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Abstract

Background Lung cancer (LC), characterized by high incidence and mortality rates, presents a significant challenge
in oncology. Despite advancements in treatments, early detection remains crucial for improving patient outcomes.
The accuracy of screening for LC by detecting volatile organic compounds (VOCs) in exhaled breath remains to be
determined.

Methods Our systematic review, following PRISMA guidelines and analyzing data from 25 studies up to October
1,2023, evaluates the effectiveness of different techniques in detecting VOCs. We registered the review protocol

with PROSPERO and performed a systematic search in PubMed, EMBASE and Web of Science. Reviewers screened

the studies'titles/abstracts and full texts, and used QUADAS-2 tool for quality assessment. Then performed meta-anal-
ysis by adopting a bivariate model for sensitivity and specificity.

Results This study explores the potential of VOCs in exhaled breath as biomarkers for LC screening, offering a non-
invasive alternative to traditional methods. In all studies, exhaled VOCs discriminated LC from controls. The meta-
analysis indicates an integrated sensitivity and specificity of 85% and 86%, respectively, with an AUC of 0.93 for VOC
detection. We also conducted a systematic analysis of the source of the substance with the highest frequency

of occurrence in the tested compounds. Despite the promising results, variability in study quality and methodological
challenges highlight the need for further research.

Conclusion This review emphasizes the potential of VOC analysis as a cost-effective, non-invasive screening tool
for early LC detection, which could significantly improve patient management and survival rates.
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tomography (LDCT), are deemed the most effective
methods for LC screening. However, the high false-pos-
itive rate, unavoidable radiation exposure, and significant
costs associated with LDCT limit its broad application
[3].

In recent years, molecular biology approaches have
received increased focus in cancer screening. These
include the detection of tumor markers in bodily fluids,
such as carcinoembryonic antigen (CEA) and circulating
tumor DNA (ctDNA). Nonetheless, these methodologies
are limited in sensitivity, and the search for novel, specific
biomarkers is ongoing and challenging [4]. To address
these limitations, a novel method involving the detection
of VOCs in patients’ breath has been proposed.

Human physiological processes yield a multifaceted
array of metabolic byproducts, which may originate
directly within the lungs or be conveyed to the lungs via
the bloodstream, subsequently being expelled through
gaseous exchange. The contrast in physiological activities
between tumoral and normal tissues results in distinct
metabolic byproducts. By identifying these differentially
produced compounds, it is viable to screen for prospec-
tive lung cancer patients [5]. Obtained via exhalation,
these VOCs can thereafter be analyzed through two
fundamental techniques: Chemical compound analysis
employing gas chromatography and mass spectrometry
(GC-MYS), which allows for the examination of individual
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compounds, or the application of an electronic nose
(eNose) that utilizes pattern recognition of chemical
compounds through multivariate analysis. This burgeon-
ing technology presents a promising adjunct, proffering a
simple, swift, non-invasive, point-of-care diagnostic tool
potentially amenable to widespread screening efforts,
ultimately aimed at refining lung cancer management
strategies. Consequently, a systematic review of pre-
existing studies was undertaken to ascertain the viability
of employing volatile organic compounds in lung cancer
screening.

Materials and methods

Eligibility criteria

The inclusion criteria for controlled trials were as fol-
lows: patients diagnosed with LC via pathological or
cytological confirmation; detection of volatile organic
compounds (VOCs) in the exhalation of the subjects; and
clinical studies. Exclusion criteria included studies with
small sample sizes; lack of a healthy control group; focus
on VOC detection technology; studies on VOC changes
before and after LC treatment; studies not reporting the
detected VOC results; and articles not written in English
or unpublished. The detailed patient data for our analysis
are shown in Appendix Table 2 (Fig. 1).
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Fig. 1 Flowchart of selecting eligible studies
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Search and study selection

This meta-analysis was conducted in accordance with
PRISMA guidelines. Two experienced reviewers (X.F.
and Z.R.) searched the PubMed, EMBASE, and Web of
Science databases for literature published up to October
1, 2023. The keywords used were “lung cancer;,” “volatile
organic compounds,” and “exhalation screening” and the
appropriate Medical Subject Heading (MeSH) terms. A
specific search strategy was employed for each database,
and the protocol was registered with PROSPERO (Regis-
tration No. CRD 42023470519).

Data extraction

In addition to basic information such as authors and pub-
lication dates, we extracted as much relevant information
as possible about the experimental and control groups
from the articles. All data related to the target out-
comes were recorded in a Microsoft Excel database. This
included author names, publication years, data on the
subjects of the experimental and control groups, VOC
detection methods, and the diagnostic performance of
exhaled VOC detection (sensitivity and specificity). Since
almost all articles did not provide the number of true
positives (TP), false positives (FP), true negatives (TN),
and false negatives (FN), these metrics were calculated
using the sensitivity, specificity, and the number of sub-
jects in the experimental and control groups provided in
the literature.

Assessment of study quality

The quality of the included studies was assessed using
the QUADAS-2 tool, which evaluates four key domains:
patient selection, index tests, reference standards, and
the flow and timing of the studies. Each component was
assessed for risk of bias, with the first three domains also
evaluated for their clinical applicability. The outcomes
of this assessment were categorized into three risk lev-
els: low, high, and unclear (Appendix Table 4, Appen-
dix Fig. 1). The patient selection domain, predominantly
based on case—control study designs, exhibited higher
risks of bias and applicability. Similarly, most studies
had high bias risks in the index test domain due to the
reliance on known pathological results as the reference
standard, though the applicability concerns here were
minimal. Nearly all studies employed pathological exami-
nation as their reference standard, leading to low bias
risks and high applicability in this domain. The majority
of studies presented a low bias risk regarding study flow
and timing, except for three studies that did not clearly
specify whether all patients underwent the same test-
ing standards, resulting in unclear bias risks, and three
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others that either did not use uniform testing standards
or failed to include all cases in the analysis, thus posing a
higher risk.

Results

Study selection and characteristics

Subsequent to the elimination of duplicates, 329 studies
were earmarked for screening. Amongst these, 304 were
dismissed for failing to conform to the prescribed inclu-
sion criteria, resulting in the selection of 25 studies for
incorporation into the systematic review. This review
encapsulates 25 investigations centered on the utiliza-
tion of VOCs detected in exhalations for screening LC,
encompassing a cumulative cohort of 2045 individu-
als diagnosed with LC and 2201 subjects in the control
group, which included both healthy individuals and those
diagnosed with benign respiratory conditions. The con-
tributing studies spanned 10 countries, with a prepon-
derance originating from the United States and China.
Given the constraints of small sample sizes, the majority
of studies resorted to cross-validation methods for veri-
fication. The collection of exhalation samples predomi-
nantly employed Tedlar bags, although a subset of studies
utilized sorbent traps among alternative methodologies.
Eighteen investigations adopted gas chromatography-
mass spectrometry (GC-MS) as the analytical technol-
ogy, notably including the study by Wang et al.,, which
implemented a synergy of SPME and TD techniques in
conjunction with GC-MS. An additional two studies lev-
eraged GC-FID technology, whereas five other investiga-
tions utilized a diverse array of technologies, including
IMS, SIFT-MS, HPPI-TOFMS, electronic nose (eNose),
and CRDS. The compilation of VOCs discerned across
these studies illuminated 37 compounds recurrent in
three or more investigations, posited as potential bio-
markers for LC screening. These VOCs were catego-
rized according to prevalence, spanning alkanes, alkenes,
ketones, benzenes and their derivatives, aldehydes, and
alcohols, with hexanal emerging as the most prevalently
detected compound. The sensitivity range deployed for
LC screening via VOCs oscillated between 60.6% and
100%, while specificity ranged from 61.2% to 100%.

Meta-analysis

According to the retrieved data, we estimated the
accuracy of VOCs as a screening tool for LC. The
meta-analysis of exhaled VOCs revealed the pooled
sensitivity and specificity of all the included studies
were 85% (95% CI 84—87%) and 86% (95% CI 84-87%)
(Fig. 2A, B), respectively The SROC curve revealed an
AUC of 0.93 (Fig. 2C), indicating outstanding diagnos-
tic performance. And the PLR, NLR, and DOR were
6.10 (95% CI 4.61-8.05), 0.18 (95% CI 0.13-0.23) and
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Fig. 2 Clinical sensitivity (A), specificity (B) and SROC curve (C) of VOCs detection methods in the included studies

42.26 (95% CI 25.68-69.55), respectively (Appendix
Fig. 2A, B, C). Due to the scarcity of studies analyz-
ing the correlation between LC staging, subtypes, and
exhaled VOCs, such data were limited and challenging
for statistical analysis. The software used for the meta-
analysis included Excel, Origin 2021, and Meta-disc.

Discussion
The findings of this review suggest that VOCs present
in exhaled breath may represent a novel and promising
method for LC screening. This analysis encompassed 25
studies involving a total of 2045 LC patients and 2200
control group participants. Table 1 summarizes the

essential information. The sensitivity and specificity for
the detection of LC using exhaled VOCs were reported
to be 85% (95% CI: 84—87%) and 86% (95% CI: 84—87%),

Table 1 Characteristics of included studies [6-30]

Study Year Country Detection method Collection method for exhaled breath samples Breath portion Volume Statistic method
Elinaetal.[6] 2020 Russia GC-FID Tedlar bag all 5L K-S test,Spearman's rank correlation test
Michalis et al.[7] 2020 Greece GC-MS Tedlar bag,Mylar bag all 1L random forest
Tsou et al.[8] 2021 China SIFT-MS Tedlar bag all 1.2L XGBoost
Longet al.[9] 2021 China GC-MS Tedlar bag end 0.3L OPLS-DA,binary logistic regression
Monedeiro et al.[10] 2021 Poland GC-MS Tedlar bag,NTD all NR RF,multinomial logistic regression
Wangetal.[11] 2022 China HPPI-TOFMS Tedlar bag all 1L Multivariate logistic regression
Robyn et al.[12] 2022 Canada CRDS Tenax TAsorbent tubes all 10L Wilcoxon test
Ekaterinaetal.[13] 2022 USA GC-MS Tedlar bag, TD end 1L univariate logistic regression
Azamat Zet al.[14] 2023 Russia GC-MS Tedlar bag all 5L ANN, K-S test,Spearman’s rank correlation test
Rudnickaetal.[15] 2019 Poland GC-MS Tedlar bag,SPME end 1L Mann-Whitney test,DFA,FA,ANN
Wanget al.[16] 2018 China GC-MS Tedlar bag,steel tubes packed with Tenax TA, TD end 1L SPSS,MATLAB,C#,ANN

GC-MS Tedlar bag,steel tubes packed with Tenax TA,SPME end 1L SPSS,MATLAB,C#,ANN
Bajtarevic etal.[17] 2009 Austria GC-MS Tedlar bag,SPME all 3L Kruskal-Wallis test
Chenetal.[18] 2007 China GC-FID Tedlar bag,SPME all 5L PCA
Corradietal.[19] 2015 Italy GC-MS Bio-VOC tube,SPME end 150ml Mann-Whitney test
Fuchset al.[20] 2010 Germany GC-MS Headspace vial,SPME end 10ml Kruskal-Wallis test
Handaetal.[21] 2014 Japan IMS CO2-controlled sampleinlet unit end 10ml Decision tree algorithm
Phillipsetal.[22] 1999 USA GC-MS Portable electrical device,sorbent trap all 10L Forward-stepwise DA,LOO
Phillipsetal.[23] 2003 USA GC-MS Portable breath collection apparatus,sorbent trap all 1L Forward-stepwise DA,LOO
Phillips et al.[24] 2007 USA GC-MS Portable breath collection apparatus,sorbent trap all 1L Fuzzy logic,forward stepwise multilinear regression
Polietal.[25] 2005 Italy GC-MS Teflon-bulb,SPME end 150ml multinomial logistic regression
Sakumuraet al.[26] 2017 Japan GC-MS Analytic barrier bag,cold trap end 1L SVM,LOO
Schallschmidt etal.[27] 2016 Germany GC-MS Gas bulb,SPME all 1L LDA-LOO
Songet al.[28] 2010 China GC-MS Tedlar bag,SPME all aL Wilcoxon test
Gordon et al.[29] 1985 USA GC-MS Bag, Tenax cartridge all 20L DFA
Fuetal.[30] 2014 USA e-nose Tedlar bag all 1L Wilcoxon test

GC gas chromatography, MS mass spectrometry, FID flame ionization detector, SIFT selected ion flow tube, NTD Needle Trap Device, HPPI-TOFMS high-pressure photon
ionization time-of-flight mass spectrometry, CRDS cavity ring-down spectroscopy, TD thermal desorption, IMS lon mobility spectrometry, XGBoost eXtreme Gradient
Boosting, OPLS-DA orthogonal projection to latent structure discriminant analysis, RF random forest, ANN artificial neural network, DFA discriminant function analysis,
FA factor analysis, PCA Principal component analysis, LOO Leave-one-out cross-validation, SVYM Support vector machine, LDA Linear discriminant analysis
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respectively, with an AUC of 0.93. These findings dem-
onstrate the high diagnostic accuracy of breath analysis
for LC. However, given the significant risk of bias in the
assessment of research quality, these results warrant cau-
tious interpretation.

Current mainstays for LC screening include LDCT and
serum biomarkers. LDCT, extensively utilized, has been
validated in previous studies to decrease LC mortality
and enhance quality of life [31]. Nevertheless, despite its
high sensitivity, LDCT’s specificity is comparatively low,
and there is a potential risk of radiation damage, particu-
larly affecting the elderly. Moreover, utilizing LDCT for
screening may elevate the incidence of radiation-induced
LC [3]. Serum biomarkers for LC, such as CEA, CYFRA
21-1, and ctDNA, are commonly employed. However,
their sensitivity and specificity leave much to be desired.
In contrast, the detection of VOCs in exhaled breath
offers simplicity, non-invasiveness, and lacks radioac-
tive exposure, thereby enhancing patient compliance and
achieving optimal detection accuracy. Consequently, this
method holds considerable potential for further develop-
ment and widespread application.
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Chemicals classes

A total of 190 VOCs were detected in the breath of LC
patients in the included studies (Appendix Table 6).
However, only 37 VOCs were detected in 3 or more arti-
cles among the 7 detection methods (Fig. 3), highlighting
a low reproducibility of VOC detection across different
studies. Employing consistent or standardized detection
methods might help mitigate this issue. The compounds
identified primarily comprise alkanes, alkenes, ketones,
benzene, aldehydes, and alcohols, with hexanal being
the most prevalent, detected in nearly half of the stud-
ies. Developing a specific VOC spectrum based on these
frequently mentioned compounds could significantly
enhance the diagnostic efficacy for LC.

The most commonly detected compounds in the
included studies were alkanes, followed by alkenes,
both of which belong to hydrocarbons. Under normal
physiological conditions, human cells produce a certain
amount of reactive oxygen species (ROS), which can
cause peroxidation of lipids, especially polyunsaturated
fatty acids (PUFA), when they are abnormal. This is one
of the main sources of hydrocarbons [32]. Pentane, one
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Fig. 3 The most frequent detected VOCs for LC in studies
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of the most frequently detected alkanes, was once con-
sidered a marker of lipid peroxidation [33], but pentane
can be further metabolized into 2-pentanol in the liver,
so factors that affect the liver may change the concentra-
tion of pentane [34]. Isoprene appeared with the highest
frequency among alkenes, and research has shown that it
is mainly produced in the liver through the mevalonate
pathway (MVA) from cholesterol biosynthesis [35]. How-
ever, other studies have confirmed that there is no direct
correlation between the concentration of isoprene in
breath and blood cholesterol levels [36, 37], so there may
be other biological pathways that affect the concentration
of isoprene in breath.

The p-oxidation process of long-chain fatty acids in
mitochondria is the basis for ketones and ketone deriva-
tives in the human body. The active metabolism of fatty
acids in cancer is also the main reason for the increase
in ketone content in patients’ breath [32, 38]. Acetone
is the simplest ketone with a high detection rate. How-
ever, its concentration is easily affected by metabolic
diseases such as diabetes and physiological activities, so
it’s potential as a biomarker still needs to be considered
[39]. Benzene and its derivatives are generally believed
come from the external environment, such as air pollu-
tion, cigarettes, chemical materials, etc. [40]. In fact, the
aromatase which synthesizes hormones, is overexpressed
in human breast cancer tissue, which may lead to changes
in the concentration of benzene in the VOC spectrum
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[41], whether this phenomenon exists in LC needs fur-
ther explore.

Hexanal is the most frequently detected substance
among all tested substances, with 11 studies mention-
ing it, indicating its importance as a potential LC bio-
marker. The sources of aldehydes and alcohols are very
diverse, including diet, smoking, alcohol intake [42]. They
are closely related to the metabolism of multiple types
of substances. For example, the metabolism of hydro-
carbons can produce alcohols, the oxidation reaction of
alcohols in the liver can produce aldehydes, and CYP450
can also participate in the oxidation of alcohols to pro-
duce aldehydes [43].

The sources of esters, ethers and furan, in addition to
dietary intake, mostly rely on enzymatic reactions [44].
Nitrogen and sulfur compounds mainly originate from
the decomposition and synthesis of specific amino acids
[45, 46]. However, more researches are needed in the
future to prove whether they have potential to become
biomarkers due to the low existence in breath.

In fact, only a portion of the most frequent compounds
detected in the included studies have clear origins
(Table 2), The majority of VOC sources are still unclear
or only have some hypothetical origins. Moreover, even
if some substances have a clear origin, their differences
in LC patients may not necessarily indicate their abil-
ity to serve as biomarkers. For example, lung infections,
non-specific inflammation, and other tumors also exhibit

Table 2 The most frequent detected VOCs and their possible sources [32-46, 48-62]

Class Detected compounds Possible source
Alkane Dodecane;Hexane; Peroxidation of polyunsaturated fatty acids (PUFA) [32], reactive oxygen
Undecane;Cyclohexane; species (ROS) of oxidative stress [34,48], activity of cytochrome P450
Decane;Heptane,2-methyl; (CYP450) [49], metabolism of ethanol [50]
Octane;Pentane;Heptane;
Methyl cyclopentane
Alkene Isoprene;Styrene;1-Hexene Peroxidation of PUFA [32,33], ROS of oxidative stress [34,48], CYP450
activity [49], cholesterol biosynthesis [35,36,37], metabolism of ethanol [50]
Ketone 2-Butanone;Acetone; B-oxidation process of long-chain fatty acids,ketogenicamino acid
Cyclohexanone; decomposition [32,38,52], physiological activity [39], tumor activity [51]
2-Pentanone;Acetoin;
2-Butanone,3-hydroxy-
Benzene Benzene;Ethyl benzene; external environment [40,53], aromatase [41]
Toluene;Benzene,propyl-;
Benzene,1,2,4-trimethyl-
Aldehydes Hexanal;Heptanal;Nonanal; diet, smoking, alcohol metabolism, etc.[42,54,60], peroxidation of PUFA by
Pentanal;Octanal;Decanal; CYP450 [55], glycolysis/glycogenesis and fatty acid metabolism [56,57],
Benzaldehyde;Butanal tumor activity [58], apoptosis [59]
Alcohol 1-Propanol;1-Butanol intake of food and alcoholic beverages, metabolism of hydrocarbons [39]
Ester/Ether Butyl acetate dietary intake [32], carboxylesterase [44]

Nitrogen compounds
Sulfur compounds
Carboxylic acid

Furan

Acetonitrile
Dimethyl sulfide

gastrointestinal microorganisms,amino acids [45,46], smoking [40]
sulfur-containing amino acids [62]
lipid peroxidation [32]

unclear, microbial action [61]
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Table 3 Baseline information of people in the studies [6-30]
Study Detection method Sensitivity Specificity Control  Stage of LC (number of patients) Other lung diseases
(95%Cl)  (95%Cl)
Elinaetal.[6] GC-FID 0.98 0.88 75 75 IB:4,1IB:8MA:17,IB:15;C:4; NA
Iv:27
Michalis et al.[7] GC-MS 0.79 0.89 51 53 NA NA
Tsou et al.[8] SIFT-MS 0.96 0.88 148 168 I A-B:4;IIA-B:4;IIA:8;IIB- NA
C:27,IVA:65;1VB:40
Longet al.[9] GC-MS 0.92 0.95 116 161 0:1; T A:25; I B:21;ITA:3;IIB:10; I NA
A:181B:10;MC:1;,IVA:10;1VB:17
Monedeiro et al.[10] GC-MS 0.94 0.88 16 20 NA NA
Wanget al.[11] HPPI-TOFMS 0.89 0.89 157 368 I A:101; IB:7;II:11;I:15;1V:9 NA
Robyn et al.[12] CRDS 0.66 0.98 62 96 NA Pneumonia,Bronchitis,Asthma,
COPD,Emphysema,Pulmonary
fibrosis,Sarcoidosis,Unspecified lung
disease
Ekaterinaet al.[13] GC-MS 0.89 0.87 88 137 1:88 NA
Azamat Zetal.[14]  GC-MS 0.87 0.82 112 120 IB:8;IIB:14;A:22; [ B:26; M C:3; Chronic heart
1V:39 failure,Hypertension,Anemia,Acute
cerebrovascular
accident,Obesity,Diabetes
Rudnicka et al.[15] GC-MS 0.80 0.91 108 121 I:511:12;1:22;1V:35 NA
Wanget al.[16] GC-MS 0.81 0.84 125 58 NA NA
GC-MS 0.76 0.79 108 82 NA NA
Bajtarevicetal.[17] GC-MS 0.80 1.00 65 31 NA NA
Chenetal.[18] GC-FID 0.86 0.69 29 13 NA Chronic bronchitis
Corradi et al.[19] GC-MS 0.62 0.62 71 67 I-T0:52;I-1V:19 Benign nodules;
Bronchiectasis;granulomatous nodular,
pleural effusion,bronchiolitis, nodular
fibrosis
Fuchset al.[20] GC-MS 0.75 0.96 12 12 NA NA
Handaetal.[21] IMS 0.76 1.00 50 39 IA:7;1B:6IIA:3;IIB:3;IMA:4II NA
B:4;1v:23
Phillipsetal.[22] GC-MS 0.72 0.67 60 48 I:9II:3;IMA:11;IMB:7;1V:27;X:3 NA
Phillips et al.[23] GC-MS 0.85 0.81 67 41 1:14;10:2;I0:20;1V:23;X:8 NA
Phillips et al.[24] GC-MS 0.91 0.74 193 211 NA NA
Poli et al.[25] GC-MS 0.72 0.94 36 50 IA-IIA:36 COPD
Sakumuraetal.[26] GC-MS 0.95 0.90 107 29 NA NA
Schallschmidt et al.[27 GC-MS 0.84 0.78 37 23 NA NA
Songetal.[28] GC-MS 0.93 0.93 43 41 1:13;0:7;10:6;1V:17 NA
Gordon et al.[29] GC-MS 1.00 1.00 12 17 NA NA
Fuetal.[30] e-nose 0.90 0.81 97 120 1:34;11:16;11:24;1V:11 Benign nodules

oxidative stress, and most inflammatory conditions are
related to the production of ROS. Therefore, some ROS
products may not be specific to cancer [42]. Many stud-
ies have included other lung diseases, such as benign
pulmonary nodules, COPD, and LC for comparison to
screen specific VOC. Some common non-tumor and
non-inflammatory metabolic diseases will also lead to
changes in VOC [47]. Smoking is one of the most impor-
tant risk factors for LC, it is still uncertain whether it
has an impact on respiratory test results. Phillips et al’s
study [23] suggests that smoking has no significant effect
on VOC spectra, while Long’s [9] and Corradi’s study
[19] provide the opposite conclusion. This also con-
firms that the accuracy of using a single VOC diagnosis
is low. While searching for specific biomarkers, it is also

necessary to establish a diagnostic model that combines
multiple VOCs. More research should be invested to
explore the origin and related influencing factors of these
substances, so that the clinically relevant information
obtained from respiratory analysis is meaningful.

Stage and histological type

The baseline data of the subjects are shown in Table 3.
Many of the included studies recorded the LC stage and
VOCs spectrum, but few further explored the relation-
ship between them, nor do they set subgroups by histo-
logical type. In an instructive comparison conducted by
Fuchs et al. [20], an analysis on VOC spectra between
SCLC and NSCLC exhibited an elevated concentration
of hexanal in SCLC (p=0.006), presumably attributed
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to its higher malignancy and augmented tumor cellular
activity. Handa et al. [21] found that EGFR mutations
could lead to changes in VOC spectra, especially the
n-Dodecane peak (p<0.01). The study also confirmed
that 2-Butanol, 2-Methylfuran, and n-Nonanal could
also be used to distinguish adenocarcinoma from squa-
mous cell carcinoma (p=0.011). Song et al. [28] observed
that adenocarcinoma had higher levels of 1-butanol and
3-hydroxy-2-butanone than squamous cell carcinoma
(p<0.05), while Fu et al. [30] reported an ascendance in
the 4-hydroxyhexenal peaks within the VOC spectrum
of squamous cell carcinoma (p=0.03). Different types
of tumor cells produce diversity in VOCs profiles due
to their differences in biological behavior. Chen’s cyto-
logical experiment [18] also proved that different types
of LC cells have their own unique VOC spectra. Asso-
ciative studies have highlighted LC staging correlations
with VOCs spectral changes, where Chen [18] found
that the VOC species of patients with stage I, II LC were
the same as those of patients with stage III, IV LC, but
the concentrations were different, suggesting that VOC
detection is more suitable for stage I, II. LC. Fu et al. [30]
found that the concentration of 2-butanone was signifi-
cantly lower in patients with stage I LC than in patients
with stage II to IV LC. Conversely, Azamat et al. [14] pos-
tulated an increased concentration of 2-butanone in all
advanced LC stages. Azamat also found that peaks such
as 2,3-Butandione and 1-methylthiopropene were signifi-
cantly correlated with TNM staging of LC. Corradi et al’s
study [19] found that the concentration of ethyl benzene
increased in the breath of patients with advanced NSCLC
(p=0.019). On the contrary, several studies by Phillips
[22-24] and Song et al. [28] suggested that the stage of
LC had little impact on breath VOC detection. Although
these studies analyzed the correlation between LC stag-
ing and VOC changes, the number of studies remains
small, and the number of samples included in the studies
is also small. Some research conclusions are conflicting,
so further exploration is needed in this area in the future.
Handa proposed establishing a unique VOC profile based
on ethnicity, age, and other factors [21], which would also
be a feasible research direction.

Collection methods

The collection of breath samples is an indispensable step
in the detection of VOCs. Tedlar bag is the most com-
monly used collection method. Considering the low
concentration of target VOCs in the sample and suscepti-
bility to environmental contaminants, sample preparation
often involves the combined use of solid phase microex-
traction (SPME), sorption tubes, or thermal desorption
(TD) methods. Wang et al. [16] compared two sample
preparation schemes, TD and SPME, extrapolating a

Page 8 of 11

diagnostic model sensitivity, specificity, and accuracy of
80.8%, 84%, and 82.7% respectively for GC—MS in con-
junction with TD; and 75.6%, 78.9%, and 76.7% with
GC-MS integrated with SPME. In addition, some litera-
ture has also attempted to use new collection methods,
such as Monedeiro et al’s [10] use of Needle trap device
(NTD). This method effectively reduces the limitations
of sample collection and quantification, greatly improv-
ing sample utilization and research analysis reproduc-
ibility. Several of the studies included end-tidal breath
samples for analysis. Generally, the first two-thirds of
human exhaled breath consist of airway gases, while the
final one-third comprises alveolar gases. The VOC spec-
trum found in alveolar gases is relatively less impacted by
external environments compared to airway gases, result-
ing in VOC concentrations that are 2-3 times higher
than those in the total breath [63], which may render
them more suitable for analysis. Moreover, the volume of
samples collected in the study ranged from 10 ml to 10L,
indicating a need for further research to ascertain if sam-
ple volume impacts detection outcomes. In summary, the
collection method of samples does influence the accuracy
of VOC detection, so reforming old technologies and
developing new ones should be emphasized.

Detection methods

In fact, GC-MS is currently recognized as the gold
standard for biomarker identification in human breath
[64]. It can accurately analyze the specific compound in
breath, but the method’s prohibitive cost, sophisticated
equipment requirements, and steep learning curve hin-
der its widespread application in LC screening. Some of
the literature included in this study used other detec-
tion methods, such as GC-FID and SIFT-MS. GC-FID,
leveraging a flame ionization detector (FID), and SIFT-
MS, utilizing a selective ion flow tube (SIFT), represent
advancements over the traditional GC-MS approach,
convincingly enhancing LC screening sensitivity. E-nose
and high-pressure photon ionization time-of-flight mass
spectrometry (HPPI-TOFMS) have demonstrated com-
parative accuracy in LC screening to that of GC-MS.
While neither method quantitatively measures VOC
concentrations akin to GC-MS, they provide alternative
indicators, such as compound mass spectra peaks. Fur-
thermore, these two methods can be used as portable
devices for clinical real-time detection without sample
preprocessing, reduced the possibility of contamination
and enhance their portability. The other two detection
methods Ion mobility spectrometry (IMS) and cavity
ring-down spectroscopy (CRDS) exhibited lower accu-
racy levels. IMS obtains a single spectrum with a certain
time limit and is generally not used for unknown sub-
stance detection, making it difficult to discover new LC
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biomarkers in breath; CRDS is a laser absorption spec-
troscopy technology based on the principle of laser pulse
decay in samples, with high specificity but low sensitiv-
ity. Although there are many different detection schemes
available, the paucity of extensive research beyond GC—
MS underscores a compelling need for further investiga-
tion into their practical viability.

Statistical methods

Research has used various statistical methods for screen-
ing LC using VOCs. Traditional methods include t-tests,
Wilcoxon tests, Mann—Whitney-U tests, principal com-
ponent analysis, discriminant analysis (DA), etc. These
methods are mostly used to analyze the linear relation-
ship between VOCs and LC. However, given the complex
interrelations among different VOCs, traditional algo-
rithms do not fully utilize VOC data, potentially ignor-
ing some nonlinear relationships [65]. In recent years,
machine learning techniques have gradually become
popular, such as random forest algorithms (RF) and arti-
ficial neural networks (ANN), which have gradually been
introduced into research, promising more profound
insights into VOC data interconnections. However, the
establishment of these diagnostic models requires a large
amount of data support, and the number of participants
involved in the studies included is relatively small. Many
studies also divide training and testing groups from the
same sample dataset, so the fitted diagnostic models are
mostly not ideal. Robyn et al. pointed out that overfit-
ting models can overestimate or conservatively estimate
the actual test performance [12]. Therefore, increasing
sample sizes or adopting novel statistical methodologies
is advisable to improve the establishment of diagnostic
models.

Suggestions

The method of detecting LC through the content of VOC
in breath has been proven to be feasible. However, com-
pared with other established and widely-used detection
methods, significant gaps remain. The detection meth-
ods used in the included studies are different, as are the
sampling collection, data statistics, and selection of tar-
get VOCs. These problems greatly limit the wide applica-
tion of VOC detection. Therefore, establish standards to
homogenize breath testing protocols is imperative. Many
studies only differentiate VOC spectra between patients
and healthy people and use this to evaluate the accuracy
of breath testing,without established a standard for the
so-called “standard VOC spectrum’. Since collecting sam-
ples from healthy people is feasible, establishing a corre-
sponding “standard normal VOC spectrum” by age, race,
etc. could lay a foundation for future research and clinical
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applications. In addition, there are two main directions
for improving the accuracy of breath testing: develop-
ing new VOC detection technologies and improving
the technologies already existed, or trying to find more
specific LC biomarkers. Since the VOC contained in
breath samples are easily affected by many aspects such
as patient LC progression, lifestyle habits, and other dis-
eases, detailed patient stratification and analysis of LC
staging, typing, smoking habits, other lung conditions,
and VOC spectra are necessary. The complexity of VOC
interactions makes it difficult to apply a single VOC as a
diagnostic standard, thus, VOC spectra should be used
for comprehensive diagnosis. Evaluating compounds as
potential characteristic biomarkers warrants considera-
tion from diverse perspectives. Beyond sensitivity and
specificity, factors such as compound stability, concentra-
tion in exhalation, and other relevant parameters should
also be taken into account [66]. Future research may also
incorporate cytological experimental studies to explore
the biological characteristics of LC tumor cells and their
unique VOC spectra, alongside clinical data to develop
more effective diagnostic models. In addition, combining
breath testing VOC with traditional LC screening meth-
ods such as CT can complement each other and may
become a promising direction for future development.

Limitation

Although we make a comprehensive evaluation of the
exhaled VOCs detection, and the included studies have
excellent applicability, our study still has certain limita-
tions. 11 of the 25 included studies did not mention the
stage of LC patients, and there were few subgroup anal-
yses of patient staging in the recorded articles. Consid-
ering that LC staging may affect the changes in VOC
spectra, our study cannot provide a conclusive answer.
In addition, 9 articles did not mention the classifica-
tion of LC patients, and although the remaining articles
recorded the histological classification of patients, there
was no unified classification method, and few articles
studied the impact of different classifications on VOC
spectra. Therefore, this study can only provide a general
description of the feasibility of breath testing, but cannot
provide specific clinical breath testing accuracy for LC. A
total of 7 detection methods were included in the stud-
ies, but 19 studies used the same method GC-MS, which
may affect our evaluation of the accuracy of other detec-
tion methods. In fact, besides GC-MS and eNose, using
canine olfaction is also a cutting-edge but unconven-
tional research direction [67]. However, considering indi-
vidual differences in dogs and the inability of this method
to quantitatively analyze specific VOCs, our study did
not include articles in this research direction, and the
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induction of methods for using VOCs in exhaled breath
to screen for lung cancer is not comprehensive enough.

Conclusion

Our study included the latest research results on VOCs
screening for LC in recent years, consistent with pre-
vious research conclusions, VOCs detection has excel-
lent accuracy. This detection method exhibits rapidity,
non-invasiveness, and significant patient adherence,
rendering it highly promising for clinical application.
Some compounds such as alkanes show a high correla-
tion with LC, indicating use specific VOCs to construct
models for diagnosing LC has high practicability. In
addition, analyses were conducted on the differences in
research results as well as the reasons for their occur-
rence, we also proposed some possible improvement
plans. However, considering the existing researches still
have some deficiencies, the factors that may affect the
exhaled VOCs are still subject to various limitations
that need to be further analyzed and verified. There-
fore, in the future, it’s necessary to conduct research
on a large number of population samples to further
investigate their associations and explore more VOCs
with the potential to become biomarkers for lung can-
cer. The research findings of this review may provide
new supplements to the direction of improving exhaled
breath detection.
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