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Abstract—A method for measuring the concentration of a biomarker (acetone in human’s breath),
which is based on the use of glow-discharge emission spectroscopy in air is proposed for the purpose
of noninvasive glucose monitoring in diabetes patients’ blood. The experimental setup and measure-
ment techniques are described, and preliminary results of clinical trials of the developed system under
ambulatory conditions are presented.
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INTRODUCTION

It is well known that diabetes is a complex of metabolic disorders accompanied by an increased blood
glucose level. This can lead to serious health complications, such as blindness, kidney failure, heart disease,
and gangrene. Type I diabetes, which occurs as a result of the lack of insulin caused by autoimmune
destruction of insulin-producing β-cells of the pancreas, requires an expensive life-long treatment with insulin.
Many patients need daily multiple and painful capillary blood sampling for glucose monitoring, which makes
patients frequently deviate from this virtually important procedure. It is particularly problematic for sick
children. We also note rather low accuracy of blood glucose level measurement at home, which, according
to the ISO 15197 standard, does not exceed ±20% for the available glucose meters [1]. Development of the
method of noninvasive blood glucose level monitoring would allow patients to monitor this level and perform
insulin therapy more accurately and effectively without a great psychological stress; moreover, diseases can
be detected at an early stage if the method is sufficiently sensitive.

There are many publications on the study of the relationship of a number of gaseous compounds with dif-
ferent kinds of pathological processes in the human body and their possible use for diagnosis, monitoring, and
treatment of various diseases [2]. For example, it was found that the substance concentration measurement
(biomarkers in the exhaled air) can be used as a basis for diagnosing a number of serious diseases.

Several successful attempts to control the blood glucose level by measuring the acetone concentration
in the exhaled air were described in [3–5]. Turner et al. [6] discovered a linear dependence of the acetone
concentration on the blood glucose level, which demonstrates the feasibility of the method of noninvasive
diagnosis of type I diabetes. However, it should be noted that all these experiments were carried out by using
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chromatographic and ion-drift mass spectrometers whose complexity, crockness, and high cost significantly
constrain the widespread application of this technique. An analysis of the market of equipment for medical
diagnosis of diabetes patients also shows the lack of commercially available low-cost devices that use this
promising noninvasive method of glucose monitoring.

The aim of this work is to create a method of noninvasive medical diagnosis of type I diabetes based
on detection of the biomarker traces (acetone in human’s breath) by means of high-discharge resolution
spectroscopy in air in the visible wavelength range. The advantage of emission spectroscopy over other
well-known techniques is that it does not require the use of ultra-high vacuum and cryogenic temperatures.
Emission spectroscopy in the visible wavelength range is insensitive to the presence of water vapors in the
exhaled air due to the lack of strong water lines in this range and has a high spectral selectivity limited
only by broadening of the emission lines because of the Doppler effect. Moreover, the high selectivity of
this method is combined with a wide spectral range covering virtually all biomarkers needed for medical
applications. The method is simple to implement, requires neither a carrier gas nor expensive consumables,
and allows manufacturing compact devices that also suitable for using at home.

EXPERIMENTAL RESULTS AND DISCUSSION

The experimental setup shown in Fig. 1 consists of a vacuum pump 1, glass cell 2, adjustable gas inlet
valve 3, sample pretreatment chamber 4, high-voltage source 5, spectrometer 6, and computer 7.

The setup operated as follows: a sample of air in a mixture with a calibrated portion of acetone was
prepared in the chamber and then introduced into the cell through the adjustable valve. Under ambulatory
conditions, patients or volunteers breathed into the chamber to achieve a desired flow of the studied air in
the receiving part of the setup. During this process, the pressure at a level of 10 Torr was maintained in the
cell with the adjustable valve. Upon reaching the operating pressure, the glow discharge with a constant
current of 8 mA was ignited in the cell. The emission radiation of the discharge was directed through a
fiber-optic cable to the spectrometer, whose signal was recorded and processed by the computer. In this
study, we used an Avantes AvaSpec-2048TEC fiber-optic spectrometer with high photometric sensitivity in
the visible spectral range. A 50-µm wide spectrometer entrance slit and a diffraction grating with 600 lines
per 1 mm provided a spectral resolution equal to 1.2 nm.

Spectrometer signals were processed in the following way: a laboratory air spectrum was recorded without
introducing the test substance and then was used as a reference, after which the next analyzed discharge
spectrum was recorded; then the relative emission spectrum was calculated by dividing the test spectrum
by the reference spectrum.

The reference spectrum of laboratory air recorded in the spectral range from 335 to 882 nm is shown
in Fig. 2. The dominant lines of this spectrum are due to N2 band systems: the first and second positive
systems are in the ranges from 600 to 882 and from 335 to 500 nm, respectively [7]. The atomic oxygen
line in the 845 nm is due to O2 dissociation in air. The line of 811.5 nm corresponds to Ar whose fraction
in air is approximately 1% [8]. It should be noted that there are no water lines in the recorded spectra in
the above-mentioned spectral range because they are mainly concentrated in the infrared, terahertz, and
millimeter ranges of the electromagnetic spectrum. These lines often create serious interference in accurate
spectroscopic measurements performed in certain spectral ranges.
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The relative spectrum obtained without introducing acetone into analyzed air is shown in Fig. 3. The
spectrum is actually the result of dividing the reference spectrum of laboratory air by itself, which is why
it is shaped as a straight horizontal line with noise, which varies from 1 to 5%, depending on the spectrum
range.

It was found that addition of acetone vapors into analyzed air (the acetone concentration is 30 ppm)
significantly modifies the relative spectrum (Fig. 4). This modification was due to changes in the discharge
conditions. Due to the appearance of acetone vapors, a decrease in the discharge emittance lowered the
overall signal level from 100% (see Fig. 3) to 70% (see Fig. 4), and the redistribution of intensities between
nitrogen lines was manifested in the presence of two narrow dips in the ranges of 777 and 845 nm. Acetone
is represented in the recorded spectrum by ten closely spaced lines in the spectral range from 380 to 580 nm.
The bright lines with the wavelengths of 656 and 486 nm correspond to the hydrogen lines Hα and Hβ of
the Balmer series. The spectrum has also a number of unidentified weak lines and spectral bands.

We performed experiments on recording the acetone spectra in the absence of oxygen through the use
of pure nitrogen and argon as a carrier gas. The resulting acetone spectra were indistinguishable from the
spectra recorded in the air discharge. This result excludes the hypothetical possibility of distortion of the
acetone emission spectrum due to acetone oxidation by atmospheric oxygen in the glow discharge.
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Acetone concentration in air, ppm
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Fig. 5.

Figure 5 shows the dependence of the acetone spectrum intensity on the acetone concentration in air.
The sample was pretreated by injecting precision portions of liquid acetone into chamber 4 (see Fig. 1), and
the mixture was introduced into the cell after acetone evaporation. This dependence is linear with good
accuracy at low acetone concentrations, and the curve reaches saturation at a concentration of approximately
17.5 ppm.

The saturation is due to a drop in the total discharge emission intensity because of the reduced tempera-
ture of electrons with a significant concentration of easily ionized components, which are acetone molecules.
Note that the expected maximum concentration of acetone in the patients’ breath is a value of the order of
10 ppm [9]. This makes it possible to work in the linear portion of the graph, which greatly simplifies the
blood glucose level measurement process.

PRELIMINARY RESULTS OF CLINICAL TRIALS

Before each measurement, the emission spectrum of laboratory air was recorded and taken as a refer-
ence. Further on, we performed blood tests in order to find the glucose level by using a “Yellow Springs
Instruments” glucometer. Then the patients breathed into the chamber for sample pretreatment until a
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Glucose concentration in blood, mmol/l
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desired air flow in the receiving part of the setup was reached. These tests were performed for all patients
on an empty stomach. Figure 6 shows the spectrum of exhalation of a patient who suffered from diabetes
for ten years. The figure clearly shows the characteristic spectral lines of acetone similar to those presented
in Fig. 4. The line at 337 nm corresponds to a molecular gas NO, which is a biomarker of such diseases as
cancer of digestive organs, asthma, gastritis, and others [2]. In the range from 350 to 430 nm, there are wide
spectral bands corresponding to methane, which is an indicator of a gastrointestinal tract disorder. Note the
complete absence of water lines, although the water vapors constitute a significant proportion of the breath.
In the spectrum, there are also a number of unidentified molecular bands and lines that require a further
study.

The measured dependence of the acetone concentration in the exhaled air on the glucose concentration in
the blood of three patients is shown in Fig. 7. Each point of this dependence is a single measurement for one
patient. The leftmost point is the result of measurements for a healthy person. The acetone concentration
measurement error is caused by the statistical error of the setup and the blood glucose level measurement
error was taken from [10].
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It is interesting to note the following feature. Within the error of the clinical trial, the graph bending
observed in the range of 10 mmol/liter can be considered statistically true. This may indicate the presence
of a nonlinear increase in the acetone concentration in the breath at extremely high blood glucose levels,
which is the subject of further studies.

CONCLUSION

In this paper, the possibility of measuring the concentration of the biomarker (acetone in human’s breath)
with the help of glow-discharge emission spectroscopy in air is demonstrated in order to noninvasively monitor
blood glucose levels in diabetic patients. The minimum sensitivity of acetone detection by the proposed
method (at the level of noise) amounts to 20 ppb, which allows this method to be used to detect diabetes at
an early stage, when it is still possible to cure the patient. With the use of the photodesorption effect [11], a
further increase in the sensitivity of the proposed method is expected. This work demonstrates a potential
for creating a portable sensitive breath analyzer suitable for diabetes control, including that at home. Due to
the wide spectral range covering almost all biomarkers, the proposed method can be used to control several
other socially important diseases.

This work was supported by the Russian Foundation for Basic Research (Grant No. 14-02-31099 mol a).
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