Int. J. Ton Mobil. Spec. (2010) 13:131-139
DOI 10.1007/s12127-010-0049-2

ORIGINAL RESEARCH

Differentiation of chronic obstructive pulmonary disease
(COPD) including lung cancer from healthy control group
by breath analysis using ion mobility spectrometry

Michael Westhoff - Patrick Litterst - Sasidhar Maddula -
Bertram Bodeker - Sven Rahmann - Antony N. Davies -
Jorg Ingo Baumbach

Received: 25 September 2010 /Revised: 2 October 2010 / Accepted: 4 October 2010 /Published online: 17 October 2010

© Springer-Verlag 2010

Abstract Non-invasive methods with potential for diagnosis
of lung diseases gain increasing interest. Within the present
study the exhaled breath of 132 persons (97 Chronic
obstructive pulmonary disease (COPD) patients [35 COPD
without lung cancer, 62 COPD with lung cancer] and 35
healthy volunteers) was investigated using an Ion Mobility
Spectrometer (IMS) coupled to a Multi-Capillary Column
(MCC) without any pre-separation or pre-enrichment. One
hundred four different peaks were considered within the IMS-
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Chromatograms of the 10 mL breath samples of both groups.
A principal component analysis (PCA) of these 104 peaks
identified a single analyte, that allowed a separation of the
healthy persons and the COPD patients (with and without
lung cancer). The sensitivity obtained was 60%, the specificity
91%, the positive predictive value 95%. The peak was
characterized as cyclohexanone (CAS 108-94-1). Subsequent
studies must validate the identity of the peak used for
separation of the two groups with a greater population and
external standards. Breath gas analysis using ion mobility
spectrometry offers a chance of separating healthy persons
and COPD patients using a single analyte at a defined
concentration.

Keywords Breath analysis - Lung diseases - Chronic
obstructive pulmonary disease - COPD - Lung cancer -
MCC/IMS

Introduction

Chronic obstructive pulmonary disease (COPD) is an
inflammatory condition characterized by oxidative stress
and the formation of volatile organic compounds (VOCs)
secreted via the lungs. Therefore, the analysis of VOCs might
be highly relevant in the diagnosis of COPD. A complete
description of the volatiles associated with COPD has yet to
be developed. Recently, some studies have identified groups
of volatiles and other biomarkers in COPD patients that have
potentially useful relationships to cell degradation processes.
There are several analytical detection approaches available,
including gas chromatography-mass spectrometry (GC-MS)
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Table 1 Characteristics of ion mobility spectrometer

Parameter S3Ni-IMS

Ionisation source %3Ni (555 MBq)

Elelectric field strength 320 V/em
Length of drift region 12 cm
Diameter of drift region 15 mm
Length of ionisation chamber 15 mm
Shutter opening time 300 ps
Shutter impulse time 100 ms

Drift gas synthetic air (20.5% O, (4.5),
79.5% N, (5.0))

Drift gas flow 100 ... 300 mL/min

Temperature 30 °C (room temperature)

Pressure 101 kPa (ambient pressure)

MCC OV-5, polar

Column temperature 30 °C

[1-7], proton transfer reaction-mass spectrometry (PTR-MS)
[8-11], selected ion flow tube-mass spectrometry (SIFT-
MS) [12-18], ion mobility spectrometry (IMS) [2, 19-28],
and electronic noses [29-33] as well as other types of

sensors [34—40].

Fig. 1 A typical IMS-
chromatogram showing the
peak-regions markings which
were used in this investigation

RTis

In the present paper breath gas analysis using ion
mobility spectrometry was used to investigate the potential
of differentiating healthy persons and COPD patients.

Material and method

The IMS coupled to a multi-capillary column (MCC/IMS)
used was a BreathDiscovery (B&S Analytik, Dortmund,
Germany). The major parameters are summarized else-
where [2, 3, 21-24, 41]. In this spectrometer a 555 MBq
63Ni B-radiation source was applied for the ionisation of
the carrier gas (air). It was connected to a polar multi-capillary
column (MCC, type OV-5, Multichrom Ltd, Novosibirsk,
Russia) used as the pre-separation unit. In this MCC the
analytes of exhaled breath were sent through 1,000 parallel
capillaries, each with an inner diameter of 40 um and a film
thickness of 200 nm. The total diameter of the separation
column was 3 mm. The relevant MCC parameters are listed in
Table 1.

In total, 132 persons were included in the study of which
97 had a COPD (35 COPD without Bronchial Carcinoma,
62 COPD with Bronchial Carcinoma) and 35 were healthy
volunteers. In each case end-tidal breath, controlled by a
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Fig. 2 Result of a PCA including all 104 Peaks selected from the IMS-Chromatograms

flow sensor, was collected in a sample loop of 10 mL
volume. The content of the sample loop was then fed into
the inlet of a MCC and transported to the IMS after pre-
separation. The MCC and the drift tube IMS were held at a
constant 30 °C.

The peaks were characterized using the software Visual
Now (B&S Analytik, Dortmund Germany), which is
described elsewhere [42—45]. All 104 peaks are charac-
terized by their position with drift time (corresponding 1/K,-
value) and retention time and their concentration related to
the peak height. A principal component analysis (PCA) was
realized using the heights of each peak as variable and each
peak as sample. Therefore, the scores are related to the
individual peak heights and the loadings to the analytes
considered as samples. The software Unscrambler (CAMO
Software AS, Oslo, Norway) was used for the analysis.

Results

One hundred four peak areas were selected from the IMS
chromatogrammes recorded as shown in Fig. 1. They were
characterized by their drift and retention time values. Some
signals related to benzaldehyde, limonene, 2-ethyl-1-hexanol,
nonanal, menthone, menthol and decanal are selected and
marked with their names, the other with black surroundings
and numbers for clarity.

A principal component analysis was made taking all 104
peak heights in consideration as variable and each peak as
sample. Therefore, the scores are related to the individual
peak heights and the loadings to the analytes (see Fig. 2 for
scores and loadings).

The ammonia peak height dominated PC-1 and in PC-2
it was acetone and 2-pronanol.

In addition, box-and-whisker plots were realized in
addition to show major differences for all of the 104 peaks

and the groups selected. The peak with number P7 showed
a clear difference between the healthy group and the COPD
group, see Fig. 3.

After a further reduction of the analytes by deleting all
signals related to the correlation loading less than 50% in
the PCA the peaks P33 and again P7 were found to be
discriminating peaks (Figs. 4, 5, 6, 7).

Thus, the peaks P7 and P33 were investigated in the
IMS-chromatogram in detail. Figure 8 shows the IMS-
chromatogram where signal P7 has a high value and
another one, where the value is low for comparison. It
was found that in case of COPD the peak P7 was rather
high. In contrast, for the healthy controls the peak P33
shows low values. Without knowledge of the normal
fluctuation of peak P33 the low values are just used for
comparison. The increased peak height of P7—related to an
additional concentration of the analyte considered seems to
be more reliable than missing concentration of P33.

Therefore, the question must be asked as to, whether a
separation between COPD and healthy controls could be

P7

=

COPD

—

COPD+BC Control

Signal intensity ~ Analyte concentration

Fig. 3 Box-and-Whisker plot of the signals related to P7 showing the
significant difference of the signal intensities
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Fig. 4 Result of a PCA including 100 peaks selected from the IMS-chromatograms including scores (leff) and loadings (right)

realized by only considering peak P7 as positive value with
respect to COPD. To answer this question, in all IMS-
chromatograms P7 was considered and the individual peak
height were re-analysed.

Figure 9 shows all the areas selected. In detail, the peaks
and the signal within the district marked black in the center
are defined as district with relevance for further automatic
peak characterization procedures.

A separation could be realized by definition of a threshold
(Fig. 10). In all cases for healthy controls the peak was not
detectable or very small in contrast to rather height signals
for COPD patients. The corresponding probability density
curves show the differences in another way in Fig. 10
(below, left). Within the right part below in Fig. 10 a
specific threshold was defined to distinguish between COPD
and healthy controls. The signal height of P7 is directly
relatable to the concentration of the specific analyte behind.

Using the threshold defined within Fig. 10 a contingency
table was obtained, see Table 2. The sensitivity was 60%,
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the specificity 91% and the positive predictive value 95%.
Therefore, obtaining a value of P7 beyond the threshold is a
high indicator for COPD. However, the classification below
the threshold has no predictive power.

The peak P7 was subsequently identified as relating to
cyclohexanone (CAS 108-94-1) using parallel measurements
using a GC/MSD but will not be considered in the present
paper further. Finally, using the threshold defined in Fig. 10
and the values from Table 2 a value above the threshold
shows a positive prediction power of 95% for COPD.

Discussion

The data presented show that MCC/IMS provides a VOC
analysis of exhaled breath that allows a discrimination of
COPD patients and healthy persons by a single peak (P7)
with a high specificity. The underlying analyte could be
identified as cyclohexanone.

X-loadings

neuld

Pag
P33 %

Wisuriaol O
3 C a

L)
: Bengaldehyd M
-t neul P7

0.2 0.3 0.4 0.5 0.7
PC-1 (47%)

Fig. 5 Result of a PCA including 17 peaks selected from the IMS-chromatograms including scores (leff) and loadings (right)
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Fig. 6 Result of a PCA including five peaks selected from the IMS-chromatograms including scores (leff) and loadings (right)

Basanta et al. [26] reported about using a differential
mobility spectrometer and a adaptive sampling technique
using Tenax adsorbant traps followed by analysis using
GC/DMS after thermodesorption including 26 patients (20
COPD, six healthy smokers). Some signals were found to
be characteristic but not named. Electronic noses were used
by Fens et al. [46] for profiling of exhaled breath to enable
discrimination of COPD and asthma. After 5 min of tidal
breathing through an inspiratory VOC filter, an expiratory
vital capacity was collected in a Tedlar bag and sampled
by electronic nose. Ninety subjects participated in the
study (30 patients with COPD, 20 patients with asthma,
20 non-smoking controls and 20 smoking controls).
Asthma was separated from COPD with an accuracy of
96%, from non-smoking and from smoking controls by
92.5% each. Dragoniero [30] summarized the possibility of
discrimination of patients with non-small cell lung cancer
(NSCLC) and COPD using an electronic nose and Tedlar
bags including 30 subjects (ten NSCLC, ten COPD and ten
healthy persons). Poli et al. [47]. found a combination of 13
VOCs for correct classification of NSCLC, COPD and
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healthy persons using Tedlar bags, solid-phase micro-
extraction and GC/MS for the investigations. Together with
conventional diagnostic approaches Poli et al. suggested,
the VOC analysis could be used as a complementary test
for the early diagnosis of lung cancer. In that case, none of
VOCs alone discriminated the study groups and it was not
possible to identify one single chemical compound as a
specific lung cancer biomarker. However, Poli’s multinomial
logistic regression analysis showed that VOC profile can
correctly classify about 80% of cases. Corradi et al. [48].
investigated nitrate in exhaled breath condensate of patients
with different airway diseases, but no differences were
found. This findings correspond with Kharitonov et al. [49].
that exhaled NO is normal in COPD.

In all publications no specific peak or analyte was found
to be usable for separation of patients suffering COPD and
healthy controls. In contrast to these studies the present study
illustrates a discriminating analyte P7 = cyclohexanone. The
actual study included COPD patients with and without lung
cancer. However, subgroup analysis did not show a difference
between both COPD groups using main component analysis,

o 0.1 0.2
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Fig. 7 Result of a PCA including two peaks selected (P7, P33) from the IMS-chromatogram
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for the COPD group (above) and the healthy controls (below)—the peak finding procedure
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35 COPD

62 COPD
and BC

35 Healthy
Controls

Fig. 9 Peaks within the rectangle used for the automatic peak finding
procedure for the three groups separated, the internal black district was
used further for detailed characterization of the peak finding and the
peak height

so that lung cancer did not influence the results. Nevertheless,
a test which separates patients with airway disease from those
without is a first step in the development of screening
methods.

Next steps in research have to be performed. The first is
the validation of P7 in a larger group of patients. A further
one is to find discriminating VOCs for COPD patients with
and without lung cancer. As was shown in a former
feasibility study [3], lung cancer patients can be separated
from healthy persons using MCC/IMS. However, this
method is based on a discrimination by a combination of
peak regions.

MCC/IMS has the potential to find discriminating VOC'’s.
Another advantage of this method is the fast examination, as
a single measurement only takes about 10 min.

0,20

Table 2 Contingency table for COPD and healthy controls

COPD Healthy Sum
Peak height P7 COPD 58 3 61
Peak height P7 healthy 38 31 69
Sum 96 34 130

Sensitivity 60%, Specificity 91%, Positive predictive value 95%,
Negative predictive value 45%

Summary

Within this clinical study the exhaled breath of 132 persons
(97 suffering COPD [35 COPD without lung cancer, 62
COPD with lung cancer]) and 35 healthy volunteers) was
investigated using an Ion Mobility Spectrometer coupled to
a Multi-Capillary Column without any pre-separation or
pre-enrichment. In total 104 different peaks were con-
sidered within the IMS-chromatograms of the 10 mL breath
samples of both groups. Following a principal component
analysis (PCA) of the 104 peaks identified it was found that
a single analyte was able to separate the two groups of
healthy persons and those such suffering from COPD with
and without lung cancer. The sensitivity obtained was 60%,
the specificity 91%, the positive predictive value 95%. The
peak was characterized as cyclohexanone (CAS 108-94-1).
Thus, a concentration of cyclohexanone above the thresh-
old could be seen as an indicator for COPD. The identity of
the peak used for separation of the two groups must be
validated with a greater population and external standards.
Breath gas analysis using ion mobility spectrometry offers a
chance for separation of healthy persons and COPD
patients using a single analyte at a defined concentration.
Probably, some other peaks could be included in the
consideration in addition to cyclohexanone. Additional
studies with a higher population and parallel measurements
using GC/MSD will support the identification further.
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signal height related to the concentration of the analyte P7
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