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Summary

Background Many volatile organic compounds (VOCs),
principally alkanes and benzene derivatives, have been
identified in breath from patients with lung cancer. We
investigated whether a combination of VOCs could identify
such patients.

Methods We collected breath samples from 108 patients
with an abnormal chest radiograph who were scheduled for
bronchoscopy. The samples were collected with a portable
apparatus, then assayed by gas chromatography and mass
spectroscopy. The alveolar gradient of each breath VOC, the
difference between the amount in breath and in air, was
calculated. Forward stepwise discriminant analysis was used
to identify VOCs that discriminated between patients with
and without lung cancer.

Findings Lung cancer was confirmed histologically in 60
patients. A combination of 22 breath VOCs, predominantly
alkanes, alkane derivatives, and benzene derivatives,
discriminated between patients with and without lung
cancer, regardless of stage (all p<0-0003). For stage 1 lung
cancer, the 22 VOCs had 100% sensitivity and 81-3%
specificity. Cross-validation of the combination correctly
predicted the diagnosis in 71-7% patients with lung cancer
and 66-7% of those without lung cancer.

Interpretation In patients with an abnormal chest
radiograph, a combination of 22 VOCs in breath samples
distinguished between patients with and without lung
cancer. Prospective studies are needed to confirm the
usefulness of breath VOCs for detecting lung cancer in the
general population.
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Introduction

Every year, in the USA, 99 000 men and 78 000 women
develop lung cancer. 5 years after diagnosis, only 14% of
these people are alive. If, however, the lung cancer is
localised at the time of diagnosis and treated promptly, 5-
year survival increases to 48%.! This fact has stimulated
the search for screening tests to detect lung cancer at an
early stage when it is probably localised.

Breath may contain clinically useful markers of lung
cancer.? In 1971, Pauling and co-workers® reported that
normal human breath contains a complex mixture of
several hundred volatile organic compounds (VOCs).
Since most VOCs are exhaled in picomolar
concentrations, special methods are needed to collect and
concentrate VOCs before assay. O’Neill and colleagues®?
identified 28 breath VOCs as candidate markers of lung
cancer—principally alkanes such as hexane and
methylpentane, and benzene derivatives. o-toluidine,
aniline, and altered lipid-peroxidation activity have also
been found in the breath of patients with lung cancer.®’

In this study, we studied VOCs in the breath of
patients with and without lung cancer.

Methods

In a cross-sectional study, eligible patients were those scheduled
for bronchoscopy to investigate a localised chest-radiograph
abnormality. Other inclusion criteria were: aged 18 or older,
comprehension of the breath-collection procedure, and signed
informed consent. Patients with known neoplasms of any kind
were excluded. The study was approved by the institutional
review boards of Penn State Medical Center, Hammersmith
Hospital, and St Vincent’s Medical Center.

Bronchoscopy was done by standard procedures.® After
premedication with intramuscular meperidine and atropine, the
patient’s nose, nasopharynx, and oropharynx were sprayed with 1%
lidocaine. Intraluminal lesions were washed or brushed for samples
for cytology and a biopsy specimen was cut with standard alligator
forceps. Parenchymal lesions had lavage of the appropriate airway
segment for cytological washings and transbronchial biopsy under
direct fluoroscopic guidance. Biopsy samples were preserved in
formalin for histology. Patients with negative findings at
bronchoscopy had additional investigations including computed
tomography scans of the chest until the diagnosis of cancer was
established or excluded. The tumour was staged by the tumour,
node, metastasis (TNM) system for lung cancer.'

Alveolar breath samples were collected from patients after
they had fasted overnight within 24 h before bronchoscopy: the
breath-collection apparatus is a portable electrical device.’
Patients wore a nose clip while breathing in and out of the
device, via a disposable mouthpiece, for 5 min. A 10 L sample of
breath was pumped through a sorbent trap which contained
activated carbon and captured the VOCs for analysis. Ambient
room air was collected on another sorbent trap. Each trap was
stored in a hermetically sealed container for shipping to the
laboratory.




Histology
Small cell 10
Non-small cell 50
Epidermoid 24
Adenocarcinoma 23
Large cell 1
Mesothelioma 1
Melanoma 1
Stage
X 3
| 9
Il 3
llla 11
b 7
v 27

Table 1: Histology and stage of lung cancers

VOCs were thermally desorbed from each sorbent trap by
automated instrumentation, concentrated by two-stage
cryofocusing, separated by gas chromatography, then quantified
and identified by mass spectroscopy.’

In a study of 50 healthy volunteers, the mean number of
VOGC:s in a breath sample was 204 (SD 20). 3481 different VOC
were found of which 1753 had a positive alveolar gradient. 27
VOCs were found in all 50 participants.'

All VOCs were tentatively identified and quantified. The
chemical structure was identified from a computer-based library
of mass-spectra. Each VOC was quantified by the ratio of the
area under the curve (AUC) of the chromatographic peak to the
AUC of a standard. The alveolar gradient," the difference
between the amounts in breath and in room air, was calculated
as

(AUC,,,,+ AUC, ) — (AUC, ~AUC, ,1..0)
The technicians analysing the breath samples were masked to the
results of the bronchoscopy and biopsy findings. Similarly, the
physicians who did the bronchoscopies and the pathologists who
analysed the biopsy samples were masked to the results of the
breath test.

Forward-stepwise discriminant analysis was used to identify
VOC:s that could discriminate between patients with and without
lung cancer. The independent variable was the clinical stage of
lung cancer, and the dependent variables were the alveolar
gradients of a breath VOC found in more than 50% of all
patients. The relative contribution of each VOC in the model
was ranked by partial Wilks’ lambda. The final model was then
used to calculate the posterior probability of lung cancer in each
subject from the breath sample. Discriminant analysis was also
used to compare predictive values from the model with those
based on demographic factors (age, tobacco smoking, and sex).
A cross-validation of the patients classification was done by the
SPSS “leave one out” discriminant analysis procedure which

Styrene (ethenylbenzene)
Heptane, 2,2,4,6,6-pentamethyl
Heptane, 2-methyl

Decane

Benzene, propyl-

Undecane

Cyclopentane, methyl-
Cyclopropane, 1-methyl-2-pentyl-
Methane, trichlorofluoro-
Benzene

Benzene, 1,2,4-trimethyl-
1,3-butadiene, 2-methyl- (isoprene)
Octane, 3-methyl-

1-hexene

Nonane, 3-methyl-

1-heptene

Benzene, 1,4-dimethyl

Heptane, 2,4-dimethyl

Hexanal

Cyclohexane

Benzene, 1-methylethenyl-
Hepatanal

*Chemical identification was tentative. Listed in descending order of contribution to
model.

Table 2: 22 breath VOC picked out by discriminant analysis *
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Figure 1: Post-test probability of lung cancer by breath VOC
assay

predicted whether a patient belonged to the group with or
without lung cancer, based on the breath VOC model derived
from all the other patients in the study.

Results

Between August, 1995, and October, 1996, 108 eligible
patients agreed to participate. The collection of breath
samples was not associated with any adverse effects. Lung
cancer was confirmed histologically in 60 patients (34
men) and excluded in 48 patients (29 men). The mean
(SD) age of patients was 66-9 years (12-5) in patients
with lung cancer and 61 years (13-4) in patients without.
Five patients with lung cancer had never smoked
compared with 12 in the group without lung cancer. The
histological diagnoses are shown in table 1.

67 VOCs were common to the breath samples of 62
(57-4%) patients; of these VOCs, 22 were selected by
discriminant analysis (table 2). The mean post-test
probability of lung cancer was significantly higher in
patients with lung cancer than in those without lung
cancer (all stages p<0-0003, figure 1). In patients with
stage I lung cancer, a post-test probability of 0-46 had
100% sensitivity and 81:3% specificity; a post-test
probability over 0-90 had 66:7% sensitivity and 100%
specificity. The diagnosis was correctly predicted by the
combination of age, tobacco smoking, and sex in 65-7%
of cases, compared with 81:5% by the breath VOCs.
Thus the breath VOCs provided diagnostic information
independent of the demographic data. Cross-validation
correctly predicted the diagnosis in 71-7% of patients
with lung cancer and 66-7% of those without lung cancer.

Discussion

The 22 breath VOCs that discriminated between the
patients with and without lung cancer were similar to
those reported by O’Neill and co-workers* to be markers
of lung cancer. There were some minor differences in
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Figure 2: Receiver-operating-characteristic curves of breath VOCs for different stages of lung cancer

chemical structure which might be due to the use of
different libraries of mass spectra. Structurally similar
breath VOCs were observed in patients with and without
lung cancer, but there were significant quantitative
differences between the two groups.

The pathophysiology to explain our finding is not
known. Part of the explanation may involve increased
oxygen free-radical activity in cancerous cells.””"” Oxygen
free radicals degrade «cell membranes by lipid
peroxidation and convert these polyunsaturated fatty
acids to volatile alkanes that are excreted in the breath.'*"”
High concentrations of pentane in breath samples have
been reported in breast cancer,” acute myocardial
infarction,"” heart transplant rejection,® rheumatoid
arthritis,” and acute bronchial asthma.?? Alkanes are
cleared from the body mainly by excretion through the
lungs or by oxidation to alkyl alcohols via the cytochrome
P450 mixed-oxidase system.”*** 15 of the 22 VOCs were
either alkanes or alkane derivatives and this structural
similarity, particularly the five heptane derivatives,

suggests an altered production of closely related
compounds in the same metabolic pathway. In addition
to the alkanes and alkane derivatives, six other VOCs
were identical to those reported by O’Neill and
colleagues;** isoprene, benzene, and four benzene
derivatives. The source of the benzene and its derivatives
is unknown.

Tobacco smoking cannot account for the benzene
derivatives since these VOCs were found in the breath of
non-smokers and ex-smokers (data not shown). Nor did
smoking affect the VOC markers of lung cancer since
smoking, age, and sex were not indirect mediators of the
predictive value of the breath VOC model. Also, the most
common breath VOC from tobacco smoking, 2,5-
dimethylfuran,” was not among our 22 discriminatory
VOCs.

There were no significant differences in sensitivity and
specificity of breath VOCs between early and advanced
lung cancer. This finding was unexpected, since the
predictive power of most tumour markers generally




increases with tumour mass. However, this observation
may have been skewed by the small number of patients
with stage I lung cancer.

Bronchoscopy and biopsy are the “gold standards” for
the diagnosis of lung cancer, but can occasionally miss a
tumour. Some patients classified as “cancer-free” in this
high-risk group may have had an occult neoplasm. It is
less probable that there was a false-positive diagnosis
from bronchoscopy and biopsy, although the specificity of
the test is not well defined.***

The chemical identification of each VOC was tentative,
based on the similarity of its mass spectrum to that in a
computer-based library. The fit between the breath and
library spectrum was generally high, but definite
identification will need an analytical procedure, such as
establishing the chromatographic elution time of the pure
reagent.

For each patient, the outcome of the breath VOC assay
was expressed as a probability of disease. Although a high
probability by breath VOC analysis may indicate lung
cancer, it is not a definitive diagnosis. Since this was a
cross-sectional study of a high-risk group, the predictive
value of the breath test for screening an unselected
population is not yet known. In practical terms, this
would require an optimum combination of sensitivity and
specificity. Further studies to investigate the use of breath
VOC:s in the general population, in whom the prevalence
of lung cancer is relatively low, may indicate that high
specificity is more desirable than high sensitivity to avoid
an excess of false-positive findings.*

Finally, this study detected a combination of 22 VOCs
in the breath that were the “fingerprint” of lung cancer.
As the number of variables in a statistical model
increases, so too does the risk of observing significant
differences arising from chance associations. There are
three reasons why random statistical associations are
unlikely to account for our findings. First, the VOCs were
similar to those described in other reports of breath
VOCs in lung cancer. Second, alkanes in the breath are
consistent with a possible mechanism via oxygen free-
radical activity in cancer. Third, cross-validation tests of
the predictive model correctly classified the majority of
patients with and without lung cancer. Nonetheless, these
findings should be regarded as tentative, and validation
studies in large numbers of patients and the general
population will be required before widespread use can be
recommended.
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