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Abstract 

Lung cancer has become the most commonly diagnosed cancer and the leading cause of 

cancer deaths globally. The major problem of the high mortality rate is the late diagnosis. 

Conventional methods utilized for clinical detection of lung cancer have employed expensive 

and invasive medical procedures that cause stress, discomfort, and pain to patients, and have 

demonstrated low sensitivity, substantial false negatives, and risk of radiation exposure. The 

drawbacks obviate their applicability to large-scale, population-wide screening efforts. This 

paper reviews the applications of using volatile organic compounds (VOCs) in exhaled breath as 

a potential approach for early lung cancer detection. 

An electronic search was conducted in PubMed and Scopus. A total of 41 studies were 

included in this review. The sampling method of exhaled breath employed in most of the 

included studies were leak-proof Tedlar bags. Mass spectrometry and electronic noses were two 

main techniques used in breath sample detection. In the recent years, electronic noses gained 

more popularity due to their portability and cost-effectiveness. In this review, a total of 40 

VOCs, originated from both endogenous and exogenous sources, were found to be significant in 

discriminating between lung cancer patients and healthy controls in two or more of the included 

studies. The included studies demonstrated substantial sensitivity, specificity, and accuracy of 

the method. Overall, the results showed that VOCs in exhaled breath is a promising biomarker 

for early detection of lung cancer. However, the large-scale practice of this method is constrained 

by the lack of standardized breath collection and analysis system and putative exhaled VOC 

biomarkers. Further studies with consistent sampling protocols should be used to demonstrate the 

reproducibility and repeatability of the detection tool before they are applied in clinical practice.
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Introduction 

Lung cancer has become the most commonly diagnosed cancer as well as the leading 

cause of cancer deaths globally, with 2.1 million people diagnosed in 2018 and 1.8 million 

deaths.1 Increases in environmental risk factors are expected to contribute to enhanced number of 

new lung cancer cases. According to the International Agency for Research on Cancer, the 

number of incident cases is estimated to be 2.9 million in 2030, which is 38.1% higher than the 

incident cases in 2018.2  

There are two major types of lung cancer: non-small cell lung cancer (NSCLC) and small 

cell lung cancer (SCLC). Non-small cell lung cancer accounts for 85% of all lung cancer cases 

and can be classified into three histologic types: squamous cell carcinoma, adenocarcinoma, and 

large cell carcinoma.3 Regardless of the histopathological subtype, the five-year mortality rate of 

the lung cancer patients is 88%, suggesting that late diagnosis as a problem.4-6 Early diagnosis of 

lung cancer associates with far better survival than diagnosis at a later stage. The five-year 

survival rate after detection varies between 45% of patients with stage I and 1% of patients with 

stage IV.5 However, the five-year survival rate increases to 60%-80% if diagnosed at early stage.4 

Unfortunately, only 15% of the lung cancer patients are diagnosed at stage I, and more than half 

lung cancer patients die in the first year of being diagnosed.7  

Traditionally, combinations of techniques, such as radiological imaging (i.e., computed 

radiography and computed tomography [CT]), non-radiological imaging (i.e., magnetic 

resonance imaging and automatic fluorescence bronchoscopy), endoscopic (i.e., endocytoscopy) 

and molecular biotechnology, are used to detect lung cancer.6 All these methods are useful at 

various stages of lung cancer diagnosis but are not sufficiently satisfactory for early detection. 

Nearly a quarter of lung cancer patients showed no suspected malignant changes when evaluated 

with chest X-ray, indicating a low sensitivity.8 On the other hand, Zhou et al. reported that if 

purely based on the morphological criteria, it is difficult to distinguish lung cancer from benign 

nodules, which could lead to increased false positives, and resulting unnecessary surgical 

resection procedures.6 Although low dose chest CT screening test was reported to reduce the lung 

cancer mortality by 20%,9 the low positive predictive value (PPV) of CT (2.4% to 5.2%) has 

raised concerns of substantial false positives.10-12 In addition, chest CT is expensive and there are 

risks associated with radiation exposure.9 The potential drawbacks of the existing techniques 
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obviate their applicability to large-scale screening efforts. Therefore, there is an urgent need for 

alternative tools for early lung cancer detection.  

Breath analysis as a screening method for lung cancer has obtained attention in the last 

decades and it is a fast-growing research field. Human exhaled breath contains a mixture of 

hundreds of volatile organic compounds (VOCs).13 These VOCs either enter the body from 

polluted air, food intake, and radiation exposure or produced endogenously by the body itself.14 In 

a healthy individual, the amount of VOCs produced by human metabolism is very low, ranging 

from parts per million to parts per trillion by volume. However, in some diseased conditions (i.e., 

lung cancer), the metabolic functions in body are altered and VOC concentrations are 

significantly changed.15 Therefore, VOCs may reflect the biochemical status and changes of the 

body and provide insight to diseases.  

An initial study by Gordon et al. in 198516 demonstrated the potential of measuring VOCs 

in human breath as a potential for lung cancer screening. The increased prevalence of lung 

cancer has resulted in a recent increase in development of new techniques and methodologies for 

VOC measurement in exhaled breath. As of now, a Tedlar bag is often used to collect exhaled 

breath.17 Mass spectrometry and electronic nose (e-nose) are commonly used tools to detect and 

analyze VOCs in the exhaled breath. The mass spectrometry technique is able to identify the 

specific individual VOCs contained in the breath, whereas an e-nose resembles the function of 

human olfactory organs do with odorants and recognize patterns of VOCs.18 The response of e-

nose when exposed to exhaled breath is usually referred as the smell-print.  

A relatively large number of articles has been published on the topic, however, results of 

the studies have been inconsistent. This up-to-date review is intended to list and rank the 

previously identified VOCs for lung cancer screening among the studies, discuss the potential 

biochemical pathways of altered VOC concentrations in lung cancer patients, compare and 

contrast the spectrometric and e-nose detection methods, and offer suggestions for future 

research. This review may be helpful for the development of a lung cancer screening approach.   
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Methods 

An electronic search extending back to 1980 was conducted using PubMed and Scopus 

on December 2018 based on the guidelines of PRISMA.19 The main terms used to search for titles 

and abstracts were (exhaled OR breath OR exhalation) and (VOCs OR volatile organic 

compounds) and (lung cancer OR lung carcinoma). Table 1 provides a detailed search strategy 

for each database used. Cross-referencing from the articles found was used to complete the 

search. Inclusion in the systematic review required that a study be 1) original research with 

VOCs detected in human subjects; 2) with at least two groups (i.e., lung cancer patients and 

disease-free controls); 3) lung cancer proved by pathology; and 4) published in English. Studies 

were excluded if they met one of the following criteria: 1) no controls were matched to the lung 

cancer patients; 2) not an original research paper (i.e., case report, review, and systematic 

review/meta-analysis); 3) full text is not written in English; 4) study of lung cancer treatment 

progress or prognosis; and 5) collection and analysis of bronchoscopic air samples. 

For each study, the author, sample collection/extraction/ detection methods, statistical 

analysis method, number of targeted biomarkers, and sensitivity/ specificity/accuracy were 

extracted, if applicable. In this review, the overall sensitivity, specificity and accuracy data from 

the models consisted of a group of VOCs were reported. In some studies, compound-specific 

sensitivity, specificity and accuracy for discriminating between the lung cancer patients and 

controls were reported if the group-specific sensitivity and specificity were not available. 

Sensitivity is the probability that a test correctly classifies those with disease, whereas specificity 

is the probability that a test correctly classifies those without disease. Accuracy is the proportion 

of all subjects who test correctly. They can be calculated as: 

!"#$%&%'%&( = 	 &+,"	-.$%&%'"
&+,"	-.$%&%'" + 012$"	#"31&%'" 

!-"4%0%4%&( = 	 &+,"	#"31&%'"
&+,"	#"31&%'" + 012$"	-.$%&%'" 

544,+14( = 	 &+,"	-.$%&%'" + &+,"	#"31&%'"
&+,"	-.$%&%'" + 012$"	-.$&%&%'" + &+,"	#"31&%'" + 012$"	#"31&%'" 

 Single VOC found to be significant in discriminating between lung cancer patients and 

healthy controls in two or more of the included studies are also reported. 
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Results 

A total of 641 papers were found by using the search strategy discussed above.  After 

removing for duplicates, 480 were remained for abstract and full text screening. During the 

screening process, 430 studies were excluded for not meeting the inclusion criteria, leaving a 

total of 50 studies for full-text review. During the full-text screening, an additional 9 studies 

were excluded, leaving a total of 41 studies16, 20-59 for analysis, as shown in Figure 1. Table 2 lists 

authors and titles of the studies included in this review. 

The included studies represent exhaled breath sample analysis from 10 countries around 

the world, where almost half (18/41) were conducted in the United States or China (nine studies 

from even country, respectively). The sampling method of exhaled breath employed in most of 

the included studies were gas sampling bags (i.e., Tedlar bags). Tedlar bags are leak-proof 

polymer bags with different sizes (in volumes). However, the sampling protocols varied across 

the included studies. Among the 41 studies, 21 collected the alveolar portion of the breath, 19 

collected all portions of exhaled breath, and 1 study did not report the breath collection portion. 

Several studies used a fast response CO2 controlled manner to collect alveolar air samples.  

Different subject preparation practices before breath sample collection were used among 

the included studies. A few studies required the participants to fast overnight for 12 or 24 

hours.20,25,43,46,58 A couple more asked their participants to eat nothing 2 hours before the breath 

test.30 Several studies required each subject to follow the same diet and the same procedure for 

mouth hygiene before sample collection.21,46,56 Three studies asked their participants to refrain 

from eating foods with strong odors, such as garlic, leeks, and onions or any spicy food 24 hours 

before breath sample collection.47,52,58 Although all of the included studies involved smokers, 

only three studies required their participants to stop smoking for 10 or 12 hours before the 

sample collection.43,47,54 Another study asked the study subjects to stop smoking and chewing 

gum prior to the breath sample collection.58  

In order to distinguish between endogenous and exogenous compounds, room/ambient air 

samples were collected as reference in many of the included studies. At the stage of sample 

analysis, a common approach applied was to take the difference between exhaled breath and 

room air to control for the confounding effect of background air. Another two used an approach 

where only VOCs with concentrations at least 10% or 15% higher in exhaled breath than those in 

the ambient air were reported.33,40 One study only included VOCs with amount more than the 
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ambient level.38 A few other studies considered a correlation coefficient > 0.50 between the 

exhaled breath and background air as potential background air pollution. 

Two main techniques were used to detect VOCs from exhaled breath: mass spectrometry 

(n=25) and e-noses (n=16). Among the spectrometric methods, gas chromatography coupled 

with mass spectrometry (GD/MS) was the most commonly used method to detect VOCs in 

exhaled breath samples (n=17). Table 3 summarizes the characteristics of the papers with an 

spectrometry detection technique. Among the 16 studies used e-noses, the sampling system were 

quite different. Six studies used non-selective quartz microbalance (QMC) sensors, 3 studies 

used a handheld portable Cryanose 320, another 3 studies used metal oxide sensors, 2 studies 

used a colorimetric sensor array, and one study used a surface acoustic wave (SAW) sensor 

connected to gas chromatography. Table 4 summarizes the characteristics of the papers with an 

e-noses detection method and Table 5 provides a brief summary of the different types of sensors.  

Lung-cancer specific VOCs can be classified into seven categories: alkanes/alkenes, 

alcohols, aldehydes, ketones, esters, nitriles, and aromatic compounds.60 More than 100 VOCs 

were found in the exhaled breath of lung cancer patients in the included papers. Figure 2 

summarizes the 40 VOCs detected in two or more studies. Among all studies, isoprene and 

propanol were the most commonly detected VOC from exhaled breath found to be significantly 

different between lung cancer patients and healthy subject controls, which was detected in 12/41 

studies respectively. Other frequently detected VOCs included benzene, hexanal, acetone, and 

decane. Among all studies, increased VOC concentrations were observed in lung cancer patients 

as compared to healthy controls, with only a few exceptions.  

Most of the studies reported the sensitivity and specificity data constructed by a group of 

VOCs. The sensitivity ranged from 54% to 100%, and the specificity ranged from 58.6% to 

100%. For mass spectrometry detection methods specifically, the sensitivity ranged from 54% to 

100%, and the specificity ranged from 58.6% to 100%. For the e-nose detection method, the 

sensitivity ranged from 70% to 100%, and the specificity ranged from 72.4% to 100%. However, 

as aforementioned, not all mass spectrometry and sensor systems were the same. The accuracy 

reported from the included studies ranged from 79.6%-100%. 

Most of the studies included in this systematic review did not compare the VOCs in 

exhaled breath from lung cancer patients across different disease stages. Among the studies that 

reported the differences, three studies did not find significant differences in VOCs from exhaled 
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Figure 2: Summary of volatile organic compounds groups detected in two or more studies 
 

 
 


