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Abstract

Background—The diagnosis of cholangiocarcinoma (CCA) in patients with primary sclerosing
cholangitis (PSC) is particularly difficult. The role of volatile organic compounds (VOCs) for
diagnosis of CCA in PSC patients is not known.

Aim—Our aim was to identify potential VOCs in the headspaces (gas above the sample) in bile
which may predict CCA in PSC patients.

Design—~Prospective cross-sectional study
Setting—Referral center

Patients—Prospective study in which bile was aspirated in 32 patients undergoing ERCP for
PSC and CCA complicating PSC.
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Main Outcome Measurements—Selected ion flow tube mass spectrometry was used to
analyze the concentration of 22 prevalent VOCs in bile samples. Logistic regression analysis was
performed to build a predictive model for diagnosis of CCA.

Results—Several compounds (ethanol, acrylonitrile, acetonitrile, acetaldehyde, benzene, carbon
disulfide, dimethyl sulfide, 2-propanalol) were significantly different in patients with CCA
complicating PSC compared with PSC. (P<.05) Using receiver operating characteristic curve
analysis, we developed a model for the diagnosis of CCA adjusted for age and gender based on
VOC levels of acrylonitrile, 3-methylhexane and benzene. The model [2.3239* log (acrylonitrile)
+ 0.9871*log (3-methylhexane) + 0.8448*log (benzene)] < —0.12 identified the patients with CCA
[area under the curve (AUC=0.89)], with 90.5% sensitivity and 72.7% specificity. (p=0.02)

Limitations—Sample size

Conclusions—The measurement of VOCs in biliary fluid may be useful to diagnose CCA in
PSC patients. A larger study with a longitudinal study design is required to confirm our pilot
observations to diagnose CCA early in patients with PSC. (NCT01565460)

Keywords

Endoscopic retrograde cholangiopancreatography; volatile organic compounds; bile;
cholangiocarcinoma; primary sclerosing cholangitis

INTRODUCTION

Cholangiocarcinoma (CCA) is a primary malignancy of the biliary system which presents
clinically as biliary strictures.! CCA involves the confluence of the right and left hepatic
ducts (perihilar carcinomas) in 50% of cases, whereas the remaining CCAs arise from the
intrahepatic ducts or more distally.2 These strictures are difficult to diagnose because there
is often no mass evident on cross-sectional and endoscopic imaging.

Primary sclerosing cholangitis (PSC) is one of the strongest independent risk factors for
CCA.3 However, the diagnosis of CCA is particularly difficult in PSC because fibrotic
changes may decrease the yield of brush cytology and other tissue acquisition methods.
Timely diagnosis is necessary because liver transplantation is the only potential cure, and
may only be offered if CCA is diagnosed in an early stage. Currently, there is no acceptably
sensitive or specific diagnostic marker to detect CCA in patients with PSC.

ERCP with bile duct brushings for cytology with or without fluorescence in situ
hybridization (FISH) is typically performed to diagnose CCA. However, the sensitivity of
brushings for cytology in diagnosing CCA is low; #° and the use of FISH only moderately
increases the sensitivity.5:” Endoscopic ultrasound with fine needle aspiration (EUS-FNA)
may be done if ERCP brushings are negative or inconclusive and if there is localized bile
duct wall thickening, but potential tumor seeding remains a concern, and their routine use is
questionable in hilar strictures. 8

Volatile organic compounds (VOCs) can be detected in the headspace of bile. “Headspace”
is the gas space above the sample. Volatile sample components diffuse into the gas phase,
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forming the headspace gas. Headspace analysis is the analysis of the components present in
that gas. We have previously described the utility of measuring VOCs in bile in the
diagnosis of pancreas cancer and differentiating it from chronic pancreatitis. © PSC patients
are unique and different from patients with other benign conditions and pancreatic cancer.
The main challenge in PSC patients is that, once we see a dominant stricture, the diagnosis
of CCA in these patients is particularly challenging. In the currently study, we sought to
specifically study PSC patients and extend these observations to determine the role of VOCs
in the diagnosis of CCA. The aim of our pilot study was to identify potential VOCs in the
bile that could be used to distinguish PSC-CCA from PSC without CCA.

METHODS

Bile samples used in this study were obtained from our endoscopic bile repository. Our
earlier publications have discussed this prospectively maintained database of bile obtained
during ERCP and the inclusion and exclusion criteria of patients recruited. 11 The database
was established in 2012 and includes bile samples linked to demographic, clinical, and
cholangiographic information. The study was approved by the Cleveland Clinic Institutional
Review Board and registered with the National Institute of Health (NIH) clinical trial
registry. (NCT01565460) The bile samples were obtained from March 2012 to December
2012.

The diagnosis or PSC without CCA and PSC with CCA was defined based on cytology
results, surgical pathology, and careful clinical follow-up with subsequent imaging tests. All
patients had clinical follow-up of atleast 1 year to December 2013. The diagnosis of PSC
with CCA was based on tissue diagnosis either at surgery or on brush or fine needle
aspiration cytology on initial or subsequent ERCP or EUS during follow-up. The diagnosis
of PSC without CCA was based on ERCP findings or magnetic resonance
cholangiopancreatography at our institution. In patients with PSC alone, the cross-sectional
imaging showed no mass, the patients did well clinically and/or liver transplantation
explants did not show cancer. So, all patients included in this study had PSC.

Biliary Fluid Sampling Procedure

At the time of ERCP, bile was obtained once cannulation of the common bile duct was
accomplished before injection of contrast. Approximately 1 to 5 mL of bile was aspirated
through the sphincterotome. The bile samples were transported to the laboratory on ice, and
frozen at —80°C until use.

VOCs Measurement in Bile

Approximately 1ml of bile from the samples was extracted and centrifuged. Bile samples
were centrifuged for 8 minutes at 150g and 4°C. Subsequently, 200 microliters was
extracted and put into a 20 ml headspace vial and the vial was sealed. The samples were
heated to 40°C to allow the VOCs in the headspace to equilibrate with the samples. 20ml of
headspace gas was removed with a gas syringe and analyzed with a selected ion flow tube
mass spectrometry instrument (VOICE200® SIFT-MS, Syft Technologies Ltd,
Christchurch, New Zealand). The mass spectrometry assay was comprised of the following
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22 common analytes: 2-propanol, acetaldehyde, acetone, acetonitrile, acrylonitrile, benzene,
carbon disulfide, dimethyl sulfide, ethanol, isoprene, pentane, 1-decene, 1-heptene, 1-
nonene, 1-octene, 3-methylhexane, 2-nonene, ammonia, ethane, hydrogen sulfide, triethyl
amine, and trimethyl amine (TMA).

The measurements were made in duplicate at the time of the analysis (1 sample with 1 20
mL aspiration that was run twice). The coefficient of variation for each VOC was within
5%.

Statistical analysis

RESULTS

Descriptive statistics were computed for all factors. These include medians, 25th and 75th
percentiles, range or mean and standard deviation for quantitative variables and frequencies
and percentages for categorical factors. The 2 diagnosis groups of CCA and PSC were
compared with respect to bile VOC’s using the Wilcoxon rank sum test for pairwise group
comparisons. Logistic regression analysis was performed to build predictive models for
CCA, with the different compounds were considered for inclusion. A model was created for
prediction of CCA vs. PSC. The bile VOC’s included as independent variables for the
logistic regression models were selected in a stepwise fashion based on greatest
improvement among candidate predictors in Akaike’s information criterion. Receiver
Operating Characteristics (ROC) analysis was performed and the area under the ROC curves
(AUC) and corresponding 95% confidence intervals were calculated. R software version
2.15.2 (The R Foundation for Statistical Computing, Vienna, Austria) was used to perform
all analyses.

The headspaces from 32 bile samples were analyzed (21 with PSC and no CCA and 11 with
PSC and CCA). Table 1 highlights the characteristics of the entire study cohort with
comparative laboratory features at the time of ERCP.

Clinical Characteristics of the Study cohort

Among the 21 patients with PSC and no CCA, 6 had dominant strictures. Of 6 patients with
dominant strictures all 6 had negative brush cytology and FISH and none developed CCA
during the minimum 1 year follow-up. Five of the 21 (23.8%) patients had established PSC
cirrhosis. Four patients in this group who underwent liver transplantation did not have any
CCA in their explants.

All 11 patients with CCA had underlying PSC either before or at the time of diagnosis of
CCA. With regard to the distribution of CCA, 5 patients had hilar CCA, whereas the
remaining 6 patients had distal CCA. Before ERCP, only 3 patients had an obvious mass
lesion on cross-sectional imaging. Brushings for cytology were performed 3 times which
finally revealed CCA in 3 patients, whereas 2 patients had FISH positive for polysomy after
4 non-diagnostic brushings. EUS with FNA of the lymph nodes established diagnosis in 2
patients, whereas EUS-FNA of the mass revealed diagnosis in 3 patients. One patient had a
diagnosis of CCA established at the time of liver transplantation. Figure 1 demonstrates the
spectrum of compounds which are seen in bile.
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Biliary VOCs levels in patients with cholangiocarcinoma and PSC

Several compounds were significantly decreased in patients with CCA in setting of PSC
compared with PSC without CCA, including ethanol, acrylonitrile, acetonitrile,
acetaldehyde, benzene, carbon disulfide, dimethyl sulfide, and 2-propanalol. [Table 2,
Figures 2 and 3]. The levels of VOCs were adjusted for smoking and alcohol use and the
results were unchanged. (data not shown)

Biliary VOCs as a Diagnostic Test

A model was developed for the diagnosis of CCA based on VOC levels of acrylonitrile, 3-
methylhexane and benzene. The model [2.3239*log (acrylonitrile) +0.9871*log (3-
methylhexane) + 0.8448*log (benzene)] optimized discrimination of PSC patients with and
without CCA with an ROC area under the curve (AUC) of 0.89. A cutpoint of < -0.12
optimized test performance with 90.5% sensitivity and 72.7% specificity. (p=0.02) Figure 4
shows the ROC curve for the VOC model for the diagnosis of CCA. We also included
another control group of patients with common bile duct stones (N=11) to compare the
levels of VOCs. The levels of VOCs in PSC and common bile duct stones were no different,
particularly for those which were significantly different between PSC-CCA and PSC
without CCA. [Supplementary table 1]

Adjustment for Other Co-variates

The addition of age and gender did not appear to have substantial impact on the significance
of the predictive model for CCA diagnosis. We also adjusted for age, sex, current smoking
and alcohol, presence of inflammatory bowel disease and positive cytology and it did not
have an impact on the predictive model for CCA diagnosis. (Table 3)

DISCUSSION

In PSC patients who often have multiple fibrotic strictures, the diagnosis of occult CCA can
be very challenging. Our current research was to identify bio-markers through bile aspiration
which could facilitate the early diagnosis of CCA in patients with PSC. We observed that
VOC:s of bile fluid may help differentiate CCA and PSC strictures. Our study showed that
patients with CCA have a specific pattern of VOC print which are decreased compared to
PSC without CCA.

Breath analyses of VOCs have been performed in gastrointestinal and liver diseases. 12-16
However, bile is readily aspirated during ERCP, and VOCs in bile may be more
representative of local perturbations in the biliary tract, and are less likely to be influenced
by confounding environmental or dietary factors. Several recent studies suggest that VOCs
may help diagnose various forms of cancer. VOCs in breath and feces were able to identify
colorectal cancers with a sensitivity of up to 85%. 1213 Our exploration of bile VOCs in
pancreatic cancer revealed a specific pattern of VOCs that could accurately identify
pancreatic cancer. 2

The decrease in the concentrations of certain VOCs in CCA in PSC patients when compared
to PSC patients without CCA is intriguing. For example, the concentration of benzene was
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lower in CCA. Benzene is an environmental pollutant produced from many sources
including tobacco smoking, automobile exhausts and has been linked with alterations in
gene expressions.1? Nitrogen containing VOCs like acetonitrile and acrylonitrile have also
been identified in breath analysis of smokers along with benzene. 18 In our study, we found
significantly decreased levels of benzene, acetonitrile and acrylonitrile in patients with CCA.
This persisted even after adjusting for current smoking.

Carbon disulfide, dimethyl sulfide and mercaptopurines are formed from incomplete liver
metabolism of sulfur containing amino acids, and increased levels of sulfur containing
VOCs and their role in fetor hepaticus has been reported in patients with liver cirrhosis. 16:19
In our study, the levels of carbon disulfide and dimethyl sulfide were significantly elevated
in PSC patients (irrespective of the presence or absence of cirrhosis) when compared to
patients with CCA.

Endogenous alkanes such as ethane and pentane are formed from peroxidation of
polyunsaturated fatty acids which are found in the cell membrane. 20 Inflammatory
conditions lead to oxidative stress; and the role of oxidative stress in the pathogenesis of
liver diseases including infectious and autoimmune etiologies has been reported. 2% In our
study, the levels of ethane and pentane were higher in PSC relative to CCA, suggestive of
their role in inflammatory conditions, though they were not statistically significant.
Methylated hydrocarbons have also been identified as products of lipid peroxidation. 22 In
our study, methyl hexane a branched chain alkane was found to be one of the optimal linear
predictors of CCA, based on logistic regression analysis.

We believe that our preliminary observations of bile VOCs for CCA diagnosis are clinically
significant for a number of reasons. We identified specific pattern of VOC signature that
could be explored in the diagnosis of CCA. Although the use of current technology would
be more expensive than currently used cytology and fluorescence in situ hybridization, as
suggested previously, the development of enzyme linked immunosorbent assay would make
these analyses cheaper to less than $50.

Breath testing is also an attractive option for diagnosing patients with cancer. VOCs are
present in breath and are present in a gaseous state due to its high vapor pressure. 20 It would
be interesting to see whether VOCs from headspace analysis in our study will translate into a
similar exhaled breath print that can non-invasively diagnose CCA.

The strengths of our study were multiple. Our lab personnel involved in the head space
analysis in our study were blinded to all clinical information, and all the patients observed
overnight fasting before the procedure which could have eliminated the dietary factors from
confounding the results of our study. Also, we had adjusted the levels of VOCs for smoking
and alcohol use. All the patients included in our analysis had good follow-up prospectively
to determine if PSC patients developed CCA or not. The major limitation of our study is that
ours was a prospective cross-sectional study. Designing a longitudinal study with bile
aspiration prospectively in PSC patients with aggressive surveillance when there is a change
in the VOC on follow-up could make it a practical and clinically useful marker in following
PSC patients. The small sample size of CCA patients also limits our observations. However,
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our cohort was well characterized with good clinical follow-up and these patients had a
diagnosis of CCA in the background of PSC.

In conclusion, we have shown that bile VOCs may help diagnose CCA in the setting of PSC
based on the levels of the three compounds namely acrylonitrile, methyl hexane and
benzene, with a sensitivity and specificity of 90.5% and 72.7% respectively. The pattern of
VOCs observed in CCA and PSC groups is intriguing, but a definite explanation for the
observed changes is beyond the scope of our current observations. Further understanding of
the significance of the VOCs detected will enhance research to identify accurate bio-
markers. The results observed in bile headspace may someday be translated to breath
analysis for a true non-invasive diagnosis of CCA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Demonstrates the spectrum of compounds which are seen in bile. The various colors

demonstrate the varying compounds.
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Figure 2.
Figure demonstrates the box-plot of the various volatile organic compounds (panels A-D) in

patients with cholangiocarcinoma (CCA) and primary sclerosing cholangitis (PSC)
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Figure 3.
Figure demonstrates the box-plot of the various volatile organic compounds (panels A-D) in

patients with cholangiocarcinoma (CCA) and primary sclerosing cholangitis (PSC)
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Figure 4.
Receiver operating characteristics (ROC) curve and ROC characteristics as defined by area

under the curve (AUC) for volatile organic compounds and the logistic regression model for
differentiation of cholangiocarcinoma from primary sclerosing cholangitis. A value < -0.12
identified the patients with CCA JAUC=0.89], with 90.5% sensitivity and 72.7% specificity.
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Table 1

Demographic and clinical characteristics of Study Cohort
Factor Cholangiocarfirioma (CcA) %’L"gg‘%}f’tjsle(?ggg p- \\;ghée C(Z)SC
Male, N (%) 7(63.6%) 11(52.4%) 0.71
Caucasian, N (%) 9(81.8%) 17(85%) 0.53
Body mass index, Mean (SD) 27.26(9.5) 25.1(5.0) 0.97
Albumin median [interquartile range] (g/dL) 3.4(2.9-4.4) 3.5(3.0-4.1) 0.77
Bilirubin median [interquartile range] (mg/dL) 2.2(0.8-10.3) 1.8(0.5-3.4) 0.41
Concomitant Inflammatory bowel disease (IBD) 2 (18.2%) 12 (57.1%) 0.03
Current Smoking 3(27.3%) 3(14.3%) 0.39
Current alcohol use 2 (18.2%) 1(4.8%) 0.27
Distribution of PSC
Intrahepatic 0 4 (19%)
Extrahepatic 2 (18.2%) 4 (19%) 0.10
Both 9 (81.8%) 13 (61.9%)
ﬁ:l;lf_x;ine phosphatase median [interquartile range] 414(225.5-709.5) 227.5(154.8-475.5) 0.27
Aspartate aminotransferase median [interquartile 93(26.5-127) 75.5(32.3-101) 0.74
range] (U/L)
,(AUIjAE;ne aminotransferase median [interquartile range] 89(34.5-107.5) 58(40-113) 0.91
Carbohydrate antigen 19-9 (CA 19-9), U/L, mean (SD) 250.2 (114.6) 162.6 (58.1) 0.14
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Table 2
Volatile Organic Compounds in our Study Cohort
Volatile organic compounds Cholangiocarcinoma Median (Interquartile Primary Sclerosing Cholangitis Median P value
range), ppb (Interquartile range), ppb

2-propanol 95.3(27.2-169.9) 346(102.8-1550) 0.034
Acetaldehyde 32.8(21.3-249.4) 223.8(71-921) 0.037
Acetone 343.2(207.5-871.9) 862.3(519.1-1990) 0.07
Acetonitrile 14.3(5.6-154.8) 109(18.1-470) 0.025
Acrylonitrile 0.6(0.5-0.9) 1.12(0.6-2.43) 0.017
Benzene 2.6(1.2-25.3) 10.9(3.2-223) 0.02
carbon disulfide 3.4(1.1-74.8) 18.1(6.7-282) 0.025
dimethyl sulfide 2.2(0.7-26) 38.1(2.8-120) 0.016
Ethanol 177.3(50.3-224.4) 299(183.4-501) 0.016
Isoprene 1.7(0.9-6.0) 5.4(1.8-18) 0.07
Pentane 20.3(10.5-123.9) 62.1(26.5-213) 0.07
1-decene 3.8(1.8-5.4) 3.9(0.07-5.1) 0.55
1-heptene 9.6(3.23-13.1) 6.3(0.09-19.3) 0.84
1-nonene 2.5(1.9-5.3) 5.3(2.4-8.8) 0.12
1-octene 10.2(4.1-13) 10(0.5-13.8) 0.98
3-methylhexane 14.8(6-23.6) 18.9(1.7-33.1) 0.49
(E)-2-nonene 4.6(2.1-126.3) 55.5(5.1-1620) 0.049
Ammonia 62.9(56.7-128.9) 90.4(63.6-145) 0.49
Ethane 89.5(67.6-116) 105.5(97.9-133) 0.08
hydrogen sulfide 0.4(0.3-0.5) 0.3(0.3-0.5) 0.87
triethyl amine 0.9(0.7-1.6) 2(0.9-9.8) 0.04
trimethyl amine 12.4(10.1-42) 35.2(13.6-69.7) 0.1
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Table 3

Linear Predictors for Differentiation in our Study Cohort
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Groups to Differentiate Optimal Linear Predictor (based P-value for P-value for Linear | P-value for Linear Predictor
on logistic regression model) Linear Predictor adjusted adjusted for age, sex,
Predictor for age and gender smoking, alcohol,
inflammatory bowel disease
and positive cytology
PSC from CCA 2.3239*log(acrylonitrile) + 0.015 0.033 0.027
0.9871*log(3- methylhexane) +
0.8448*log(benzene)

PSC- primary sclerosing cholangitis

CCA- cholangiocarcinoma

The linear predictors are the coefficients of a logistic regression model with log-transformed volatile organic compounds (VOCs) parameters
selected in a stepwise fashion using Akaike’s information criterion. Age and gender were added to the resulting model as covariates to obtain an
adjusted p-value for the linear predictor. Additional adjustments for current smoking, alcohol use, inflammatory bowel disease, and positive
cytology also don’t explain the statistical significance among those results that were significant without adjustment.
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