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Abstract: Lung cancer has historically been the main responsible for cancer associated 
deaths. Owing to this is our current inability to screen for and diagnose early pathological 
findings, preventing us from a timely intervention when cure is still achievable. Over the last 
decade, together with the extraordinary progress in therapeutical alternatives in the field, 
there has been an ongoing search for a biomarker that would allow for this. Numerous 
technologies have been developed but their clinical application is yet to come. In this review, 
we provide an update on volatile organic compounds, a non-invasive method that can hold 
the key for detecting early metabolic pathway changes in carcinogenesis. For its compilation, 
web-based search engines of scientific literature such as PubMed were explored and 
reviewed, using articles, research, and papers deemed meaningful by authors discretion. 
After a brief description, we depict how this technique can complement current methods and 
present the value of electronic noses in the identification of the “breathprint”. Lastly, we 
bring some of the latest updates in the field together with the current limitations and final 
remarks. 
Keywords: lung cancer, volatile organic compounds, VOC, electronic nose, E-nose, GC-MS, 
biomarkers

Intro: The Need for New Screening Methods
Cancer continues to be the second deadliest disease worldwide.1,2 Amongst it, lung 
cancer claims the most lives, making up one in every four. While its incidence is 
not expected to raise, it will remain as the deadliest, accounting for more deaths 
than the next three on the list combined (prostate, breast, and colon).3

Responsible for this epidemiological finding, together with the high rates of 
smoking across all population groups,4 is the fact that we still do not count with 
proper screening methods which allow for early disease detection.

As brought down in the recently published NCCN 2021 Lung Cancer 
Screening Guidelines,5 low-dose computed tomography (LDCT) remains the 
only recommended and clinically approved screening tool. And while it has 
been implemented in different programs across the map, there is still a disputed 
claim about its efficacy in reducing the mortality rate, particularly because 
accurate criteria to define high risk groups has not reached consensus.6,7 

Moreover, what makes it such an unattractive means is its high cost, overdiag
nosis, and impracticality in everyday use. Literature reports up to 94% false 
positives,8 which lead to unnecessary interventions,9 high burden on the health
care systems, and patient anxiety.10
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In contraposition, mammography for example, has 
reduced breast cancer mortality in 20% according to the 
WHO.11 As for Colorectal cancer, numbers are even more 
impressive, with studies reporting up to a 61% decrease in 
mortality and 89% reduction in incidence with the introduc
tion of colonoscopies.12,13 The case is similar with prostate 
cancer14 and PSA screening.

It is clear, thus, that what holds the key for lowering 
mortality rates and disease burden is discovering better 
screening tools that will allow for early diagnosis, while 
surgical resection can still provide a cure for the disease.15

Fortunately, together with the exponential advance in the 
treatment alternatives that have become available in the last 
decade, research for an early screening method has not stayed 
behind. While there are still no clinically validated methods, 
many platforms are being explored with promising results 
and even active clinical trials.16 Between others, worthy of 
notice are liquid biopsies,17 miRNA,18 DNA methylation,19 

nasal epithelial cells,20 and autoantibodies.21

In the current review, we provide an update on Volatile 
Organic Compounds (VOC), with emphasis on the latest stu
dies and a short description of Exhaled Breath Condensate 
(EBC), the non-volatile component of exhaled breath.

VOCs: What and Why
VOCs are small molecular mass compounds that have a high 
vapor pressure and a low boiling point.22 This, in turn, allows 
for their detection and measurement in exhaled breath. They 
are produced by every living organism23 and, as explained in 
our previous review,24 they are believed to reflect metabolic 
processes at the tissue level such as inflammation and oxida
tive stress. They can be measured not only on exhaled air, but 
on a wide range of human matrices such as blood, urine, 
feces, pleural effusions, and cell lines among others.25

The sum of the VOCs has been coined as the 
“volatome,”26 or “breathome” when referring to its 
exhaled part.22,26

One of the most recent discoveries in the field of 
origins and nature of VOCs is the finding that they serve 
as cell-to-cell communication. In a novel study by 
Serasanambati et al27 they proved for the first time in 
reported literature how cancer cells can induce changes 
in the phenotype of neighboring cells through the upregu
lation of VOCs. Among other interesting experiments, 
they co-cultured in an in-vitro fashion normal lung cells 
and tumoral cells, which shared their headspace but were 
physically unconnected. At T48 significant cell morphol
ogy and apoptotic changes were observed in the normal 

cells, proving thus that these alterations are affected by 
volatile signals.

Another unexpected finding when co-culturing two 
different lung cancer cell lines (physically connected) 
was that the VOCs concentration detected in their head
space was significantly augmented in comparison to phy
sically unconnected cells. Hence, the authors propose that 
cancer cells “talk to one another”, which further induces 
changes in the surrounding cell groups.

Noteworthy is that the number of VOCs detected, whose 
quantity varied significantly, was on average 20 different 
ones (characterized by GC-MS). While it has been hypothe
sized how each one can separately induce change,28 it is 
likely that the observed effects are attributed to all of them 
acting as a whole rather than as single entities.

Much has been written about the benefits of using 
VOCs as a diagnostic tool in the clinic. We believe that 
one of its big advantages in contrast to imagenologic 
screening techniques, that can lead to timely diagnosis, is 
its threshold for sensing disease. Even when LDCT might 
be able to screen for small nodules while they are still 
resectable, amounts below 105 cells cannot be seen,29 and 
so carcinogenesis cannot be stopped at its foundation, 
rather only once there is an established disease.

In contrast, based on its underlying working principle in 
which minor metabolic pathway alterations can be identi
fied by the change in the VOCs composition,30 genetic 
alterations leading to uncontrolled cellular proliferation 
can be sensed way before clinical symptoms develop. 
Moreover, different mutational genotypes can be 
identified,31 and so personalized therapy can be planned 
ahead of time would it be needed further down the line 
along the development of the disease. In this fashion, also 
findings which are too small to undergo histo-pathological 
sampling can be correctly assessed and the long and uncer
tain surveillance that happens now-a-days can be avoided.

Worthy of mention is the work published by Peled 
et al31 in which by reading the volatile “fingerprint” of 
in vitro cultivated cancer cells with a cross-reactive nano
sensor array based on gold nano particles (GNP) they were 
able to correctly classify 19 cell lines according to 
EGFRmut, KRASmut, EML4-ALK fusion, or wild type 
(wt) for the three mutations. With previous GC-MS ana
lysis, they identified over 600 different VOCs in each 
headspace, but, when performing the comparative studies, 
they found five distinguishing VOCs that allowed them to 
properly classify the cell lines according to mutations. In 
this fashion, they propose not only diagnosing, but more 
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importantly monitoring mutational shifts conferring resis
tance to applied therapies in a timely manner.

Some other advantages of employing VOCs in screen
ing and diagnosis (especially when using a nanosensor) are 
its non-invasive character, quick results, easy implementa
tion and unexpensive cost, wide availability, small size and 
portability, high sensitivity, and no technical knowledge 
required for its use.29

VOCs: A Link on the Chain of Early 
Diagnosis
As previously mentioned, the benefits of the current screen
ing guidelines with LDCT are contested. Nevertheless, when 
inclusion criteria are properly established and followed 
through to screen high risk populations, reductions in mor
tality of up to a 20% have been reported.8

It is highly probable that, after all, LDCT does have 
a place in the screening/early detection of lung cancer, but 
needs to be used in a more refined fashion. By the looks of 
it, we are currently skipping important testing steps that 
come before LDCT has any place at all. Furthermore, the 
National Lung Screening Trial (NLST) on its guidelines 
establishes protocols for dealing with nodules of 4 mm and 
above,32 while there is no clear direction on how follow- 
up should be performed for findings less than this.

In the natural history of lung cancer, the finding of 
a nodule might place us already late in the quest for 
cure. Earlier changes now-a-days can and should be 
identified.

Seijo et al,16 after reviewing all currently available 
biomarkers, proposed a study model in which a clinically 
validated biomarker could be incorporated as an indepen
dent risk factor from smoking and age to include patients 
in screening programs with LDCT that currently are at risk 
but do not meet the used criteria . After assessing for 
accuracy of methods, better sequences and combinations 
of testing could start being implemented. In this way they 
claim that “such a study would pave the way for a lung 
cancer screening strategy driven or at least reinforced by 
biomarkers of risk”. Moreover, this idea is reinforced by 
several studies that combine current imagenological tech
niques with novel biomarkers and have proved that such 
models “outperform the use of serum biomarkers alone 
and overall represent a very promising approach for the 
future of early lung cancer detection, especially if artificial 
intelligence is incorporated”.33,34

This is further confirmed by the fact that sensitivity of 
lung cancer detection with E-noses is the highest in stage 
I as opposed to later stages, reaching over 90%.35

In an age where incidental radiologic findings of 
a solitary pulmonary nodule (SPN) is on the rise, the 
prompt and accurate decision of which need to be fol
lowed and which represent benign lesions is of extreme 
importance. As of now, consensus guidelines agree that the 
management of a SPN is based on imagenological follow- 
up, even when there is clear evidence that lesions over 
8 mm confer a 9.7% probability of lung cancer.36 This in 
turn not only brings with it tremendous costs to the health
care system, but also high stress and uncertainty to patients 
who can be up to 5 years in the follow-up of a lesion. In 
this field, Electronic noses (E-noses) can be of tremendous 
value, allowing for quicker and sharper sorting of findings, 
thus benefiting both patients and clinicians alike.

Reports of the last years have underlined the benefit of 
using novel biomarkers in conjunction with radiological 
findings to better sort malignant from benign findings.37,38

GC-MS versus Electronic Nose: 
Mimicking Nature
While GC-MS has been used as the gold standard for 
recognition of VOCs39 given its ability to precisely iden
tify each compound separately, several downsides have 
been recognized along its use which make it less attractive 
as a tool for clinicians to employ.

As mentioned in our previous review,24 high complex
ity of collection techniques and the need for trained per
sonnel makes it difficult to apply in a clinical setting. 
Moreover, the decline of compounds over time inside the 
storage bags makes results not always reliable.

To date more than 3,000 VOCs have been identified 
that could be related to lung cancer.40 But, while there 
might be some that vary more than others in a pathological 
state, no single VOC can stand as a specific biomarker for 
disease prediction. Rather, a selection of VOCs needs to be 
used for enhancing sensitivity.

Good examples of this unspecificity are acetone and 
isoprene. Apart from being measured in lung cancer, they 
have been used in numerous other diseases such as cystic 
fibrosis,41 malaria,42 renal failure,43 epilepsy,44 as well as 
physiological conditions such as aging, gender, and race.45

In light of this, it is clear that if we want to be able to 
implement a simple, reliable, and user-friendly interphase, 
Electronic noses are the way to go. While not being able to 
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identify each compound separately, an E-nose, consisting of 
a “cross reactive” sensor array and an artificial neural network 
(ANN), can identify patterns of VOCs, the so-called “breath
print”, in an even more sensitive and specific manner. In this 
fashion, a certain VOC mixture represents a pathological 
profile rather than a single analyte. This idea follows precisely 
the modus operandi of the biological nose.46

Figure 1 depicts this concept, and shows some of the 
uses VOC currently have when used for cancer detection.

In living beings with a neural system, smell is identi
fied as a pattern of olfaction in a background of diverse 
odorants rather than single elements.47 After receptor 
binding in the olfactory epithelium, located apically in 
the nose, the signal is transported to the olfactory bulb 
(OB), the first relay station where olfactory information is 
converted into a spatiotemporal neural code for higher- 
order information processing.48

Peripherally, each olfactory receptor has multiple binding 
sites for different odorants. This in turn allows for the property 
of “cross-reactivity.” In this mode, activation of different 
receptors creates different signal patterns, allowing for the 
recognition of thousands of different smells.49 Lastly, the 
information travels to the olfactory cortex in a direct and 

parallel fashion for final processing and from there to accom
panying subregions such as the thalamus for integrative hand
ling with somatosensitive, gustative, visual, and auditory 
data.50

It is of importance to note that while early studies were 
focused on detecting single diseases and were not accurate at 
discerning between different pathological conditions (ie, 
COPD, ILD, and lung cancer), newer technologies which 
use machine learning algorithms and employ a wider variety 
of VOCs for their analysis have managed to discriminate not 
only between healthy vs pathological samples, but also clas
sify them per pathology with high sensitivity and 
accuracy.51,52

A review of the most common VOCs found in lung 
cancer goes beyond the spectrum of this review, but can be 
found elsewhere.53–55

Latest Updates
PD-L1
One of the most ground moving and up-to-date studies, 
published in late 2019, was a prospective observational 
study in patients receiving immune checkpoint inhibitor 
therapy for NSCLC (pembrolizumab o nivolumab). 

Figure 1 Breath biopsy. 
Notes: Figure 1 shows how Electric nose technology allows for recognition of early changes in carcinogenesis (ie, EGFR receptor). Specific mutations conferring pathway 
addiction can be promptly identified. Novel biomarkers such as PD-(L)1 can also be identified by E-noses, predicting response to immunotherapy. When working with 
exhaled breath condensate (EBC) even DNA molecules can be obtained and sequenced. It is likely that this technology will soon be able to complement or even displace 
invasive biopsies.
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A commercially available E-nose “SpiroNose” which 
incorporates seven metal oxide semiconductors (MOS) 
and elements of a spirometer was used. In it, the inves
tigators performed breath tests at baseline and at 3 
months of therapy, alongside with PD-L1 biomarker 
IHC assay kits. The aim was two-fold. First was the 
distinction between responders and non-responders 
before the start of therapy, and, second, to compare pre
dictive accuracy between the standard IHC assay and the 
E-nose for non-responders (to be able to discontinue 
therapy for those who were not benefiting from it). 
Given this, and in order not to mistakenly withhold 
therapy from any patient, they set specificity to 100% 
for non-responders.

The results were very promising. For a total of 143 
patients, using the difference in signal output of four 
combined sensors, breath profiles of responders versus 
non-responders were distinguished with a ROC-AUC 
curve of 0.89 (95% CI=0.82–0.96). Discriminant analysis 
showed an accuracy of 82%.

When validating the sensor, a subgroup (validation set) 
of 51 patients was used. The cut-off set in order to achieve 
100% specificity was 0.72. With this value, specificity 
achieved was of 43%. Twelve out of the 51 patients 
(24%) were correctly predicted as non-responders (more 
accurate than the IHC assay).56

Even while this was only a small trial, and to the best 
knowledge of the investigators, the first of its kind, results 
are promising. First, it proves that susceptibility to PD-L1 
therapy is reflected by a particular breath pattern, and
, second, that by applying this technology 24% of patients 
could potentially be withheld from unnecessary therapy.56 

Moreover, when biopsy tissue is not available for IHC 
staining, an E-nose based technology could be applied 
with at least equally good results.

Interestingly enough, this most likely follows the idea 
that VOCs are results of intra and intercellular mechan
isms related to inflammation, oxidative stress, mutational 
burden, and overall changes in the metabolic state.

Machine Learning Algorithms
Another exciting study was published in late 2018 by 
Tirzite et al51 in which, after separating 475 patients into 
histologically confirmed cancer vs non-cancer and further 
into smokers vs non-smokers, they were able to retroac
tively classify them into categories with over 95% sensi
tivity and 90% specificity. Their claim was that these high 
percentages were due not only to the E-nose used 

(Cyranose 320), but rather to the algorithm used to process 
data obtained.

Most studies up until now have focused their efforts on 
building a better and more sensitive device, while most 
algorithms are manually designed using standard statistical 
methods. In this study, the use of logistic regression ana
lysis (LRA) was used. As brought by them, self-learning 
or machine learning algorithms which improve after each 
reading and adapt to calculations of the incoming data to 
provide an optimal result are only starting to be used.

Following the same idea, Chi-Hsiang Huang achieved 
a 92.7% accuracy in classifying 244 individuals while 
employing a non-linear support vector machine (SVM), 
another machine learning technique.57

So much so has the application of innovative algo
rithms enhanced the accuracy of “breathomics” that “the 
eNose company”,58 a Netherlands based electronic nose 
supplier includes in its product (an e-nose consisting of 
three metal oxide sensors: “Aeonose”), a dedicated soft
ware package “Aethena” comprising techniques for data 
pre-treatment, data compression methods, ANN training, 
and classification.

Remarkably, Kort et al59 reported an improvement from 
93.5% to 95.7% in sensitivity for distinguishing NSCLC 
patients from controls when applying a multivariate logistic 
regression model to records obtained using the trained ANN 
with data obtained from the E-nose “Aeonose”.

Integrative Technologies
In an attempt to enhance sensitivity and specificity, type- 
different sensor arrays have been built and tested in the last 
couple of years. In this modality, two or more different 
E-nose techniques are mixed into one single array (an expla
nation of the different types of sensors goes beyond the 
scope of this review and can be found elsewhere in 
a detailed fashion).28 Notably, in 2017 Li et al60 put together 
14 gas sensors and two temperature/humidity sensors. Out of 
them, eight were MOS, four electrochemical gas, one Hot- 
wire gas, and one catalytic combustion type. Five algorithms 
were used in interpreting the cross-referenced data. An out
standing 91.58% and 91.72% of sensitivity and specificity, 
respectively, were reached when separating 47 samples into 
positive and negative for lung cancer.

Pardo et al61 concluded that the performance achieved 
by a hybrid array is superior to the one of the top chosen 
sensor subsets for any single sensor type, these constantly 
outperform single transducer arrays.62
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After an in-depth analysis of the E-nose technology in 
all of its current applications, Broza et al28 claimed that 
“arguably, the hybrid approach is indeed the next promis
ing step of these sensors”.

External Probe VOCs
VOCs are separated into endogenous and exogenous. 
Endogenous VOCs are compounds that result from inter
nal cell metabolism, physiologic, and pathologic pro
cesses. Exogenous are the ones that are inhaled and may 
or may not undergo changes in the respiratory process. 
They derive from what is termed “environmental expo
sure”. Historically, the first ones have been of interest 
while the second ones have been seen as contaminants 
and termed “confounders”. So much so that the “alveolar 
gradient” technique has been developed, in which the 
inhaled fraction is subtracted from the exhaled in order 
to eliminate environmental exposure and get a more accu
rate reading.63

An innovative approach that has been proposed lately in 
order to eliminate this issue is the use of an external probe 
VOC. In this method, an exogenous substrate is given to the 
subject and then measured when exhaled. This is to inves
tigate the metabolic activity or microbiome in relation to 
health and disease.64 Classic examples are the Urea breath 
test (UBT) test for rapid H. pylori detection65 and the 
Hydrogen breath test (HBT) for detection of malabsorption 
and small intestine bacterial overgrowth (SIBO).66

The underlying reasoning for cancer detection would 
be that the high cellular metabolism and elevated mitotic 
rate can be used to indicate the presence of pathology, 
resulting in a specific measurable metabolite independent 
of other VOCs that can alter results. A model of this, while 
not in the breath area, is the use of the FDG-PET in which 
the upregulation of the GLUT1 transporter is exploited for 
better detection of cancer foci. External probes for cancer 
are not yet a reality but are a promising technique that 
would make VOC standardization easier to achieve.

Ongoing Clinical Trials
As previously explained, GC-MS has important downsides, 
mainly due to its collection techniques and clinical practice 
incompatibility. A respiration collector for in vitro analysis 
(ReCIVA©)67 has been developed by Owlstone Medical, 
commissioned by the British NHS, that solves these issues 
to an extent. Currently being used in an active interventional 
clinical trial (Lung cancer indicator detection: “LuCID”)68 

involving over 25 clinical sites in five countries and 4,000 

patients, it consists of a hand-held machine, made available 
in doctors practices, in which patients breathe for 
a continuous 10 minutes onto the sampler. Instead of the 
commonly used Tedlar bags for breath storage, it uses 
thermal desorption adsorbent tubes which allow for 
a more consistent concentration of gases and less decay 
over time. Furthermore, in order to catch alveolar breath 
and not airway dead space, it employs real-time exhaled 
CO2 measurements to estimate the portion (lower airway, 
upper airway or alveolar) of breath entering the device. 
Breath is sampled at the appropriate CO2 levels via active 
pumps directly onto four built-in adsorbent tubes. 
Technology wise, it couples field asymmetric-waveform 
ion-mobility spectrometry (FAIMS) to the classic GC-MS 
which allows for better analyte fractionation and less con
tamination disturbance. Having reached its first completion 
date in December 2020, the full study is expected to provide 
final results in December 2022. The primary outcome will 
be determining the Area Under the Curve (AUC) for the 
used algorithm with optimal point sensitivity, specificity, 
positive and negative predictive values. If proved success
ful, it could be the first clinically available point-of-care 
breath sampler. In this way, the ReCIVA© is a large step 
toward reaching a standard in exhaled breath sampling and 
bringing it closer to the physicians practice.

Wide Spectrum of Use
As exposed along the review, E-Noses have been put to use not 
only in early diagnosis, rather also, they have been implemen
ted in every stage along the developing disease, as Figure 2 
shows. This, in turn, makes E-Noses an even more promising 
tool given their versatility. Still missing in the medical world 
today, is a device that can be employed as a diagnostic tool, 
provide pathological information, serve as a follow-up and 
surveillance instrument, and also determine staging and 
response to therapy. Table 1 shows a handful of selected 
published papers where this can be visually appreciated.

Accurately used, it could provide a compliment or 
replacement not only for LDCT but rather to pathology 
services and follow-up CAT scans.

Current Limitations
While as we have seen E-noses have multiple benefits, 
there are still some challenges around this technology that 
have not yet been completely solved. Zhang et al brings 
them in a very clear fashion in his e-book “E-Nose 
Algorithms and Challenges.69 They define them as the 
3D: discreteness, drift, and disturbance.
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Discreteness deals with reproducibility of outputs using 
the same sensor arrays. Even when manufactured in 
a duplicable fashion, there might be a slight variability in 
the results obtained, such that under equal sensing condi
tions the output will be different (signal shift). This is due 
to resistance and sensitivity discrepancies among identical 
E-Nose arrays given inherent material variability.

Drift is the innate decay of material along time that 
inevitably happens due to several factors such as humidity, 
temperature, pressure, aging, etc. This does not allow for 
long-term stable use. Results will inevitably vary with the 
passing of time, even when exposed to the same VOCs. 
While drift effect can be learned and predicted, still, identical 
sensors can show different drift effects given environmental 
and usage conditions.

Last, and probably the biggest VOC and E-nose challenge 
to date, is disturbance. Disturbance is the interference caused 
by the “non-target” VOCs. As an example, if a determined 
assay has detectors for benzene, octane, carbon monoxide, 
and ammonia, any other gas would be viewed as disturbance 
and can significantly alter measurements. While there are 
solutions for this in the sampling process such as collecting 
a baseline and then using a “disturbance exhaust” to get rid of 
non-desired VOCs, a process known as “disturbance recogni
tion and elimination”, still, this can only deal with a few non- 
target gases, while it is known that in real life there could be 
thousands of disturbances. Since VOCs first description in 
1971 by Pauling et al.,70 this issue has been raised. They clearly 
express: “In order that the results of the analysis be signifi
cantly representative, it is essential that it be standardized with 

respect to diet and other environmental influences, such as the 
nature of the intestinal flora.” These unresolved challenges, for 
the most, have led to the inability to standardize VOCs and 
have thus kept them away from everyday clinical practice.71,72

EBC: A Sister Technology
Comprising the exhaled breath, together with the VOCs 
which have been the focus of our review, are the Non- 
Volatile organic compounds, better known as the exhaled 
breath condensate (EBC). This is a term coined for the first 
time in 1913 by a German bacteriologist when describing 
“the presence of an organic body in expired air”,73 the 
study of the non-volatile part of breath has gained much 
attention in the last years.

After breathing into a cool condenser, a liquid phase of 
breath is collected. It consists of mostly water vapor and 
aerosolized droplets of airway lining fluid (ALF). This in 
turn contains an endless number of molecules such as DNAs, 
RNAs, proteins, and metabolites from the respiratory tract. 
As well, water soluble VOCs such as carbon dioxide, nitric 
oxide, and ethane can also be detected.74 One of its most 
interesting applications is the possibility of obtaining tumor 
DNA in a non-invasive manner.75,76 This may represent 
a novel technique for being able to run tumor DNA testing 
while not having to recur to invasive procedures.

While beyond the subject of this review, multiple studies 
have successfully sequenced EBC DNA, not only by classic 
methods after PCR amplification, but also through NGS.77 

Investigators in a series of different EBC based studies were 
able to find TP53 mutations,78 EGFR,79 CDKN2A,80 KRAS,81 

Figure 2 Current E-Nose applications in cancer. 
Notes: Figure 2 shows the applications E-noses have had along the last decades in every carcinogenesis stage. Symbols represent technologies of E-Noses used in as per the 
studies brought in Table 1. Colors are well matched to indicate the step where its use is made.
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EGFR T790M resistance mutation,82 and microsatellite 
instability83 among others.

While this technology can possibly provide even 
further or maybe complimentary information to VOCs, 
the current issues surrounding it are the same. No clinical 
instrument has been established due to lack or standardiza
tion and establishment of clinical values.84

Final Remarks
● Opportune screening and earlier diagnosis of lung 

cancer holds the key for lowering mortality.
● VOCs take part in establishing carcinogenesis and 

building the tumor microenvironment (TME).
● VOCs are a promising technology in ongoing develop

ment that can complement current screening techniques 
for higher detection rates and timely diagnosis.

● By replicating the olfactory system, E-noses can 
identify smell patterns leading to higher sensibility 
and sensitivity than single analytes.

● Response to therapy and treatment resistant muta
tional changes can be successfully monitored in 
a non-invasive manner.

● Further understanding of the VOCs origins in cellular 
metabolism and role in carcinogenesis is fundamental 
for advancing the technology.

● Challenges such as standardization still need to be 
addressed in order to reach clinical validation.

● Clinical trials are underway to take breath sampling 
tools to the clinician hands in the upcoming years.
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