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Respiratory diseases are highly prevalent in the general population, and the morbidity, mortality, and healthcare burden on
society at large have been on the rise worldwide. For example, lung cancer is a major contributor to cancer-related mortality
around the globe, and identifying clinically relevant biomarkers for lung cancer detection at both early and metastatic stages
has been a pressing need. Human metabolism is complicated and may vary with different individuals. Despite advances in the
treatment and the early screening of respiratory diseases, most diagnoses are established at a late stage, i.e., when genetic and
epigenetic changes have developed. A promising source of biomarkers indicative of the pathogenesis of respiratory diseases is
exhaled breath condensate (EBC), a biological fluid and a natural matrix of the respiratory tract. Molecules, such as DNAs,
RNAs, proteins, metabolites, and others, are found in EBC, and their presence/absence or changes in concentrations can serve
as biomarkers. This review discusses the exhaled breath composition, candidate EBC biomarkers, and the potential to use EBC

for diagnosing diseases, therapeutic monitoring, and screening high-risk individuals.
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Introduction

Over the past decades, researchers have been devel-
oping non-invasive methods of examining inflammatory
markers of diseases. Exhaled breath condensate (EBC) col-
lection is a relatively new technique for harvesting pul-
monary specimens. EBC is a liquid form of exhaled gases
and vapors that can be safely collected from patients who
can breathe on their own or those on mechanical ventila-
tion simply by placing a collecting device in the expiratory
circuit of the ventilator [1].

The collection of EBC was first described in 1980 in
the former Soviet Union but has recently gained renewed
interest as a non-invasive means of analyzing the status
of the lung [2]. Investigations on EBC have been con-
ducted under different diseases, including chronic obstruc-
tive pulmonary disease (COPD), lung cancer, acute respi-
ratory distress syndrome (ARDS), and asthma, among oth-
ers. These studies have identified some patterns of change
in an array of biomarkers that are appreciable in EBC [3,4].
The biomarkers include but are not limited to, nitric oxide
(NO), eicosanoids, such as leukotrienes, prostanoids and
isoprostanes, products of lipid peroxidation, hydrogen per-
oxide (H202), and inflammatory proteins [4]. By assessing
the inflammatory biomarker profiles of specific conditions,
clinicians might use EBC findings as prognosticators and
indicators that guide treatment. This paper reviews the stud-
ies and clinical applications of metabolomics in EBC in the
diagnosis, prognosis, and treatment of diseases.

EBC

The gas expelled from the lungs after gas exchange
is composed of nitrogen, oxygen, carbon dioxide, a small
amount of inert gas, and water vapor. Additionally, it also
contains trace but a wide variety of endogenous and exoge-
nous compounds [5]. The production and operation of EBC
in vivo are shown in Fig. 1. EBC consists of a wide array of
water-soluble volatile and non-volatile substances. Some
valuable substances are listed in Table 1 (Ref. [5,6]). The
substances’ properties fall into three categories: exhaled
volatile organic compounds (VOCs), exhaled nitric oxide,
and exhaled non-volatile compounds [6].

VOCs stem from endogenous metabolites of the hu-
man body or bacteria from the digestive and respiratory
tracts and may be influenced by smoking, medication, food
intake, etc. [7]. In addition, the exhaled VOCs also con-
tain inhaled VOCs from the external environment. Com-
mon endogenous VOCs include isoprene and acetone. In-
gestion of some precursors, such as valproate or '2C-
dextromethorphan, can lead to the presence of 3-heptanone
or '3CO, in VOCs [8]. Currently, acetone, isoprene, ac-
etaldehyde, and other substances have been the major tar-
gets of active research [5].

Feno emerged as a non-invasive marker of airway in-
flammation in asthma in the 1990s and has since been stud-
ied as a marker of many other diseases [9]. Some studies
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Fig. 1. A schematic diagram showing the production and transport of metabolic substances in EBC. The yellow arrows denote

the production of the metabolites and the movement in the body, and the blue arrow indicates the passage of the metabolites into the

respiratory tract. *Created with BioRender.com. EBC, exhaled breath condensate.

exhibited that Fgno was also of some value in the research
of environmental exposure and respiration [10,11].

The exhaled non-volatile compounds in EBC are min-
imal but include a wide variety of substances, including pro-
teins, surfactants, macromolecules, microorganisms, small
molecules, ions, and so on [4]. Common substances, such
as prostaglandins, leukotrienes, oxidative stress metabo-
lites, glutathione, adenosine, and HyO- [4,12,13], have
been covered by a great many studies.

Examination of EBC

EBC contains a large number of substances, and an
abundant amount of technology has been developed for
examination. Samples are usually tested directly when
biomarker information is available. For example, when de-
tecting alcohol driving, we can detect ethanol in EBC by
infrared spectroscopy. When exploring new biomarkers,
omics analysis can often be considered. Metabolomics and

proteomics widely detect metabolites and proteins in sam-
ples and find valuable markers through data analysis. These
two methods have been applied to the analysis of EBC [13—
15]. Although there is no relevant application of transcrip-
tomics at present, relevant detection achievements of nu-
cleic acids have been obtained, and the application and de-
velopment of transcriptomics can be expected in the future
[16]. In addition, there is a faster way to detect EBC sub-
stances quickly, namely the electronic nose (e-nose).

By mimicking a mammal’s nose, the e-nose uses a
vast array of sensors that interact nonselectively with odor
molecules to produce a signal sent to a computer for data
processing, to analyze valuable information. There are dif-
ferent types of electronic nose sensors, including organic
polymers, metal oxides, quartz crystal microbalances, and
even selective detection of substances in combination with
gas chromatography (GC) or mass spectrometry (MS) [17].
In detecting VOCs or other substances in EBC, e-nose can
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Table 1. Categories of biomarkers in EBC [5,6].

Compounds

Representative substances

Amino acids
Lipids
Amine
Organic acids

lysine, tyrosine, aspartic acid
monostearin, monopalmitin, fatty acid
glutamine, 11-eicosenamide

formic acid, acetic acid, propionic acid

Alcohol methanol, ethanol, propanol
Aldehydes acetaldehyde, propionaldehyde
Ketones acetone

Hydrocarbons  acetoin, isoprene, squalene
Others

Feno, p-cresol, indole, formate, 1-methylimidazole, PGE2

EBC, exhaled breath condensate; PGE2, Prostaglandin E2.

be used to reduce the demand for samples and shorten the
inspection time, further improving the degree of conve-
nience.

Respiratory Diseases

Since EBC comes from breathing gases, respiratory
diseases are the most suitable for the use of EBC for re-
search. Diseases associated with airway inflammation,
such as COPD and asthma, can be found in patients’ EBC
due to inflammation. EBC changes have also been observed
in lung cancer and cystic fibrosis due to changes in local
tissue activity. Recent advances in the use of EBC in respi-
ratory diseases will be covered in the following section.

COPD

A major feature of COPD is chronic inflammation of
the airway. With the help of EBC, the increase in Fgno can
effectively mark COPD patients [18]. In addition, Fgno can
distinguish COPD from asthma-COPD overlap syndrome
(ACOS) [19]. Metabolomics and proteomics have also
made some achievements in studying the application value
of EBC in COPD. One study found that the nuclear mag-
netic resonance (NMR) metabolic profiling of EBC can ef-
fectively distinguish asthma patients from COPD patients,
even if they have a history of smoking [20]. NMR spectra of
EBC can also discriminate COPD and PLCH patients who
have a history of smoking from non-COPD smokers and
the differences between them, and provide a clear metabolic
spectrum for each category of patients [21]. Metabolomics
in EBC can also help evaluate the efficacy of different
drugs in treating COPD [22]. Through proteomics analysis,
EBC can also identify stable COPD and non-COPD control
groups [13].

Asthma

Compared with COPD, asthma is mainly character-
ized by acute changes in airway function. Even so, through
the analysis of EBC, we can still explore a lot of useful in-
formation about asthma. In a study containing 64 subjects
between 6 and 18 [23], the authors collected EBC and as-
sessed expiratory fingerprints using an electronic nose. The

results showed that a two-cluster hierarchical model based
on exhaled volatile organic compounds could significantly
distinguish between asthmatic and non-asthmatic patients.
In another study [24], through the analysis of extracellu-
lar vesicles in EBC, the authors successfully revealed the
difference in lung microbiota between patients with asthma
and the control group, and proposed a diagnostic model of
asthma using artificial intelligence. In contrast, the loss
of ammonium reflected the decrease in ammonia synthe-
sis caused by the down-regulation of glutaminase, resulting
in acid neutralization damage.

Lung Cancer

Lung cancer is a malignant tumor in which there are a
large number of pathophysiological states worth exploring,
and with the help of EBC, many metabolic processes and
genetic changes can be easily found. In a study of lung can-
cer [25], the authors found that the concentration of IL-11
in the exhaled breath of patients increased significantly and
proved that IL-11 is closely related to the poor prognosis of
NSCLC. In addition to COPD, proteomics in EBC can also
identify biomarkers of lung cancer [26]. This method can
also distinguish lung cancer from benign pulmonary nod-
ules, which is of guiding significance for future research
on related pulmonary nodules [27]. Nucleic acid and gene
sequencing can also be applied to EBC. In this study of
gene mutations in lung and colorectal cancer [28], by us-
ing a more sensitive amplification-based next-generation
sequencing technique (NGS) to identify cancer-related mu-
tations in DNA isolated from EBC, we can find mutations
in EBC DNA in healthy subjects, which may represent very
early neoplastic changes or a normal apoptotic process that
eliminates damaged cells by mutation or genetic material
changes.

Cystic Fibrosis

Cystic fibrosis is a rare multiple-organ hereditary dis-
ease caused by mutations in the CF transmembrane conduc-
tion regulator (CFTR) gene [29]. The lungs are the most
common site of involvement, and respiratory failure is the
leading cause of death in patients with cystic fibrosis [30].
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In a study, by analyzing the metabolic profile of EBC, it
was found that asymmetric dimethylarginine and related
metabolites could be used as biomarkers in pediatric pa-
tients with CF [31].

Other Respiratory Diseases

In addition to the above diseases, many respiratory
diseases can be studied by EBC, such as obstructive sleep
apnea syndrome (OSAS) [32,33] and ARDS [34]. Tar-
geted analysis of VOCs in EBC can also distinguish chil-
dren with and without pseudomonas aeruginosa-positive
cultures from adults with clinically acceptable sensitivity
values [35].

Digestive Diseases

It has been mentioned in the introduction that various
substances can reach the lungs through blood circulation
and participate in the formation of EBC, so respiratory dis-
eases and other diseases may also be studied through EBC.
The digestive system has rich blood circulation and shares
part of the channels with the respiratory tract. Therefore,
many studies on digestive diseases with the help of EBC
will be covered below.

Inflammatory Bowel Disease

Inflammatory bowel disease (IBD), including Crohn’s
disease (CD) and ulcerative colitis (UC), is a chronic in-
testinal inflammation that significantly impacts patients’
quality of life. In a study of CD, the author evaluated the
composition of microflora by pyrophosphate sequencing of
16S rRNA V1-V3 gene region and analysis of EBC by gas
chromatography-mass spectrometry (GC-MS) [36]. They
found that 17 volatile metabolites were associated with 17
species of bacteria, which provided a new clue for targeted
intervention. In another study [37], the authors found that
VOCs can be used as a new, non-invasive, rapid, and rela-
tively inexpensive tool for diagnosing IBD, with high sen-
sitivity and specificity. VOCs can also separate healthy
controls, active patients, and remission CD patients in a
real-life cohort [38]. As a diagnostic marker of IBD, EBC
can also accurately distinguish healthy people, CD, and UC
[39]. Even for similar diseases, such as UC, EBC can effec-
tively distinguish active UC from remission, and the char-
acteristics of UC are significantly different from those of
patients with non-UC colitis [40].

Malignant Tumor

Digestive tract tumors are a significant contributor to
digestive system diseases. As a component of EBC, VOCs
have been able to effectively distinguish patients with col-
orectal cancer from healthy people, providing an effective
non-invasive examination program for the disease [41,42].
In addition, VOCs can also distinguish the metabolic fin-
gerprints of cancer tissues from normal colonic mucosa
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of the same patient, such as the contents of benzalde-
hyde, phenylethyl and indole are significantly different
from those of normal colonic mucosa [43]. In addition to
colorectal cancer, different expiratory VOC curves can also
distinguish patients with esophageal and gastric adenocar-
cinoma from non-cancer controls [44].

Esophageal Diseases

EBC can also be used in the study of esophageal dis-
eases. Inastudy on the treatment of esophageal atresia (EA)
[45], the authors found that the level of antioxidant Glu-
tathione in EBC was significantly decreased in patients with
EA, cysteinyl-leukotriene (Cys-LT) in the PPI group, and 8-
iso in the gastric fundus folding group. Another study ana-
lyzed the microRNAs (miRNAs) in EBC and revealed that
the decreased level of miRNA-21 in EBC in patients with
EA suggested the problem of airway hyperresponsiveness,
which may be related to gastroesophageal reflux (GER) and
its surgical treatment [16].

Other Digestive Diseases

In addition to the above diseases, other disease studies
also involve EBC. The e-nose, which can analyze VOC:s,
has a certain potential in distinguishing chronic pancreati-
tis, pancreatic cancer, and healthy controls, and may be of
good significance for the early detection of pancreatic le-
sions [46]. For liver cirrhosis, a study has proved that ex-
piratory ammonia can effectively distinguish between pa-
tients with liver cirrhosis and healthy people [47]. An-
other study demonstrated the ability to evaluate human
health and disease status using non-invasive screening tools
based on breath and urine VOC analysis at a moderate
level of abstraction through data fusion of the two systems
[48]. The metabolic analysis of EBC [49] shows that the
changes in glycerol phospholipid metabolism, sphingolipid
metabolism, arachidonic acid metabolism, and amino acid
metabolism can predict the poor prognosis of patients with
liver failure.

Breast and Thyroid Diseases

Although the breast and thyroid are superficial tis-
sues, EBC still has the opportunity to use its talents, such
as convenient, non-invasive, and can help understand the
pathophysiological changes in the disease process. In a
study that containing patients with lung, colon, breast,
and prostate cancer by using a tailor-made array of cross-
reactive nanosensors based on organically functionalized
gold nanoparticles and GC-MS, VOCs was able to distin-
guish respiratory differences between healthy people and
cancer patients [50]. Moreover, each type of cancer may
have a unique VOC pattern. Similarly, with the help of
chemical resistive gas sensors and stoichiometric analysis,
VOCs can form characteristic chemical fingerprints, so they
can also be used as a valuable tool for lung cancer, breast
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cancer, and COPD screening testing [51]. In a study of
899 subjects, the results showed that the prediction accu-
racy was 91%, the sensitivity was 86%, the specificity was
97%, the positive predictive value was 97%, the negative
predictive value was 97%, and the area under the work-
ing curve of the subjects (AUC) was 0.99, and the Kappa
value was 0.83 [52]. In a more detailed study, it was found
that there were significant differences in seven substances
((S)-1,2-propanediol, cyclopentanone, ethylene carbonate,
3-methoxy-1,2-propanediol, 3-methylpyridine, phenol, and
tetramethylsilane) in VOCs between breast cancer patients
and healthy people, as well as between breast cancer pa-
tients and gastric cancer patients [53]. In a similar study on
thyroid cancer, there were significant differences in VOCs
between patients with nodular goiter and normal controls,
patients with papillary thyroid cancer and normal controls,
patients with papillary thyroid cancer, and patients with
nodular goiter; 7,7 and 3 characteristic metabolites played
a decisive role in sample classification [54].

Genitourinary Diseases

Renal disease may affect renal function, leading to
changes in blood composition, and changes in the contents
of EBC may occur at this time. In fact, the studies of EBC
in renal disease are not uncommon. One study has con-
firmed that the concentration of 45 volatile organic com-
pounds exhaled by critically ill patients with acute renal in-
jury is higher than that of patients with normal renal func-
tion [55]. During dialysis, the concentration of 2/3 of the
substances will gradually drop. This suggests that EBC can
reflect the severity of acute renal injury and can be used
to evaluate the efficacy of dialysis. Chronic nephropathy
can also cause changes in VOC components in EBC, such
as ammonia, ethanol, isoprene, valeraldehyde, and heptanal
[56]. In end-stage renal disease, 2-propanol, ammonia, and
acetaldehyde contained in EBC can also distinguish be-
tween individuals with and without renal failure [57]. In
addition to renal disease, prostate disease can also be re-
flected in changes in EBC. Prostate biopsy is the gold stan-
dard for the diagnosis of prostate cancer, but it is an inva-
sive test. In the study, hand-held electronic nose devices
trained by neural networks can effectively distinguish be-
tween untreated, histologically confirmed primary prostate
cancer patients and control patients [58]. In the future, we
can try to conduct more similar studies to explore changes
in local physiological activity in the disease.

Other Diseases

In addition to the previously listed diseases, other or-
gan and tissue lesions can also cause changes in the compo-
sition of EBC. The distance between the heart and the lung
is the closest; their functions are closely related and influ-
ence each other. Therefore, there are also associated studies

on EBC in patients with cardiovascular disease. Through
the analysis of VOC data, elderly patients with congestive
heart failure can be well distinguished from healthy people
and COPD patients [59].

In addition to cardiovascular diseases, there are some
research results on neural system diseases. In a study of
Parkinson’s disease, the authors used an electronic system
to detect volatile molecules (sensor arrays) in EBC to distin-
guish between de novo PD and control subjects [60]. Com-
pared with midbrain ultrasound (93%, 90%, 92%) and ol-
factory detection (62%, 89%, 73%), the sensitivity, speci-
ficity, and accuracy of the sensor array in detecting nor-
mal Parkinson’s disease were 79%, 84%, and 81%, respec-
tively. This confirms the application potential of this de-
tection technology for EBC in diseases. In another study on
multiple sclerosis, the authors used an electronic nose to an-
alyze VOCs in EBC [61]. After training the model through
a neural network and adding the effect of drug intake, the
results confirmed that an electronic nose could distinguish
between MS patients and healthy control subjects, which
may create a rapid screening test tool for MS.

The mouth, oropharynx, and glottis are all part of the
upper respiratory tract, so lesions in these locations can also
be reflected in changes in EBC. A study of 91 patients with
head and neck squamous cell carcinoma (HNSCC) showed
that the diagnostic accuracy, sensitivity, and specificity of
using VOCs in EBC were 72%, 79%, and 63%, respectively
[62]. In the three groups of models used to distinguish
oral, oropharyngeal, and glottic sub-loci and healthy con-
trols, the AUC was 0.85, 0.82, and 0.83, respectively. This
shows that this method can effectively distinguish HNSCC
patients from healthy controls.

Hernia recurrence and aortic aneurysm are related to
impaired collagen metabolism. Preventive options will be
greatly enhanced if patients at risk of hernia recurrence and
aortic aneurysms can be identified in a reliable, low-cost,
non-invasive manner. A three-arm proof-of-concept study
conducted in three hospitals used electronic noses to detect
VOCs in EBC [63]. Neural network analysis showed the
ability to distinguish between patients with recurrent her-
nia and controls (AUC = 0.74, sensitivity = 0.79, speci-
ficity = 0.65) and between patients with aortic aneurysm
and healthy controls (AUC = 0.84, sensitivity = 0.83, speci-
ficity = 0.81). This proves that EBC can distinguish pa-
tients at risk of recurrent hernia and aortic aneurysms from
healthy controls and suggests that many similar exploratory
studies can be carried out in the future.

Discussion and Conclusion

Although great progress has been made in diagnosing
and treating various diseases, a comprehensive understand-
ing of the metabolic process in the occurrence and develop-
ment of diseases is far from enough. EBC can provide more
biological information about the lesions involved in blood
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circulation and ventilation as a biological sample from the
lower respiratory tract. In addition, as a non-invasive de-
tection method, EBC has the advantages of safety and con-
venience.

This review describes the practical results of EBC in
several systems. Some systematic research results are very
rich. For these diseases, future research should focus on
metabolomics, proteomics, and transcriptome, which can
explain the changes of the disease in depth and detail, which
can not only help the research and development of EBC
but also help us to understand the disease better, to im-
prove clinical decision-making. For some systems with
fewer achievements, we should reflect on whether there are
lessons to be learned from the existing research to improve
the research methods and find a suitable starting point to
carry out more research and promote the development of
technology and the progress of disease awareness.

More basic research and clinical trials are warranted
to improve EBC metabolomics performance, develop stan-
dardized procedures, and provide reference data. Many
studies have demonstrated that EBC analysis promises to
function as an essential tool in future scientific research and
clinical practice.
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