace and in exhaled breath”? We
ave developed selected ion flow tube mass spectrometry, SIFT-
S, for trace gas analysis of air with special attention given to

xhaled (very humid) breath [11,12]. Using SIFT-MS we can
eadily measure the concentrations of the major breath metabo-
ites, including acetone, in single exhalations on-line and in real
ime [11–15]. It is also straightforward to quantify trace gases
n urine headspace using SIFT-MS [8,16]. Similarly, some car-
oxylic acids can also be quantified by SIFT-MS above liquid

eadspace, but in common with all SIFT-MS analyses the rate
oefficients and product ions of the reactions of the compounds
o be analysed with the precursor ion available for SIFT-MS
nalyses, viz. H3O+, NO+ and O2

+, should ideally be estab-

dx.doi.org/10.1016/j.ijms.2008.01.002
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ished by experiment. However, it is often difficult to measure
he rate coefficients for the reactions of compounds with very
ow vapour pressures and then calculated values have to be
elied upon, as is the case for the hydroxy acids involved in
his study. So a major objective of the study reported in this
aper was to determine the required kinetic data for the reac-
ions of the ketone bodies 3-HBA and acetoacetic acid with
he three SIFT-MS precursor ions. Unfortunately, this was not
easible for acetoacetic acid (see Section 2), but was achieved
or 3-HBA and two other structural isomers of hydroxybutyric
cid. Having obtained the kinetic data for 3-HBA, a success-
ul search was made for gaseous 3-HBA in the headspace of
n aqueous solution of this compound and in the headspace of
rine obtained from two healthy volunteers. As a breakdown
roduct of the ketone bodies, acetone was also measured in par-
llel. During these studies, several other ketones were detected
n the urine headspace and the identity of these was confirmed
y analysing the headspace of a reference mixture of several
etones in aqueous solution.

. Experimental

Samples of 2-hydroxybutyric acid (>97% pure, solid at room
emp), 3-hydroxybutyric acid (95% pure, viscous liquid at room
emperature) and 2-hydroxyisobutyric acid (97% pure, solid
t room temperature) were purchased from Sigma–Aldrich,
K. Acetoacetic acid, only available as its lithium salt, read-

ly hydrolyses when exposed to humid air producing acetone
nd so the reactions of acetoacetic acid could not be studied in
he gas phase.

The SIFT-MS analytical technique has been described in
any previous papers [8,11–18] and only a very brief descrip-

ion is required here. These experiments were carried out using
Profile 3 SIFT-MS instrument. The precursor ions are formed

n a microwave discharge source and are selected according to
heir mass-to-charge ratio, m/z, by a mass filter and injected
nto flowing helium carrier gas where they are convected as a
hermalised swarm along a flow tube. Air/breath samples are
ntroduced at known flow rates into the carrier gas and the pre-
ursor ions and the product ions of the reactions of the trace gases
n the sample are detected and counted by a downstream analyt-
cal mass spectrometer system. From the data obtained, together
ith the rate coefficients of the reactions, the partial pressures of

he trace compounds in the sample are obtained. To determine
he rate coefficients for the reactions of the precursor ions with
articular compounds their flow rates into the helium must be
ufficiently high to reduce the precursor ion count rates at the
ownstream mass spectrometer by about an order-of-magnitude
r more [17,19]. In this way, the rate coefficients for the reactions
f H3O+, NO+ and O2

+ have been determined with many types
f compounds see for example [20,21] and thus a large kinetics
ibrary has been built up in support of SIFT-MS analyses (see
efs. [12,22] and references therein).
Unfortunately, the liquid/solid hydroxybutyric acids involved
n this study have low vapour pressures and so the flow rates
f their vapours into the helium carrier gas cannot be made
ufficiently high to significantly reduce the count rates of the
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recursor ions to allow measurements of the rate coefficients for
he reactions. So we have had to resort to calculating the colli-
ional rate coefficients for the reactions, as outlined in Section
.1 below. However, the determination of the product ions of the
eactions of these hydroxyacids is straightforward, because only
ow flow rates of the compounds into the helium are required. So,
n this study, the vapours above the compounds were introduced
irectly into the SIFT-MS instrument via an axial sample inlet
ositioned 4 cm upstream of the analytical mass spectrometer
ampling orifice, during which time a full scan (FS) of the ana-
ytical mass spectrometer was taken over an appropriate range
f ion mass-to-charge ratio, m/z, in order to detect and identify
ll product ions. Sample spectra obtained for H3O+ and NO+

recursor ions are given in Fig. 1a and b respectively when 3-
BA is sampled into the instrument. In this way the product

on distributions for the reactions were identified as shown in
he spectra and as discussed in Section 3.1. Then, by targeting
hese product ions using the multi-ion monitoring (MIM) mode
f the SIFT-MS instrument, accurate product ion distributions
ere determined [11,12,23], which requires that the product ion

ntensities are corrected for mass discrimination and differential
iffusion [22]. It was immediately apparent that O2

+ precursor
ons resulted in excessive fragmentation of the nascent parent
ations of the hydroxyacids (formed via charge transfer) and
hus O2

+ is not useful as a precursor ion for trace gas analysis of
hese compounds; such is quite common for polyatomic organic
ompounds [12]. So O2

+ was not used as a precursor ion in this
tudy.

Obviously, the headspace of aqueous liquids and urine, and
ndeed exhaled breath, are humid, so it is imperative to identify
he product ions used for the analysis of trace compounds in
he presence of water molecules with which they might react.
hus, the vapour samples above the liquid/solid samples were
umidified prior to their introduction into the helium carrier gas
f the SIFT-MS and the product ion distributions determined
s a function of the sample humidity using the MIM mode of
ata acquisition. These experiments are quite straightforward,
ecause a unique feature of SIFT-MS is that the humidity of
ny sample is routinely analysed, as explained in several papers
11,12,24,25], by measuring the relative count rates of the pre-
ursor ions and their hydrates e.g., H3O+(H2O)0,1,2,3 [24,25].
ample data on the variation of the signals levels of the latter

ons against the percentage humidity as derived from them are
hown in Fig. 2.

Using SIFT-MS with the appropriate kinetic data for the reac-
ions, the concentration of the ketone body 3-HBA was measured
n the headspace of a dilute aqueous solution of this compound
nd then after the solution was acidified using hydrochloric acid.
urther, the headspace of the urine from two volunteers was
xamined for this compound before and after the addition of
ydrochloric acid. In both cases, acetone was also measured
n parallel, in the case of the aqueous solutions to check for
he extent of hydrolysis of the hydroxy acid, and for the urine

o determine the acetone/hydroxy acid relative concentrations.
dditionally, the exhaled breath of both volunteers was analysed

or acetone and 3-hydroxybutyric acid immediately following
he donation of the urine samples.
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Fig. 1. Full scan (FS) SIFT-MS spectra of ion count rate per second, c/s, against mass-to-charge ratio, m/z, obtained when the vapour above 3-hydroxybutyric acid,
3 d (b)
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-HBA, is introduced into the SIFT-MS helium carrier gas using (a) H3O+ an
eactions are as indicated in the form of M+, MH+, MH+H2O, NO+M, etc., wh
for interpretation of these spectra.

.1. Calculation of rate coefficients
Exothermic proton transfer reactions invariably proceed at
he gas kinetic or collisional rate. Since it is highly likely that
he proton affinities of the hydroxy acids exceed that of water

olecules (in common with all carboxylic acids for which

ig. 2. The loss of the injected precursor H3O+ ions and the formation of the
ydrated ions H3O+(H2O)1,2,3 with the addition of water vapour/air mixture into
he helium carrier gas of the SIFT-MS instrument. The count rate of each ion
pecies is expressed as a percentage of the total ion count rate on the ordinate.
rom such data the number density of H2O molecules in the carrier gas and
ence the humidity of the air sample is derived [24], which is given on the
bscissa as a percentage of the water content of the sample.
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NO+ precursor ions (shown as open bars). The product ions for the 3-HBA
is 3-HBA with a molecular weight of 104 u. See the text, especially Eq. 1 and

he proton affinities are known [26]) then it can be confi-
ently assumed that the H3O+ reactions with the hydroxyl acids
ncluded in this study will proceed at the collisional rate [17,18].
he collisional rate coefficients, kc, can be calculated using the

heoretical approach developed by Su and Chesnavich [27], but
his requires that the polarizabilities and dipole moments of the
eactant neutral molecules be known. Unfortunately, these are
ot available in the literature for these hydroxyacids; however,
hey can be estimated from the values for similar compounds
28]. Thus, the polarizabilities were interpolated between the
4H8O2 stochiometry (9.7, 10.0, 8.6 and 9.44 in units of
0−24 cm3) and the C5H11O3 stochiometry (11.3 × 10−24 cm3)
s (10 ± 2)10−24 cm3 and the dipole moments were taken as
.5 ± 0.4 D from a recent measurement [29] The estimates for
hese parameters are given in Table 1 together with the respec-
ive kc values calculated according to the equation given in [27].
t cannot be assumed that charge transfer and other reaction pro-
esses that both NO+ and O2

+ undergo at thermal energies will
roceed at the collisional rate, but we have no option at this
tage other than to assume this. So the kc for these reactions
re also included in Table 1, noting that these values are some-
hat lower than those for the H3O+ reactions in accordance
ith the larger reduced mass of the ion/molecule systems, as

equired in the theoretical treatment [27]. Further discussion

f this approach is given in [17]. We have some evidence that
he rate coefficient for the NO+ reaction with 3-HBA is lower
han the equivalent kc value, as will be indicated in Section 3.2.
he rate coefficient for the association reaction of NO+ with
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Table 1
Rate coefficients and the parameters used for their calculation for the reactions of the precursor ions given with the hydroxy acids indicated

Molecule M αa μb kc H3O+ kc NO+ kc O2
•+

u 10−24 cm3 D 10−9 cm3 s−1 10−9 cm3 s−1 10−9 cm3 s−1

2-Hydroxybutyric acid CH3CH2CH(OH)COOH 104 10 ± 2 2.5 ± 0.4 [3.6] [3.0] [2.9]
3-Hydroxybutyric acid CH3CH(OH)CH2COOH 104 10 ± 2 2.5 ± 0.4 [3.6] [3.0] [2.9]
Isohydroxybutyric acid (CH3)2C(OH)COOH 104 10 ± 2 2.5 ± 0.4 [3.6] [3.0] [2.9]
Acetoacetic acid CH3C(O)CH2COOH 102 10 ± 2 2.5 ± 0.4 [3.6] [3.0] [2.9]

The α and μ are respectively the polarizabilities (10−24 cm3) and dipole moments (Debye, D) and M are the molecular weights of the reactant neutral molecule
( −9 3 s−1
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isohydroxybutyric acid isomers, is adduct ion formation, NO M.
But, as can be seen in Fig. 3b, in the 3-hydroxybutyric acid, 3-
HBA, reaction there are two major product ions and a minor

Fig. 3. The relative count rates of the product ions at the mass-to-charge ratio,
m/z, values indicated expressed as percentages, as 3-hydroxybutyric acid, 3-
atomic units, u). kc are the values of the collisional rate coefficients in 10 cm
a Estimated from the values for similar compounds given in [28].
b From a measurement for hydroxybutyric acid [29].

cetone is well known to be smaller than the collisional rate
oefficient [20].

. Results

.1. Determination of product ion distributions

.1.1. H3O+ reactions
As mentioned above, it is advisable to determine the product

on distributions at various humidities in order to ensure that
he correct product ions are included for SIFT-MS analyses of
race compounds in ambient air (typically 1–2% humidity) and
n breath and above aqueous liquids/urine at body temperature
both media typically 5.5–6.5% humidity). Sample data, again
hoosing 3-HBA, considered as the most important biologically,
re shown in Fig. 3a for H3O+ precursor ions. It can be seen that
here appears two significant primary product ions:

3O+ + CH3CH(OH)CH2COOH → C4H8O3·H+ + H2O

(1a)

3O+ + CH3CH(OH)CH2COOH → C4H7O2
+ + 2H2O

(1b)

Reaction (1a) involves proton transfer from H3O+ to the neu-
ral molecule, M, producing MH+. Reaction (1b) involves the
oss of a water molecule from the nascent protonated molecule
MH+)* forming an (MH-H2O)+ ion, a process that commonly
ccurs for alcohols [17] and carboxylic acids [18], It is impor-
ant to note that the monohydrate ions MH+H2O are observed
s secondary products, becoming the major product ion at the
igher humidities, as can be seen in Fig. 3a. A trace of the dihy-
rate ion, MH+(H2O)2 is seen, but this is a very small fraction
nd can be ignored in the analysis of this hydroxy acid. Further,
t should be noted that the actual product distributions are not
equired for SIFT-MS analyses, but it is essential for accurate
nalyses that all significant product ions be included.

Similar primary product ions are formed in the reactions of

he 2-hydroxybutyric acid and the 2-hydroxyisobutyric acid, viz.

H+ and (MH-H2O)+ ions, but the degree of secondary ion
roduction varies with humidity, as can be seen in Table 2, the
ihydate ions MH+(H2O)2 becoming important products at the
igher humidities.

H
h
g
c
T

calculated according [27].

.1.2. NO+ reactions
The major reaction process occurring in these reactions, and

he single process that occurs for the 2-hydroxybutyric acid and
+

BA, is introduced into the carrier gas of the SIFT-MS instrument and as the
umidity of the sample is varied and measured according to the description
iven in Fig. 2, in (a) using H3O+ precursor ions and in (b) using NO+ pre-
ursor ions. The designations for the ions at each m/z value are indicated in
able 2.
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Table 2
The product ion distributions in percent for the reactions of H3O+ and NO+ with the hydroxy acids indicated in the presence of water vapour at the absolute humidities
typical of laboratory air (1.5%) and moist air (5.5%), close to that of exhaled breath and aqueous liquid headspace at 37 ◦C

Moleculea H3O+ Lab air Moist air NO+ Lab air Moist air
Product 1.5% H2O 5.5% H2O Product 1.5% H2O 5.5% H2O

2-Hydroxybutyric acid C4H8O3H+H2O(m/z 123) 65% 60% NO+C4H8O3 (m/z 134) 100% 100%
C4H8O3H+ (m/z 105) 20% 5%

CH3CH2CH(OH)COOH C4H7O2
+ (m/z 87) 5% 5%

C4H8O3H+(H2O)2(m/z 141) 10% 30%

3-Hydroxybutyric acid C4H8O3H+H2O(m/z 123) 25% 60% NO+C4H8O3 (m/z 134) 15% 30%
C4H8O3H+ (m/z 105) 50% 30% C4H6O2NO+ (m/z 116) 75% 65%

CH3CH(OH)CH2COOH C4H7O2
+ (m/z 87) 25% 5% C4H8O3

+ (m/z 104) 5% 5%
C4H8O3.H+(H2O)2(m/z 141) 0% 5%

2-Hydroxyisobutyric acid C4H8O3H+H2O(m/z 123) 55% 75% NO+C4H8O3 (m/z 134) 100% 100%
C4H8O3H+ (m/z 105) 35% 10%

(CH3)2C(OH)COOH IE = 10.9 eV C4H7O2
+ (m/z 87) 5% 0%
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C4H8O3H+(H2O)2(m/z 141) 5%

Both the mass-to-charge ratios, m/z, of the product ions and their molecular fo

roduct ion:

NO+ + CH3CH(OH)CH2COOH(+He)

→ NO+C4H8O3 + (He) (2a)

NO+ + CH3CH(OH)CH2COOH(+He)

→ NOC4H6O2
+ + H2O (2b)

O+ + CH3CH(OH)CH2COOH(+He) → C4H8O3
+ + NO

(2c)

Reaction (2a) is the helium-mediated three-body association
eaction producing NO+M and reaction (2b) is the result of the
oss of a water molecule from the nascent (NO+M)* ion. Note
hat the major product ion over the range of humidities is that
ormed in reaction (2b) appearing at a mass–charge ratio, m/z,
f 116. Reaction (2c) is the result of charge transfer between
he NO+ and M producing M+. That the last reaction occurs
or thermalised reactants at 300 K (the conditions in the SIFT-

S flow tube) indicates that the ionisation energy of 3-HBA
s close to that of the NO molecule, which is 9.24 eV [26]. Of
he three hydroxy acids the ionisation energy of only the 2-
ydroxyisobutyric isomer is reported and is 10.9 eV [26], which
s consistent with the energetics i.e., charge transfer cannot occur
etween this hydroxyacid molecule and NO+ ions. That a single
roduct ion NO+M results from the NO+ reactions with the other
wo isomers and this adduct ion is a minor product of the 3-HBA
eaction over the range of humidities explored offers a way to
istinguish the 3-HBA from the 2-hydroxy isomers.

The relative signal levels of the various product ions for
he three reactions of H3O+ and NO+ precursor ions under the

articular conditions of the SIFT-MS instrument are given in
able 2 at just two absolute humidities that are typical of room
ir (1.5%) and exhaled breath and aqueous liquid headspace at
temperature of 37 C (6%), since these are the most commonly

a
w
w
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15%

e are given. IE is the ionisation energy of the molecule [26].

sed conditions for trace gas analysis. As mentioned above, for
ccurate SIFT-MS analyses it is only necessary to include all
he product ions for each precursor ion. But sometimes for the
nalysis of complex mixtures it is necessary to use just one of
he product ions to avoid overlapping peaks (see Refs. [11,12]).
hen scaling factors must be used, as derived from laboratory
ata such as those given in Table 2, to account for the omission
f some product ions. This is exactly the situation in analysing
rine headspace for 3-HBA, because there are potential overlaps
etween the product ions formed when these are analysed in the
resence of pentanone, as we discuss below.

.2. Analysing headspace of aqueous solution of
-hydroxybutyric acid

A solution of approximately 0.1 mL of 3-HBA in 20 mL
f water was made up equating to a liquid concentration of
bout 50 mmol/L. By dilution of this, solutions of 5, 10, 20 and
0 mmol/L were made up and 10 mL of these were placed into
lass bottles sealed with septa. The bottles were placed into a
ater bath held at a temperature of 40 C and the headspace of

ach was analysed for both 3-HBA and acetone by SIFT-MS
sing both H3O+ and NO+ precursor ions. Thus, the rate coef-
cients for the hydroxyacid given in Table 1 and the observed
roduct ions indicated in Table 2 were included in the SIFT-MS
inetics library. The kinetic data entry for acetone is ever present
n the SIFT-MS kinetics library, being utilized for the on-going
tudies we are carrying out on breath acetone [12,22,30].

3-HBA is indeed seen to be present in the headspace of its
queous solution and these SIFT-MS measurements indicated
hat a liquid phase concentration of 20 mmol/L equates to a
eadspace partial pressure of 10 parts-per-billion, ppb, when
sing NO+ precursor ions and 15 ppb when using H3O+ pre-
ursor ions. This discrepancy most probably results from the

ssumption that the rate coefficient used for the NO+ reaction
ith 3-HBA is the collision rate coefficient as given in Table 1,
hich is seemingly too high. It is not unusual for effective two-
ody ion-molecule association rate coefficients to be less than



T.S. Wang et al. / International Journal of Mass Spectrometry 272 (2008) 78–85 83

F secon
w ed are
c llion,

t
t
[
o
3
v
s
p
i
t
e
b
e
p

C

3

w
t
w
t
t
a
t
i
o
a

a
u
h
h
u
o
s

b
f
N
a
c
c
w
a
s
1
t
t
t
4
b
a
a
a

ig. 4. Following Fig. 1, full scan (FS) SIFT-MS spectra of ion count rate per
hen (a) the headspace of urine and (b) humid air containing the ketones indicat

ompound in (a) is the estimated concentration of the compound in parts-per-bi

he collision rate coefficients [18,31,19,20]; indeed, to repeat,
his is the case for the association reaction of NO+ with acetone
31,19,20] that is used to measure the headspace concentrations
f this compound. So we expect the higher concentration of the
-HBA given by the H3O+ analysis to be closer to the proper
alue. The acetone level in the headspace of this solution is
omewhat lower than that of the 3-HBA at 10 ppb for a liquid
hase 3-HBA concentration of 20 mmol/L, but when the liquid
s acidified using 1 mL of 0.1 molar hydrochloric acid, moving
he pH of the liquid down to 2, then the acetone and 3-HBA lev-
ls reverse, that of 3-HBA being about 5 ppb and that of acetone
eing about 10 ppb. We tentatively interpret this as being due to
nhanced hydrolysis of the 3-HBA, which results in the further
roduction of acetone:

H3CH(OH)CH2COOH → CH3COCH3 + H2O + CO2 (3)

.3. Analysing urine samples

Two volunteers provided mid-stream samples of urine, which
ere immediately analysed in an identical manner to those of

he aqueous solutions, as described above. Firstly, FS spectra
ere taken using both H3O+ and NO+ precursor ions to identify

he major product ions of the reactions of the trace gases in
he headspace of the urine. Most obvious species present are
mmonia, acetone and higher order ketones. Of great interest is

he presence of the characteristic ions of 3-HBA, as indicated
n the sample spectra shown in Figs. 4a and 5a. The sequence
f ions seen in the homologous series beginning with acetone
t m/z 59 (continuing with 73, 87, 101 and 115) using H3O+

t
o
i
i

d, c/s, against mass-to-charge ratio, m/z, obtained using H3O+ precursor ions
sampled into the SIFT-MS instrument. The number in parentheses below each

ppb. Note the overlap of some peaks for 3-HBA and 2-pentanone.

nd starting at m/z 88 (continuing with 102, 116, 130 and 144)
sing NO+ are surely those ketones indicated in the figures. We
ave not previously observed ketones other then acetone in urine
eadspace using SIFT-MS, although they have been detected in
rine using gas chromatography mass spectrometry [32]. The
bservation of this ketone series is probably due to the increased
ensitivity of current SIFT-MS instruments.

Whilst the ketones were not a major concern of this paper, it
ecame clear that there are product ion at common m/z values
or 3-HBA and pentanone in their reactions with both H3O+ and
O+ precursor ions. Therefore, it became imperative to look

t the ketone reactions and product ions produced under the
onditions existing in this SIFT-MS instrument. So an aqueous
ocktail of approximately equal amounts of five ketones, M,
as made up and a few drops of this cocktail were injected into
Nalophan bag (made up from of wall thickness 25 microns

upplied by Kalle UK Ltd, to have an inflated volume of about
L) which was then inflated with clean cylinder air. FS spec-

ra were taken as this humid gas mixture was introduced into
he helium carrier gas of the SIFT-MS instrument. The spec-
ra obtained using both H3O+ and NO+ are shown as Figs.
b and 5b below the corresponding urine FS spectra. As can
e seen, using H3O+ ions both MH+ product ions (ketone·H+)
nd the corresponding MH+H2O monohydrate ions are seen,
s expected, and traces of the MH+(H2O)2 dihydrate ions are
lso present (importantly, <1% of the total product ions for pen-

anone; see below). Using NO+ the spectra are simpler in that
nly the adduct ions, NO+M, are formed, which do not read-
ly form hydrates; indeed, there is barely a trace of NO+MH2O
ons in the spectra (see Fig. 5b). So this well illustrates why NO+
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Fig. 5. Following Fig. 1, full scan (FS) SIFT-MS spectra of ion count rate per second, c/s, against mass-to-charge ratio, m/z, obtained using NO+ precursor ions
w ed are
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hen (a) the headspace of urine and (b) humid air containing the ketones indicat
ompound in (a) is the estimated concentration of the compound in parts-per-bi

s the preferred precursor ion for the analysis of ketones using
IFT-MS [12,19,20,31]. Indeed, H3O+ cannot be used to anal-
se butanone, because the MH+ product ion at m/z 73 overlaps
ith the trihydrate ion H3O+(H2O)3 which is always relatively

arge in the H3O+ spectra.
Further inspection of the urine spectra and the corresponding

pectra of the ketone cocktail, together with the data given in
able 2, shows that although there are indeed overlaps between

he 3-HBA and pentanone product ions, importantly there are
ons that are characteristic of the 3-HBA, viz. m/z 123 for

3O+ and m/z 134 for NO+ precursor ions. So using appropriate
ranching ratios to account for the overlapping ions (see Table 2)
he level of 3-HBA in the urine headspace can be estimated using
hese ions only. Note, again, that it is a more accurate procedure
o use the MIM mode of analysis rather than analysing FS spectra
uch as shown in Figs. 4a and 5a. If there is a need to distinguish
he isomers of 2-hydroxybutyric acids and 3-HBA then m/z 116
an be used as a characteristic ion of 3-HBA.

The acetone levels in the urine headspace for one volun-
eer were measured as 600 ppb and for the other as 800 ppb.
ssentially parallel measurements of breath acetone resulted in
cetone levels within 10% of the urine levels. This remarkable
esult indicates that the acetone is clearly systemic and equili-
rated amongst the body fluids. Recent detailed studies of several
reath metabolites by sampling exhaled breath via the mouth

nd via the nose indicate that acetone is indeed systemic and
s not produced in the oral cavity, as are several other metabo-
ites, including ammonia and ethanol [33]. The other ketones in
he homologous series (pentanone, hexanone and heptanone),

i
3
f
u

sampled into the SIFT-MS instrument. The number in parentheses below each
ppb. Note the overlap of some peaks for 3-HBA and 2-pentanone.

hich are present in the urine headspace are at much lower
evels, typically at 20–80 ppb.

Both H3O+ and NO+ precursor ions were used to analyse the
rine headspace of the fresh urine and low levels of 3-HBA were
etected in the samples from both volunteers. However, on acid-
fying the urine, again to a pH close to 2, then both precursor
ons revealed the presence of 3-HBA in the samples from both
olunteers at levels of typically 40 ppb, some 20 times lower
oncentration than that of acetone. Unlike the aqueous solu-
ions of the 3-HBA discussed above, increases in the acetone
evel on acidification could not be clearly discerned, because
f the relatively high acetone levels in the headspace (given
bove). However, small increases (maximum about 40%; see
lso Ref. [32]) in the levels of the ketones in the headspace
f the aqueous ketones cocktail were observed on acidification
nd similar small decreases were observed on alkalation with
aOH. These results require further investigation. Neither 3-
BA nor any ketones other than acetone were detected in the

xhaled breath of either volunteer, but further studies of this are
lanned concomitant with the expected increase in the sensitivity
f SIFT-MS instruments.

. Concluding remarks

This study of the ion chemistry of hydroxbutyric acids, and

n particular the biologically important 3-hydroxybutyric acid,
-HBA, has provided the required kinetic data to allow a search
or and the successful detection of 3-HBA in the headspace of
rine samples from two healthy volunteers. The significance of
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his work is that 3-HBA is one of the ketone bodies (the other
wo being acetoacetatic acid and acetone) important in the diag-
osis of ketoacidosis [9]. Thus, we are now able to study the
evels of 3-HBA, in parallel with acetone, in the headspace of
rine of patients with known clinical diseases, including dia-
etes. The current detection limit of 3-HBA in urine headspace
sing SIFT-MS is a few ppb, which equates to a liquid phase
oncentration of 1 or 2 mmol/L and is thus comparable to the
rine concentrations typical of healthy individuals [34]. It is
eported that for diabetic patients the urine levels of 3-HBA
an be as high as 300 mmol/L. This equates to headspace levels
f several parts-per-million, ppm, which is easily quantified by
IFT-MS. The cut-off concentration in urine when considering

he onset of ketoacidosis is 5 mmol/L [9]. This also equates to
headspace level easily accessible to SIFT-MS analysis, thus

roviding a very valuable and rapid analytical method for the
etection of 3-HBA along with acetone in urine. Unfortunately,
e have been unable to acquire kinetic data for acetoacetic acid,

he other recognised ketone body, because only its lithium salt is
eadily available and this hydrolyses and decomposes to acetone
n the presence of water vapour, indicating that acetoacetic acid
s unstable in the gas phase.
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