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(S I N

Simple Summary: Hepatobiliary cancers are notoriously difficult to detect, frequently leading to
diagnosis in later stages of disease when curative treatment is not an option. The currently used
biomarkers such as AFP (alpha-fetoprotein) and CA19.9 lack sensitivity and specificity. Hence, there is
an unmet need for an alternative biomarker. Volatile organic compounds are produced by numerous
tissues in the human body and subsequently excreted in breath, urine, blood, faeces, bile and saliva.
Various analytical methods can be deployed to measure the concentration of these compounds in the
bodily fluids. These are non-invasive and several studies have shown high patient acceptability. In
light of this, we systematically reviewed the evidence available so far on the usefulness of volatile
organic compounds in the detection of hepatobiliary and pancreatic cancers. Our review confirms
that volatile organic compounds can be used, either alone or in combination with other biomarkers
for the early diagnosis of hepatobiliary and pancreatic cancers.

Abstract: Background: Hepatobiliary cancers are notoriously difficult to detect, frequently leading
to diagnosis in later stages of disease when curative treatment is not an option. The currently used
biomarkers such as AFP (alpha-fetoprotein) and CA19.9 lack sensitivity and specificity. Hence,
there is an unmet need for an alternative biomarker. Aim: To evaluate the diagnostic accuracy
of volatile organic compounds (VOCs) for the detection of hepatobiliary and pancreatic cancers.
Methods: A systematic review of VOCs’ use in the detection of hepatobiliary and pancreatic cancers
was performed. A meta-analysis was performed using the software R. Heterogeneity was explored
through meta-regression analysis. Results: A total of 18 studies looking at 2296 patients were
evaluated. Pooled sensitivity and specificity of VOCs for the detection of hepatobiliary and pancreatic
cancer were 0.79 (95% CI, 0.72—0.85) and 0.81 (97.5% CI, 0.76—0.85), respectively. The area under
the curve was 0.86. Meta-regression analysis showed that the sample media used contributed to
heterogeneity. Bile-based VOCs showed the highest precision values, although urine and breath are
preferred for their feasibility. Conclusions: Volatile organic compounds have the potential to be used
as an adjunct tool to aid in the early diagnosis of hepatobiliary cancers.

Keywords: volatile organic compounds; hepatocellular cancer; pancreatic cancer; gallbladder cancer

1. Introduction

Volatile organic compounds (VOCs) are carbon-based molecules which have high
vapor pressure at room temperature and are therefore in a gaseous state. Volatile organic
compounds are emitted from the human body and can be measured in different biological
mediums such as skin, blood, urine, bile, and breath to reflect metabolic state. Although
technically any biological sample from the body may produce volatile organic compounds,
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some are more appealing to clinical practice. For example, urine is cheap and simple to
obtain in clinical practice and contains biomarkers relevant to cancer; therefore, it has
potential in screening for cancers. This has already been tested in colorectal cancer and has
shown promising results [1]. In different cases of disease, the natural metabolism of the
cells involved changes, resulting in a different volatile organic compound profile. Thus,
the ability to detect disease-specific volatile organic compound profiles provides a novel
pathway in the development of non-invasive diagnostic tests [2].

In 1971, the volatile organic compound profile of breath and urine was first char-
acterised using gas-liquid partition chromatography to reveal 250 and 280 metabolites,
respectively [3]. Since then, there have been many advances in techniques for analysing
volatile organic compounds such as selected ion flow tube mass spectrometry (SIFT-MS),
gas chromatography and mass spectrometry (GC/MS), gas chromatography- ion mobility
spectrometry (GC/IMS), gas chromatography/time-of-flight mass (GC/TOF/MS) and
electronic nose (e-nose) [4]. These techniques now allow us to analyse volatile organic
compounds from many different biological mediums, providing us with the opportunity to
assess the role of volatile organic compounds in clinical diagnosis.

Volatile organic compounds originate via many different mechanisms in the body.
Metabolism within cells results in the release of these compounds. Hence, they are present
in all humans. A total of 2746 volatile organic compounds have been detected in the healthy
human body [5]. Tumour development is closely related to altered tissue metabolism due
to oxidative stress [6]. This results in a change in overall VOC profile (volatilome) produced
by that particular tissue. Several studies have attempted to identify the specific volatile
organic compounds emitted by cancer cells [7-16]. These can be largely grouped under
hydrocarbons, alcohols, aldehydes, aromatic compounds, ketones, acids, esters, ethers,
and others [17]. It is noteworthy that many of these compounds may also be released
in inflammatory conditions and other benign disease, so target compounds need to be
specific as well as sensitive [18-20]. These VOCs are then exchanged into different bodily
fluids, such as breath, urine, and faeces, where they can be sampled and measured. Gas
chromatography-based techniques are the ‘gold standard’ at present, and they offer the
benefit of the separation and identification of individual components. The newer electronic
nose (e-nose) technologies are based on pattern recognition rather than detecting individual
compounds and are emerging as cost effective and practically feasible methods.

Hepatocellular carcinoma is the sixth most common cause of cancer-related deaths
in the western world, with an average 5-year survival rate of <15%. Within East-Asia and
Sub-Saharan Africa, hepatocellular carcinoma is the second most common cause of cancer-
related death due to a higher prevalence of associated risk factors [21]. Alpha-fetoproteins
combined with ultrasound scans are the current tools used to screen for hepatocellular car-
cinoma, and 30—50% of patients do not express alpha-fetoprotein; therefore, there is a need
for a new detection method [22]. Hepatocellular carcinoma is strongly linked to cirrhosis,
and so it is important that a potential biomarker is also able to differentiate hepatocellular
carcinoma from cases of chronic liver disease and cirrhosis [23]. Hepatocellular carcinoma
detected at earlier stages will lead to improved prognosis; therefore, a potential biomarker
should also be able to detect early disease [24].

Pancreatic cancer is now the third leading cause of death in men and women com-
bined, and therefore has been included in this study due to its close relationship with
the hepatobiliary system and particularly poor prognosis [25]. In most cases, diagnosis
of pancreatic cancer occurs in advanced, incurable stages. Currently CA19.9 is the only
biomarker used clinically in the management of pancreatic cancer; however, this is not
suitable for use in early detection, as 35% of patients with respectable adenocarcinoma do
not show elevated CA19.9 [26]. Chronic pancreatitis is one of the biggest risk factors for
developing pancreatic cancer, and so, as with hepatocellular carcinoma, it is vital to be able
to distinguish the two. They do in fact have different biomarker signatures, making them a
good candidate for discrimination by volatile organic compounds [27].
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The incidence of cholangiocarcinoma is rising, and is also often detected at later
stages of disease where there is more opportunity for metastatic progression. Metastatic
cholangiocarcinoma is particularly aggressive with a 2% 5-year survival rate [28,29]. Its
detectability by volatile organic compounds has not been studied until recently [30].

Gallbladder cancer is an aggressive disease, and one of the most common cancers
of the biliary tract. It is notoriously hard to diagnose, leading to poor prognosis and a
5-year survival rate of less than 5%. There is not yet a suitable biomarker for the detection
of gallbladder cancer, and this leads to only 15% of patients being suitable for curative
resection at the point of diagnosis [31,32]. There is an urgency to find an appropriate way
to detect gallbladder cancer early, and volatile organic compounds may be the key to this.

Hepatobiliary cancers all share common difficulties within their diagnostic pathway.
Diagnosis can be time consuming, invasive, and often happens at later stages of the disease,
due to presenting with non-specific symptoms [33-35]. Survival rates of liver and pancreatic
cancer are among the lowest, and it is therefore crucial to develop early detection methods
to improve prognosis [25].

This review includes a systematic search of relevant hepatobiliary cancers such as
hepatocellular carcinoma, cholangiocarcinoma, gall bladder cancer, and pancreatic cancer.
The main objectives of this review are to determine whether volatile organic compound
analysis can detect hepatobiliary cancers with sufficient accuracy to be used in diagnosis.

2. Methods

This systematic review has been conducted according to the Preferred Reporting Items
for Systematic Reviews and Meta-analysis (PRISMA) guidelines.

2.1. Search Strategy

Literature search strategies were developed using medical subject headings (MeSH)
and text words related to the title. The search was performed using Medline, Ovid, EM-
BASE, Scopus, and Cochrane with various combinations of keywords and subject headings:
“volatile organic compounds”, “neoplasms”, “liver”, “cholangio”, “hepatic”, “biliary”,
“pancreas”, and “pancreatic duct”. The following free words were also used in combination
to ensure a maximum capture: ‘ion mobility spectrometry’, ‘gas chromatography mass
spectrometry (GC/MS)’, ‘field asymmetric ion mobility spectrometry (FAIMS)’, ‘selected
ion flow tube mass spectrometry (SIFT/MS)’, ‘electronic nose (e-nose)’, ‘volatilome’, ‘vola-
tolome” and ‘metobolome’. Reference lists of included manuscripts were also checked
for additional studies. All of the articles published up to and including the 30 Novem-
ber 2022 were considered for this review. Details of the search strategy can be found in
Supplementary files.

2.2. Selection of Studies

Papers retrieved from the search were imported into EndNote and duplicates were
removed [36]. Papers were screened against the inclusion criteria by two independent
reviewers. Disagreements on studies included were discussed and resolved together.
Inclusion criteria were: (1) studies including adults only (aged >18), (2) clinical trials, case
control studies, prospective, retrospective cohort studies, and nested case control studies,
(3) studies that led to a diagnosis of a relevant cancer, and (4) studies that had a control
group. Exclusion criteria were: (1) insufficient reported details to calculate true positive,
true negative, false positive, and false negative, and (2) studies which were published as
abstracts or reviews.

2.3. Data Extraction and Quality Assessment

Data was extracted by two independent reviewers. Data extracted includes authors,
year of publication, cancer type, analysis technology and the sample medium used, number
of cases/controls, sensitivity, specificity, true positive, true negative, false positive, and
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false negative. Quality was assessed using the Quality Assessment of Diagnostic Accuracy
Studies-2 (QUADAS-2) tool [37]. Results from the QUADAS-2 can be found in Table S1.

2.4. Statistical Analysis

Statistical analysis was performed using R [38]. Where the studies did not report true
positive, true negative, false positive, and false negative explicitly, they were calculated
from sensitivity and specificity and their corresponding confidence intervals, or the cases
used to compute them. Publication bias was assessed using a funnel plot and Deeks’
regression test for asymmetry. Bivariate meta-analysis for sensitivity and specificity was
performed using the package “mada” in R [39]. Forest plots were used to summarise
the results from the bivariate meta-analysis. The confidence region for sensitivity and
false positive rate (1-specificity) and summary receiver operator curves (SROCs) were also
produced. A bivariate meta-regression analysis was performed to determine whether the
VOC media, analytical methods used, and the cancer type contributed to the heterogeneity,
and also had an effect on the diagnostic performance of VOCs. If a covariate was found to be
significant, a subgroup analysis was performed to further explore this. For demonstrative
purposes, gallbladder cancer is grouped under cholangio carcinoma.

3. Results
3.1. Basic Characteristics of the Included Studies

A total of eighteen studies were included in the meta-analysis which yielded 27 study
cohorts and 2296 number of patients. The study selection process is shown in the PRISMA
flow diagram (Figure 1). Overall, our review includes 15 study cohorts on pancreatic cancer,
5 on hepatocellular carcinoma, 6 on cholangiocarcinoma, and 1 on both pancreatic and
cholangiocarcinoma. Samples analysed across all the study cohorts included: urine, breath,
blood, and bile. The basic study characteristics are summarised in Table 1.

Table 1. Basic characteristics of the studies for volatile organic compounds in the detection of
hepatobiliary and pancreatic cancer and their true positive (TP), true negative (TN), false positive
(FP), and false negative (FN) values.

Study name Method Medium Cases Controls TP FP TN FN SN SP Type
Bile-based
Navaneethan et al. 2015 (b) [40] SIFT/MS Bile 11 21 10 6 15 1 091 0.73 Cholangio
Navaneethan et al. 2021 [41] SIFT/MS Bile 65 23 61 0 23 4 094 1.00 Pancreatic
Teranen et al. 2022 (a) [42] GC/IMS Bile 8 9 8 2 7 0 1.00 0.78 Pancreatic
Teranen et al. 2022 (b) [42] GC/IMS Bile 19 75 4 4 71 15 021 0.95 Cholangio
Zhang et al. 2022 (a) [43] GC/MS Bile 24 36 23 1 35 1 096 097 Cholangio
Zhang et al. 2022 (b) [43] GC/MS Bile 8 18 8 1 17 0 1.00 094 Cholangio
Blood-based
Hirata et al. 2017 (a) [44] GC/MS Blood 54 58 40 8 50 14 074 086 Pancreatic
Hirata et al. 2017 (b) [44] GC/MS Blood 16 16 13 2 14 3 0.81 0.88 Pancreatic
Kobayashi et al. 2013 (a) [45] GC/MS Blood 43 42 37 5 37 6 0.86 0.88 Pancreatic
Kobayashi et al. 2013 (b) [45] GC/MS Blood 42 64 29 14 50 13 069 0.78 Pancreatic
Sakai et al. 2016 (a) [46] GC/MS Blood 15 15 15 3 12 0 1.00 0.80 Pancreatic
Sakai et al. 2016 (b) [46] GC/MS Blood 44 44 32 7 37 12 073 0.84 Pancreatic
Breath-based
Markar et al. 2018 (a) [47] GC/MS Breath 25 43 20 2 41 5 0.80 0.95 Pancreatic
Markar et al. 2018 (b) [47] GC/MS Breath 32 32 26 13 19 6 0.81 0.58 Pancreatic
Miller Atkins et al. 2020 [48] SIFT/MS Breath 92 159 67 46 113 25 073 071 HCC
Princivalle et al. 2018 [49] E-nose Breath 65 102 65 16 86 0 1.00 0.84 Pancreatic
Qin et al. 2010 [50] GC/MS Breath 30 36 26 3 33 4 0.87 092 HCC
Siriwong et al. 2022 (a) [30] GC/IMS Breath 30 30 25 7 23 5 082 0.76 Cholangio
Siriwong et al. 2022 (b) [30] GC/IMS Breath 18 22 11 7 15 7 059 0.67 Cholangio
Sukaram et al. 2022 (a) [51] GC/MS Breath 61 91 47 16 75 14 0.77 0.83 HCC
Sukaram et al. 2022 (b) [51] GC/MS Breath 36 20 16 5 15 20 044 0.75 HCC
Uslu et al. 2019 [52] E-nose Breath 29 74 24 13 61 5 0.83 0.82 Pancreatic
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Table 1. Cont.

Study name Method Medium Cases Controls TP FP TN FN SN SP Type
Urine-based
Arasaradnam et al. 2018 [53] GC/IMS Urine 81 81 74 14 67 7 091 0.83 Pancreatic
Bannaga et al. 2020 [54] GC/IMS Urine 20 30 12 7 23 8 0.60 0.74 HCC
Daulton et al. 2021 [55] GC/IMS Urine 45 78 32 31 47 13 072 062 Pancreatic
Navaneethan etal. 2015 (a) [56] ~ SIFT/MS  Urine 15 29 4 11 18 1 093 o0 Cholangioand
pancreatic
Nissinen et al. 2019 [57] FAIMS Urine 68 52 54 11 41 14 0.79 0.79 Pancreatic

SN, sensitivity; SP, specificity; TP, true positive; TN, true negative; FP, false positive; FN, false negative.

Identification of studies via databases and registers

Identification

Records identified from*:
Ovid MEDLINE (n = 530)
Pubmed (n = 54)

Hand search (n=2)

'

Records screened

(n = 542)

A4

Reports sought for retrieval

(n=21)

Screening

v

Reports assessed for eligibility

(n=21)

A\

Included

Studies included in review

(n = 18)

Records removed before
screening:

Duplicate records removed
(n=44)

Records marked as ineligible
by automation tools (n = 0)

Records excluded**

(n = 521)

Reports not retrieved

(n=0)

Reports excluded:
Did not report specificity
(n=3)

Figure 1. PRISMA flow diagram illustrating the study selection process. * All of the records identified

from initial literature search; ** not relevant or did not have a control group or commentaries or

abstract publication only.



Cancers 2023, 15, 2308 60f 13

3.2. Quality Assessment

Risk of bias was assessed under four domains—patient selection, index test, reference
standard, and patient flow and timing—and then graded as ‘low risk’, “unclear’, or ‘high
risk’. The results are summarised in Table S1. The greatest risk of bias was identified in
patient selection and flow and timing. This was mainly due to not including a positive
control group (benign disease control) or not having all patients included in the final
analysis.

The funnel plot for publication bias is given in Figure S1. Deeks’ regression test for
funnel plot asymmetry showed an absence of publication bias amongst the studies included
in the meta-analysis (p = 0.97).

3.3. Diagnostic Accuracy of VOCs for the Detection of Hepatobiliary and Pancreatic Cancer

The pooled sensitivity and specificity of VOCs for the detection of any hepatobiliary
and pancreatic cancer (pancreatic, hepatocellular carcinoma, cholangiocarcinoma, and
gallbladder) was 0.79 (95% ClI, 0.72-0.85) and 0.81 (97.5% CI, 0.76—0.85), respectively. The
forest plot for the sensitivity and specificity of VOCs is given as Figure 2. Figure 3 represents
the SROC curve analysis for VOCs. The area under the curve (AUC) was 0.86.

The test of heterogeneity suggests the presence of significant heterogeneity amongst
the included studies. A meta-regression analysis was performed to explore the heterogene-
ity further, and to identify the covariates which could have influenced the performance
of VOCs. The covariates included in the bivariate meta-regression analysis were VOC
sample media, the method of VOC analysis, and the cancer type. The covariate sample
media had four categories: breath, bile, blood, and urine. The categories for analytical
methods were GC/MS, SIFT/MS, GC/IMS and, and e-nose. The cancer types included
were hepatocellular, pancreatic, cholangio, and pancreatic. Only the sample media reached
the statistical significance (p < 0.05) in meta-regression analysis (see Table S2). Hence, a
subgroup analysis was performed on the sample media used.

Sensitivity of VOC for the detection of hepatobiliary and pancreatic cancers Specificity of VOC for the detection of hepatobiliary and pancreatic cancers
Arasaradnam et al 2018 - 0.91 [0.83. 0.95] Arasaradnam et al 2018 [ 0.82 [0.73. 0.89]
Bannaga et al 2020 [ 0.60 [0.39, 0.77] Bannaga et al 2020 P 0.76 [0.58, 0.87]
Daulton et al 2021 [ — 0.71[0.56, 0.62] Daulton et al 2021  — 0.60 [0.49, 0.70]
Hirata et al 2017 (a) — 0.74 [0.61, 0.83] Hirata et al 2017 (a) — 0.86 [0.74, 0.92]
Hirata et al 2017 (b) — 0.79 [0.56, 0.92] Hirata et al 2017 (b) | 0.85 [0.62, 0.95]
Kobayashi et al 2013 (a) — 0.85 [0.72, 0.93] Kobayashi et al 2013 (a) P 0.87 [0.74, 0.04]
Kobayashi et al 2013 (b) — 0.69 [0.54, 0.80] Kobayashi et al 2013 (b) [ e— 0.78 [0 66, 0.86]
Markar et al 2018 (a) — 079 [060. 090] Markar et al 2018 (a) i 094 [0 83, 098]
Markar et al 2018 (b) — 0.80 [0.64, 0.90] Markar et al 2018 (b) P 0.59 [0.42, 0.74]
Miller Atkins et al 2020 — 073 [063 081] Miller Atkins et al 2020 | 0.71[063 077]
Navaneethan et al 2015 (a) — 0.91 [0.68, 0.98] Navaneethan et al 2015 (a) —_— 0.62 [0.44, 0.77]
Navaneethan et al 2015 (b) | — 088 [0.60, 0.97] Navaneethan et al 2015 (b) A 0.70 [0.50, 0.859]
Navaneethan et al 2021 — 0.93 [0.84, 0.97] Navaneethan et al 2021 P 0.98 [0.83, 1.00]
Nissinen et al 2019 — 0.79 [0.68, 0.87] Missinen et al 2019 P 0.78 [0 .66, 0.87]
Princivalle et al 2018 == 0.90 [0.93, 1.00] Princivalle et al 2018 P 0.84 [0.76, 0.90]
Qin et al 2010 — 0.85 [0.69, 0.94] Qin et al 2010 P 0.91 [0.77, 0.96]
Sakai et al 2016 (a) — 097 [0.76. 1.00] Sakai et al 2016 (a) _ 0.78 [0.54, 0.92]
Sakai et al 2016 (b) — 0.72 [0.58, 0.83] Sakai et al 2016 (b) — 0.83 [0.70, 0.91]
Siriwong et al 2022 (a) [ 082 [0.66, 092] Sirwong et al 2022 (a) | 0.76 [0.58, 0.87]
Sirwong et al 2022 (b) P 0.61[0.39, 0.79] Sirwong et al 2022 (b) R | 0.67 [0.47, 0.83]
Sukaram et al 2022 (a) — 0.77 [0.65. 0.85] Sukaram et al 2022 (a) — 0.82 [0.73, 0.89]
Sukaram et al 2022 (b) —— 045 [0.30. 060] Sukaram et al 2022 (b) I —— 0.74 [0 52, 0.88]
Teranen et al 2022 (a) ] 0.94 [0.63, 0.99] Teranen et al 2022 (a) |—< 0.75[0.44, 0.92]
Teranen et al 2022 () i 022[010, 0.44] Teranen et al 2022 (b) — 094 [0 86, 098]
Uslu et al 2019 | —— 0.82 [0.65. 0.92] Uslu et al 2019 | 0.82[0.72, 0.89]
Zhang et al 2022 (a) — 0.94 [0.78, 0.99] Zhang et al 2022 (a) — 0.96 [0.84, 0.99]
Zhang et al 2022 (b) P 0.04 [0.63, 0.99] Zhang et al 2022 (b) P 0.92 [0.72, 0.98]

010 032 035 077 1.00 0.42 057 071 085 1.00
Sensitivity Specificity

Figure 2. Forest plot illustrating the performance of volatile organic compounds for the detection of
hepatobiliary and pancreatic cancer [30,40-57].
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SROC curve (bivariate model) for the diagostic accuracy of volatile organic compounds
for the detection of hepatobiliary & pancreatic cancers
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Figure 3. Summary receiver operator curve characteristics for volatile organic compounds in the
detection of hepatobiliary and pancreatic cancer. The circle represents the confidence interval, and
the dots represent the distribution of studies.

3.4. Subgroup Analysis for the Sample Medium Used

A total of 7 studies (10 study cohorts) used breath as a sample medium. The sensi-
tivity and specificity of VOCs for the detection of hepatobiliary and pancreatic cancers
when breath is used as a sample medium were 0.77 (95% CI, 0.68-0.84) and 0.78 (95% CI,
0.72-0.84), respectively. The AUC was 0.84. (Figures S2 and 4). Five study cohorts utilised
urine as their sample medium. When urine was used as a sample medium, the sensitivity
was 0.79 (95% CI, 0.66-0.88) and the specificity was 0.72 (95% CI, 0.62-0.81). The AUC on
the SROC was 0.81 (Figures S3 and 4). Blood was used as a sample medium in 6 study
cohorts. The sensitivity and specificity of VOCs when blood was used were 0.76 (95%
CI, 0.69-0.82) and 0.83 (95% CI, 0.78-0.88), respectively. The AUC was 0.87 (Figures S4
and 5). Similarly, the sensitivity for bile-based VOCs was 0.87 (95% CI, 0.59-0.97) and the
specificity was 0.90 (95% CI, 0.77-0.95). The AUC under SROC was 0.94 (Figures S5 and 5).
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SROC for breath based volatile organic compounds
in the detection of hepatobiliary & pancreatic cancers

SROC for urine based volatile organic compounds
in the detection of hepatobiliary & pancreatic cancers
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Figure 4. Summary receiver operator curve characteristics for breath and urine-based volatile
organic compounds in the detection of hepatobiliary and pancreatic cancer. The circles represent the
confidence interval, and the dots represent the distribution of studies.
SROC for blood based volatile organic compounds SROC for bile based volatile organic compounds
in the detection of hepatobiliary & pancreatic cancers in the detection of hepatobiliary & pancreatic cancers
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Figure 5. Summary receiver operator curve characteristics for blood and bile-based volatile or-
ganic compounds in the detection of hepatobiliary and pancreatic cancer. The circles represent the
confidence interval, and the dots represent the distribution of studies.

4. Discussion

Serum biomarkers are used to help identify patients early, such as alpha-fetoprotein for
hepatocellular carcinoma or CA19.9 for pancreatic cancer; however, these are not sensitive
or specific enough to be a reliable diagnostic test [26,58]. There is a need for new biomarkers
which could aid in the early diagnosis of hepatobiliary cancers. The results of this study
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showed that the VOC can be used, alone or in combination with other biomarkers, for the
detection of hepatobiliary and pancreatic cancers. Importantly, its high specificity would
cast some insights into its role as a screening modality.

Our study demonstrated that the cancer type did not have any effect on the perfor-
mance of VOCs. ‘Oxidative stress” has been well described as the underlying mechanism
for hepatobiliary and pancreatic cancer pathogenesis [59-62]. VOCs are metabolic by-
products of bacterial dysbiosis related to a specific disease state [1]. Further, the produced
VOCs readily reach the liver through portal circulation and undergo extensive hepatic
metabolism. Thus, the liver acts as a ‘moderator’. The common mechanistic origin of VOCs
and the extensive first-pass hepatic metabolism may explain its steady performance in the
spectrum of hepatobiliary and pancreatic cancers. The commonly reported eight VOCs in
the included studies are presented below as Table 2.

Table 2. A list of frequently identified eight volatile organic compounds in patients with hepatobiliary
and pancreatic cancer.

Volatile Organic Compound Sample Medium
Acetone Bile, breath
Benzene Bile, breath
Acetaldehyde Bile, breath
Valine Blood
2-Aminoethanol Blood
2-Butanone Bile, breath, urine
Pentane Bile, breath
n-Hexanone Bile, breath, urine

Interestingly, we found that the analytical technique used to detect VOCs did not
have any effect on its performance. This is in contrary to our previous work on colorectal
cancer [63]. This finding may be due to the fact that most of the studies included in this
present study used gas chromatography-based techniques.

Sample types in this review include breath, alveolar air, bile, blood, serum, and
urine. Out of these, urine and breath are the least invasive. Urine samples are arguably
the easiest to obtain, as they are already taken every day in clinical practice and do not
require specialist equipment. Moreover, urine VOCs undergo a process of ‘biological
pre-concentration’ in kidneys before excretion by separating large redundant chemicals.
This process helps to identify the key ‘volatilomic signature’. A standard protocol for
handling urine during volatile organic compound analysis has been published [64,65]. The
volatile organic compound profile of breath has been well characterised, and there is a
standard protocol available for the measurement of nitric oxide, which has the potential
to be measured in real time [66-68]. Blood and serum are marginally more invasive,
but are safe and well tolerated by most patients. Bile can only be obtained through an
invasive procedure, such as ERCP or the percutaneous approach. As bile is in direct
contact with these organs, the metabolic products of bacterial dysbiosis would be at their
highest concentrations [69]. This is further supported by a previous study, reporting
higher concentration of intramural bacteria in pancreatic cancer patients who had biliary
obstructions and subsequently biliary decompression [70]. An added advantage over other
matrices is that the bile VOC concentration is less affected by external factors [43]. For the
aforementioned reasons, bile-based VOCs showed the highest performance indices in our
subgroup analysis. It is noteworthy that the subgroups in our review had a small number
of studies.

There are several factors which could have influenced the outcome of our study.
Firstly, most of the studies were observational in nature and had a limited sample size.
The pilot studies were also included in our review. Further, the recruitment process of
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the participants was not well described. These could have introduced a ‘selection” bias.
Secondly, the stage of the cancer was not well described in those included studies. Thirdly,
the heterogeneity was largely due to the sample media used. Although this was further
explored through subgroup analysis, the number of studies under each subgroup was
small. Hence, the results should be interpreted with caution.

There are several points within the cancer pathway where volatile organic compound
analysis may fit in. A quick, non-invasive, and efficient test lends itself well in primary
care as an early screening tool, and may help inform decisions about referral to secondary
care. This would have a similar role to the current faecal immunochemical test; however, it
may appeal to more patients due to ease of sample collection. Additionally, volatile organic
compounds may be used to monitor cancer progression after treatment, which has already
been shown in colorectal cancer [71]. In the future, studies that evaluate the prognostic or
predictive value of certain VOCs may aid in our understanding of disease progression and
have a role in preventative medicine.

5. Conclusions

Hepatobiliary and pancreatic cancers remain one of the leading causes of death world-
wide. Hence, there is an urgent need for timely detection and treatment. Currently available
biomarkers, serum alpha-fetoprotein and CA 19.9, lack sensitivity and specificity on this
regard.

Volatile organic compounds emerged as an attractive biomarker over the recent years.
They proved to have high patient acceptability and feasibility. For the detection of hepato-
biliary and pancreatic cancers, VOCs showed a sensitivity of 0.79 and a specificity of 0.81.
These results are highly promising and may provide a solution for early cancer detection
and treatment. Volatile organic compounds could be used alone or in combination with
other biomarkers. Further, the lack of variability in their performance for the detection of
different types of hepatobiliary and pancreatic cancers may cast some new insights into
their complex mechanistic origin.
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materials

Author Contributions: M.P.: Literature review, data collection, preparation of manuscript. S.C.:
statistical analysis, manuscript editing. E.W.: Data collection. R.P.A.: design and concept, literature
review, critical revision of the manuscript for important intellectual content. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/article/10.3390/cancers15082308/s1
https://www.mdpi.com/article/10.3390/cancers15082308/s1

Cancers 2023, 15, 2308 11 of 13

References

1.  Chandrapalan, S.; Arasaradnam, R.P. Urine as a biological modality for colorectal cancer detection. Expert Rev. Mol. Diagn. 2020,
20, 489-496. [CrossRef] [PubMed]

2. Shirasu, M.; Touhara, K. The scent of disease: Volatile organic compounds of the human body related to disease and disorder. J.
Biochem. 2011, 150, 257-266. [CrossRef] [PubMed]

3. Pauling, L.; Robinson, A.B.; Teranishi, R.; Cary, P. Quantitative analysis of urine vapor and breath by gas-liquid partition
chromatography. Proc. Natl. Acad. Sci. USA 1971, 68, 2374-2376. [CrossRef] [PubMed]

4. Amann, A.; Costello, B.D.L.; Miekisch, W.; Schubert, J.; Buszewski, B.; Pleil, J.; Ratcliffe, N.; Risby, T. The human volatilome:
Volatile organic compounds (VOCs) in exhaled breath, skin emanations, urine, feces and saliva. J. Breath Res. 2014, 8, 034001.
[CrossRef] [PubMed]

5. Drabiniska, N.; Flynn, C.; Ratcliffe, N.; Belluomo, I.; Myridakis, A.; Gould, O.; Fois, M.; Smart, A.; Devine, T.; Costello, B.L. A
literature survey of all volatiles from healthy human breath and bodily fluids: The human volatilome. J. Breath Res. 2021, 15,
034001. [CrossRef]

6. Ambrosone, C.B. Oxidants and antioxidants in breast cancer. Antioxid. Redox Signal. 2000, 2, 903-917. [CrossRef]

7. Hakim, M,; Broza, Y.Y.; Barash, O.; Peled, N.; Phillips, M.; Amann, A.; Haick, H. Volatile organic compounds of lung cancer and
possible biochemical pathways. Chem. Rev. 2012, 112, 5949-5966. [CrossRef]

8.  Poli, D.; Carbognani, P.; Corradi, M.; Goldoni, M.; Acampa, O.; Balbi, B.; Bianchi, L.; Rusca, M.; Mutti, A. Exhaled volatile organic
compounds in patients with non-small cell lung cancer: Cross sectional and nested short-term follow-up study. Respir. Res. 2005,
6,71. [CrossRef]

9.  Fuchs, P; Loeseken, C.; Schubert, ].K.; Miekisch, W. Breath gas aldehydes as biomarkers of lung cancer. Int. ]. Cancer 2010, 126,
2663-2670. [CrossRef]

10. Broza, Y.Y,; Kremer, R.; Tisch, U.; Gevorkyan, A.; Shiban, A.; Best, L.A.; Haick, H. A nanomaterial-based breath test for short-term
follow-up after lung tumor resection. Nanomedicine 2013, 9, 15-21. [CrossRef]

11.  Gaspar, E.M.; Lucena, A.F,; Duro da Costa, J.; Chaves das Neves, H. Organic metabolites in exhaled human breath-A multivariate
approach for identification of biomarkers in lung disorders. J. Chromatogr. A 2009, 1216, 2749-2756. [CrossRef]

12.  Song, G.; Qin, T; Liu, H.; Xu, G.B; Pan, Y.Y,; Xiong, EX.; Gu, K.S.; Sun, G.P,; Chen, Z.D. Quantitative breath analysis of volatile
organic compounds of lung cancer patients. Lung Cancer 2010, 67, 227-231. [CrossRef] [PubMed]

13. Hakim, M,; Billan, S.; Tisch, U.; Peng, G.; Dvrokind, I.; Marom, O.; Abdah-Bortnyak, R.; Kuten, A.; Haick, H. Diagnosis of
head-and-neck cancer from exhaled breath. Br. J. Cancer 2011, 104, 1649-1655. [CrossRef] [PubMed]

14. Peng, G.; Hakim, M,; Broza, Y.Y,; Billan, S.; Abdah-Bortnyak, R.; Kuten, A.; Tisch, U.; Haick, H. Detection of lung, breast, colorectal,
and prostate cancers from exhaled breath using a single array of nanosensors. Br. J. Cancer 2010, 103, 542-551. [CrossRef]

15.  Phillips, M.; Cataneo, R.N.; Ditkoff, B.A_; Fisher, P.; Greenberg, J.; Gunawardena, R.; Kwon, C.S.; Rahbari-Oskoui, F.; Wong, C.
Volatile markers of breast cancer in the breath. Breast J. 2003, 9, 184-191. [CrossRef] [PubMed]

16. Phillips, M.; Cataneo, R.N.; Saunders, C.; Hope, P.; Schmitt, P.; Wai, J. Volatile biomarkers in the breath of women with breast
cancer. J. Breath Res. 2010, 4, 026003. [CrossRef]

17.  Haick, H.; Broza, Y.Y.; Mochalski, P.; Ruzsanyi, V.; Amann, A. Assessment, origin, and implementation of breath volatile cancer
markers. Chem. Soc. Rev. 2014, 43, 1423-1449. [CrossRef]

18.  Van Malderen, K.; De Man, J.; De Winter, B.Y.; De Schepper, H.U.; Lamote, K. M01533 Volatomics in inflammatory bowel disease
and irritable bowel syndrome: Present and future. Gastroenterology 2020, 158, S-884. [CrossRef]

19. Bosch, S.; Wintjens, D.S.].; Wicaksono, A.; Kuijvenhoven, J.; van der Hulst, R.; Stokkers, P.; Daulton, E.; Pierik, M.].; Covington,
J.A.; de Meij, T.G.].; et al. The faecal scent of inflammatory bowel disease: Detection and monitoring based on volatile organic
compound analysis. Dig. Liver Dis. 2020, 52, 745-752. [CrossRef]

20. van Gaal, N.; Lakenman, R.; Covington, J.; Savage, R.; de Groot, E.; Bomers, M.; Benninga, M.; Mulder, C.; de Boer, N.; de Meij,
T. Faecal volatile organic compounds analysis using field asymmetric ion mobility spectrometry: Non-invasive diagnostics in
paediatric inflammatory bowel disease. |. Breath Res. 2018, 12, 016006. [CrossRef]

21. Rawla, P; Sunkara, T.; Muralidharan, P; Raj, ].P. Update in global trends and aetiology of hepatocellular carcinoma. Contemp.
Oncol. 2018, 22, 141-150. [CrossRef]

22. Debruyne, E.N.; Delanghe, J.R. Diagnosing and monitoring hepatocellular carcinoma with alpha-fetoprotein: New aspects and
applications. Clin. Chim. Acta 2008, 395, 19-26. [CrossRef] [PubMed]

23. Sangiovanni, A.; Prati, G.M.; Fasani, P.; Ronchi, G.; Romeo, R.; Manini, M.; Del Ninno, E.; Morabito, A.; Colombo, M. The natural
history of compensated cirrhosis due to hepatitis C virus: A 17-year cohort study of 214 patients. Hepatology 2006, 43, 1303-1310.
[CrossRef] [PubMed]

24. Costentin, C.E.; Layese, R.; Bourcier, V.; Cagnot, C.; Marcellin, P.; Guyader, D.; Pol, S.; Larrey, D.; De Lédinghen, V.; Ouzan,
D.; et al. Compliance with Hepatocellular Carcinoma Surveillance Guidelines Associated with Increased Lead-Time Adjusted
Survival of Patients with Compensated Viral Cirrhosis: A Multi-Center Cohort Study. Gastroenterology 2018, 155, 431-442.e10.
[CrossRef]

25. Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer statistics, 2022. CA Cancer ]. Clin. 2022, 72, 7-33. [CrossRef]

26. Pereira, S.P; Oldfield, L.; Ney, A.; Hart, P.A.; Keane, M.G.; Pandol, S.J.; Li, D.; Greenhalf, W.; Jeon, C.Y.; Koay, E.J.; et al. Early

detection of pancreatic cancer. Lancet Gastroenterol. Hepatol. 2020, 5, 698-710. [CrossRef] [PubMed]


https://doi.org/10.1080/14737159.2020.1738928
https://www.ncbi.nlm.nih.gov/pubmed/32130868
https://doi.org/10.1093/jb/mvr090
https://www.ncbi.nlm.nih.gov/pubmed/21771869
https://doi.org/10.1073/pnas.68.10.2374
https://www.ncbi.nlm.nih.gov/pubmed/5289873
https://doi.org/10.1088/1752-7155/8/3/034001
https://www.ncbi.nlm.nih.gov/pubmed/24946087
https://doi.org/10.1088/1752-7163/abf1d0
https://doi.org/10.1089/ars.2000.2.4-903
https://doi.org/10.1021/cr300174a
https://doi.org/10.1186/1465-9921-6-71
https://doi.org/10.1002/ijc.24970
https://doi.org/10.1016/j.nano.2012.07.009
https://doi.org/10.1016/j.chroma.2008.10.125
https://doi.org/10.1016/j.lungcan.2009.03.029
https://www.ncbi.nlm.nih.gov/pubmed/19409642
https://doi.org/10.1038/bjc.2011.128
https://www.ncbi.nlm.nih.gov/pubmed/21505455
https://doi.org/10.1038/sj.bjc.6605810
https://doi.org/10.1046/j.1524-4741.2003.09309.x
https://www.ncbi.nlm.nih.gov/pubmed/12752626
https://doi.org/10.1088/1752-7155/4/2/026003
https://doi.org/10.1039/C3CS60329F
https://doi.org/10.1016/S0016-5085(20)32899-7
https://doi.org/10.1016/j.dld.2020.03.007
https://doi.org/10.1088/1752-7163/aa6f1d
https://doi.org/10.5114/wo.2018.78941
https://doi.org/10.1016/j.cca.2008.05.010
https://www.ncbi.nlm.nih.gov/pubmed/18538135
https://doi.org/10.1002/hep.21176
https://www.ncbi.nlm.nih.gov/pubmed/16729298
https://doi.org/10.1053/j.gastro.2018.04.027
https://doi.org/10.3322/caac.21708
https://doi.org/10.1016/S2468-1253(19)30416-9
https://www.ncbi.nlm.nih.gov/pubmed/32135127

Cancers 2023, 15, 2308 12 of 13

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Mayerle, J.; Kalthoff, H.; Reszka, R.; Kamlage, B.; Peter, E.; Schniewind, B.; Gonzalez Maldonado, S.; Pilarsky, C.; Heidecke, C.D.;
Schatz, P; et al. Metabolic biomarker signature to differentiate pancreatic ductal adenocarcinoma from chronic pancreatitis. Gut
2018, 67, 128-137. [CrossRef]

Rizvi, S.; Khan, S.A.; Hallemeier, C.L.; Kelley, R.K.; Gores, G.J. Cholangiocarcinoma—Evolving concepts and therapeutic strategies.
Nat. Rev. Clin. Oncol. 2018, 15,95-111. [CrossRef]

O’Hagan, K. Updates in Cholangiocarcinoma. J. Adv. Pract. Oncol. 2022, 13, 320-323. [CrossRef] [PubMed]

Siriwong, N.; Sukaram, T.; Tansawat, R.; Apiparakoon, T.; Tiyarattanachai, T.; Marukatat, S.; Rerknimitr, R.; Chaiteerakij, R.
Exhaled volatile organic compounds for cholangiocarcinoma diagnosis. Liver Res. 2022, 6, 191-197. [CrossRef]

Garcia, P.; Lamarca, A.; Diaz, J.; Carrera, E.; Roa, ].C.; On Behalf of the European-Latin American ESCALON Consortium. Current
and New Biomarkers for Early Detection, Prognostic Stratification, and Management of Gallbladder Cancer Patients. Cancers
2020, 12, 3670. [CrossRef]

Goetze, T.O. Gallbladder carcinoma: Prognostic factors and therapeutic options. World J. Gastroenterol. 2015, 21, 12211-12217.
[CrossRef] [PubMed]

Altekruse, S.F; McGlynn, K.A.; Reichman, M.E. Hepatocellular carcinoma incidence, mortality, and survival trends in the United
States from 1975 to 2005. J. Clin. Oncol. 2009, 27, 1485-1491. [CrossRef] [PubMed]

Lin, H.Z.; Zhang, T.; Chen, M.Y.; Shen, J.L. Novel biomarkers for the diagnosis and prognosis of gallbladder cancer. J. Dig. Dis.
2021, 22, 62-71. [CrossRef] [PubMed]

McGuigan, A ; Kelly, P.; Turkington, R.C.; Jones, C.; Coleman, H.G.; McCain, R.S. Pancreatic cancer: A review of clinical diagnosis,
epidemiology, treatment and outcomes. World . Gastroenterol. 2018, 24, 4846—4861. [CrossRef]

The EndNote Team. EndNote, EndNote 20; Clarivate: Philadelphia, PA, USA, 2013.

Whiting, P.F.; Rutjes, A.W.; Westwood, M.E.; Mallett, S.; Deeks, J.J.; Reitsma, J.B.; Leeflang, M.M.; Sterne, J.A.; Bossuyt, PM.
QUADAS-2: A revised tool for the quality assessment of diagnostic accuracy studies. Ann. Intern. Med. 2011, 155, 529-536.
[CrossRef]

R Core Team. A Language and Environment for Statistical Computing. 2020. Available online: http://www.r-project.org/index.
html (accessed on 3 April 2023).

Doebler, P.; Holling, H. Meta-Analysis of Diagnostic Accuracy with mada, 2017. R Package 2015, 1, 15.

Navaneethan, U.; Parsi, M.A.; Lourdusamy, V.; Bhatt, A.; Gutierrez, N.G.; Grove, D.; Sanaka, M.R.; Hammel, ].P; Stevens, T.;
Vargo, ].J.; et al. Volatile organic compounds in bile for early diagnosis of cholangiocarcinoma in patients with primary sclerosing
cholangitis: A pilot study. Gastrointest. Endosc. 2015, 81, 943-949.el. [CrossRef]

Navaneethan, U.; Spencer, C.; Zhu, X.; Vargo, J.J.; Grove, D.; Dweik, R.A. Volatile organic compounds in bile can distinguish
pancreatic cancer from chronic pancreatitis: A prospective observational study. Endoscopy 2021, 53, 732-736. [CrossRef]
Terdnen, V.; Nissinen, S.; Roine, A.; Antila, A ; Siiki, A.; Vaalavuo, Y.; Kumpulainen, P.; Oksala, N.; Laukkarinen, J. Bile-volatile
organic compounds in the diagnostics of pancreatic cancer and biliary obstruction: A prospective proof-of-concept study. Front.
Oncol. 2022, 12,918539. [CrossRef]

Zhang, X.; Gui, X.; Zhang, Y,; Liu, Q.; Zhao, L.; Gao, J.; Ji, ].; Zhang, Y. A Panel of Bile Volatile Organic Compounds Servers as a
Potential Diagnostic Biomarker for Gallbladder Cancer. Front. Oncol. 2022, 12, 858639. [CrossRef]

Hirata, Y.; Kobayashi, T.; Nishiumi, S.; Yamanaka, K.; Nakagawa, T.; Fujigaki, S.; Iemoto, T.; Kobayashi, M.; Okusaka, T.;
Nakamori, S.; et al. Identification of highly sensitive biomarkers that can aid the early detection of pancreatic cancer using
GC/MS/MS-based targeted metabolomics. Clin. Chim. Acta 2017, 468, 98-104. [CrossRef]

Kobayashi, T.; Nishiumi, S.; Ikeda, A.; Yoshie, T.; Sakai, A.; Matsubara, A.; Izumi, Y.; Tsumura, H.; Tsuda, M.; Nishisaki, H.; et al.
A novel serum metabolomics-based diagnostic approach to pancreatic cancer. Cancer Epidemiol. Biomark. Prev. 2013, 22, 571-579.
[CrossRef] [PubMed]

Sakai, A.; Suzuki, M.; Kobayashi, T.; Nishiumi, S.; Yamanaka, K.; Hirata, Y.; Nakagawa, T.; Azuma, T.; Yoshida, M. Pancreatic
cancer screening using a multiplatform human serum metabolomics system. Biomark. Med. 2016, 10, 577-586. [CrossRef]
[PubMed]

Markar, S.R.; Brodie, B.; Chin, S.-T.; Romano, A.; Spalding, D.; Hanna, G.B. Profile of exhaled-breath volatile organic compounds
to diagnose pancreatic cancer. Br. J. Surg. 2018, 105, 1493-1500. [CrossRef]

Miller-Atkins, G.; Acevedo-Moreno, L.-A.; Grove, D.; Dweik, R.A,; Tonelli, A.R.; Brown, ].M.; Allende, D.S.; Aucejo, F.; Rotroff,
D.M. Breath Metabolomics Provides an Accurate and Noninvasive Approach for Screening Cirrhosis, Primary, and Secondary
Liver Tumors. Hepatol. Commun. 2020, 4, 1041-1055. [CrossRef] [PubMed]

Princivalle, A.; Monasta, L.; Butturini, G.; Bassi, C.; Perbellini, L. Pancreatic ductal adenocarcinoma can be detected by analysis of
volatile organic compounds (VOCs) in alveolar air. BMC Cancer 2018, 18, 529. [CrossRef]

Qin, T,; Liu, H.; Song, Q.; Song, G.; Wang, H.Z.; Pan, Y.Y.; Xiong, EX.; Gu, K.S.; Sun, G.P,; Chen, Z.D. The screening of volatile
markers for hepatocellular carcinoma. Cancer Epidemiol. Biomark. Prev. 2010, 19, 2247-2253. [CrossRef]

Sukaram, T.; Tansawat, R.; Apiparakoon, T.; Tiyarattanachai, T.; Marukatat, S.; Rerknimitr, R.; Chaiteerakij, R. Exhaled volatile
organic compounds for diagnosis of hepatocellular carcinoma. Sci. Rep. 2022, 12, 5326. [CrossRef]

Uslu, H.I.; Dolle, A.R.; Dullemen, H.M.; Aktas, H.; Kolkman, J.J.; Venneman, N.G. Pancreatic ductal adenocarcinoma and chronic
pancreatitis may be diagnosed by exhaled-breath profiles: A multicenter pilot study. Clin. Exp. Gastroenterol. 2019, 12, 385-390.
[CrossRef]


https://doi.org/10.1136/gutjnl-2016-312432
https://doi.org/10.1038/nrclinonc.2017.157
https://doi.org/10.6004/jadpro.2022.13.3.28
https://www.ncbi.nlm.nih.gov/pubmed/35663158
https://doi.org/10.1016/j.livres.2022.09.001
https://doi.org/10.3390/cancers12123670
https://doi.org/10.3748/wjg.v21.i43.12211
https://www.ncbi.nlm.nih.gov/pubmed/26604631
https://doi.org/10.1200/JCO.2008.20.7753
https://www.ncbi.nlm.nih.gov/pubmed/19224838
https://doi.org/10.1111/1751-2980.12966
https://www.ncbi.nlm.nih.gov/pubmed/33369216
https://doi.org/10.3748/wjg.v24.i43.4846
https://doi.org/10.7326/0003-4819-155-8-201110180-00009
http://www.r-project.org/index.html
http://www.r-project.org/index.html
https://doi.org/10.1016/j.gie.2014.09.041
https://doi.org/10.1055/a-1255-9169
https://doi.org/10.3389/fonc.2022.918539
https://doi.org/10.3389/fonc.2022.858639
https://doi.org/10.1016/j.cca.2017.02.011
https://doi.org/10.1158/1055-9965.EPI-12-1033
https://www.ncbi.nlm.nih.gov/pubmed/23542803
https://doi.org/10.2217/bmm-2016-0020
https://www.ncbi.nlm.nih.gov/pubmed/27171159
https://doi.org/10.1002/bjs.10909
https://doi.org/10.1002/hep4.1499
https://www.ncbi.nlm.nih.gov/pubmed/32626836
https://doi.org/10.1186/s12885-018-4452-0
https://doi.org/10.1158/1055-9965.EPI-10-0302
https://doi.org/10.1038/s41598-022-08678-z
https://doi.org/10.2147/CEG.S189102

Cancers 2023, 15, 2308 13 of 13

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Arasaradnam, R.P.; Wicaksono, A.; O’Brien, H.; Kocher, H.M.; Covington, J.A.; Crnogorac-Jurcevic, T. Noninvasive Diagnosis of
Pancreatic Cancer through Detection of Volatile Organic Compounds in Urine. Gastroenterology 2018, 154, 485-487.el. [CrossRef]
[PubMed]

Bannaga, A.S.; Tyagi, H.; Miler, E.; Covington, J.A.; Arasaradnam, R.P. Exploratory Study Using Urinary Volatile Organic
Compounds for the Detection of Hepatocellular Carcinoma. Molecules 2021, 26, 2447. [CrossRef] [PubMed]

Daulton, E.; Wicaksono, A.N.; Tiele, A.; Kocher, HM.; Debernardji, S.; Crnogorac-Jurcevic, T.; Covington, J.A. Volatile organic
compounds (VOCs) for the non-invasive detection of pancreatic cancer from urine. Talanta 2021, 221, 121604. [CrossRef] [PubMed]
Navaneethan, U.; Parsi, M.A.; Lourdusamy, D.; Grove, D.; Sanaka, M.R.; Hammel, ].P,; Vargo, J.J.; Dweik, R.A. Volatile Organic
Compounds in Urine for Noninvasive Diagnosis of Malignant Biliary Strictures: A Pilot Study. Dig. Dis. Sci. 2015, 60, 2150-2157.
[CrossRef]

Nissinen, S.I.; Roine, A.; Hokkinen, L.; Karjalainen, M.; Venildinen, M.; Helminen, H.; Niemi, R.; Lehtimdki, T.; Rantanen,
T.; Oksala, N. Detection of Pancreatic Cancer by Urine Volatile Organic Compound Analysis. Anticancer Res. 2019, 39, 73-79.
[CrossRef] [PubMed]

Benson, A.B.; D’Angelica, M.I,; Abbott, D.E.; Anaya, D.A.; Anders, R.; Are, C.; Bachini, M.; Borad, M.; Brown, D.; Burgoyne, A.;
et al. Hepatobiliary Cancers, Version 2.2021, NCCN Clinical Practice Guidelines in Oncology. . Natl. Compr. Cancer Netw. 2021,
19, 541-565. [CrossRef]

Thomas, M.; Bayha, C.; Vetter, S.; Hofmann, U.; Schwarz, M.; Zanger, U.M.; Braeuning, A. Activating and Inhibitory Functions
of WNT/3-Catenin in the Induction of Cytochromes P450 by Nuclear Receptors in HepaRG Cells. Mol. Pharmacol. 2015, 87,
1013-1020. [CrossRef] [PubMed]

Hamamoto, I.; Tanaka, S.; Maeba, T.; Chikaishi, K.; Ichikawa, Y. Microsomal cytochrome P-450-linked monooxygenase systems
and lipid composition of human hepatocellular carcinoma. Br. J. Cancer 1989, 59, 6-11. [CrossRef]

Li, D,; Jiao, L. Molecular epidemiology of pancreatic cancer. Int. J. Gastrointest. Cancer 2003, 33, 3-14. [CrossRef]

Farrow, B.; Evers, B.M. Inflammation and the development of pancreatic cancer. Surg. Oncol. 2002, 10, 153-169. [CrossRef]
Chandrapalan, S.; Bosch, S.; Cubiella, J.; Guardiola, J.; Kimani, P.; Mulder, C.; Persaud, K.; de Meij, T.G J.; Altomare, D.F.; Brenner,
H.; et al. Systematic review with meta-analysis: Volatile organic compound analysis to improve faecal immunochemical testing in
the detection of colorectal cancer. Aliment. Pharmacol. Ther. 2021, 54, 14-23. [CrossRef] [PubMed]

McFarlan, E.M.; Mozdia, K.E.; Daulton, E.; Arasaradnam, R.; Covington, J.; Nwokolo, C. Pre-analytical and analytical variables
that influence urinary volatile organic compound measurements. PLoS ONE 2020, 15, e0236591. [CrossRef] [PubMed]
Covington, J.A.; van der Schee, M.P,; Edge, A.S.; Boyle, B.; Savage, R.S.; Arasaradnam, R.P. The application of FAIMS gas analysis
in medical diagnostics. Analyst 2015, 140, 6775-6781. [CrossRef] [PubMed]

Hanna, G.B.; Boshier, P.R.; Markar, S.R.; Romano, A. Accuracy and Methodologic Challenges of Volatile Organic Compound-Based
Exhaled Breath Tests for Cancer Diagnosis: A Systematic Review and Meta-analysis. JAMA Oncol. 2019, 5, €182815. [CrossRef]
ATS—American Thoracic Society; ERS—European Respiratory Society. ATS/ERS recommendations for standardized procedures
for the online and offline measurement of exhaled lower respiratory nitric oxide and nasal nitric oxide, 2005. Am. |. Respir. Crit.
Care Med. 2005, 171, 912-930. [CrossRef]

Ibrahim, W,; Carr, L.; Cordell, R.; Wilde, M.].; Salman, D.; Monks, P.S.; Thomas, P.; Brightling, C.E.; Siddiqui, S.; Greening, N.J.
Breathomics for the clinician: The use of volatile organic compounds in respiratory diseases. Thorax 2021, 76, 514-521. [CrossRef]
Klimczak, T.; Kaczka, K.; Klimczak, J.; Tyczkowska-Sieron, E.; Tyczkowska, A. Primary bacterial culture of bile and pancreatic
juice in tumor related jaundice (TROJ)—Is ascending cholangitis always our fault? Scand. ]. Gastroenterol. 2018, 53, 1569-1574.
[CrossRef]

Thomas, R.M.; Jobin, C. Microbiota in pancreatic health and disease: The next frontier in microbiome research. Naf. Rev.
Gastroenterol. Hepatol. 2020, 17, 53-64. [CrossRef]

Markar, S.R.; Chin, S.-T.; Romano, A.; Wiggins, T.; Antonowicz, S.; Paraskeva, P.; Ziprin, P; Darzi, A.; Hanna, G.B. Breath Volatile
Organic Compound Profiling of Colorectal Cancer Using Selected Ion Flow-tube Mass Spectrometry. Ann. Surg. 2019, 269,
903-910. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1053/j.gastro.2017.09.054
https://www.ncbi.nlm.nih.gov/pubmed/29129714
https://doi.org/10.3390/molecules26092447
https://www.ncbi.nlm.nih.gov/pubmed/33922256
https://doi.org/10.1016/j.talanta.2020.121604
https://www.ncbi.nlm.nih.gov/pubmed/33076134
https://doi.org/10.1007/s10620-015-3596-x
https://doi.org/10.21873/anticanres.13081
https://www.ncbi.nlm.nih.gov/pubmed/30591442
https://doi.org/10.6004/jnccn.2021.0022
https://doi.org/10.1124/mol.114.097402
https://www.ncbi.nlm.nih.gov/pubmed/25824487
https://doi.org/10.1038/bjc.1989.3
https://doi.org/10.1385/IJGC:33:1:3
https://doi.org/10.1016/S0960-7404(02)00015-4
https://doi.org/10.1111/apt.16405
https://www.ncbi.nlm.nih.gov/pubmed/34004036
https://doi.org/10.1371/journal.pone.0236591
https://www.ncbi.nlm.nih.gov/pubmed/32735600
https://doi.org/10.1039/C5AN00868A
https://www.ncbi.nlm.nih.gov/pubmed/26205889
https://doi.org/10.1001/jamaoncol.2018.2815
https://doi.org/10.1164/rccm.200406-710ST
https://doi.org/10.1136/thoraxjnl-2020-215667
https://doi.org/10.1080/00365521.2018.1542454
https://doi.org/10.1038/s41575-019-0242-7
https://doi.org/10.1097/SLA.0000000000002539

	Open Access Coversheet (1) (1) (2)
	cancers-15-02308-v2
	Introduction 
	Methods 
	Search Strategy 
	Selection of Studies 
	Data Extraction and Quality Assessment 
	Statistical Analysis 

	Results 
	Basic Characteristics of the Included Studies 
	Quality Assessment 
	Diagnostic Accuracy of VOCs for the Detection of Hepatobiliary and Pancreatic Cancer 
	Subgroup Analysis for the Sample Medium Used 

	Discussion 
	Conclusions 
	References


