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Radiotherapy uses high-energy X-rays or other
particles to destroy cancer cells and medical practi‐
tioners have used this approach extensively for cancer
treatment (Hachadorian et al., 2020). However, it is
accompanied by risks because it seriously harms
normal cells while killing cancer cells. The side effects
can lower cancer patients’ quality of life and are very
unpredictable due to individual differences (Bentzen,
2006). Therefore, it is essential to assess a patient’s
body damage after radiotherapy to formulate an individu‐
alized recovery treatment plan. Exhaled volatile organic
compounds (VOCs) can be changed by radiotherapy
and thus used for medical diagnosis (Vaks et al.,
2012). During treatment, high-energy X-rays can
induce apoptosis; meanwhile, cell membranes are
damaged due to lipid peroxidation, converting unsatu‐
rated fatty acids into volatile metabolites (Losada-
Barreiro and Bravo-Díaz, 2017). At the same time,
radiotherapy oxidizes water, resulting in reactive oxygen
species (ROS) that can increase the epithelial permea‐
bility of pulmonary alveoli, enabling the respiratory
system to exhale volatile metabolites (Davidovich
et al., 2013; Popa et al., 2020). These exhaled VOCs
can be used to monitor body damage caused by radio‐
therapy.

In our study, 110 breath samples were obtained
from ten lung cancer patients who were receiving
radiotherapy. The gender, age, tumor location, cancer
stage, and daily dose of the patients are shown in
Table 1. We stored the samples in our lab-made glass
bottles away from light to avoid interference from
sampling bags or tubes. The VOCs in the samples
were detected using solid phase micro-extraction-gas
chromatography/mass spectrometry (SPME-GC/MS).
Ethanol was used as the internal standard. We evaluated
the changing trends of exhaled VOCs and identified
the radiotherapy biomarkers through multivariate
statistical analysis.

As shown in the heatmap in Fig. 1, 28 kinds of
VOCs regularly changed after radiotherapy. The data
are arranged horizontally in five columns, represent‐
ing the concentrations of exhaled VOCs 0.5 h before

Table 1 Demographic characteristics of involved subjects

No.

1

2

3

4

5

6

7

8

9

10

Gender

Male

Female

Male

Male

Male

Male

Male

Male

Male

Male

Age (years)

72

58

71

66

65

70

49

56

62

72

Tumor location

Upper right lung

Upper right lung

Left lung

Lower right lung

Right lung

Right lung

Right lung

Lower left lung

Upper left lung

Upper right lung

Cancer stage

T3N3M0 IIIC

T2N3M0 IIIB

T1bN3M0 IIIB

T2N2M1c IVB

T2N2M1b IVA

T2N2M0 IIIA

T4N3M0 IIIC

T4N2M0 IIIB

T4N0M0 IIIA

T4N3M1c IVB

The daily dose was 2 Gy.
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and 0.5, 2.0, 4.0, and 6.0 h after radiotherapy. We dis‐
covered three change trends which occurred together:
(1) increasing in the 6.0 h after treatment, including
hexanal, butyric acid, and propionic acid; (2) decreas‐
ing in the 6.0 h after treatment, including triacetin,
indene, cyclohexanone, methylbenzene, ethylbenzene,
1,3-dimethylbenzene, and 1,4-dimethylbenzene; (3) in‐
creasing followed by decreasing, including acetic acid,
valeric acid, hexanoic acid, nonanoic acid, acetone,
decanal, 2-methylbutanoic acid, 2-ethylhexanal, 2-
ethylhexanol, L-menthol, dimethyl adipate, dodecane,
tetradecane, caprolactam, p-cresol, 6-methylheptan-
2-one, 6-methyl-5-hepten-2-one, and indole. However,
for propionic acid in (1), the concentration before
treatment was higher than that 0.5 h after treatment,
which did not entirely follow the first change trend.
Meanwhile, for triacetin in (2), the concentration
abnormally increased 2.0 h after treatment, which was
not entirely in line with the second change trend.

The 28 VOCs could be classified into aromatic
compounds, alkanes, aldehydes, acids, ketones, alco‐
hols, and esters. Aromatic compounds, alkanes, and
aldehydes are biomarkers of lipid oxidation of polyun‐
saturated fatty acids in cell membranes (Phillips et al.,
2013). The increase of alkanes and aldehydes may be
due to lipid oxidation accelerated by radiotherapy or
irradiation (Phillips et al., 2013). However, the reason
for the decreased concentration of aromatic compounds
in this study was unclear. Meanwhile, acids, ketones,
alcohols, and esters are products of the reaction between
glutathionesulfonic acid and glucose, or between gluta‐
thione and glucose. Nakajima (2015) observed that
glutathionesulfonic acid and alutathione increased in
the liver after radiation exposure to protect the organ
against oxidative stress, which was inducible even by
low-dose radiation exposure.

We analyzed the breath samples 0.5 h before and
after treatment to identify the exhaled biomarkers of
radiotherapy. Based on the Mann-Whitney U test, seven
kinds of VOCs (P<0.05) were significantly different:
acetone, propionic acid, 2-methylbutanoic acid, indene,
dimethyl adipate, triacetin, and indole. We selected
these VOCs for the orthogonal partial least squares-
discriminant analysis (OPLS-DA) on SIMCA-P14.1.
Fig. 2a presents the corresponding integral matrix; the
integral values are concentrated in the T2 ellipse of
the scatter plot at a 95% confidence interval. The
before-and-after breath samples exhibited a promising

separation trend. R2X (cum), which we used to evaluate
the quality of the OPLS-DA model, was 0.912. On
the other hand, R2Y (cum), which assessed the propor‐
tion of variance of the response variable, was 0.631.
Meanwhile, the statistical value Q2 (cum) calculated
from sevenfold cross-validation described the model’s
predictive ability. In this model, Q2=0.53>0.50, indicat‐
ing that the original model had a high predictive
capability.

The supervised pattern-recognition method tended
to generate an overfitting phenomenon while enlarging
the differences between the groups. Therefore, it was
necessary to apply the permutation test to prove the
model’s validity. We obtained validation plots from
200 permutation tests. In Fig. 2b, R2 and Q2 regression
lines intersect the left Y-axis. The R2Y (cum) and Q2Y
(cum) values of the original OPLS-DA model were

Fig. 1 Heatmap of exhaled volatile organic compounds
(VOCs) after radiotherapy. VOC concentrations from high to
low are represented by a horizontal color gradient, with blue
indicating low concentrations and red indicating high ones.
Exhaled VOCs were classified into three groups according
to the change trends. As shown in the label bar on the right,
green denotes an increasing trend, gray denotes an increasing
then decreasing trend, and brown denotes a decreasing trend.
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more significant than all R2Y and Q2Y values of the
permutated models, thus validating the original model’s
suitability and validity. The respective intercepts of
R2Y and Q2Y were 0.0472 and −0.1900 (both of
which were less than 0.4), signifying a non-overfitted
model. The goal of determining the variable importance
in projection (VIP) scores was to select the VOCs
that most significantly contributed to the OPLS-DA
model, revealing three determinant VOCs with VIP
scores greater than 1.0: propionic acid, triacetin, and
indole. We identified these VOCs as the biomarkers of
radiotherapy.

Fig. S1 presents the quantitative analysis results
for the three biomarkers. Meanwhile, Fig. 3 illustrates
the median concentration values and interquartile
ranges (IQRs) of the three characteristic VOCs. The
concentrations of propionic acid and triacetin in the
exhaled breath of subjects decreased after radiotherapy
(Figs. 3a and 3b), while that of indole increased (Fig. 3c).

Exhaled propionic acid is a potential lung cancer
biomarker produced from lung cancer cells (Wang et al.,

2014). It can also originate from the fermentation of
undigested carbohydrates by intestinal anaerobes (Lin,
2004). From the heatmap in Fig. 1, it is evident that
its concentration immediately decreased after radio‐
therapy before gradually increasing. Presumably, the
initial decrease was due to lung cancer cell death caused
by the treatment, while the subsequent increase was
due to the rising number of intestinal anaerobes; intes‐
tinal anaerobes multiplied because of the intestinal
inflammation caused by radiotherapy (McKelvey et al.,
2018).

Nonspecific lipases and esterases can hydrolyze
triacetin to release glycerol and acetic acid. In this
study, triacetin concentration decreased after treatment.
Glycerol can undergo conversion to glyceraldehyde-
3-phosphate for glycolysis, while acetic acid can
produce acetyl-coenzyme A (acetyl-CoA) (Reisenauer
et al., 2011; Long et al., 2015). Radiotherapy can
increase the activity of the hypoxia-inducible factor 1
(HIF-1) transcription factor (Zhong et al., 2013), which
then stimulates glycolysis and consumes glycerol
(Semenza, 2011). Additionally, radiotherapy can cause
the overexpression of cytoplasmic acetyl-CoA synthe‐
tase in tumors (Chung et al., 2017), which consumes
acetic acid. Thus, it can be inferred that glycerol and
acetic acid consumption causes a decrease in triacetin
concentration.

Indole is related to tryptophan metabolism in
intestinal flora (de Vietro et al., 2020). In this study,
its concentration immediately increased after radio‐
therapy before gradually decreasing. Moreover, it can
bind to blood albumin (Gambhir et al., 1975). However,
the molecular conformation of albumin can change
under ionizing radiation (Kirilova et al., 2011). There‐
fore, we assumed that the initially increased concen‐
tration was caused by a decrease in the ability of indole
to bind to albumin. In another study, indole produced
by intestinal flora decreased when exposed to radi‐
ation (Broin et al., 2015). This may be why we found
that exhaled indole concentration decreased 2.0 h after
radiotherapy.

Notably, the time intervals between the most
significant concentration differences for the 28 VOCs
before and after radiotherapy were different (Fig. 1).
For instance, the time interval for dodecane was 2.0 h,
while that for methylbenzene was 6.0 h. This situation
raises the question: what is the appropriate time point
to sample exhaled gases? We suggest recruiting more

Fig. 2 Establishment of orthogonal partial least squares-
discriminant analysis (OPLS-DA) models. (a) OPLS-DA
score plot; (b) OPLS-DA validation plot (Y-axis represents
R2Y or Q2Y, X-axis represents the correlation between
displacement model and original model, and Y-axis intercepts:
R2=(0, 0.0472) and Q2=(0, −0.1900)).
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volunteers and sampling breath more frequently, which
we plan to undertake in subsequent studies.

In summary, we found that 28 kinds of VOCs
changed regularly after radiotherapy, including aromatic
compounds, alkanes, aldehydes, acids, ketones, alco‐
hols, and esters. Using the Mann-Whitney U test and
OPLS-DA analysis, we identified three radiotherapy
biomarkers. Furthermore, we established a discrimi‐
nant model with a Q2 value of 0.53, indicating good
predictive ability. Based on heatmap analysis, we
pinpointed a problem regarding the appropriate time
point to sample exhaled gases. The time intervals
between the most significant concentration differences
before and after radiotherapy for the 28 VOCs were
different. This context requires further study involving
more breath samples and higher sampling frequency.

Materials and methods
Detailed methods are provided in the electronic supple‐

mentary materials of this paper.
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