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Medical applications of proton transfer reaction-mass spectrometry:
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Abstract

The analysis of volatile organic compounds (VOC) has witnessed an enormous boost over the past decade, as this substance group has
received broad attention regarding indoor air quality and disease screening. This review addresses the medical applications of proton transfer
reaction-mass spectrometry (PTR-MS) in the fields of risk environment monitoring and diagnostic breath sample analysis.
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The major advantages of PTR-MS are its ability to perform rapid measurements as needed for the quick evaluation of screenin
nd even on-line VOC profile assessment. This may be of considerable importance in the investigation of rapidly changing air con
atterns. Sources of contamination could be unveiled in operating theatres, post-anesthesia care units, and medical sterilization
TR-MS.
In the field of breath analysis, PTR-MS has been employed to investigate exhaled concentrations of isoprene, methanol, pote
arkers, and volatile anesthetics.
In conclusion, PTR-MS offers highly sensitive and rapid determinations of VOC profiles as compared to other methods of detec
S therefore basically meets the needs of a screening method. The potential of directly mirroring serum concentrations of diverse

n real-time makes breath analysis a highly promising field of research.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The analysis of volatile organic compounds (VOC) has
itnessed an enormous boost over the past decade, with

he number of manuscripts published annually in connec-
ion with VOC analysis rapidly increasing. For example, a
imple MEDLINE search for the term VOC revealed 17
anuscripts published by 1980, 84 publications by 1990,
nd 1108 hits by 2004. The medical importance of VOC has
een acknowledged in the context of ambient air analysis

1]. Furthermore, an enormous potential of VOC analysis in
reath samples has been suggested in attempts to develop
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screening methods for metabolic[2] and neoplastic diseas
[3]. It is the aim of this review to present the applicati
of proton transfer reaction-mass spectrometry (PTR-MS
the surveillance of risk environments, and diagnostic br
analysis.

2. Supervision of medical risk environments

Most people in industrialized countries spend a large
portion of both their work and free time indoors. Over
past decade, however, the quality of indoor air has bee
subject of numerous studies. VOC, a collective of hydro
bons abundantly present in ambient air, has been conjec
as one of two major substance categories responsible fo
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building syndrome and decreased air quality[1]. VOC as-
sessment is especially important in areas associated with in-
advertent occupational exposure to volatile agents, as, e.g.,
operating theaters[4].

2.1. Occupational exposure to volatile agents in medical
settings

It is widely acknowledged that personnel working in op-
erating rooms and post-anesthesia care units are exposed
to a variety of noxious agents[4]. Due to the specific na-
ture of general anesthesia, and despite improved ambient
air control, medical personnel working at operating rooms
is still permanently[5] exposed to traces of volatile anes-
thetics [6]. Although it has not been ruled out that these
halogenated agents, related to chemical solvents, may cause
adverse health effects upon medical personnel, they still en-
joy widespread use[7]. The potential risks of occupational
exposure to trace anesthetic gases are still controversially
discussed[4,6]. One of the first reports to spawn serious
concerns about the workplace safety of volatile anesthet-
ics was the description of higher rates of spontaneous abor-
tions in Russian anesthetists[8]. The potential of interac-
tions between volatile anesthetics and human reproduction
has since been the subject of numerous studies[9–11]. Husum
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2.2. PTR-MS and occupational exposure to volatile
anesthetics

PTR-MS was employed to monitor occupational exposure
of personnel to volatile anesthetics in post-anesthesia care
units (PACU)[6]. These workplaces are of considerable in-
terest since postoperative patients continue to exhale volatile
anesthetics, and ventilation may not be as closely monitored
as in operating rooms[19]. Online analysis of ambient air
in two PACU revealed an occupational burden of volatile
anesthetics correlated with patient turnover[6]. Short-term
peaks could be retrospectively linked to times of patient ar-
rival and/or extubation at the PACU. Of notable interest in
this study was the observation of increasing concentrations of
anesthetic in ambient air during the night-time and a sudden
decrease at a constant time-point in the morning (seeFig. 1).
This was subsequently ascribed to a faulty programming of
room air exchange capacity, which had not been spotted by
the single control measurements[6].

Similarly, PTR-MS has been employed for surveillance of
medical sterilization units[24]. Also in this case, a consider-
able source of pollution in the form of a leaking sterilization
oven was demonstrated. The latter findings highlight one of
the major advantages of PTR-MS analysis, namely the ability
to correlate on-line measurements with activity protocols[6].
T ore
e

tech-
n ay
l would
a ision
i ntrol
s uch

F ACU)
d
l ad to
u crease
o

t al. and Hoerauf et al. reported increased rates of s
hromatid exchange elicited by exposure to concentra
f volatile anesthetics in vivo and in vitro[12–14]. More-
ver, halogenated anesthetics have been implicated i
ipheral lymphocyte apoptosis and may thus, in princ
ontribute to perioperative leukopenia[15]. Finally, recen
vidence has conjectured volatile anesthetics in the p
enesis of multiple sclerosis[16]. Therefore, national publ
ealth authorities such as the National Institute of Occ

ional Safety and Health (NIOSH) have introduced thr
ld values for ambient air regulating occupational ex
ure over a given time period[17]. Current literature state
hat strict adherence to these limits should ensure sat
ory workplace safety[18]. However, poor[19] or faulty
6] ventilation may lead to undesirably high levels of
osure. Unfortunately, even today, a high number of he
are facilities still seem to fall into the latter category[8].
herefore, it should be considered imperative to enh
urveillance of risk environments[6]. Occupational expo
ure to volatile anesthetics has been previously determ
y gas chromatographic and infrared spectrometric
urements of ambient air[6,17]. However, thus far, dire

n vivo measurements of volatile anesthetic kinetics h
nly been carried out in intubated patients during contro
entilation in order to determine approximate end-tidal c
entrations[20] and, utilizing gas chromatography, in ur
f exposed personnel[21,22], even though the importan
f both real-time measurements in ambient air and m
urements of exhaled air had been emphasized[22,23]. Re-
ently, studies utilizing PTR-MS contributed to both of th
reas.
hus, sources of indoor air pollution can be unveiled far m
ffectively than using cumulative measurements[6,24,25].

However, it has been suggested that the increasing
ical possibilities for supervision of risk environments m

ead to a considerable increase in costs. These costs
rise from more elaborate devices employed for superv

tself, and from subsequent adaptations in ambient air co
ystems[26]. Yet, in the context of ambient air analysis, s

ig. 1. Concentration of sevoflurane at a postanesthesia care unit (P
uring routine service, taken with permission from Rieder et al.[6]. Vertical

ines indicate 6:00 a.m. Faulty room air exchange programming le
nrecognized system shutdown during the night with subsequent in
f trace gases (see text).
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an assumption may be premature, as it has been calculated
that coupling of on-line ambient air monitoring systems such
as PTR-MS to room air exchange systems may, in fact, de-
crease costs[6]. This may best be deducted from the tracing
of the time-course of sevoflurane inFig. 1. Note the long
intervals of minimal occupational exposure to sevoflurane,
interrupted by rapid spikes in ambient air concentration. The
authors calculated that during about 40% of the time, ambient
air turnover would not need to be at maximum capacity, and
hence costs on ventilation may in fact be economized. If the
weekend with its decreased patient turnover were included
in the aforementioned analysis, this share would even rise to
70%[6].

In analogy to the latter study, PTR-MS has also been de-
scribed to allow for precise measurements of volatile anes-
thetics in operating rooms[27]. Also in this environment, the
real-time nature of recordings allowed for a correlation be-
tween rapidly changing concentrations of volatile anesthetics
and the source of contamination, i.e., anesthetic interventions
such as endotracheal intubation and mask ventilation[27].

However, as mentioned above, PTR-MS is not only a valu-
able tool in the surveillance of room air exchange, but its
sensitivity also allows insights into the pollution profile of
medical procedures such as the securing of a safe patient’s
airway. For example, Rieder et al. compared the oropharyn-
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Fig. 2. Time-course of sevoflurane in exhaled air of OR personnel, taken with
permission from Summer et al.[5]. Analysis of variance with adjustment for
within correlation showed a highly significant time-effect. Data are given as
mean± S.D.Abbreviations:BD; before duty, AD; after duty, D + 1/2/3 duty
plus 1/2/3 h, respectively, ND; next day.

during the postoperative days 1–5. It could be demonstrated
that expiratory concentrations of sevoflurane were signifi-
cantly higher than those of isoflurane at all time points. Nev-
ertheless, parallel physical and psychological performance
tests yielded superior results in the sevoflurane group, espe-
cially in the early postoperative period. These results indicate
that sevoflurane may be the preferred volatile agent in day
care anesthesia[29]. The higher concentrations of sevoflu-
rane in exhaled air seem to affect patients less severely than
the (lower) isoflurane trace concentrations.

Thus, the possibility to accurately measure volatile anes-
thetics in exhaled air coupled with, e.g., psychometric
tests can be expected to significantly increase insight into
concentration-dependent effects of these agents upon body
function in the early postoperative period. Complementing
urinary measurements, which may offer advantages in ret-
rospective analysis of occupational exposure over periods of
hours and days[22], rapid analysis of volatile anesthetics in
exhaled air may serve as a mirror of short-term (minutes,
hours) changes in metabolic pathways[5]. As one prominent
feature of volatile anesthetics with a low molecular weight
(i.e., below 200 Da) is a quick traversion of the alveolar mem-
brane, direct correlations of exhaled anesthetics with corre-
sponding serum levels are conceivable and will thus be the
subject of further investigations[5].

3

3
a

ince
t tions
a s prin-
c re-
m tter
a reath
i
a of
eal leakage of trace anesthetic gases of two commonly
irway management devices, the laryngeal mask airwa

he uncuffed endotracheal tube[28].
Based on the listed findings, may be deducted that

le isolated measurements of ambient air quality, as the
idely performed to assure satisfactory control, are not
ible, since rapidly changing concentrations are lost in
rude temporal resolution of, e.g., intermittent measurem
ver the course of 1 day[6]. In this sense, PTR-MS real-tim
mbient air biomonitoring may represent one valuable a
ative to determine concentration and time-course of vo
rganic compounds at risk environments.

The evidence yielded from ambient air studies would
ain circumstantial without in vivo measurements corre

ng these concentrations to effects. This was until rece
mpeded by methodological problems in the assessme
ulmonary volatile anesthetic excretion[22]. However, the
bility to investigate this route of excretion would be of c
iderable interest since it is predominant in vivo[22].

Summer et al., therefore, employed PTR-MS to detec
aled concentrations of the halogenated anesthetic se
ane in exhaled air of OR personnel[5]. The principal resu
f this study was the first depiction of sevoflurane up
nd excretion dynamics in exhaled breath of operating r
ersonnel. After completion of operating room duty, ope

ng room staff featured concentrations of sevoflurane si
cantly elevated as compared to baseline values and co
roup measurements (Fig. 2).

Similarly, Roithmeier et al. investigated changes in the
aled profile of the volatile anesthetics sevoflurane and is
ane in day-case surgery patients[29] before surgery an
. Diagnostic sample analysis

.1. Potential implications of diagnostic breath sample
nalysis

It has been common knowledge among physicians s
he earliest days of medicine that various medical condi
re associated with characteristic odors. The substance
ipally involved in the generation of odors are the afo
entioned volatile organic compounds (VOC). The la
re present in body fluids and detectable in human b

n patterns depending upon nutrition[30], disease[31,32],
nd physical activity[33]. Furthermore, exhalation rates
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individual, blood-borne, VOCs in human breath are depen-
dent upon Henry’s constant and, therefore, molecular weight
and hydrophobicity[34]. Therefore, determination of VOC
profiles in exhaled breath may represent a valuable diagnostic
screening tool for a variety of metabolic[21,35], and neoplas-
tic [3,33]diseases. This is especially tempting with regard to
PTR-MS, since this appliance would allow for a rapid analy-
sis of large number of samples, and could hence be employed
as a screening tool[33].

3.2. Diagnostic sample analysis of methanol and
isoprene

Methanol and ethanol were among the first substances to
be investigated in depth using PTR-MS[30,36]. Whereas
ethanol had been studied previously, simultaneous analy-
sis of methanol was, until recently, virtually impossible us-
ing conventional mass spectrometric methods, since the en-
suing fragmentation superposed individual molecular rudi-
ments[36]. Methanol has been shown to be a multipotential
carcinogenic agent[37]. Therefore, additional means of elu-
cidating its role both in colonic physiology, neoplastic dis-
ease, and liver degeneration are of significant importance
[36]. Breath-based analysis by PTR-MS may, in principle,
be employed to test inborn variations in the metabolic path-
w s
p fruit
h -
i
e y of
s -
s antly
i ases
s been
p sis of
n

3

sing
P
T e in
e a-
b the-
s eam
o nthe-
s ase
( p-
t r bar-
r is
o
v n sub
s atin
c MG-
C ity
l se in

Fig. 3. Breath isoprene and serum cholesterol and low-density-lipoprotein
(LDL) levels in an individual undergoing treatment with atorvastatin (Lipi-
tor), taken with permission from Karl et al.[2]. Isoprene levels are plotted
vs. decreases in blood cholesterol levels.

breath isoprene (Fig. 3), although the exact mechanism of
this consensual decrease could only be speculated upon.

In turn, PTR-MS analysis could further reveal that the
determination of breath isoprene content is associated with
several potential pitfalls, the most important of which is prob-
ably due to its low Henry’s constant (0.029 M/atm[2]). This
constant governs the readiness of a given substance to cross
the alveolar membrane. Therefore, a rapid reaction to alter-
ations in cardiovascular parameters characterizes exhaled iso-
prene concentration was demonstrated using real-time PTR-
MS breath analysis[2]. Subsequently, studies investigating
isoprene should be guided by strict and comparable sampling
procedures to minimize the influence of cardiovascular pa-
rameters upon test results[33,35]. One recent study into VOC
kinetics carried out by Capodicasa et al. found dramatic rises
in the VOC isoprene by a factor of up to 2.7 in end-stage renal
disease patients undergoing hemodialysis (HD). Isoprene had
been controversially discussed as a marker of oxidative stress
[42,43]. Lirk et al. aimed to investigate in detail the kinetics
of isoprene in 50 patients scheduled for elective hemodialy-
sis using PTR-MS for sample analysis. In concordance with
previous literature, a highly significant elevation of breath
isoprene levels following HD could be demonstrated; with a
mean quotient of 1.84± 1.41 comparing values before and
after HD. Large interpersonal variations in isoprene kinetics
c uced
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t
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d of dif-
f e in
b ed.
D ala-
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i eath
ays of alcohol breakdown[36]. Similarly, the endogenou
roduction of methanol subsequent to the ingestion of
as been investigated using PTR-MS[30]. Investigations us

ng PTR-MS could reaffirm the previously stipulated[38]
ndogenous methanol production within the human bod
ome 0.3 mg/l/h of methanol[30]. It could further be demon
trated that this endogenously yielded amount is signific
ncreased following the consumption of fruit. These incre
ubsequent to ingestion of fruits containing pectin have
roposed as an alternative hypothesis on the pathogene
on-alcoholic liver disease[30].

.3. Isoprene analysis in exhaled breath

Another compound readily accessible to analysis u
TR-MS is isoprene, one of the most abundant VOC[2].
aucher et al. first described the detection of isopren
xhaled air using PTR-MS[39]. Isoprene is most prob
ly synthesized via the isoprenoid pathway, and its syn
is most probably predominantly takes place downstr
f the pacesetter enzyme regulating cholesterol biosy
is, the hydroxyl-methyl-glutaryl-co-enzyme A reduct
HMG-CoA reductase)[35,40]. Based upon these assum
ions and the readiness of isoprene to cross the alveola
ier, a “mirror” function of isoprene for in vivo biosynthes
f cholesterol has been proposed[2,33,39,41]. Karl et al. in-
estigated the response in breath isoprene concentratio
equent to treatment with a lipid-lowering drug of the st
lass, which affects cholesterol biosynthesis at the H
oA reductase level[2]. The decrease in blood low-dens

ipoprotein could be correlated to a concomitant decrea
-

ould be observed. The mandatory resting times introd
o assure basal blood pressure and breathing rate value
o lower values of isoprene than previously determined[2].
aking into account the variables ambient air, lipid-lowe
rugs, heart rate and blood pressure, and membranes

erent biocompatibility, the previously reported increas
reath isoprene following hemodialysis could be confirm
irect influence of respiratory variables on isoprene exh

ion was conjectured as the most probable cause for th
rease based upon the results obtained using PTR-MS[35].
his would be in concordance with previous findings indi

ng that the previously stipulated nocturnal increase in br
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isoprene could similarly be explained by the influence of car-
diopulmonary parameters such as breathing rate[2].

3.4. Neoplastic disease screening

Finally, diagnostic breath sample analysis has been pro-
posed to recognize discrete changes in metabolic pathways
elicited by neoplastic disease[3,33,44]. Examples of sub-
stances conjectured in the screening of lung cancer are
ortho-toluidine [32] and metabolites arising from acceler-
ated catabolism of alkanes and mono-methylated alkanes[3].
Rieder et al. investigated the diagnostic potential ofortho-
toluidine in gynecological and hematological cancer patients
using PTR-MS and found significant differences in breath
content of this marker as compared to exhaled concentra-
tions in healthy patients[33]. This would imply that ortho-
toluidine is not only a marker for lung carcinoma, but also for
other malignancies. Considering the rapidly growing num-
ber of publications in the field of neoplastic disease screen-
ing, diagnostic breath analysis is sure to evolve into a highly
promising field of investigation.

4. Conclusion
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