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Abstract

Acetone in exhaled breath is a potential biomarker of diabetes mellitus (DM) and elevated breath acetone
concentrations have been observed in DM patients. One of the near real-time and online breath acetone analysis
techniques is cavity ringdown spectroscopy (CRDS) that has been demonstrated for breath acetone measurements
in human subjects including diabetic patients in a clinic. In this work, we have constructed a ringdown breath acetone
analyzer for the purpose of instrument validation. Its detection capabilities, such as limit of detection, baseline stability,
detection sensitivity, and reproducibility, were investigated. For the first time, a ringdown acetone breath analyzer
has been validated using gas chromatography-mass spectrometry (GC-MS), which is typically referred to as the
golden standard method for trace gas analysis. The GC-MS validation challenged the analyzer’s response to various
breath acetone concentrations and its quantitative measurement accuracy. Subsequently, 25 subjects including 19
healthy and 6 diabetic people were tested using the validated ringdown breath acetone analyzer. Comparison of the
testing results shows that this ringdown breath acetone analyzer can be used for reliable real-time, online breath

acetone analysis in a clinic.
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Introduction

There are more than 380 million people living with diabetes mellitus
(DM) in the world [1]. This number will reach more than 470 million
by 2035. In 2013 alone, 5.1 million deaths were blamed on diabetes. The
situation is much more serious than that in five years ago [1]. The fact
of the global prevalence of diabetes is undisputed. Blood glucose (BG)
measurements are indispensable for both patients and clinicians to
evaluate diabetic control and management [2,3]. At present, BG meters
are predominantly used to determine the glucose concentration in the
blood. The BG monitoring method using BG meters is quite popular and
still irreplaceable so far; nonetheless, many alternative techniques are
being pursued because blood test is intrusive, painful, and inconvenient.
Breath analysis, by testing the exhaled breath components, provides a
potential option for nonintrusive disease diagnosis and therapeutic
and metabolic status monitoring. Breath acetone, being an arguable
biomarker of DM [4-10], is still a good indicator of DM based on the
statistical fact of its elevated concentration in DM patients [11-22].
Due to the complexity and trace concentration of volatile organic
compounds (VOCs) in exhaled breath, breath acetone analysis requires
measuring techniques to be highly sensitive and selective [23-27]. Gas
chromatography-mass spectrometry (GC-MS) [17,28-32] has been
regarded as a golden standard method for trace gas analysis including
breath analysis. However GC-MS is not suitable for developing a
point-of-care (POC) instrument for real-time, on-line breath analysis,
partially due to its complicated sample preparation, time-consuming
test procedure, and large instrument geometry.

The cavity ringdown spectroscopy (CRDS) [33-39] technique has
high sensitivity and selectivity that are essential for breath analysis.
CRDS also has advantages of fast response and relatively low cost,
which make the technique uniquely attractive for breath analysis. A
ringdown breath acetone analyzer based on the CRDS technique has
been developed and applied to measure breath acetone concentrations
in both human and canine subjects in the previous studies [40-45]. This
type of breath acetone analyzer has promise for a large scale clinical
testing once it is validated using a golden standard method, e.g. GC-
MS. To date, no side-by-side comparison and validation has been
done for this type of ringdown-based acetone breath analyzer. In this
work, we have constructed a ringdown breath acetone analyzer for the
purpose of instrument validation using a certified GC-MS facility. 25
human subjects including 6 diabetic patients have been tested using the
new ringdown acetone breath analyzer. Performance of this analyzer
for quantitative measurements of breath acetone is validated.

Experimental

Ringdown breath acetone analyzer

Figure 1 shows the schematic diagram of the ringdown breath
analyzer that is similar to the one used in the previous studies [41-45].
A near single-mode (TEM) Q-swithced Nd:YAG laser (Changchun
New Industries Optoelectronics, Co., Ltd., China, MPL-F-266 nm-
3uJ-13080824), which operated at 266 nm with a repetition rate of 1 kHz
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Figure 1: Schematic diagram of the ringdown breath analyzer.
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Parameters trap trap trap
Capture temperature (°C) -150 -20 -180
Preheat temperature (°C) 20 — —
Resolve temperature (°C) 20 180 —

Roast temperature (°C) 130 190 —
Roast time (min) 5 3.5 2
Introducing time (min) — — 3
Stop time (min) — — 3
Wait time (min) — — 31

Table 1: The operating conditions of the gas pre-concentrator.

and a single-pulse energy of 4.5 uJ and was equipped with a compact
laser head (238.5 mm x 88 mm X 74 mm), was used as the light source.
Except for using a circular aperture to shape the laser beam and two
plano mirrors to direct the beam (Thorlabs, U.S., PF05-03-F01), no
mode-matching optical components were used to couple the laser beam
into the ringdown cavity. The gas cell consisted of a 50-cm-long stainless
steel pipe with an inner diameter of 3.81 cm (CRD Optics Inc., U.S.),
one pair of mirror mounts (CRD Optics Inc., U.S.), and one pair of high-
reflectivity UV mirrors (Los Gatos Research, U.S., R = 99.9956%, radius
of curvature = 1 m). Each mirror mount held a mirror whose position
could be adjusted in multiple dimensions via three alignment screws.
The gas cell was equipped with three ports, as shown in Figure 1, one
was used as a gas inlet, and another two were respectively connected
to a vacuum pump (Oerlikon, German, SC5D) and a micro pressure
manometer (MKS, U.S., 870B) as outlets. In order to make sure the gas
cell was not contaminated, high-purity nitrogen (>99.99%, DaFang
Special Gas, China) was used to flush the gas cell each time after a
breath sample was tested. The ringdown decay waveform captured by a
photo multiplier tube (PMT) (Hamamatsu, Japan, H10721) was input
to an oscilloscope (Tektronix, U.S., TDS3012B) for display and analog
to digital (A/D) conversion. The ringdown waveforms were digitalized
to 10,000 data points and transferred to a laptop computer via a GPIB-
USB cable (National Instrument, U.S., GPIB-USB-HS). The in-house
developed ringdown software was installed on the computer to obtain
the ringdown time t by fitting the ringdown data points to a single
exponential decay waveform.

Ringdown measuring method

By injecting a laser pulse into a stable optical cavity, which is formed
by two highly reflective mirrors, the laser pulse travels inside the cavity
many round trips to increase the laser beam path-length. Due to the
absorption of a gas that fills in the entire cavity and the mirror finite
reflectivity, the laser intensity in the cavity decays exponentially and

the decay time constant is named ringdown time. A PMT detector is
placed behind the second mirror to monitor the intensity decay, and the
ringdown time is determined by fitting the observed decay waveform
to a single exponential function. The ringdown times measured with
and without absorption of a sample gas are used to determine the gas
absorption at a particular wavelength.

The breath acetone concentrations were determined using the
background subtraction method which was introduced in the previous
publications [41-44,46]. In brief, the laboratory air is regarded as
background; the optical cavity loss caused by the laboratory atmosphere
at 1 atm is defined as the effective absorbance of the atmosphere, as
described by the following equation:

absorbance = A, = o, nd = E(L_LJ 1)
T 7,

atm

where 0, is the absorption cross-section of acetone at 266 nm, n is
the acetone concentration, d is the distance between the two mirrors, ¢
is the speed of light, 7, and 7, are the ringdown times when the gas cell
is filled with laboratory air to 1 atm and under vacuum, respectively.

Likewise, the absorbance of breath acetone is obtained by

dl 1 1
Ahreath = 0-266nd = _[ - _J (2)
¢ Tbreath 7’-0

where A, . istheabsorbance of the breath gas, 7, , isthe ringdown
time detected when the gas cell is filled with breath gas. Therefore, the
absolute breath acetone concentration (the upper limit) is given by
[41,43,46]

AA =

A, = Ogsd @)

breath

where AA is the absorbance difference, and 4, is the mean
effective absorbance of the atmosphere.

Based on an assumption that the absorbance difference is attributed
to the absorption of acetone alone, it is worthy of noting that the
obtained breath acetone concentrations using equation (3) are the
upper limits of acetone in the breath samples [41].

GC-MS measurement

GC-MS analysis was conducted in the State Key Laboratory on
Odor Pollution Control, Tianjin Academy of Environmental Science
(TAES), which is a certified facility for trace chemical species analysis.
The used analytical method is referred to as the Compendium Method
TO-15 [47]. A cryogenic pre-concentrator (ENTECH Instruments,
Inc.,, US., 7100A) was employed to remove N,, CO,, and H,O after a
3-stage pre-concentration procedure. The operating conditions and
procedures are listed in Table 1.

Subsequently, the VOCs-enriched sample was introduced into a
GC-MS system (Agilent Technologies, U.S., 7890A/5975C) under the
analytical conditions listed in Table 2. The MS detector profiled breath
VOGC:s in the full scan mode, and detected those specific analytes in
the selected ion monitoring (SIM) mode with a higher sensitivity and
better signal-noise ratio (SNR). An internal standard was applied when
performing quantification using bromochloromethane [32,48].

Breath gas sampling

All human subjects were volunteers. The research procedures and
activities followed the research protocol approved by the Institutional
Review Board (IRB) of human subject research in Tianjin. The diabetic
subjects were recruited at Metabolic Diseases Hospital, Tianjin Medical
University, breath samples were collected in a clinical ward. The
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GC conditions MS conditions
Column DB-5MS, 60 m x 0.32 mm x 1.0 ym lon source temperature (°C) 230
Carrier gas Helium (>99.999%) Quadrupole temperature (°C) 150
Flow rate (ml/min) 15 Interface temperature (°C) 280
Injector Splitless Range of mass (amu) 15-300
Column temperature (°C) 35 (5min) — 150 (5°C/min) — 220 (15°C/min, 7min) Scan rate (s/scan) 0.2
Inlet temperature (°C) 100 Energy of electron ionization source (eV) 70

Table 2: The GC/MS conditions for breath gas analysis.
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Figure 2: The evaluation of the ringdown decay behavior. The upper panel shows the ringdown decay waveforms obtained with a vacuumed cavity and with
a breath gas sample and their corresponding fitting curves. The lower panel shows the corresponding fitting residues. The fitting segment was selected in a
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Figure 3: The evaluation of the ringdown breath analyzer baseline stability.

healthy subjects were the people without significant disease or chronic
inflammation, and breath samples were collected in a room next to the
CRDS laboratory. For fasting subjects, volunteers were asked to fast
overnight for over 14 hours. The data of gender, age, body mass index
(BMI), T1D/T2D, complications, years of diabetes, A1C level, and BG
level, were recorded for each subject. The subjects breathed single end-
tidal breath into a 1 liter breath gas collection bag (HaoChenTianCheng,
Beijing, China) via a disposable mouthpiece. Each breath bag was
flushed using the high-purity nitrogen and then evacuated three times
prior to use. Simultaneous BG levels of all subjects were tested with
a blood glucose meter (Roche, Switzerland). The breath samples were
stored in an icebox during transport, and all samples were tested using

the breath acetone analyzer and/or the GC-MS method within 6 hours
after a breath gas collection.

Results and Discussion

Performance of the ringdown breath acetone analyzer

A series of tests were conducted to establish an instrument self-
evaluation of the newly constructed ringdown breath acetone analyzer.
The ringdown decay behavior of the breath acetone analyzer was
evaluated, as shown in Figure 2. The upper panel shows two typical
ringdown decay waveforms recorded when the gas cell was evacuated
and filled with breath gas to 1 atm, respectively. Each waveform was
an average over 128 ringdown events and fitted to a single exponential
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Year on Weight Height A1C BGL Acetone .

No. Gender Age Type diabetes (kg) (cm) BMI (%) (mg/dL) (ppmv) Sample No. Sampling status
1 F 20 Healthy n/a 49 156 20.13 n/a 108.00 2.00 #H1 post breakfast 2h
2 M 20 Healthy n/a 65 175 21.22 n/a 97.20 1.33 #H2 post breakfast 2h

90.00 1.14 #H3 post breakfast 2h
3 M 25 Healthy n/a 65 165 23.88 n/a 142.20 1.70 #H4 post lunch 2h
117.00 0.89 #HF6 Fasting
117.00 0.60 #H5 post lunch 2h
4 M 38 Healthy n/a 79 170 27.34 n/a
120.60 0.60 #H10 post lunch 2h
163.80 0.77 #H6 post lunch 2h
5 M 22 Healthy n/a 58 171 19.84 n/a ;
90.00 0.98 #HF4 Fasting
142.20 1.10 #H7 post lunch 2h
6 F 26 Healthy n/a 55 165 20.20 n/a ;
111.60 1.05 #HF2 Fasting
140.40 0.91 #H8 post lunch 2h
7 F 27 Healthy n/a 53 158 21.23 n/a ]
102.60 0.89 #HF5 Fasting
8 F 25 Healthy n/a 47 160 18.36 n/a 91.80 1.64 #HF8 Fasting
9 F 25 Healthy n/a 50 160 19.53 n/a 93.60 1.30 #HF9 Fasting
100.80 0.64 11121 fasting
111.60 0.57 1112-2 post breakfast 2h
10 F 26 Healthy n/a 50 165 18.37 n/a
108.00 0.80 1112-3 before lunch
162.00 0.92 1112-4 post lunch 2h
1 M 26 Healthy n/a 60 170 20.76 n/a 90.00 1.22 #HF1 Fasting
88.20 1.55 #HF3 Fasting
12 M 23 Healthy n/a 73 175 23.84 n/a ,
95.40 1.91 #HF10 Fasting
13 F 34 Healthy n/a 60 164 22.31 n/a 97.20 1.05 #HF 11 Fasting
14 M 25 Healthy n/a 60 174 19.82 n/a 99.00 1.25 #HF12 Fasting
15 M 29 Healthy n/a 75.4 173 25.19 n/a 93.60 1.51 #HF13 Fasting
16 F 25 Healthy n/a 50 155 20.81 n/a 95.40 1.27 #HF14 Fasting
17 F 25 Healthy n/a 50 153 21.36 n/a 97.20 2.62 #HF15 Fasting
18 M 29 Healthy n/a 96 179 29.96 n/a 165.60 0.82 #H9 post lunch 2h
19 F 48 Healthy n/a 90 163 33.87 n/a 97.20 1.37 #HF7 Fasting
68 166 24.68 10.7 192.60 2.76 #TD1 Fasting
68 166 24.68 140.40 2.14 #TD1 post breakfast 2h
20 M 52 T1D 21
68 166 24.68 288.00 3.63 #TD1 post lunch 2h
68 166 24.68 151.20 2.14 #TD1 post dinner 2h
21 M 44 T1D 2 73 170 25.26 n/a 136.80 2.03 #TD2 Fasting
163.80 2.19 #TD3 Fasting
22 M 54 T1D 1 66 166 23.95 9.7 111.60 1.99 #TD3 post breakfast 2h
174.60 2.41 #TD3 post dinner 2h
174.60 2.84 #TD4 fasting
23 F 56 T2D - 66 160 25.78 n/a 117.00 2.59 #TD4 post breakfast 2h
117.00 2.03 #TD4 post lunch 2h
124.20 2.1 #TD5 fasting
24 M 39 T2D 0.5 102 178 32.19 1
261.00 4.20 #TD5 post breakfast 2h
153.00 2.94 #TD6 fasting
25 M 24 T2D 2 months 90 176 29.05 1.2
270.00 3.92 #TD6 post breakfast 2h

Table 3: Detailed information and test results of the subjects tested in this study.

curve. The minor fitting residues and the R? coefficient indicate that the
ringdown measurement resembles Beer’s absorption law and displays a
single exponential decay.

Figure 3 shows a typical ringdown baseline scan in which each data
point was obtained by averaging 128 ringdown events. The baseline
stability is 0.28% in this case. According to the obtained ringdown
time in an empty gas cell, the measured mirror reflectivity was 99.93%.
Additionally, using the ringdown baseline stability, 0.3%, and the
acetone absorption cross-section at the atmospheric pressure and room
temperature, o, = 4.5 x 10?° cm*/molecule [49,50], the theoretical
detection limit of the analyzer for acetone is estimated to be 0.11 ppm
based on the 3-0 criteria [41].

Acetone samples at different concentrations in nitrogen were tested
using the analyzer. Figure 4 shows the measured acetone concentration
versus sample concentration. The measurement uncertainty is ~5% as
marked by the error bars. The linear fitting curve shows good linearity
(R =0.9988). It suggests that the ringdown breath acetone analyzer has
a linear response to acetone in the range of 0.2 to 1.1 ppm. Note that
the concentration ranging of 0.2-1.1 ppm did not cover the acetone
concentrations in all subjects tested in this work (Table 3). However,
it is generally accepted that if the analyzer responses well in the lower
concentration range, then the analyzer most likely behaviors well (if
not better) in a slightly higher range, e.g., from 1 to 4 ppmv, because the
lower concentrations are more close to the detection limit and test of
linearity using a low concentration is much more rigorous.
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Figure 6: The GC-MS TIC spectra of a breath sample.

Figure 5 shows a typical response of the ringdown breath acetone
analyzer to the laboratory air and the breath samples from three healthy
subjects. As labeled, the first two blocks are analyzer’s response to the
laboratory air, which also serve as the background measurement. The
following three pairs of blocks are the measurement results obtained
from three different healthy subjects. The simultaneous BG values are
also shown in Figure 5. The ringdown time differences between different
breath samples are easily observed. The sharp rising and falling edges
of each block indicate the rapid-response (~1 s) of the analyzer. At the
end of each test, the ringdown time went back to the same baseline

level when the gas cell was evacuated. These tests demonstrate that the
ringdown breath acetone analyzer has the capabilities of high sensitivity,
good reproducibility, and fast and linear response.

Validation of the breath analyzer using the certified GC-MS

Figure 6 shows the total ion chromatogram (TIC) of a breath
sample using the GC-MS full scan mode. The label ‘Acetone’ indicates
the spectra of acetone. The 10 most abundant VOCs in breath are
acetone, isoprene, 1,4-dichlorobenzene, methyl sulphide, ethanol,
chloromethane, 2-methylpentane, dichloromethane, normal hexane,
and 2-methyl butane.

In total, 9 breath samples from 6 individual healthy subjects were
tested using both the ringdown breath acetone analyzer and the certified
GC-MS facility. In this experiment, the GC-MS system operated in
the selected ion monitoring (SIM) mode for quantification of acetone
only, and it took about ~1 hour to test one sample. As a result, Figure 7
shows a comparison of the measured acetone concentrations using two
individual methods. On the one hand, the fitting of the data shows a
linear trend of the CRDS measurement versus the GC-MS measurement.
This result verifies the characteristic of linear-response of the ringdown
breath acetone analyzer. On the other hand, the slope (= 1.01) in the
fitting equation suggests that the obtained acetone concentrations using
both methods are consistent. This GC-MS validation test confirms that
the ringdown breath acetone analyzer based on the CRDS technique is
a reliable instrument for fast (~1 s), highly sensitive, and quantitative
measurement of breath acetone.

Test of healthy and diabetic subjects using the validated
ringdown breath acetone analyzer

19 healthy (No.1-19) and 6 diabetic subjects (No.20-25)
participated in the breath tests using the validated ringdown breath
acetone analyzer. 29 samples from 19 healthy subjects and 15 samples
from 6 diabetic subjects were collected and tested. Table 3 lists the
detailed information on all subjects and samples.

Figure 8 shows the graph of breath acetone concentration versus
the simultaneous BG level in both the healthy group and the diabetic
group. The mean breath acetone concentration of the healthy group was
1.19 ppm, and, no obvious correlation was observed between breath
acetone concentration and BG level. Among the diabetic subjects, 3 of
them were T1D and the rest were T2D. 8 breath samples were collected
from the T1D subjects, while 7 samples from the T2D subjects. The
mean breath acetone concentrations in the T1D and T2D subjects were

R=0.9385
y=1.0085x-0.2209

0.5 1.0 1.5 2.0 2.5 3.0

Acetone Concentration using GC-MS (ppmv)

Acetone Concentration using CRDS (ppmv)

Figure 7: The ringdown breath analyzer’s performance validated by the
certified GC-MS facility.
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Figure 9: Variations of breath acetone and BG in a healthy subject during
an oral glucose tolerance test (OGTT).

determined to be 2.41 ppm and 2.95 ppm, respectively. The results
suggest that the subjects with higher BG levels tend to have elevated
breath acetone concentrations.

In this study, we investigated the time-dependent variations of
breath acetone in a healthy subject (No. 3) during an oral glucose
tolerance test (OGTT). The subject was a 25 year-old male with BMI of
23.9. He had an overnight fasting before the OGTT. As shown in Figure
9, the BG level shows a typical OGTT pattern [51], i.e., a rapid increase
with a peak value of 210.6 mg/dL at 60 min, followed by a gradual
decrease to 136.8 mg/dL (< 140 mg/dL) at 120 min. The simultaneous
breath acetone concentrations show a decreasing trend in the first

hour, from 1.72 ppm to 1.57 ppm, and then stabilized at the level of
approximately 1.36 ppm.

Comparison of different breath gas collection bags

In this study, fluorinated ethylene propylene (FEP) breath bags
were used to collect breath samples. In general, Tedlar bags have been
widely used for gas sampling in many breath researches [32,52-54].
However, the GC-MS test shows that FEP bags has better performance
than Tedlar bags, as can be seen in Figure 10. The TIC graph suggests
that FEP bags cause much less interference as compared to Tedlar bags.
Two types of Tedlar bags (Safelab Tedlar and Delin Tedlar, from Beijing
Safelab Technology Ltd. and Dalian Delin Gas Packing Co., Ltd., China,
respectively) and one types of FEP bag (HaoChenTianCheng, Beijing,
China) were further investigated by continuously measuring CRDS
absorbance of the laboratory air stored in the different bags.

Figure 11 shows that the ringdown absorbance of the laboratory
air went up obviously along with the time increased when using
Tedlar bags, but FEP bags showed a good stability. This phenomenon
reminds researchers to be careful when choosing breath bags for breath
sampling. The best way to avoid potential sampling noises from using
a breath collection bag is to breathe directly to the analyzer and this
modification of the present breath analyzer is underway.
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Conclusions

A ringdown breath acetone analyzer based on the CRDS technique
was constructed to test breath acetone concentrations in human subjects.
For the first time, this analyzer was validated by a certified GC-MS
method which is normally accepted as a golden standard for trace gas
analysis. By measuring breath samples using both the ringdown breath
acetone analyzer and the GC-MS facility, the obtained results show
that the breath analyzer responses linearly to various breath acetone
concentrations and the quantitative measurements using both methods
are consistent. The GC-MS validation confirms that this ringdown
breath acetone analyzer is a reliable instrument for real-time (~1s), on-
line (no sample preparation) breath acetone measurement. The breath
samples collected from 19 healthy and 6 diabetic subjects (3 T1D and 3
T2D) were tested using the validated breath acetone analyzer. The mean
acetone concentration in the 19 healthy subjects was 1.19 ppm, while
that in the 6 diabetic subjects was 2.68 ppm. Additionally, the GC-MS
tests of different breath gas collection bags suggest that breath bags may
cause some interference to the breath sample, and researchers should be
cautious when using a breath gas collection bag for sampling. A large
scale of clinical testing of breath acetone using this validated ringdown
breath acetone analyzer is underway.
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