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ABSTRACT: Supplemental oxygen is often administered to induce hyperoxia in
nonhypoxic patients for indications such as chest pain, despite lack of evidence of
clinical benefit. Induced hyperoxia is potentially toxic, since it may increase oxidative
stress and peroxidative damage to deoxyribonucleic acid, lipids and proteins.
The aim of this study was to establish whether supplemental oxygen induces oxidative

stress in nonhypoxic subjects.
Breath markers of oxidative stress were measured in 31 healthy subjects before and

after breathing 28% oxygen at 2.0 L?min-1 via nasal prongs for 30 min while resting.
The criterion standard of oxidative stress was the breath methylated alkane contour
(BMAC), a three-dimensional plot of the alveolar gradients of C4–C20 alkanes and
monomethylated alkanes produced by lipid peroxidation. Volatile organic compounds
(VOCs) in breath were assayed by gas chromatography and mass spectroscopy, and the
BMACs before and after oxygenation were compared.
Following oxygenation, there was a significant increase in mean volume under the

curve of the BMAC and in alveolar gradients of three VOCs: 3-methyltridecane,
3-methylundecane and 5-methylnonane.
Breath markers of oxidative stress were significantly increased in normal volunteers

breathing supplemental oxygen for 30 min.
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Oxygen is a toxic drug. Toxic effects of oxygen were
reported in laboratory animals in 1878 but were not
recognised in humans until the late 1940s, when an
epidemic of blindness in premature newborns was
traced to retrolental fibroplasia induced by supple-
mental oxygen therapy [1]. Oxygen at high partial
pressures is now recognised as toxic to the respiratory,
cardiovascular, nervous and gastrointestinal systems
[2]. The source of oxygen toxicity arises from the
mitochondria, where oxygen is the final acceptor of
electrons in oxidative metabolism. Oxygen is reduced
to water, as well as a number of reactive oxygen
species (ROS), including superoxide radical, hydrogen
peroxide and hydroxyl radical. These ROS leak out of
the mitochondria into the cytoplasm where they cause
oxidative damage to a wide variety of biologically
important molecules, including deoxyribonucleic acid
(DNA), proteins and polyunsaturated fatty acids
(PUFAs) in cell membranes [3, 4]. The collective
oxidative effect of ROS on biological molecules is
termed oxidative stress. It has been implicated as a
mechanism of aging [1] and carcinogenesis [5], and is
increased in several disorders including rheumatoid
arthritis [6], ischaemic heart disease [7] and bronchial
asthma [8].

It is a common clinical practice to administer
supplemental oxygen in order to induce hyperoxia in
nonhypoxic patients with chest pain and suspected
acute myocardial infarction. There is little evidence
that this is beneficial and it may potentially be harmful

by inducing an increase in oxidative stress. However,
the effects of oxygen on markers of oxidative stress
have not been totally elucidated because previous
studies have yielded conflicting results [9–12]. The
current authors have recently reported a sensitive new
index of oxidative stress, the breath methylated alkane
contour (BMAC), comprising a three-dimensional
surface plot of the abundance in breath of C4–C20
alkanes and their monomethylated derivatives [13].
In this study, the effects of supplemental oxygen in
a group of healthy volunteers, as shown by induced
changes in their BMACs, are reported.

Materials and methods

Human subjects and study design

Healthy volunteers were recruited from the medical
staff of Saint Vincents Catholic Medical Centers of
New York (Staten Island Region, NY, USA). The 31
subjects comprised 20 males and 11 females; their
mean age was 28.4 yrs (SD 5.0). After an overnight
fast, each subject breathed 28% oxygen at 2.0 L?min-1

via nasal prongs for 30 min while resting comfortably.
Breath samples were collected before and immediately
after breathing oxygen. The research was approved
by the institutional review board of Saint Vincents
Catholic Medical Centers of New York and all subjects
gave their signed informed consent to participate.
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Breath volatile organic compounds collection and assay

The method has been described previously [14]. A
portable breath collection apparatus was employed to
capture the volatile organic compounds (VOCs) in
1.0 L breath and in 1.0 L room air on to separate
sorbent traps. Subjects wore a noseclip while breath-
ing in and out of the disposable mouthpiece of the
apparatus for 2.0 min. VOCs in the sorbent traps
were analysed by automated thermal desorption, gas
chromatography and mass spectroscopy.

Derivation of breath methylated alkane contour

Three-dimensional surface plots of C4–C20 n-alkanes
and their monomethylates were obtained using a
previously described method [13]. In summary, data
were obtained from VOC peaks observed on breath
chromatograms: Vb=area under the curve (AUC) of
alkane or methylated alkane; Ib=AUC of internal
standard used to calibrate the instrument (0.25 mL, 2
parts per million 1-bromo-4-fluoro-benzene (Supelco,
Bellefonte, PA, USA)). Va and Ia were corresponding
AUCs derived from chromatograms of room air. The
alveolar gradient [15, 16] of each VOC was then
determined as follows:

alveolar gradient~Vb=Ib�Va=Ia ð1Þ
Mean alveolar gradients of these VOCs were computed
for all subjects before and after breathing oxygen and
displayed in surface plots showing the carbon chain
length on the x-axis, the methylation site on the z-axis,
and the mean alveolar gradient on the y-axis.

Analysis of data

Paired t-tests were employed to compare the pre-
and post-oxygenation alveolar gradients of C4–C20
n-alkanes and their monomethylates, as well as the
volume under the curve of the BMACs.

Results

All subjects completed the study without adverse
effects. The mean pre- and post-oxygenation BMACs
are shown in figure 1. There was a global increase in
the alveolar gradients of C4–C20 n-alkanes and their
monomethylated derivatives, as shown by a significant
increase in the mean volume under the curve of the
BMAC (fig. 2). The alveolar gradients of three BMAC
VOCs, 3-methyltridecane, 3-methylundecane and
5-methylnonane, were significantly (pv0.05) increased
after oxygenation.

Discussion

Normal healthy volunteers significantly increased
their output of a broad spectrum of breath markers
of oxidative stress after breathing 28% oxygen for
30 min. These findings are noteworthy, first, because
previous studies of hyperoxia have yielded contradictory

results, and secondly, because of the clinical implica-
tions of monitoring oxygen therapy.

The BMAC comprises a set of 107 different C4–C20
alkanes and monomethylated alkanes, each of which
is an independent marker of oxidative stress. These
markers were evaluated before and after oxygen
breathing in two different ways: first, by comparing
changes in the abundance of individual VOCs, and
second, by comparing their integrated total abun-
dance as the mean volume under the curve of the
BMAC. Three of these individual markers were sig-
nificantly increased by oxygen breathing, and there
was also a significant increase in their integrated total
abundance, the mean volume under the curve of the
BMAC.

Many different markers of oxidative stress have
been proposed, including malonaldehyde and con-
jugated dienes in the blood, as well as alkanes and
hydrogen peroxide in the breath [3, 4]. Despite their
chemical diversity, all of these markers of oxidative
stress share one common feature: all are downstream
metabolites of parent molecules that have been
oxidised by ROS. However, no comprehensive study
has yet compared the sensitivity and specificity of
these different markers or estimated their relative
value as clinical research tools. Consequently, it would
be desirable to validate the current findings in future
studies by comparing the effects of oxygen breathing
on other markers of oxidative stress.

Previous studies of the effects of hyperoxia on other
markers of oxidative stress have yielded inconsistent
findings. Hyperoxia in normal humans breathing
100% oxygen has been reported to increase breath
levels of pentane as well as serum malondialdehyde
[9, 10] but induced hyperoxia in newborn lambs
elicited no significant changes in either breath ethane
or pentane [17]. In preterm infants ventilated for
respiratory distress syndrome, DRURY et al. [18] found
no correlation between fractional inspired oxygen
concentration and exhaled pentane, but NYCYK et al.
[19] found an association between high-peak pen-
tane exhalation and low gestational age, mortality,
intraventricular haemorrhage and retinopathy of
prematurity.

The inconsistency of these findings has led to
controversy as to whether or not oxygen breathing is
the real cause of increased oxidative stress. However,
these inconsistencies may have resulted, at least in
part, from technically inadequate measurements.
While breath testing may appear intuitive and
simple, its apparent simplicity conceals a number of
formidable obstacles that can result in technical
failure. Technical failures in breath testing for markers
of oxidative stress are of three main types. 1)
Inadequate breath collection technique and failure to
correct for VOCs present in background air. CAILLEUX

and ALLAIN [20] observed that pentane is a normal
constituent of room air. Hence, any breath test that
is not corrected for VOCs inspired from room air
will generate erroneous results. 2) Inadequate analytic
technique. KOHLMULLER and KOCHEN [21] found that
commonly used chromatography columns failed to
separate n-pentane and isoprene, and they concluded
that reports of breath pentane in the literature had
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actually measured isoprene or a mixture of pentane
and isoprene. 3) Failure to recognise the inherent limi-
tations of employing a single-breath marker of
oxidative stress. Ethane and pentane in breath may
be measured (or mismeasured) quickly and easily.
This has resulted in a widespread misconception that
ethane and pentane are the sole markers of oxidative
stress in breath, while the reality is that they are
only two members of a much larger constellation
of markers.

These potential pitfalls were avoided through use
of the breath test in this study. First, subambient
temperature programming was employed in the gas

chromatograph. This provided superior separation of
VOCs which might otherwise have co-eluted with one
another, and the purity of every VOC in the BMAC
in all subjects was confirmed by mass spectroscopy
[14, 15]. Secondly, for every subject studied, two
samples (one of breath and one of room air) were
routinely collected and assayed. This made it possible
to determine the alveolar gradient of a VOC (abun-
dance in breath-abundance in room air), which
varies with the difference between the rates of synthe-
sis and clearance of a VOC in the body [14, 15]. Thirdly,
the BMAC was employed as a set of markers of
oxidative stress. The advantage of the BMAC is that
it employs the range of C4–C20 alkanes and their
monomethylated derivatives as a composite set of
markers of oxidative stress. In this set, pentane is only
one VOC in a spectrum of 107 different VOCs, and
the BMAC is less likely to be skewed by the relative
increase or decrease of a single VOC.

Oxidative stress caused by oxygen toxicity may have
adverse effects on virtually every organ of the body.
This has been most extensively demonstrated in
neonates, where oxygen toxicity has long been linked
to retrolental fibroplasia and bronchopulmonary
dysplasia [22]. In adults, prolonged exposure to
hyperbaric oxygen can cause central nervous system
toxicity, atelectasis, pulmonary oedema and seizures
[23]. The adverse effects of normobaric hyperoxia are
less well defined, probably because of the time lag
between injuries sustained at the molecular level and
subsequent pathological changes. However, increased
oxidative stress has been shown to modify the struc-
ture of proteins [24] and DNA [25] and has been linked
to an increased risk of cancer [26, 27] and chronic
degenerative diseases, including atherosclerosis, heart
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Fig. 1. –Breath methylated alkane contours (BMACs) before and after oxygenation. The BMAC is a three-dimensional surface plot of the
results of the breath test for volatile organic compounds (VOC). The mean alveolar gradient (concentration in breath-concentration in
room air) is shown on the vertical axis for C4–C20 alkanes and their monomethylated derivatives. The horizontal axes identify the specific
VOC (e.g. the combination of carbon chain length=4 and methylation site=2 corresponds to 2-methylbutane). It is apparent that the mean
alveolar gradients of several VOCs were increased by oxygenation. There was a significant global increase in volume under the curve (see
fig. 2).
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Fig. 2. –Mean volume under the curve (VUC) of the breath
methylated alkane contour (BMAC) before and after oxygenation.
This diagram displays the mean VUC of the BMACs in figure 1
(error bar=SEM). The change demonstrates a significant global
increase in the volatile markers of oxidative stress that comprise
the BMAC.
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failure, Parkinson9s disease and Alzheimer9s disease
[27–30].

The authors conclude that breathing 28% oxygen
for 30 min caused a significant increase in oxidative
stress in normal volunteers. The clinical significance of
this finding is not known, since a transient increase
in oxidative stress may not necessarily progress to
detectable cellular dysfunction or damage. However,
in view of the well-documented adverse effects of
prolonged oxidative stress, these findings reinforce
what clinicians already know well: the routine use of
oxygen to induce hyperoxia is potentially hazardous
and it should be reserved only for situations in which
it has demonstrated clinical benefit.
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