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Abstract: Many life-threatening diseases at an early stage remain unrecognized due to a lack of
pronounced symptoms. It is also accepted that the early detection of disease is a key ingredient
for saving many lives. Unfortunately, in most of the cases, diagnostics implies an invasive sample
collection, being problematic at the asymptomatic stage. Infrared spectroscopy of breath offers
reliable noninvasive diagnostics at every stage and has already been tested for several diseases. This
approach offers not only the detection of specific metabolites, but also the analysis of their imbalance
and transportation. In this article, the power of infrared spectroscopy is demonstrated for diabetes,
cerebral palsy, acute gastritis caused by bacterial infection, and prostate cancer.

Keywords: infrared spectroscopy; biofluids; VOCs; medical diagnostics; metabolite; biomarker;
cerebral palsy; urogenital cancer; acute gastritis

1. Introduction

In the human body, each living cell undergoes constant biochemical reactions to keep
it alive [1]. During these biochemical processes, many biomolecules are produced as a
product or byproduct of these reactions. They can have a large heterogeneity of size from
diatomic carbon monoxide to large proteins containing hundreds of atoms. Irrespective
of the size, these biomolecules carry out the characteristic information of the cell state [2].
These biomolecules are produced throughout the body and are picked up and distributed in
the bloodstream and other biofluids. Small biomolecules (typically of a mass not exceeding
130 a.u.), commonly called volatile organic compounds (VOCs), can (i) escape from the
bloodstream through the alveolar membrane to the inner space of the lungs and (ii) finally
release from the body as exhaled air. There is strong evidence that exhaled VOCs not only
provide information about the internal chemistry of the body, but also about overall health,
thus having great potential as indicators of disease onset and progression [2]. Therefore, the
identification and/or quantification of VOCs is an essential task for clinical applications.

There have been many experimental techniques developed to identify VOCs from
breath including infrared spectroscopy [3], e-nose [4], gas-chromatography mass spec-
trometry (GC-MS) [5], etc. Each technique has its own advantages and dis-advantages;
however, infrared spectroscopy seems to be a promising one due to several reasons [6]. The
recent development of gas-phase infrared spectroscopy that we pursue, aiming to identify
disease-specific VOCs from breath, is presented in this article.
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2. Detection of Biomarkers Using Infrared Spectroscopy

Infrared spectroscopy has already proven its potential to study chemical substances in
the liquid, as well as the gas phase [3,7]. The major advantage of infrared spectroscopy in
the gas phase is its capability of simultaneously detecting many molecules in a single exper-
iment [6]. Infrared spectroscopy probes the intrinsic molecular vibrational and rotational
modes without changing their original chemical state [8,9]. As a result, unlike GC-MS,
there is no chance of molecular fragmentation during measurement and false identification
of the molecule [10]. Another advantage is that the number of preparatory steps with the
sample is minimal. Because of the unique vibrational character of the constituent bonds,
each molecule is therefore represented by a unique spectral structure in the infrared spectral
region. This structure is called the fingerprint of the molecule [11]. The identification of
VOCs in the complex breath spectra is achieved by (i) matching the fingerprints of known
molecules and (ii) subtracting them to visualize the spectra of other molecules with low
absorption [10,11].

3. Disease-Specific Biomarkers

So far, several hundred VOCs have been identified using different analytical meth-
ods [12]. A majority of them have been identified by GC-MS [12]. In that sense, the detection
of VOCs by infrared spectroscopy is still in its infancy, capable of identifying only a few
tens of them. Its capability became stronger after the development of a high-duty-cycle
water suppression technique applied to gas-phase biological samples [13]. The upgraded
instrument, called the ultrabroadband midinfrared Fourier transform infrared (FTIR) spec-
trometer, has already been applied in small studies of cancer, cerebral palsy, bacterial
infections, etc. The corresponding results are presented in the following subsections.

3.1. Diabetes

A large population in modern society suffers from metabolic disorder, commonly
called diabetes. It is characterized by a high blood sugar level over a prolonged period
of time. It is well known from ancient times that the breath of diabetic patients smells
sweet due to acetone in their biofluids. Indeed, it has been found that the acetone level in
the breath of diabetic patients is significantly elevated [14]. We have shown that infrared
spectroscopy is capable of detecting and quantifying acetone in breath samples [13]. In
experiments, it can be identified unambiguously by two broad peaks centered at 1217 cm−1

and 1365 cm−1, shown in Figure 1. A fitting curve for acetone is represented by the
red line along with the breath spectrum (black) of a healthy volunteer. The measured
corresponding concentration of acetone is ∼1.1 ppm. According to the literature, the
concentration of acetone for patients suffering from type 1 diabetes ranges between 1.5 ppm
and 2.2 ppm. Monitoring the diabetic stage via acetone can be considered as a noninvasive,
fast procedure.
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Figure 1. The acetone in the breath of a healthy volunteer (black line). The red plot is the fitting curve
of the acetone spectrum [13].

3.2. Antibiotic Treatment

Current knowledge about the deviations of human microbiota caused by antibiotic
treatment is substandard [15]. To improve this, the breath deviations of a volunteer affected
by quadruple antibiotic therapy against Helicobacter pylori have been studied. Two spectral
regions were identified where the corresponding spectral structures strongly deviated
during the treatment [16]. One of them is shown in Figure 2. They were identified as methyl
ester of butyric acid and ethyl ester of pyruvic acid. Both acids, generated by bacteria in
the gut, are involved in fundamental metabolic processes. Therefore, these metabolites
could serve to monitor acute gastritis and anti-Helicobacter pylori antibiotic treatment.
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Figure 2. (a) Infrared spectra of breath: healthy volunteer (gray) and with bacterial infection (cyan).
The red curve is the spectral difference between the above two spectra. The blue plot is the IR
spectrum of methyl butyrate. (b) The recovery dynamics of acute gastritis via the quadruple course
(QAC) [16].

3.3. Cerebral Palsy

Cerebral palsy (CP) cannot be diagnosed with certainty in the first year of life because
with the increasing development of the brain structure, pathological abnormalities become
visible [17]. Cerebral palsy is caused by nonprogressive damage to the developing brain in
early childhood. The damage occurs before, during, or shortly after birth [18]. An infrared-
spectroscopy-based pilot study identified two distinguishable spectral regions for CP and
healthy volunteers (Figure 3). More than 90% accuracy was achieved in identifying the
above two groups [19]. Muscular dystrophy (MD) was separated out from the CP group
(Figure 3b,c).
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Figure 3. (a) The average absorption spectra of healthy (red) and CP (blue) volunteers. Dashed lines:
fitting curves of three main VOC candidates; (b,c) plot boxes for healthy, CP, and a patient with
muscular dystrophy (MD), with the corresponding median values and error bars [19].

3.4. Prostate Cancer

Early detection of urogenital cancers is a real challenge. The available low-invasive
diagnostics (PSA) of prostate cancer (PCa) suffers from unsatisfactory accuracy (<70%),
even at advanced stages. To improve the accuracy, a pilot study was carried out using
the exhaled breath of 63 volunteers representing three groups: (1) 19 healthy, (2) 28 with
prostate cancer, (3) kidney and bladder cancer (KC and BC), each with 8 volunteers.
Eight spectral regions were revealed that differentiated the groups (Figure 4), with eight
corresponding VOCs. The resulting accuracy for distinguishing the groups exceeded
95% [20,21].

-6 -4 -2 0 2 4 6

 PC1

-3

-2

-1

0

1

2

3
 P

C
3

Healthy
PCa
KC + BC

123
4

5

6
7

8 9
10

11

1213

14

15

16

17

18

19

20

21

22

23

24

25 26

27

28

29

30
31

32
33

34

35
36

37

38

39

40

41
42

43
44

45
46

47

48

4950

51

52

53

54

55

56

57

58

59

60

61

62

63

X

X

X

990 995 1000 1005 1010 1015 1020

 Wavenumbers in cm-1

0

50

100

150

200

 C
o

n
c
e

n
tr

a
ti
o

n
, 

p
p

b

Acetic anhydride

Healthy

PCa

µWavelength in    m
9.90 9.8010.1 10.0(a) (b)

Figure 4. (a) The average absorption spectra of healthy (red) and PCa (blue) volunteers. Dashed line:
fitting curves of acetic anhydride, identified as a biomarker. (b) The result of the principal component
analysis. Ellipses are drawn for the visualization of the three groups [21].

4. Conclusions

A brief review of disease-specific metabolite-based spectroscopic diagnostics was
presented in this article. The state-of-the-art gas-phase biofluid analysis by means of
infrared spectroscopy performed in our group was shown. Intrinsic molecular vibrations
were used as fingerprints to detect specific metabolites from a complex molecular mixture,
namely the breath. We demonstrated that by analyzing the breath, infrared spectroscopy is
capable to detecting diabetes, cerebral palsy, bacterial infection, prostate cancer, etc. This
technique is noninvasive and patient friendly and allows straightforward verification. To
become an established diagnostic method for pathology diagnostics, it requires extensive
studies with a large number of samples. Last but not least, many critical questions have
to be answered. These include the following: (i) How accurately can the metabolites
be identified in breath samples? (ii) Can small metabolites unambiguously be used to
distinguish healthy and diseased states?

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.
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