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Abstract
The analysis of human breath is a very active area of research, driven by the vision of a fast, easy,
and non-invasive tool for medical diagnoses at the point of care. Millimeter-wave gas spectroscopy
(MMWGS) is a novel, well-suited technique for this application as it provides high sensitivity,
specificity and selectivity. Most of all, it offers the perspective of compact low-cost systems to be
used in doctors’ offices or hospitals. In this work, we demonstrate the analysis of breath samples
acquired in a medical environment using MMWGS and evaluate validity, reliability, as well as
limitations and perspectives of the method. To this end, we investigated 28 duplicate samples from
chronic obstructive lung disease patients and compared the results to gas chromatography-mass
spectrometry (GC-MS). The quantification of the data was conducted using a calibration-free fit
model, which describes the data precisely and delivers absolute quantities. For ethanol, acetone,
and acetonitrile, the results agree well with the GC-MS measurements and are as reliable as
GC-MS. The duplicate samples deviate from the mean values by only 6% to 18%. Detection limits
of MMWGS depend strongly on the molecular species. For example, acetonitrile can be traced
down to 1.8× 10−12 mol by the MMWGS system, which is comparable to the GC-MS system. We
observed correlations of abundances between formaldehyde and acetaldehyde as well as between
acetonitrile and acetaldehyde, which demonstrates the potential of MMWGS for breath research.

1. Introduction

The analysis of human breath is a promising tool
for medical diagnoses at the point of care because
it is non-invasive and convenient for the patient
[1–3]. Among the many diseases being studied are
different forms of cancer [4–6], viral infections such
as COVID-19 [7, 8], and lung-related diseases [9]
such as the chronic obstructive lung disease (COPD)
[10–12]. The physiological information is based on a
small fraction of the breath containing endogenous
volatile organic compounds (VOCs). Until now, hun-
dreds of different VOCs have been detected in human
breath [13–15]. One common example is acetone,

which alone can be linked to a large variety of con-
ditions and diseases such as diabetes [16].

Among many others, the most widely applied
method for the analysis of breath samples is
gas chromatography-mass spectrometry (GC-MS)
[17–19]. Due to its high sensitivity, it is often referred
to as the gold standard. Hence, it is well suited to
be used for research and to serve as a reference for
novel methods. However, it is not feasible to use
GC-MS systems widely in doctor’s offices or hospit-
als because they are usually very bulky, expensive as
well as time-consuming and complicated to operate.
Other common methods include, for instance, ion
mobility spectrometry or electrochemical sensors.
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Millimeter-wave gas spectroscopy (MMWGS) is
a novel approach for breath gas sensing with the
potential to contribute new insights to the field. A
basic MMWGS setup consists of a transmitter, a
gas absorption cell, and a receiver. At certain fre-
quencies, the transmitted radiation excites rotational
transitions of the molecules in the gas cell, which is
evidenced as an absorption detected by the receiver.
Since the basic principle is fundamentally different
from most established methods for breath analysis,
it comes with certain advantages and complement-
ary characteristics. First of all, the method is con-
sidered absolutely specific with regard to the iden-
tification of the molecules, because each molecule
provides a characteristic fingerprint of transition fre-
quencies [20]. Even isomers and isotopologues of the
molecules can be distinguished unambiguously [21].
Secondly, a large variety of molecules can be investig-
ated. Typically, the absorption lines are as narrow as
1 MHz and typical system bandwidths cover around
100 GHz, which allows for the detection of a large
variety of different absorption lines from different
species without spectral overlap. The method is lim-
ited to polar molecules, but it covers a large range of
molecularmasses. In detail, the sensitivity depends on
the particular molecule and the available frequency
range. For instance, our system is able to detect water,
hydrogen cyanide, formaldehyde, methanol, acetoni-
trile, acetaldehyde, carbonyl sulfide, or sulfur dioxide
with high sensitivity. These molecules cover molar
masses from 18.04 g mol−1 to 64.07 g mol−1, but the
method is not limited to this range. With these char-
acteristics, the method can provide valuable comple-
mentary information to breath research as molecules
might be detected more specifically, more sensitively
or exclusively. In addition, the method can provide
absolute quantities without the need for calibration.
Another key advantage of the method is the sim-
plicity of the systems which can result in compact
low-cost systems. Table-top MMWGS systems have
been demonstrated and can be further reduced in size
by new concepts for the gas absorption cells which
usually dominate the dimensions [22–24]. Potential
costs for commercial systems will be likely limited by
the transmitter and the receiver. With the advance of
silicon-germanium bipolar-complementary-metal-
oxide semiconductor (SiGe BiCMOS) and comple-
mentary metal-oxide-semiconductor (CMOS) tech-
nology, highly integrated low-cost systems are in sight
[25, 26].

Due to these developments and the favorable
characteristics, there is a potential for small, easy-to-
use table-top MMWGS systems for breath analysis in
the near future. It is difficult to foresee future sys-
tem properties, but it seems realistic that a commer-
cial MMWGS system could fit in a shoe box at the
cost of a few thousand euros. For targeted detections,
short measurement times can be realized because the

scan of an absorption line typically takes only a few
seconds. Due to the low working pressure in the gas
absorption cell, it is possible to effectively integrate
the sampling into the system. Therefore, the complete
process including sampling, measurement, and ana-
lysis can be realized on-site. This is also a key fea-
ture of compact nitric oxide sensors, which led to the
success of analyzing fractional exhaled nitric oxide
in human breath [27–29]; however, these sensors are
limited to NO detection only. Another type of com-
pact sensors are electronic noses, but these suffer
from the lack of specificity, i.e. they provide a breath
pattern and cannot Identify VOCs [30, 31], making
the detection of confounding factors very difficult.
MMWGS can detect a large variety of molecules spe-
cifically, which could also be an advantage in occu-
pational health settings such as monitoring peoples’
expositions to VOCs (e.g. formaldehyde or acetoni-
trile) in a certain working environment [32] or the
detection of drug abuse [33].MMWGS is also capable
of providing new information to basic breath research
because of the complementary information. Due to
the easy operation, it can drive more research, which
in turn increases the potential for new knowledge.
Most of all, the properties of MMWGS are promising
for breath analyzers that could be used in doctors’
offices or hospitals.

The general capability of MMWGS for breath gas
analysis has been already proven in several studies
[34–38]. However, not much research has been done
on the validity and reliability of MMWGS for breath
analysis in comparison to established methods. This
is very important for new methods, because, com-
pared to reference measurements in the laboratory,
many additional challenges arise. Factors that influ-
ence the measurement outcomes are: the patient pre-
paration, the sampled breath portion, the sampling
method and environment, sample storage, involved
materials, and data processing to name a few [39–42].
The commonly used technique of wavelength mod-
ulation spectroscopy (WMS) for MMWGS poses an
additional challenge for the quantification, since the
resulting waveforms are difficult to interpret [43].

In this paper, we aim to validate the results of
breath analysis through MMWGS and demonstrate
the feasibility of large-scale studies. For this pur-
pose, we investigated 28 duplicate breath samples
obtained from 19 Patients in a medical environment
and compared it to GC-MSmeasurements. Sampling
andmeasurements followed a strict protocol based on
commonly used equipment and parameters. In order
to compare quantities, we developed a method for
calibration-free quantification of theWMS signals. By
the analysis of duplicate samples, the reliability of the
results was also evaluated. The paper concludes with
a summary including a critical discussion of advant-
ages and disadvantages ofMMWGS for the analysis of
exhaled human breath.
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2. Method

2.1. Sampling
The samples for this study were taken from a ran-
domly selected subgroup within a large-scale study
on exacerbation of COPD patients, the PACE study
[44]. In a proof-of-principle study, it was shown
that exacerbation is recognizable by exhaled VOC
patterns [45]. Running our investigation in paral-
lel with this study provides two major advantages;
first, we can prove the feasibility of the MMWGS
method in amedical setting by application to patients
with a lung-related condition. Second, we can bene-
fit from the study infrastructure, i.e. patient acquis-
ition, sampling, reference measurements and recon-
ditioning of the tubes. This allows for a thorough
comparison of the MMWGS method with the well-
established GC-MS.

Acquisition and sampling of the patients were car-
ried out in the Schön Klinik Berchtesgadener Land
in Schönau am Königssee, Germany. We consec-
utively included patients with COPD (GOLD stage
II–IV) referred to an inpatient pulmonary rehabilit-
ation program at the Schön Klinik Berchtesgadener
Land. Patients with asthma or asthma-COPD over-
lap syndrome were excluded from the trial. All sub-
jects gave their written informed consent before they
were included into the study. The study has been
approved by the ethics committee of the PhilippsUni-
versity of Marburg (No. 61/19) and has been con-
ducted in accordance to the current version of the
Declaration of Helsinki (international ICH-GCP E6
guidelines). For this study, we considered samples
from a group of 19 different patients. An overview of
the patient characteristics is shown in table 1. Each
time a patient was sampled, four samples were taken.
Seven patients were sampled twice with two to seven
days between the two sampling dates and one patient
was sampled three times with two and seven days in
between. In total, 28 sets of samples were taken. We
did not select specific COPD patients and also did not
include any control subjects, as we did not intent to
relate the VOC data to any clinical parameter at this
stage. The number of sample sets was chosen in order
to ensure a sufficient range of molecular abundances
and to enable comparison of both techniques. For
most investigated species, the measured abundances
cover roughly one order of magnitude, which is well
suited for a comparison between the methods. The
samples were taken with the ReCIVA sampler from
Owlstone Medical Ltd according to the respective
protocol of the study [44, 46]. It is a handheld device
with integrated pumps, pressure sensor and carbon
dioxide sensor to allow for a controlled sampling
of VOCs from exhaled breath. Due the sampler’s
capability of acquiring defined volumes and breath
portions, it is well suited for standardized sampling
procedures. In this study, the patients inhaled pre-
cleaned pressurized room air provided by a SICOLAB

Table 1. Overview of the patient characteristics and medications
(Abbreviations: FEV1—forced expiratory volume in 1 s,
GOLD—global initiative for chronic obstructive lung disease,
ICS—inhaled corticosteroid, LABA—long-acting beta-1 agonist,
LAMA—long-acting muscarinic antagonist, LTOT—long-term
oxygen therapy, OCS—oral corticosteroid).

Characteristics of the COPD patients

n 19
Age, years 64± 9
Sex, female 7 (37%)
Body-mass-index, kg m−2 29± 9
Smoking status: active/former 2 /17
COPD GOLD stage I, II, III, IV 0/6/7/6
LTOT, n 12 (63%)
FEV1, % predicted 41± 16

Medication

LABA, n 17 (89%)
LAMA, n 16 (84%)
ICS, n 11 (58%)
OCS, n 3 (16%)

med compressor from Dürr Technik GmbH und Co.
KG and loaded 500 ml of exhaled breath into Tenax
TA adsorption tubes. Tenax tubes are well established
for breath analysis having one major advantage over
other adsorbents, namely the low adsorption of water.
For each sample set, four tubes were loaded simul-
taneously. From each set, two tubes were sent to the
Fraunhofer Institute for Toxicology andExperimental
Medicine (ITEM) in Hannover, Germany, to be ana-
lyzed byGC-MS (on average nine days after sampling,
maximum 15 days after sampling). The two remain-
ing tubes were sent to the Institute of Optical Sensor
Systems at the German Aerospace Center in Berlin,
Germany, for theMMWGSmeasurements performed
12 days after sampling on average (maximum 21 days
in one case). It was shown that most VOCs stay stable
in Tenax for at least 14 days with only minor changes
afterwards [47].

2.2. MMWGS sensor system
The MMWGS breath sensor system is based on an
absorption spectroscopy setup as described in more
detail previously [37]. A schematic of the instru-
ment is shown in figure 1 with the main components
being a transmitter, an absorption cell (containing
the released VOCs from the sample), and a receiver.
The transmitter and receiver are fromVirginiaDiodes
Inc. (VDI). The transmitter generates millimeter-
wave radiation which is tunable in a frequency range
from 220 GHz to 330 GHz with an output power of
up to 2 mW. The emitted beam is guided through
a circular multipass absorption cell which provides
an absorption length of 1.9 m while having a dia-
meter of only 21.5 cm and a height of 8 cm [24]. The
transmitted millimeter-wave radiation is detected by
a heterodyne receiver which covers the same spec-
tral range as the transmitter. Owing to the compact

3
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Figure 1. Basic principle of the MMWGS breath sensor. The sample content is released into a gas absorption cell by thermal
desorption where it is probed at distinct frequencies (ν0) according to the respective molecules’ spectral fingerprints. The
radiation is absorbed at these frequencies which manifests in second derivative-like (2f) signals at the receiver.

Figure 2. Photograph of the setup showing the circular gas absorption cell (center) with three ports for pumping, pressure sensing
and the gas inlet. At the latter, the sample in a Tenax tube is attached as seen in the top left with a custom heater for thermal
desorption. The transmitter and receiver are placed left and right from the absorption cell, respectively.

multipass absorption cell, the whole setup fits in a
19-inch rack [23]. The Tenax tubewith the gas sample
is connected to the absorption cell via a valve. A com-
pact, oil-free turbomolecular pump is used for evac-
uating the absorption cell. In order to measure an
absorption spectrum, the frequency of the transmit-
ter is scanned across an absorption line and the trans-
mitted power is detected by the receiver as a function
of the transmitter frequency. In order to increase the
sensitivity of the instrument and tominimize baseline
effects, the method of WMS was applied [48]. In
WMS, the frequency of the transmitter is modulated
at a fixed frequency and amplitude while scanning
across the absorption line. The transmitted signal
is detected at the second harmonic of the modula-
tion frequency which results in second derivate-like

signal shapes. A photograph of the setup is shown in
figure 2.

For the measurements described in a later section
of this paper, the transmitter and receiver modules
from VDI were exchanged by devices based on the
newly developed SiGe BiCMOS technology [25]. The
SiGe BiCMOS transmitter and receiver modules have
the advantage of being even more compact than the
VDI modules while providing similar output power
and sensitivity. However, its primary advantage lies
in the possibility for better hardware integration and
cost-efficient production on a large scale [25].

For this study, we implemented a few modifica-
tions to improve the system performance for breath
analysis compared to the system reported earlier [37].
First, we used a newlymanufactured replica of the gas
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Figure 3. Flow diagram of the fit model for quantification of the MMWGS measurements. Input parameters are the molar mass
(M) of the molecule, the temperature (T), the absorption line center frequency (ν0) and intensity (S), the frequency modulation
width (∆νmod), the baseline voltage (U0), the absorption path length (L), and the gas cell volume (VCell).

cell that was thoroughly cleaned and evacuated and
not used for any other measurements beforehand.
By avoiding unintended contamination and minim-
izing outgassing of water from the walls of the cell, we
prevent broadening of the absorption lines. Second,
we minimized the use of plastics in the system to
reduce additional contamination due to outgassing
induced by the heating process. Finally, we intro-
duced a readout of the direct absorption signal along
with the phase-sensitive second harmonic detection
to determine the baseline voltage. This improvement
is important with respect to the quantification of the
results.

2.3. Measurement procedure
Themeasurements with theMMWGS setupwere per-
formed according to a strict protocol. First, the gas cell
was evacuated down to a pressure of less than 0.01 Pa
to avoid cross contamination. Then, the Tenax tube
was attached to the cell such that the gas flow into
the cell was opposed to the gas flow in the sampling
process. Prior to the absorption measurement the
tube was heated for thermal desorption. The heat-
ing temperature was precisely controlled and set to
250 ◦C, just as in the GC-MS measurements, because
it strongly affects the desorption characteristics. The
release of VOCs and water into the gas cell typic-
ally increases the total pressure to around 1–2 Pa.
Then, the molecules were detected by scanning up
to three absorption lines per molecule in the avail-
able spectral range by WMS. After that, the cooled
Tenax tube was detached. The measurement cycle
for one tube (attachment, evacuation, heating, cool-
ing, detachment) took approximately 15 min exclud-
ing the measurements which take 5 s per absorption
line (50 ms integration time, 10 MHz scan width).
The cycle time could be strongly reduced by simple
modifications of the setup (such as click mounts or
cooling blocks). Along with the measurements of
the 56 breath samples, reference measurements have
been made following the same procedure, in order to

identify any background signal which may contribute
to the measured gas mixture. Three reference meas-
urements were performed; without any tube connec-
ted to the evacuated gas cell (A), with the evacuated
gas cell and an attached stainless-steel tube without
Tenax heated to 250 ◦C (B), and an evacuated gas cell
with an attached empty Tenax tube heated to 250 ◦C
(C). The references were measured in exact accord-
ance to the protocol for the breath samples.

2.4. Data analysis
The identification of the detected species forms the
first step of our data analysis. Successful identification
occurs, if all scanned lines of themolecule (three lines
in most cases; one in cases with only one available
line) have a signal-to-noise-ratio (SNR) greater than
one. The strongest line (in terms of the signal amp-
litude) of each molecule is then selected to quantify
the abundance. This is done by analysis of the second
harmonic (2f) content of the WMS signal, which
resembles the second derivative of an absorption line.
However, to interpret theWMS signal in detail, many
variables have to be taken into account [43]. Based on
the WMS theory [48], we have developed and valid-
ated a numerical fit model that allows for absolute
and calibration-free quantification of the measure-
ments [49]. A flow diagram of the model is shown
in figure 3. Input parameters are the absorption line
center frequency (ν0), the molar mass (M), the tem-
perature (T), and the frequency modulation depth
(∆νmod). Given the strong relation between ∆νmod

and the shape of the measured signal, ∆νmod was
measured precisely beforehand. From the fit result,
we obtain the transmission profile, the absorption
profile, the partial pressure, and finally the amount of
substance (n), i.e. the number of molecules. The nor-
malization is based on the following input paramet-
ers: the baseline voltage as determined from the dir-
ect absorption signal (U0), the absorption path length
(L), the absorption line intensity (S), and the gas cell
volume (VCell).
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2.5. GC-MS reference system
Reference measurements were performed at
Fraunhofer ITEM in Hannover using a Thermal
Desorption (TD) GC-MS system from Perkin Elmer.
The sample contents were caught in a cold trap and
then desorbed at 250 ◦C by the TD unit (Turbo-
matrix ATD350). In the GC unit (Clarus 680), the
sample was purged through the column by helium
with a flow rate of 10 ml min−1. Finally, detection
was realized by the mass spectrometer system Clarus
SQ 8 T. In this study, we analyzed the peak area of
the total ion counts of selected masses at the respect-
ive retention time, which is not a calibrated measure
in terms of absolute quantities. Note that the mass
spectrometer can only detect ions with a mass-to-
charge-ratio (m/z) above 35.

3. Results and discussion

3.1. Comparison of MMWGSwith GC-MS
3.1.1. Detected molecules
In order to establishMMGWS as a method for breath
analysis, we will compare our results with those
obtained by GC-MS for molecules which are detect-
able by both techniques. In total, 12 molecules have
been detected by MMWGS whereas only five of them
were detected by the GC-MS system. The molecular
species detected by our system are shown in table 2,
most of them being studied earlier with respect to
breath analysis [16, 32, 50–55]. For nine species, three
absorption lines were detected and for the other three,
only one strong line was available in the frequency
range. The sparse spectra in the latter cases are typical
only for very simple molecules such as water, hydro-
gen cyanide, and carbon monoxide. Four molecules,
namely carbon monoxide, methanol, acetic acid, and
sulfur dioxide, were only detected in a few samples
and with an SNR less than five. The five lightest
molecules were not detected by GC-MS, because the
mass spectrometer of the reference system is not able
to detect molecules with a molar mass smaller than
35 g mol−1. Carbonyl sulfide and sulfur dioxide were
not analyzed by the GC-MS reference system. Acetic
acid was excluded from the comparison with GC-MS
because of the small SNR in the MMWGS measure-
ments. This leaves four species, namely acetonitrile,
acetaldehyde, ethanol, and acetone for a comparison
between both methods in this study.

A selection of measurements and fits for the
molecules listed in table 2 is shown in figure 4. For
each molecule, the strongest line (which is used for
quantification) is shown from an exemplary sample
with a relatively high abundance. As can be seen,
the fitting model works well as it represents the data
correctly within the noise of the measurement, des-
pite the different linewidths and shapes. Note that
the raw signals shown here do not correspond to
themolecules’ abundances, because for a quantitative

Table 2.Molecular species detected by MMWGS. In each case, all
investigated lines were detected (one line in case of only one
available line, three lines otherwise). Four species (marked in
green: acetonitrile, acetaldehyde, ethanol, acetone) can be studied
in comparison to GC-MS measurements as the others were either
detected too weakly, or not detected by GC-MS.

Compound M (g mol−1) MMWGS detection

Water 18.02 1/1 line
Hydrogen cyanide 27.03 1/1 line
Carbon monoxide 28.01 1/1 line (weak)
Formaldehyde 30.03 3/3 lines
Methanol 32.04 3/3 lines (weak)
Acetonitrile 41.05 3/3 lines
Acetaldehyde 44.05 3/3 lines
Ethanol 46.07 3/3 lines
Acetone 58.08 3/3 lines
Acetic acid 60.05 3/3 lines (weak)
Carbonyl sulfide 60.08 3/3 lines
Sulfur dioxide 64.07 3/3 lines (weak)

analysis, the line strength and othermolecule-specific
parameters have to be taken into account.

3.1.2. Quantitative results
Figure 5 presents the abundances of acetonitrile, acet-
aldehyde, ethanol, and acetone in the samples as
measured by MMWGS (blue) and GC-MS (red). The
columns represent the mean amounts of substance
from each sample pair. The upper and the lower end
of the error bars represent the amounts of the two
samples of the sample pairs. On the right-hand side,
the correlations between the amounts of substance as
determined by both methods are shown. The straight
grey line in each panel represents a linear fit based
on least squares. For ethanol and acetone, the cor-
relations between MMWGS and GC-MS are excel-
lent with coefficients of R = 0.93 and R = 0.83,
respectively.

Note that the acetone abundance of one sample
of the sample pair 33/34 seems to be an irregular out-
lier in the GC-MSmeasurement whereas inMMWGS
the data are almost identical. The correlation for acet-
onitrile is less pronounced. However, it is still good
(R = 0.58) considering the very low concentrations
(roughly 100 times smaller than ethanol or acetone),
which make it more challenging to quantify it pre-
cisely. These results prove the validity ofMMWGS for
these compounds very well.

For acetaldehyde, there is no correlation
(R = −0.07) between both methods. To explain the
mismatch, it is instructive to consider the variations
within the sample pairs, which are very similar for
both methods (as discussed below, cf figure 7(b)).
Along with the very low concentrations, this might
indicate that the variations are intrinsic to the samples
and originate (at least partially) from other steps of
the breath analysis pipeline, such as sampling, sample
storage, or sample handling. Aspects to be considered
are e.g. molecular contents in the environment or
thermal adsorption characteristics. Acetaldehyde is

6
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Figure 4. Exemplary measurements (black lines) and fits (light blue lines) of characteristic absorption lines. The data is well
described by the model within the noise levels. In most cases, two more lines were detected for an unambiguous identification of
the molecule.

known to have a very high presence in indoor air
(even higher than in breath samples) [56]. In addi-
tion, its breakthrough volume at room temperature
in Tenax is quite small (0.65 l g−1), which can cause
it to be flushed out easily. In conclusion, the quant-
itative results from MMWGS are very consistent for
ethanol, acetone, and acetonitrile. In the case of acet-
aldehyde, the results from bothmethods are different,
but might be determined partially by intrinsic sample
variations rather than by the method.

To summarize these results, a comparison
between MMWGS and GC-MS is given by Bland-
Altman plots in figure 6. Since the GC-MS data
were not calibrated to absolute quantities, the val-
ues obtained with both methods cannot be com-
pared directly. This required normalizing the data of
both methods to the respective means such that the
average difference is zero. The values of the normal-
ized differences at 1.96·σ (cf orange lines) are 1.47
(acetonitrile), 1.18 (acetaldehyde), 0.55 (ethanol),
and 0.64 (acetone). The good agreement between
bothmethods for ethanol and acetone is clearly recog-
nizable in the plots.

Closely related to the validity of the results are
the background concentrations of the molecules in

the system, because they can cause misleading results.
These background signals have been measured care-
fully for three different configurations (the gas cell,
the heated gas cell, and an empty heated Tenax tube).
All four molecules were either not detected in any of
the reference measurements or in the case of acetal-
dehyde only slightly above the noise limit (with an
SNR of 1.5) in the empty Tenax tube. On average,
the acetaldehyde abundance in the breath sampleswas
roughly seven times stronger than that.

In order to compare the abundances of the four
molecules relative to each other, we calculated the
mean values of all samples and normalized them
to the sum of the four abundances, as shown in
figure 7(a). Overall, the results of both methods are
similar. However, note that it was not expected that
the results agree perfectly, because the GC-MS refer-
ence measurements were not calibrated. For the peak
areas, only the major but not all masses were used,
therefore no absolute level can be derived from this
data. This is the main explanation for the discrep-
ancy between these results. An additional reason for
the discrepancies is the thermal desorption, which
is carried out differently in both setups, i.e. no car-
rier gas and no cold trap were used in our MMWGS
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Figure 5. Abundances of acetonitrile, acetaldehyde, ethanol, and acetone in the samples as measured by MMWGS (blue) and
GC-MS (red). The correlations between both methods are very good for ethanol and acetone, good for acetonitrile, and
non-existent for acetaldehyde. The variation between sample duplicates (cf error bars) are similar in both methods.

setup. In turn, the desorption directly affects the
abundance of the molecules in the measurements.
In the MMWGS measurements, the main reason
for inaccuracies of the determined quantities might
be nonlinearities in the detector response or power
saturation of the molecular transition. To give an

estimate, we quantified all three absorption lines for
eachmolecule in one exemplary sample. These quant-
ities vary by up to ±20% which is minor compared
to the discrepancy to GC-MS. Note, that many para-
meters affect the MMWGS calibration process, e.g.
the line intensity which can vary by several orders
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Figure 6. Bland-Altman plots for the comparison between MMWGS and GC-MS. Both data sets were normalized to a mean value
of one for this representation. The x- and y-axis describe the mean and the difference between both methods, respectively. The
orange lines are drawn at 1.96·σ.

Figure 7. (a) Mean abundances of the molecules relative to each other (normalized to the total abundance of the four species for
each method) and (b) measurement variations (mean difference between duplicate samples and the respective means normalized
to the mean abundances of all samples). The relative quantities match well despite the fundamentally different principles of
operation. The variations are very similar, which indicates similar reliability of the methods.

of magnitude between molecules. Considering all
the aforementioned aspects and the fundamentally
different operation principles of both methods, the
agreement is good. It shows, that the overall relation
between the molecular abundances is in the correct
order (e.g. the acetonitrile abundance is much smal-
ler than the others). Due the lack of calibration in
the GC-MS measurements, a more precise conclu-
sion cannot be drawn from these results. Generally,
the results from MMWGS are likely favorable in this
regard as they deliver absolute quantities by principle,
which is an advantage over other methods. It should
be pointed out, that most studies on exhaled breath
are based on relative abundances between patients
rather than absolute quantities. However, an accur-
ate quantification can help to compare different stud-
ies. In addition, the knowledge of exact quantities can
support understanding the underlying physiological
processes [57].

3.1.3. Reliability
For the purpose of medical studies, it is very import-
ant that the method of analysis is reliable, i.e. two
measurements of the same sample should deliver the
same result. To evaluate the reliability of both meth-
ods separately, we investigated how strongly each
pair of measurements of the duplicate samples varies.

We determined the difference of each sample to the
respective mean for the sample pair and averaged it
over all samples. This value was normalized through
division by the mean abundance of all samples and is
shown in figure 7(b). It turns out that these numbers
are very similar for both techniques or even slightly
better for MMWGS. The values range between 6%
and 18% for MMWGS and between 7% and 19%
for GC-MS. In addition, we determined the correl-
ation between sample 1 and 2 of each sample set.
Again, the results are very similar for both meth-
ods (acetonitrile: RMMWGS = 0.87, RGC-MS = 0.81;
acetaldehyde: RMMWGS = 0.42, RGC-MS = 0.49; eth-
anol: RMMWGS = 0.95, RGC-MS = 0.95; acetone:
RMMWGS = 0.97, RGC-MS = 0.92). We can conclude
that the results from MMWGS are very reliable and
at least as reliable as the results obtained with the
GC-MS reference system. This is promising for med-
ical studies, in particular when considering common
variations in patients with similar physiological con-
ditions and the statistics from a large number of
patients.

3.1.4. Limit of detection (LOD)
The LOD is given by the noise of the system which is
100 nV rootmean square (RMS) on average. From the
SNR of the measurements (cf figure 4) and the noise
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Figure 8. Limit of detection (dark purple) and limitations
due to background signals (light purple) of the MMWGS
system. The noise limits differ by orders of magnitude (note
the logarithmic scale), mainly due to the different
absorption line intensities. The GC-MS detection limit is
indicated by the red bars for those molecules which are
detectable by the GC-MS reference system.

limit, we can extrapolate the LOD. As a threshold,
we considered SNR = 1, which is still recognizable
because the lines span several spectral bins. These
limits are shown in figure 8 for the different spe-
cies. It varies by three orders of magnitude (note the
logarithmic scale), basically determined by the line
intensity, but also affected by the baseline signal at
the center frequency and the linewidth. In some cases,
absorption lines can be weak and the LOD is higher
than in GC-MS. On the other hand, a number of
molecules in this study provide very strong trans-
itions, which result in detection limits as low as in
GC-MS, for example for acetonitrile. When consider-
ing the corresponding mass detection limits, we find
a mass as low as 10 pg of hydrogen cyanide can be
detected by our system. For some molecules, we have
observed absorption lines also in the reference meas-
urements, i.e. the molecules are present in the sys-
tem without any sample attached. The background
levels (the highest fromA andB) are indicated by light
purple columns and represent practical detection lim-
its of the current system. As expected, the background
signal of water, a common contaminant in vacuum
systems, is particularly high. It should be noted that
the background signals can be further reduced by an
improved vacuum system. The contributions from
the Tenax tubes to the background were measured in
C. These were observed for water (5.8 × 10−7 mol),
formaldehyde (7.5 × 10−11 mol), and acetaldehyde
(4.8 × 10−11 mol). Here, to allow for a comparison
with GC-MS, we consider a threshold of 10 000 units
of the peak area as LOD for the reference GC-MS sys-
tem, according to practical experience. This corres-
ponds to an LOD of around 10−12 mol (cf red bars
in figure 8). Note that some molecules (e.g. water,
hydrogen cyanide, formaldehyde) were not analyzed
by the reference GC-MS system.

Figure 9.Mean abundances of the investigated molecular
species in the samples of the patients’ breaths (purple
columns). The abundances in the individual patients’
samples are indicated by the white dots. The abundances of
acetonitrile and ethanol vary strongly, whereas abundances
of formaldehyde and carbonyl sulfide are very similar in all
samples.

3.2. Breath patterns of the patients
After demonstrating validity and reliability of
MMWGS for breath analysis, we now turn to the
breath patterns of the investigated 19 patients.
First, we compare the abundances of the eight
molecules which were detected clearly in all patients
by MMWGS (cf table 2). The mean amounts of sub-
stance for all patients are shown in figure 9 (purple
columns).

The first thing to note is the high abundance
of water. From the calculated partial pressures and
the measured total pressures in our gas cell, we can
derive that the measured gas mixtures consist of
60%–70% water. Despite the significant contribu-
tion of water from background in the system (the
abundance of water in B is 3.4 × 10−7 mol), the
measurements provide relevant information about
the breath samples’ water contents on top (the abund-
ances in the samples range from 3.4 × 10−7 mol to
1.2× 10−6 mol). The correlation between the duplic-
ate samples is R = 0.76. Monitoring the water con-
tent of the samples might be useful for normaliz-
ation strategies [50]. Following water, acetone and
ethanol have the highest abundances with mean val-
ues of 2.6 × 10−9 mol and 1.8 × 10−9 mol, respect-
ively. This is only about 0.3%–0.4% of the amount
of water (note the logarithmic scale). The other com-
pounds were measured in even lower concentrations,
lower by up to two more orders of magnitude.

The variations of the abundances between
patients are illustrated by the white dots in figure 9.
One can see that the variations of the acetonitrile
and ethanol abundances are quite large (coefficient
of variation CV = 0.88 and CV = 0.73, respectively),
whereas abundances of formaldehyde (CV = 0.18)
and carbonyl sulfide (CV= 0.19) are very similar for
all patients.
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Table 3. Correlation coefficients between the molecular abundances in the patients’ breaths. The color scale ranges from red
(R=−0.42) via white (R= 0) to green (R= 0.66).

Hydrogen
cyanide Formaldehyde Acetonitrile Acetaldehyde Ethanol Acetone

Carbonyl
sulfide

Water −0.34 0.05 0.22 0.22 −0.17 −0.17 −0.17
Hydrogen cyanide 0.26 −0.26 −0.05 0.35 0.27 −0.1
Formaldehyde 0.30 0.61 −0.25 0.10 0.03
Acetonitrile 0.66 −0.29 −0.28 0.23
Acetaldehyde −0.42 −0.08 −0.02
Ethanol −0.01 −0.21
Acetone −0.08
Carbonyl sulfide

Figure 10. (a) Correlations between formaldehyde and acetaldehyde as well as (b) between acetonitrile and acetaldehyde in the
breaths of the patients. The correlations are the highest of all pairs of investigated molecules.

Figure 11. Abundance of acetonitrile in the breaths of patients, who were sampled several times. The change over several days is
small compared to the variation between the patients.

In order to study any possible correlations
between the molecular abundances, we determ-
ined the correlation coefficients for each pair of
molecules (see table 3). We have found good cor-
relations between formaldehyde and acetaldehyde
(R = 0.61) as well as between acetonitrile and acet-
aldehyde (R = 0.66), see figure 10. These molecules
have been shown to be related to active or passive
smoking [58–61]. All investigated patients are former
smokers, except for two patients who are still actively
smoking (cf table 1). The correlation coefficients of
the other molecules are less than or equal to 0.42 in
the absolute value.

We have also investigated the molecular abund-
ances in the breath samples of patients, who have
been sampled two or three times with several days
between subsequent sample takes. This is shown
for acetonitrile for the respective eight patients in
figure 11. It is remarkable, that the abundance of
acetonitrile for each patient does not change much
(by 25% on average) over several days compared
to the large variation (ranging within a factor of
seven) between different patients. In particular, one
patient has a very high content of acetonitrile at both
times whereas two others reveal very low concentra-
tions. The patient with the second highest acetonitrile
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Figure 12. Comparison of MMWGS measurements with
the commercial system from VDI (purple) and a system
based on SiGe BiCMOS technology (green). The results are
very similar which proves capability of the SiGe BiCMOS
system for highly integrated low-cost breath gas sensors.

abundance in figure 11 is one of the two active
smokers in this study.

3.3. Cost-efficient easy-to-use MMWGS system
A potential application of an MMWGS breath gas
sensor requires an easy-to-use and affordable system
as discussed in the introduction. Considering this,
we have analyzed our MMWGS system with respect
to cost and performance. The main cost drivers are
the transmitter and receiver. Alternatives are recently
developed transmitter and receiver modules fabric-
ated in SiGe BiCMOS technology. We have imple-
mented a SiGe BiCMOS transmitter and receiver
developed at the Leibniz-Institut für Innovative Mik-
roelektronik (IHP) in ourMMWGS breath gas sensor
and demonstrated its performance. The SiGe BiC-
MOS transmitter and receiver are attached each on
a 10 × 10 cm2 printed circuit board which contains
all electronics. At this stage, the boards contain a
lot of functionality for basic investigations which are
not required for a practical application scenario. Due
to the silicon-based technology, the circuits can be
integrated in very compact modules in the scale of a
few centimeters. The modules replace the commer-
cial devices from VDI (∼3× 3× 10 cm3 each) which
require additional synthesizers (∼25 × 20 × 5 cm3

each). For an arbitrary chosen sample (no. 42),
we performed an additional measurement with the
SiGe BiCMOS system immediately after the meas-
urements with the commercial system. We investig-
ated an absorption line of acetone at 249.805 GHz.
Both systems operated at similar settings to allow for
a comparison. For technical reasons, the integration
time of the SiGe BiCMOS system is limited to 8 ms.
In order to be comparable with the 50 ms integra-
tion time of the commercial system, we averaged six
measurements corresponding to an integration time
of 48 ms. The baseline voltages as measured by the
direct signals were 39.5 mV and 35 mV for the VDI
system and the SiGe BiCMOS system, respectively.

The results exhibit a very similar SNR (VDI: 46, SiGe:
40), see figure 12, which demonstrates feasibility of
the system for studying breath gas samples.

4. Conclusion

We have studied breath gas from 2× 28 samples from
COPD patients with our novel MMWGS system.
Selected absorption lines from a set of 12 molecules
were measured and analyzed (eight of them in more
detail). The abundances of the molecules in the
sampleswere determined from the absorption spectra
using our automatic calibration-free fit model. The
results of four molecules were compared to the well-
established GC-MS method. The results obtained
with MMWGS and GC-MS agree very well for eth-
anol and acetone and well for acetonitrile. These
encouraging results prove the validity ofMMWGS for
breath analysis. For acetaldehyde, there is no correla-
tion between both methods. In this case, the results
are likely affected by variations in the sampling pro-
cess, since the reliability of both methods is similar.
For MMWGS, the quantities from duplicate samples
deviate from the respective mean values by 6% (acet-
one) to 18% (acetaldehyde) on average. Even quant-
ities of the molecules relative to each other agree well
between both methods, considering the fundament-
ally different principles of operation and data ana-
lysis methods. To derive accurate molecular quantit-
ies, it is a major advantage that MMWGS systems are
calibration-free and highly specific. Even very sim-
ilar molecules, such as isotopologues and isomers
can be distinguished unambiguously. Since the sig-
nals in MMWGS depend strongly on absorption line
intensities, the detection limits are different for each
molecule. For acetonitrile, it is similar to GC-MS
in this study. By improving the noise performance
and the bandwidth of the system, its sensitivity and
selectivity can be further enhanced. An extension of
the absorption path length (L) of the gas cell can
increase the sensitivity as well, because the absorption
signal scales approximately linearly with L. It should
be noted that this studywas limited to a small number
ofmolecules in order to facilitate a thorough compar-
ison with GC-MS. In a previous investigation, a total
of 21 molecules have been detected in the breath of
healthy humans [37]. Generally, MMWGS is limited
to polar molecules, because only these provide strong
absorptions, but covers a large range of molecu-
lar masses. Typically, our system works with molar
masses around 20 g mol−1–60 g mol−1. One limita-
tion for the selectivity are incomplete data bases (in
particular for many larger molecules), which need to
be extended in the future. To demonstrate the poten-
tial for clinical studies, we have investigated correl-
ations between the different molecules’ abundances.
We found noticeable correlations between formalde-
hyde and acetaldehyde (R = 0.61) as well as between
acetonitrile and acetaldehyde (R = 0.66). In the
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future, more molecules relevant for breath analysis
as well as correlations of clinical variables will be
investigated.

In conclusion, we demonstrated that MMWGS
provides reliable and valid results for the analysis of
human breath in comparison to GC-MS, the gold-
standard, and is well-suited for large-scale clinical
studies. The main advantageous features of MMWGS
are the high sensitivity, specificity, and selectivity
as well as the ability to provide absolute quantities
without calibration. These characteristics can provide
new insights into breath research as certainmolecules
can be detected exclusively, more specifically or in
lower concentrations compared to other methods.
Hence,MMWGS can be a valuable complement to the
field of human breath analysis. Furthermore, due to
the simple principle of operation, the compact system
size, potentially low costs as well as fast and easy hand-
ling and data analysis, MMWGS offers the prospect-
ive of a wide use in doctor’s offices or hospitals. In
the future, fully integrated, even more compact low-
cost systems can be developed thanks to the advance
of SiGe BiCMOS and CMOS technology.
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