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Abstract: The key challenge of cell-free tumor DNA (cftDNA) analysis in pancreatic ductal adeno-
carcinoma (PDAC) is overcoming its low detection rate, which is mainly explained by the overall
scarcity of this biomarker in plasma. Obstructive jaundice is a frequent event in PDAC, which enables
bile collection as a part of routine treatment. The aim of this study was to evaluate the performance of
KRAS-mutated cftDNA detection-based liquid biopsy of plasma and bile in patients with pancreatic
neoplasms using digital droplet PCR. The study included healthy volunteers (n = 38), patients with
PDAC (n = 95, of which 20 had obstructive jaundice) and other pancreatic neoplasms (OPN) (n = 18).
The sensitivity and specificity compared to the control group were 61% and 100% (AUC-ROC—0.805),
and compared to the OPN group, they were 61% and 94% (AUC-ROC—0.794), respectively. Bile
exhibited higher cftDNA levels than plasma (248.6 [6.743; 1068] vs. 3.26 [0; 19.225] copies/mL)
and a two-fold higher detection rate (p < 0.01). Plasma cftDNA levels were associated with distant
metastases, tumor size, and CA 19-9 (p < 0.05). The probability of survival was worse in patients
with higher levels of cftDNA in plasma (hazard ratio—2.4; 95% CI: 1.3–4.6; p = 0.005) but not in bile
(p > 0.05). Bile is a promising alternative to plasma in patients with obstructive jaundice, at least for
the diagnostic purposes of liquid biopsy.

Keywords: liquid biopsy; KRAS mutations; pancreatic ductal adenocarcinoma; pancreatic cancer;
intraductal papillary mucinous neoplasm; digital droplet polymerase chain reaction; plasma; bile;
prognosis; survival

1. Introduction

Based on GLOBOCAN 2020 data, pancreatic cancer (PC) is ranked 14th in frequency
and 7th in mortality amongst all oncological diseases [1]. It is estimated that by 2030,
PC may be ranked significantly higher in terms of mortality, being second only to lung
cancer [2]. The diagnosis of this disease in early stages is challenging due to the lack
of specific symptoms and efficient screening strategies. In fact, only 5% of PC cases
are diagnosed early, whereas most patients present with locally advanced or metastatic
diseases [3]. Therefore, according to the latest data, the relative 5-year survival rate for all
stages of PC is quite low—only 11.6%, often making it a fatal disease [4].

Pancreatic ductal adenocarcinoma (PDAC) is the most frequent neoplasm of the
pancreas, accounting for approximately 90% of cases [5]. Other neoplasms of this organ
include malignant tumors (such as endocrine and neuroendocrine cancer), benign tumors
(such as serous cystadenoma), and premalignant tumors (such as intraductal papillary
mucinous neoplasm (IPMN)), which often require continuous monitoring [6,7].
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Due to both the development of sensitive analytical techniques and advances in the
molecular characterization of tumor cells, a new promising approach for cancer detection
and surveillance has emerged, namely, liquid biopsy—a set of methods for the analysis of
tumor derivatives, such as cell-free tumor DNA (cftDNA), circulating tumor cells, tumor-
educated platelets, and others, in various biological fluids [8–11].

Fortunately, PDAC is rather unique, since in up to 90% of cases, the tumor carries
activating mutations in the KRAS gene in the same hotspots (codons 12, 13, and 61), making
cftDNA detection based on the presence of these mutations quite appealing for the purposes
of liquid biopsy, mainly due to the fact that they can be analyzed not only by means of
next-generation sequencing technologies, but also using cheaper targeted approaches such
as polymerase chain reaction (PCR) [12]. Moreover, KRAS mutations are considered to be
early events in tumor formation [13]. Therefore, cftDNA carrying these genetic alterations
may be detectable at all stages of the disease.

The key challenge of this kind of liquid biopsy in PDAC is the fact that the discov-
ery rate of KRAS-mutated cftDNA in plasma is usually lower than in matching tumor
tissue [14–16]. This might be primarily explained by overall low levels of cftDNA, which
are often below 5 molecules per mL of plasma [17]. Hence, the probability of false-negative
results of the analysis is quite high. In terms of cftDNA content, bile may be a promising
alternative to plasma, as this biomaterial has an overall smaller volume, and it is in a state
of continuous direct contact with the surface of the tumor in case of duct invasion. About
80% of PDACs are located in the head of the organ, of which approximately half are accom-
panied by obstructive jaundice requiring biliary drainage [18,19]. Thus, in many cases, the
collection of this biomaterial may be carried out naturally as a part of routine treatment.

The aim of this study was to evaluate the diagnostic and prognostic value of KRAS-
mutated cftDNA detection-based liquid biopsy of plasma and bile in patients with various
pancreatic neoplasms.

Digital droplet PCR (ddPCR) was the method of choice for cftDNA quantification
due to its resilience to PCR inhibitors, which may appear in DNA samples isolated from
bile, as well as to its high analytical sensitivity, which allows it to surpass its rivals such as
real-time PCR and various sequencing technologies [20,21].

2. Materials and Methods
2.1. General Information

The study was approved by the institution’s Local Ethics Committee (#12/21, 13 De-
cember 2021) and conducted according to the tenets of the Declaration of Helsinki. Patient
enrollment was conducted in a private hospital (from December 2021 to January 2023). All
participants provided signed informed consent forms. The study included 95 patients (of
which 14 took part in our previously published pilot study [22]) with PDAC; 18 patients
with various other pancreatic neoplasms (OPN) such as IPMNs (low-grade dysplasia),
solid pseudopapillary neoplasm, serous cystadenoma, and others (OPN group); 38 healthy
volunteers (control group) without any known oncological diseases. Among the PDAC
group patients, 20 had obstructive jaundice.

Morphological verification of the diagnosis was performed using a core needle
biopsy of the primary tumor or liver metastasis with histological evaluation. Endoscopic
ultrasonography-guided fine-needle aspiration cytology was used in cases of localized
neoplasms. The visualization and evaluation of spatial parameters of tumors were carried
out using computed tomography, magnetic resonance imaging, and positron emission
tomography/computed tomography with 18FDG according to medical indications. All
relevant data were reevaluated by a single specialist in the respective field to eliminate
the influence of interobserver variability. Serum CA 19-9 was assessed via the chemilumi-
nescent immunometric method on the Access 2 Immunoassay System using the Access
GI Monitor reagents pack (Beckman Coulter Diagnostics, Ltd., Brea, CA, USA). The de-
mographic and clinical characteristics of study participants are summarized in Table 1,
whereas more detailed data are available in Table S1.
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Table 1. The demographic and clinical characteristics of study participants.

Parameters
PDAC Group OPN Group Control Group

(n = 95) (n = 18) (n = 38)

Age, years 1 65 (41–88) 58 (43–66) 20 (19–22)
Sex, n (%):

male 46/95 5/18 17/38
female 49/95 13/18 21/38

OPN types:
mdIPMN, n N/A 6/18 N/A

multIPMN, n N/A 1/18 N/A
bdIPMN, n N/A 7/18 N/A
adenoma, n N/A 1/18 N/A

serous cystadenoma, n N/A 1/18 N/A
SPPN, n N/A 1/18 N/A
NET, n N/A 1/18 N/A

Tumor localization:
head, n 44/87 2 N/A N/A
body, n 6/87 2 N/A N/A
tail, n 11/87 2 N/A N/A

head + body, n 10/87 2 N/A N/A
body + tail, n 15/87 2 N/A N/A

head + body + tail, n 1/87 2 N/A N/A
Tumor size:

>4 cm, n 39/87 2 N/A N/A
2–4 cm, n 41/87 2 N/A N/A
<2 cm, n 7/87 2 N/A N/A

Contact with
arteries/veins, n 78/87 2 N/A N/A

Bile ducts invasion, n 39/87 2 N/A N/A
Distant metastases, n 43/87 2 N/A N/A

Serum CA 19-9, U/mL 3 36.5 [0.9; 883.3] 3.9 [0.8; 7.9] N/A
PDAC, pancreatic ductal adenocarcinoma; OPN, other pancreatic neoplasms; N/A, not available or not applicable;
mdIPMN, main duct intraductal papillary mucinous neoplasm; multIPMN, multifocal intraductal papillary
mucinous neoplasm; bdIPMN, branch duct intraductal papillary mucinous neoplasm; SPPN, solid pseudopap-
illary neoplasm; NET, neuroendocrine tumor; 1 data presented as mean (range); 2 data were not available for
8/95 patients; 3 data presented as median [quartile 1; quartile 3].

2.2. Biomaterial Collection and Processing

All study participants donated 10–12 mL of peripheral venous blood, which was
collected into tubes containing EDTA. Biomaterial was collected prior to any invasive
diagnostic procedures and treatment. The samples were stored at a temperature of +4 ◦C
for no more than 4 h. Then, plasma was separated via centrifugation (3000× g, 10 min).
The resulting plasma samples were centrifuged once more (3000× g, 10 min) to ensure the
depletion of any cell debris. The biomaterial was stored in fresh tubes at a temperature of
−80 ◦C.

Patients presenting PDAC and obstructive jaundice at the time of inclusion in the
study underwent external biliary drainage or stenting of the common bile duct (n = 20). In
these cases, bile samples of ~15 mL were collected and immediately frozen at a temperature
of −80 ◦C.

After defrosting, both plasma and bile samples were thoroughly mixed by pulse-
vortexing. Additionally, bile samples underwent two rounds of centrifugation at conditions
described above for peripheral venous blood. Cell-free DNA (cfDNA) was isolated from
5 mL of plasma and 5 mL of bile supernatant using the QIAamp Circulating Nucleic
Acid Kit (Qiagen GmbH, Hilden, Germany) with carrier RNA according to the instruction
manual. However, for the bile supernatant, the lysis stage was extended for additional
30 min. In all cases, the DNA elution volume was 50 µL.
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2.3. DNA Analysis

Droplet generation and readings were carried out using the QX200 AutoDG ddPCR
System, and the amplification was performed on the CFX96 Touch instrument (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). All ddPCR-related manipulations were conducted
according to the manufacturer’s instructions.

cftDNA detection was carried out using the ddPCR KRAS G12/G13 Screening Kit and
ddPCR KRAS Q61 Screening Kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA). These
reagents enabled the detection of the following KRAS mutations: G12A, G12C, G12D, G12R,
G12S, G12V, and G13D, and Q61H (183A > C), Q61H (183A > T), Q61K, Q61L, and Q61R,
respectively. Screening kits for both hotspots were designed to analyze DNA on a “single
tube” basis, which means that the probes for all mutant alleles were labeled using the same
fluorescent dye. Therefore, during data interpretation, it was possible to define the mutated
hotspot in the KRAS gene (G12/13 or Q61) but not the exact substitution (e.g., G12S or
G12D). The following thermocycling protocol was used: incubation at 95 ◦C (10 min);
40 cycles of denaturation at 94 ◦C (30 s) and annealing/extension at 55 ◦C (1 min); and
incubation at 98 ◦C (10 min). The input of DNA solution into final ddPCR reaction mixture
was set to a maximum possible volume—9.9 µL. The cutoff value for the ddPCR false-
positive droplets was established in a series of experiments with different loads of wild-type
DNA as described previously [22] and subtracted from the cftDNA analysis results.

2.4. Statistical Analysis

Data were analyzed using IBM SPSS Statistics 26.0 Software (IBM Corp., Armonk,
NY, USA). The results of quantitative cftDNA analysis were presented in the following
two forms: as the cftDNA level (copies of mutant allele per mL of biomaterial) and as the
mutant allele fraction (MAF).

MAF (%) = Cmutated DNA/(Cwild type DNA + Cmutated DNA) × 100%,

where «C» is the DNA level expressed in copies per mL of the biomaterial.
Data distribution normality was assessed using Shapiro–Wilk’s test. Due to the absence

of normal distribution for all tested variables, non-parametrical statistical tests were used.
Quantitative and qualitative paired data were compared using the Wilcoxon test and
McNemar’s test, respectively, whereas unpaired quantitative and qualitative data were
compared using the Mann–Whitney U test and Fisher’s exact test, respectively. Quantitative
data are presented as medians [quartile 1; quartile 3]. Receiver operating characteristic
(ROC) analysis was carried out to evaluate the performance of binary classification for
certain variables. Spearman’s rank correlation coefficient (rs) was used to assess associations
between two variables, and the size of the effect was evaluated using Chaddock’s scale. The
survival analysis was conducted using Kaplan–Meier plots and the log-rank (Mantel–Cox)
test. Cox proportional hazards regression analysis was used to evaluate hazard ratios (HRs)
and the corresponding 95% confidence intervals (CIs). A p-value < 0.05 was considered
statistically significant.

3. Results
3.1. Diagnostic Performance of cftDNA Analysis

Cell-free DNA analysis was successfully carried out in all samples of the 151 study
participants. Detailed ddPCR analysis results for each individual sample are available
in Table S1. In the control group as well as in the most of OPN group plasma samples,
none of the studied KRAS mutations were detected in cfDNA. There was a single case of
cftDNA positivity (mutation in the KRAS G12/13 hotspot) in the OPN group, specifically
in the plasma sample from a patient diagnosed with a pancreatic serous cystadenoma
(however, the cftDNA level was extremely low—2.34 copies/mL with a MAF of 0.12%). On
the contrary, the detection of cftDNA in plasma samples from the PDAC group occurred
quite often—in 58 out of 95 cases. ROC curves illustrating the diagnostic potential of KRAS
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mutations detection-based plasma liquid biopsy are presented in Figure 1. At a cftDNA
cutoff value of 0 copies/mL, the overall sensitivity and specificity compared to the control
group were 61% and 100% (area under the ROC curve of 0.805), and compared to the OPN
group, they were 61% and 94% (area under the ROC curve of 0.794), respectively.
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Figure 1. ROC curves for plasma cell-free tumor DNA analysis. Red curve corresponds to the discrim-
inating potential for patients with PDAC and healthy volunteers, whereas blue curve corresponds to
patients with PDAC and patients with OPN. PDAC, pancreatic ductal adenocarcinoma; OPN, other
pancreatic neoplasms (the list of neoplasms in this group is presented in Table 1). Cell-free tumor
DNA analysis was based on the detection of various mutations in KRAS G12/G13 and Q61 hotspots
using ddPCR.

The plasma cftDNA levels and MAFs varied significantly in the PDAC group: 5.08 [0;
17.55] copies/mL and 0.09 [0; 0.62] % with maximum values as high as 36,840 copies/mL
and 50.87%, respectively. KRAS G12/13 was the most frequently mutated hotspot—55 out
of 58 cftDNA positive cases. Mutations in the KRAS Q61 hotspot were detected only in
four plasma samples (in one case, both hotspots were mutated).

Compared to the paired plasma samples, bile exhibited significantly higher cftDNA
levels (3.26 [0; 19.225] vs. 248.6 [6.743; 1068] copies/mL, respectively, p = 0.001; Figure 2a)
and MAFs (0.045 [0; 0.413] vs. 1.74 [0.2; 11.11] %, respectively, p = 0.002; Figure 2b). The
cftDNA detection rate in bile was also marginally higher than in paired plasma samples
(18/20 vs. 11/20, respectively; Figure 2c). Again, the detection of mutations in the KRAS
Q61 hotspot was rare (only a single case in bile). It is worth mentioning that there was not
a single case where a plasma sample was positive for cftDNA but the corresponding bile
sample was not. No statistically significant correlations were observed for cftDNA levels
and MAFs in paired plasma and bile samples (p > 0.05; Figure S1).
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Figure 2. Comparison of cell-free tumor DNA analysis results in paired samples of plasma and bile
of patients with pancreatic ductal adenocarcinoma. (a) Box plot for data presented as copies per 1 mL
of biomaterial. (b) Box plot for data presented as mutant allele fraction. (c) Detection statuses for
mutations in both hotspots in individual samples. #, numbers in the figure correspond to patient
numbers in Table S1. Cell-free tumor DNA analysis was based on the detection of various mutations
in KRAS G12/G13 and Q61 hotspots by means of ddPCR.

3.2. Relation of cftDNA to Clinical and Demographic Data

Plasma cftDNA levels were associated with the size of the tumor, which was not the
case for cftDNA measured in bile (Figure 3). It appeared that in patients with smaller
tumors (<2 cm), cftDNA was mostly undetectable (both the cftDNA level and MAF were 0
[0; 0] copies/mL/%) in contrast to that in patients with larger tumors (p < 0.05). However,
there was no difference between plasma samples corresponding to tumors 2–4 cm and
>4 cm in size (5.78 [0; 33.54] vs. 3.495 [0; 17.47] copies/mL—for cftDNA levels, 0.13 [0;
0.523] vs. 0.045 [0; 1.28] % for MAFs, respectively, p > 0.05).

The results of cftDNA analysis (regarding both levels and MAFs) in plasma correlated
with serum levels of another routinely analyzed in patients with a PDAC biomarker, CA
19-9, although the effect was weak to moderate (rs of 0.302, p = 0.003 and rs of 0.228,
p = 0.026, respectively; Figure S2). There were no statistically significant correlations for
cftDNA analyzed in bile (p > 0.05). It is known that serum levels of CA 19-9 are not
informative in a large proportion of PDAC patients due to various reasons (including the
Lewis phenotype [23]). In the present cohort, 47 out of 95 PDAC patients had serum CA
19-9 levels below the cutoff value of 34 U/mL. However, the cftDNA detection rates were
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equal among patients with normal and elevated CA 19-9 levels, both for plasma and bile
(25/47 vs. 33/48 and 9/9 vs. 9/11 cases, respectively, p > 0.05).
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Figure 3. Comparison of cell-free tumor DNA analysis results based on tumor size. (a) Box plot for
data presented as copies per 1 mL of plasma. (b) Box plot for data presented as mutant allele fraction
in plasma. (c) Box plot for data presented as copies per 1 mL of bile. (d) Box plot for data presented as
mutant allele fraction in bile. Tumor sizes of <2 cm were rare events (n = 7 for plasma samples; n = 1
for bile samples). Cell-free tumor DNA analysis was based on the detection of various mutations in
KRAS G12/G13 and Q61 hotspots using ddPCR.

Notably, patients with distant metastases had significantly higher plasma cftDNA
levels and MAFs, compared to the rest of the PDAC group (3.92 [0; 21.6] vs. 2.195 [0; 23.725]
copies/mL, p = 0.01 and 0.1 [0; 0.65] vs. 0.025 [0; 0.413] %, p = 0.015, respectively; Figure 4).
At a cutoff value of 91.5 copies/mL for plasma cftDNA levels, sensitivity, specificity, and
positive and negative predictive values were 20.9%, 100%, 100.0 [95% CI: 66.4–100.0] %
and 56.4 [95% CI: 52.6–60.2] %, whereas, at a cutoff value of 1.18% for plasma MAFs, they
were 30.2%, 93.2%, 81.3 [95% CI: 57.0–93.4] % and 57.8 [95% CI: 52.5–62.8] %, respectively,
highlighting the potential usefulness of plasma cftDNA analysis for the detection of distant
metastases in a certain proportion of patients with PDAC. Once again, no significant
associations were found in the bile samples.
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Figure 4. Comparison of cell-free tumor DNA analysis results in patients with and without distant
metastases. (a) Box plot for data presented as copies per 1 mL of plasma. (b) Box plot for data
presented as mutant allele fraction in plasma. (c) Box plot for data presented as copies per 1 mL of
bile. (d) Box plot for data presented as mutant allele fraction in bile. Cell-free tumor DNA analysis
was based on the detection of various mutations in KRAS G12/G13 and Q61 hotspots using ddPCR.

Localization of the tumor in the pancreas, its contact with arteries and veins, invasion
into the bile ducts, sex, and age were among the other tested variables. In neither of the
cases, any statistically significant associations with cftDNA analysis results were observed
(p > 0.05; Figures S3 and S4). It is worth noting that the results of bile analysis were not
considered for evaluation based on certain tumor localization characteristics, given that
this biomaterial was collected only in cases of biliary drainage due to obstructive jaundice,
and hence, mostly the tumors were situated in the head of the pancreas while being in
contact with blood vessels and bile ducts.

3.3. Prognostic Performance of cftDNA Analysis

In this study, the follow-up time after biomaterial collection was up to 2 years. Kaplan–
Meier plots for PDAC group patients are presented in Figure 5. It appeared that the
probability of survival was significantly lower in patients with detectable cftDNA in
plasma, compared to those in whom it was undetectable (mean survival: 11.6 ± 1.1 vs.
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16.1 ± 1.5 months, respectively). The prognosis (overall survival) for patients based on
this qualitative parameter was characterized by an HR of 2.2 (95% CI: 1.1–4.4), p = 0.024.
The implementation of a cutoff value for cftDNA level in plasma of 4.735 copies/mL
(or 0.065% for MAF), which was established using ROC analysis, allowed us to slightly
increase the prognostic performance of the cftDNA analysis (mean survival: 10.9 ± 1.2
vs. 15.9 ± 1.3 months, respectively; HR of 2.4 (95% CI: 1.3–4.6), p = 0.005 for patients with
plasma cftDNA levels higher than either of the above-mentioned cutoff values). Differences
in the probability of survival were not significant for cftDNA measured in bile (p > 0.05).
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Figure 5. Caplan–Meier plots for plasma cell-free tumor DNA analysis in patients with pancreatic
ductal adenocarcinoma. (a) Based on the event of detection. (b) Based on the surpassing of a cutoff
value. Censored observations were marked with a cross. Cutoff value of 4735 copies/mL for plasma
cell-free tumor DNA level was established using ROC analysis. Cutoff value for mutant allele fraction
was 0.065%, which yielded identical survival curves to that of the 4735 copies/mL cutoff value.
Cell-free tumor DNA analysis was based on the detection of various mutations in KRAS G12/G13
and Q61 hotspots using ddPCR.

4. Discussion

In the past decade, a plethora of studies exploring the diagnostic and prognostic value
of various forms of liquid biopsy in PC patients have been conducted [17,24–26]. Among
the many advantages of this approach, it is often its potential for use in early diagnosis that
is highlighted. However, it is quite challenging to truly access the value of liquid biopsy as
an early diagnosis tool, given the fact that the overwhelming majority of PC patients present
with advanced stages of the disease [27]. In this regard, nation-wide biobanking programs
may be exceptionally useful. For example, in the recent Golestan Cohort Study by Hosen
et al., it was demonstrated that urinary cftDNA carrying certain TERT promoter mutations
is detectable up to 10 years prior to the clinical manifestations of bladder cancer [28].

An alternative way to explore the potential of liquid biopsy for early diagnosis is
to access the mutation status of circulating cfDNA in patients with precancerous lesions,
namely IPMNs. Even though the transition from IPMN to cancer is not a universally
frequent event, patients with these neoplasms require continuous monitoring to the point
of high-grade dysplasia formation (which ends in invasive cancer), when, generally, surgical
removal is appropriate [29–31]. It is known that KRAS mutations are prevalent in IPMNs
(approximately 50% of cases) [32,33]. Recent data obtained from a mice IPMN model
suggest that KRAS activation promotes the formation of the neoplasm [34], although in
humans, there is no link between the presence of KRAS mutations and progression of
IPMN [33,35]. Could it be that the appearance of cftDNA carrying these genetic alterations
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in the bloodstream rather than the mutation status of the neoplasm itself is indicative of
its cancerous transformation? In our cohort, KRAS-mutated cftDNA was not identified in
any of the 14 patients with IPMN (low-grade dysplasia). These results are concordant with
the limited data available in the literature: 0/21 patients with low-grade dysplasia (KRAS
G12D/G12V); 0/7, 1/16, and 1/11 patients with low-grade, high-grade dysplasia, and
invasive carcinoma, respectively (KRAS G12/13 hotspot) [36,37]. Therefore, at this stage,
it might be concluded that even if KRAS-mutated circulating cftDNA is indicative of the
cancerous transformation of IPMN, it would be true only in later stages of the malignant
process than at the point of IPMN with high-grade dysplasia/invasive carcinoma at which
surgical removal is generally performed.

In the OPN group, cfDNA positivity for KRAS mutation was detected only once,
unexpectedly, in a patient with serous cystadenoma, for which alterations in this gene are
not characteristic [38]. As it was previously mentioned, the cftDNA level and MAF in this
case were exceptionally low, yet these results were reproducible; thus, the possibility of
contamination was rejected. It is known that the KRAS gene is mutated in a variety of
neoplasms, including tumors in lungs, the stomach, the colon, and the endometrium [39].
Therefore, in this case, the detection of KRAS-mutated circulating cftDNA might be a sign
of a different, yet undiscovered, disease. We plan to monitor this patient and provide
an update if relevant data become available.

Another advantage of cftDNA detection-based liquid biopsy is undoubtedly its prog-
nostic potential. As was observed in this study, the negative impact of the presence of
KRAS-mutated circulating cftDNA in the PDAC group on overall survival is concordant
with the findings of other studies on the topic [40–42]. According to our results, this type
of liquid biopsy is even more informative regarding overall survival if a certain cftDNA
level/MAF cutoff value is implemented in contrast to the basic qualitative approach. The
association of cftDNA with negative prognosis might be, in part, explained by its ability
to reflect the ongoing metastasis (which is known to be a major cause of death in PDAC
patients [43,44]), as it was demonstrated in our cohort as well as in several other stud-
ies [45–47]. Moreover, potential clinical applications of liquid biopsy in PDAC might go
way beyond survival prediction, as this method is proving to be useful in the monitoring
of response to chemotherapy and post-treatment recurrence of the disease [48,49].

It is worth mentioning that there might be an unexpected issue which hampers the
prognostic performance of cftDNA analysis, not only in PDAC but in other cancers as
well, namely, the unit selection dilemma. In the present study, we chose to report our
data in two forms (cftDNA level in copies/mL and MAF in %) specifically to address
it. On the one hand, the relative approach for unit selection (MAF in %) has a plethora
of advantages. Mainly, it allows us to easily make comparisons of the results between
studies as well as to diminish the influence of the sample processing (e.g., efficacy of cfDNA
isolation) and individual variations in cfDNA degradation speed in the bloodstream. On
the other hand, it is known that tumor growth is accompanied by hypoxia and even death
of the surrounding cells (needless to say that the former is actively occurring during the
chemotherapy), which causes an increase in the total cfDNA level [50,51], which in turn
influences MAF and masks its alterations. Looking at our data, it might be noted that the
p-values across the most clinically relevant comparisons were slightly more significant in
the case of the cftDNA level rather than MAF. This effect could be even more prominent if
the study design included any form of prolonged monitoring, especially in a chemotherapy
cycle. Possibly, the selection of a specific stable internal or external marker to normalize the
cftDNA level could resolve this issue and improve the performance of this type of liquid
biopsy in cancer.

Also, this study aimed to address another weak point of cftDNA detection-based
liquid biopsy—the limited discovery rate of the mutant allele, which occurs mainly due to
low levels of circulating cftDNA in general [17]. According to our results, bile was superior
to plasma as a source of cftDNA in PDAC, both in terms of its levels and detection rates.
Moreover, in our cohort, the latter in bile reached 90%, which is the expected frequency of
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KRAS mutations in patients with PDAC (based on tumor tissue sequencing studies [12]).
These results are supported by findings of other authors who demonstrated that the
cftDNA levels in the bile of patients with various biliary tract cancers and PDAC are also
significantly higher than in plasma (by 21–64%) [52,53]. The abundance of tumor-derived
genetic material in bile may provide opportunities for cfDNA analysis using cheaper and
less sensitive techniques such as Sanger sequencing and real-time PCR, which could be of
interest for the purpose of risk stratification based on tumor genotyping [54]. However,
according to our data, it appears that bile cftDNA levels and MAFs are primarily dependent
on the localization of the tumor and thus are not reflective of the studied prognostically
relevant parameters. Another drawback of bile liquid biopsy is obviously the inconvenience
of the collection of this biomaterial in patients who do not require biliary drainage, as it
would probably imply either percutaneous aspiration or endoscopy-guided aspiration.
Nevertheless, these procedures in PDAC patients still appear to be safer than any form
of direct tumor biopsy, thus more appealing, at least, for cftDNA detection/genotyping
purposes [55–57].

This study had certain limitations. Firstly, the control group consisted of healthy
volunteers who were younger compared to other groups (the purpose of this group was
mainly to ensure that there were no false-positive droplets in samples with wild-type
DNA), whereas the OPN group was rather small. In clinical application, the analysis would
primarily have been carried out in differential diagnosis of patients with certain pancreatic
diseases. Secondly, we were able to obtain bile only from a limited number of patients,
which could have influenced the significance of statistical analyses for data corresponding
to this biomaterial. Thirdly, the mutational status of cfDNA was not compared to that of the
paired tumor genomic DNA, which may be useful to verify the absence of false mutation
calls. However, the exceptionally high prevalence of KRAS mutations in PDAC patients, in
general, as well as the robust determination of false-positive signal cutoff values (resulting
in 100% specificity) at least, to some extent, compensate for this. Lastly, due to limitations
in the availability of clinical data for some patients, we were unable to determine the
progression-free survival in the cohort and thus present only the overall survival.

5. Conclusions

Tumor cell-free detection-based liquid biopsy is a promising minimally invasive tool
for diagnostic and prognostic applications in PDAC. The fact that the vast majority of
tumors harbor KRAS mutations in the same hotspots allows us to utilize cheaper targeted
genetic analysis techniques such as ddPCR, which provide broad potential for clinical
implementation. The demonstrated superiority of bile, in the present study, compared to
plasma in terms of both cftDNA detection rates and levels may promote further studies
which could explore the usefulness of this biomaterial for the purposes of liquid biopsy with
other tumor-derived targets. Nevertheless, there are still certain challenges to overcome
for this approach to be widely used in patients with pancreatic neoplasms, namely, the
standardization of liquid biopsy-related procedures, cost and time reduction of the analysis,
as well as an assessment of potential clinical benefits upon its introduction into daily
practice based on the results of interventional studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomedicines12010220/s1, Table S1: Results of cftDNA analysis
with corresponding depersonalized relevant clinical and demographic characteristic of each patient;
Figure S1: Correlation of cell-free DNA analysis results for plasma and bile in patients with pancreatic
ductal adenocarcinoma; Figure S2: Correlation of cell-free DNA analysis results with serum CA
19-9 levels in patients with pancreatic ductal adenocarcinoma; Figure S3: Comparison of cell-free
tumor DNA analysis results in patients with various localization characteristics of the tumor and
sex; Figure S4: Correlation of cell-free DNA analysis results with age in patients with pancreatic
ductal adenocarcinoma.
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4. Nikšić, M.; Minicozzi, P.; Weir, H.K.; Zimmerman, H.; Schymura, M.J.; Rees, J.R.; Coleman, M.P.; Allemani, C. Pancreatic cancer
survival trends in the US from 2001 to 2014: A CONCORD-3 study. Cancer Commun. 2023, 43, 87–99. [CrossRef] [PubMed]

5. Becker, A.E.; Hernandez, Y.G.; Frucht, H.; Lucas, A.L. Pancreatic ductal adenocarcinoma: Risk factors, screening, and early
detection. World J. Gastroenterol. 2014, 20, 11182–11198. [CrossRef] [PubMed]

6. Ro, C.; Chai, W.; Yu, V.E.; Yu, R. Pancreatic neuroendocrine tumors: Biology, diagnosis, and treatment. Chin. J. Cancer 2013, 32,
312–324. [CrossRef]

7. Scholten, L.; van Huijgevoort, N.C.M.; van Hooft, J.E.; Besselink, M.G.; Del Chiaro, M. Pancreatic Cystic Neoplasms: Different
Types, Different Management, New Guidelines. Visc. Med. 2018, 34, 173–177. [CrossRef]

8. Kilgour, E.; Rothwell, D.G.; Brady, G.; Dive, C. Liquid Biopsy-Based Biomarkers of Treatment Response and Resistance. Cancer
Cell 2020, 37, 485–495. [CrossRef]

9. Chen, L.; Bode, A.M.; Dong, Z. Circulating Tumor Cells: Moving Biological Insights into Detection. Theranostics 2017, 7, 2606–2619.
[CrossRef]

10. In ‘t Veld, S.G.J.G.; Wurdinger, T. Tumor-educated platelets. Blood 2019, 133, 2359–2364. [CrossRef]
11. Jung, A.; Kirchner, T. Liquid biopsy in tumor genetic diagnosis. Ärzteblatt Int. 2018, 115, 169–174.
12. Bailey, P.; Chang, D.K.; Nones, K.; Johns, A.L.; Patch, A.-M.; Gingras, M.-C.; Miller, D.K.; Christ, A.N.; Bruxner, T.J.C.; Quinn,

M.C.; et al. Genomic analyses identify molecular subtypes of pancreatic cancer. Nature 2016, 531, 47–52. [CrossRef] [PubMed]
13. Löhr, M.; Klöppel, G.; Maisonneuve, P.; Lowenfels, A.B.; Lüttges, J. Frequency of K-ras mutations in pancreatic intraductal

neoplasias associated with pancreatic ductal adenocarcinoma and chronic pancreatitis: A meta-analysis. Neoplasia 2005, 7, 17–23.
[CrossRef] [PubMed]

14. Cohen, J.D.; Javed, A.A.; Thoburn, C.; Wong, F.; Tie, J.; Gibbs, P.; Schmidt, C.M.; Yip-Schneider, M.T.; Allen, P.J.; Schattner, M.;
et al. Combined circulating tumor DNA and protein biomarker-based liquid biopsy for the earlier detection of pancreatic cancers.
Proc. Natl. Acad. Sci. USA 2017, 114, 10202–10207. [CrossRef]

15. Kinugasa, H.; Nouso, K.; Miyahara, K.; Morimoto, Y.; Dohi, C.; Tsutsumi, K.; Kato, H.; Matsubara, T.; Okada, H.; Yamamoto, K.
Detection of K-ras gene mutation by liquid biopsy in patients with pancreatic cancer. Cancer 2015, 121, 2271–2280. [CrossRef]

16. Brychta, N.; Krahn, T.; von Ahsen, O. Detection of KRAS Mutations in Circulating Tumor DNA by Digital PCR in Early Stages of
Pancreatic Cancer. Clin. Chem. 2016, 62, 1482–1491. [CrossRef] [PubMed]

17. Zhu, Y.; Zhang, H.; Chen, N.; Hao, J.; Jin, H.; Ma, X. Diagnostic value of various liquid biopsy methods for pancreatic cancer:
A systematic review and meta-analysis. Medicine 2020, 99, e18581. [CrossRef]

https://doi.org/10.3322/caac.21660
https://doi.org/10.1158/0008-5472.CAN-14-0155
https://www.ncbi.nlm.nih.gov/pubmed/24840647
https://doi.org/10.1371/journal.pone.0072311
https://doi.org/10.1002/cac2.12375
https://www.ncbi.nlm.nih.gov/pubmed/36353792
https://doi.org/10.3748/wjg.v20.i32.11182
https://www.ncbi.nlm.nih.gov/pubmed/25170203
https://doi.org/10.5732/cjc.012.10295
https://doi.org/10.1159/000489641
https://doi.org/10.1016/j.ccell.2020.03.012
https://doi.org/10.7150/thno.18588
https://doi.org/10.1182/BLOOD-2018-12-852830
https://doi.org/10.1038/nature16965
https://www.ncbi.nlm.nih.gov/pubmed/26909576
https://doi.org/10.1593/neo.04445
https://www.ncbi.nlm.nih.gov/pubmed/15720814
https://doi.org/10.1073/pnas.1704961114
https://doi.org/10.1002/cncr.29364
https://doi.org/10.1373/clinchem.2016.257469
https://www.ncbi.nlm.nih.gov/pubmed/27591291
https://doi.org/10.1097/MD.0000000000018581


Biomedicines 2024, 12, 220 13 of 14

18. Birnbaum, D.J.; Bertucci, F.; Finetti, P.; Birnbaum, D.; Mamessier, E. Head and Body/Tail Pancreatic Carcinomas Are Not the
Same Tumors. Cancers 2019, 11, 497. [CrossRef]

19. Distler, M.; Kersting, S.; Rückert, F.; Dobrowolski, F.; Miehlke, S.; Grützmann, R.; Saeger, H.-D. Palliative treatment of ob-
structive jaundice in patients with carcinoma of the pancreatic head or distal biliary tree. Endoscopic stent placement vs.
hepaticojejunostomy. JOP 2010, 11, 568–574.

20. Dong, L.; Wang, S.; Fu, B.; Wang, J. Evaluation of droplet digital PCR and next generation sequencing for characterizing DNA
reference material for KRAS mutation detection. Sci. Rep. 2018, 8, 9650. [CrossRef]

21. La Rocca, F.; Grieco, V.; Ruggieri, V.; Zifarone, E.; Villani, O.; Zoppoli, P.; Russi, S.; Laurino, S.; Falco, G.; Calice, G.; et al.
Superiority of Droplet Digital PCR Over Real-Time Quantitative PCR for JAK2 V617F Allele Mutational Burden Assessment in
Myeloproliferative Neoplasms: A Retrospective Study. Diagnostics 2020, 10, 143. [CrossRef]

22. Jain, M.; Atayan, D.; Rakhmatullin, T.; Dakhtler, T.; Popov, P.; Kim, P.; Gontareva, J.; Samokhodskaya, L.; Egorov, V.; Kamalov, A.
Tumor cell-free DNA detection-based liquid biopsy of plasma and bile in pancreatic ductal adenocarcinoma: A pilot study. Genes
Cells 2023, 18, 41–51.

23. Parra-Robert, M.; Santos, V.M.; Canis, S.M.; Pla, X.F.; Fradera, J.M.A.; Porto, R.M. Relationship Between CA 19.9 and the Lewis
Phenotype: Options to Improve Diagnostic Efficiency. Anticancer Res. 2018, 38, 5883–5888. [CrossRef] [PubMed]

24. Perales, S.; Torres, C.; Jimenez-Luna, C.; Prados, J.; Martinez-Galan, J.; Sanchez-Manas, J.M.; Caba, O. Liquid biopsy approach to
pancreatic cancer. World J. Gastrointest. Oncol. 2021, 13, 1263–1287. [CrossRef]

25. Vidal, L.; Pando, E.; Blanco, L.; Fabregat-Franco, C.; Castet, F.; Sierra, A.; Macarulla, T.; Balsells, J.; Charco, R.; Vivancos, A.
Liquid biopsy after resection of pancreatic adenocarcinoma and its relation to oncological outcomes. Systematic review and
meta-analysis. Cancer Treat. Rev. 2023, 120, 102604. [CrossRef] [PubMed]

26. Heredia-Soto, V.; Rodríguez-Salas, N.; Feliu, J. Liquid Biopsy in Pancreatic Cancer: Are We Ready to Apply It in the Clinical
Practice? Cancers 2021, 13, 1986. [CrossRef]

27. Li, J.; Li, Y.; Chen, C.; Guo, J.; Qiao, M.; Lyu, J. Recent estimates and predictions of 5-year survival rate in patients with pancreatic
cancer: A model-based period analysis. Front. Med. 2022, 9, 1049136.

28. Hosen, M.I.; Sheikh, M.; Zvereva, M.; Scelo, G.; Forey, N.; Durand, G.; Voegele, C.; Poustchi, H.; Khoshnia, M.; Roshandel, G.;
et al. Urinary TERT promoter mutations are detectable up to 10 years prior to clinical diagnosis of bladder cancer: Evidence from
the Golestan Cohort Study. EBioMedicine 2020, 53, 102643. [CrossRef]

29. Kuvendjiska, J.; Müller, F.; Bronsert, P.; Timme-Bronsert, S.; Fichtner-Feigl, S.; Kulemann, B. Circulating Epithelial Cells in Patients
with Intraductal Papillary Mucinous Neoplasm of the Pancreas. Life 2023, 13, 1570. [CrossRef]

30. Liu, Q.; Ma, J.; Deng, H.; Huang, S.-J.; Rao, J.; Xu, W.-B.; Huang, J.-S.; Sun, S.-Q.; Zhang, L. Cardiac-specific methylation patterns
of circulating DNA for identification of cardiomyocyte death. BMC Cardiovasc. Disord. 2020, 20, 310. [CrossRef]

31. Assarzadegan, N.; Babaniamansour, S.; Shi, J. Updates in the Diagnosis of Intraductal Neoplasms of the Pancreas. Front. Physiol.
2022, 13, 856803. [CrossRef] [PubMed]

32. Chang, X.Y.; Wu, Y.; Li, Y.; Wang, J.; Chen, J. Intraductal papillary mucinous neoplasms of the pancreas: Clinical association with
KRAS. Mol. Med. Rep. 2018, 17, 8061–8068. [CrossRef] [PubMed]

33. Amato, E.; Molin, M.D.; Mafficini, A.; Yu, J.; Malleo, G.; Rusev, B.; Fassan, M.; Antonello, D.; Sadakari, Y.; Castelli, P.; et al.
Targeted next-generation sequencing of cancer genes dissects the molecular profiles of intraductal papillary neoplasms of the
pancreas. J. Pathol. 2014, 233, 217–227. [CrossRef] [PubMed]

34. Collet, L.; Ghurburrun, E.; Meyers, N.; Assi, M.; Pirlot, B.; Leclercq, I.A.; Couvelard, A.; Komuta, M.; Cros, J.; Demetter, P.; et al.
Kras and Lkb1 mutations synergistically induce intraductal papillary mucinous neoplasm derived from pancreatic duct cells. Gut
2020, 69, 704–714. [CrossRef] [PubMed]

35. Tan, M.C.; Basturk, O.; Brannon, A.R.; Bhanot, U.; Scott, S.N.; Bouvier, N.; LaFemina, J.; Jarnagin, W.R.; Berger, M.F.; Klimstra, D.;
et al. GNAS and KRAS Mutations Define Separate Progression Pathways in Intraductal Papillary Mucinous Neoplasm-Associated
Carcinoma. J. Am. Coll. Surg. 2015, 220, 845–854.e1. [CrossRef]

36. Berger, A.W.; Schwerdel, D.; Costa, I.G.; Hackert, T.; Strobel, O.; Lam, S.; Barth, T.F.; Schröppel, B.; Meining, A.; Büchler, M.W.; et al.
Detection of Hot-Spot Mutations in Circulating Cell-Free DNA From Patients With Intraductal Papillary Mucinous Neoplasms of
the Pancreas. Gastroenterology 2016, 151, 267–270. [CrossRef] [PubMed]

37. Hata, T.; Mizuma, M.; Motoi, F.; Omori, Y.; Ishida, M.; Nakagawa, K.; Hayashi, H.; Morikawa, T.; Kamei, T.; Furukawa, T.; et al.
GNAS mutation detection in circulating cell-free DNA is a specific predictor for intraductal papillary mucinous neoplasms of the
pancreas, especially for intestinal subtype. Sci. Rep. 2020, 10, 17761. [CrossRef]

38. Kim, S.G.; Wu, T.-T.; Lee, J.H.; Yun, Y.K.; Issa, J.-P.; Hamilton, S.R.; Rashid, A. Comparison of epigenetic and genetic alterations in
mucinous cystic neoplasm and serous microcystic adenoma of pancreas. Mod. Pathol. Off. J. United States Can. Acad. Pathol. Inc
2003, 16, 1086–1094. [CrossRef]

39. Zhu, C.; Guan, X.; Zhang, X.; Luan, X.; Song, Z.; Cheng, X.; Zhang, W.; Qin, J.-J. Targeting KRAS mutant cancers: From druggable
therapy to drug resistance. Mol. Cancer 2022, 21, 159. [CrossRef]

40. Mohan, S.; Ayub, M.; Rothwell, D.G.; Gulati, S.; Kilerci, B.; Hollebecque, A.; Sun Leong, H.; Smith, N.K.; Sahoo, S.; Descamps, T.;
et al. Analysis of circulating cell-free DNA identifies KRAS copy number gain and mutation as a novel prognostic marker in
Pancreatic cancer. Sci. Rep. 2019, 9, 11610. [CrossRef]

https://doi.org/10.3390/cancers11040497
https://doi.org/10.1038/s41598-018-27368-3
https://doi.org/10.3390/diagnostics10030143
https://doi.org/10.21873/anticanres.12931
https://www.ncbi.nlm.nih.gov/pubmed/30275214
https://doi.org/10.4251/wjgo.v13.i10.1263
https://doi.org/10.1016/j.ctrv.2023.102604
https://www.ncbi.nlm.nih.gov/pubmed/37572593
https://doi.org/10.3390/cancers13081986
https://doi.org/10.1016/j.ebiom.2020.102643
https://doi.org/10.3390/life13071570
https://doi.org/10.1186/s12872-020-01587-x
https://doi.org/10.3389/fphys.2022.856803
https://www.ncbi.nlm.nih.gov/pubmed/35309060
https://doi.org/10.3892/mmr.2018.8875
https://www.ncbi.nlm.nih.gov/pubmed/29658583
https://doi.org/10.1002/path.4344
https://www.ncbi.nlm.nih.gov/pubmed/24604757
https://doi.org/10.1136/gutjnl-2018-318059
https://www.ncbi.nlm.nih.gov/pubmed/31154393
https://doi.org/10.1016/j.jamcollsurg.2014.11.029
https://doi.org/10.1053/j.gastro.2016.04.034
https://www.ncbi.nlm.nih.gov/pubmed/27343369
https://doi.org/10.1038/s41598-020-74868-2
https://doi.org/10.1097/01.MP.0000094088.37888.A6
https://doi.org/10.1186/s12943-022-01629-2
https://doi.org/10.1038/s41598-019-47489-7


Biomedicines 2024, 12, 220 14 of 14

41. Botrus, G.; Uson Junior, P.L.S.; Raman, P.; Kaufman, A.E.; Kosiorek, H.; Yin, J.; Fu, Y.; Majeed, U.; Sonbol, M.B.; Ahn, D.H.; et al.
Circulating Cell-Free Tumor DNA in Advanced Pancreatic Adenocarcinoma Identifies Patients with Worse Overall Survival.
Front. Oncol. 2021, 11, 794009. [CrossRef] [PubMed]

42. Milin-Lazovic, J.; Madzarevic, P.; Rajovic, N.; Djordjevic, V.; Milic, N.; Pavlovic, S.; Veljkovic, N.; Milic, N.M.; Radenkovic, D.
Meta-Analysis of Circulating Cell-Free DNA’s Role in the Prognosis of Pancreatic Cancer. Cancers 2021, 13, 3378. [CrossRef]
[PubMed]

43. Werner, J.; Combs, S.E.; Springfeld, C.; Hartwig, W.; Hackert, T.; Büchler, M.W. Advanced-stage pancreatic cancer: Therapy
options. Nat. Rev. Clin. Oncol. 2013, 10, 323–333. [CrossRef] [PubMed]

44. Chuong, M.D.; Herrera, R.; Ucar, A.; Aparo, S.; De Zarraga, F.; Asbun, H.; Jimenez, R.; Asbun, D.; Narayanan, G.; Joseph, S.; et al.
Causes of Death Among Patients with Initially Inoperable Pancreas Cancer after Induction Chemotherapy and Ablative 5-fraction
Stereotactic Magnetic Resonance Image Guided Adaptive Radiation Therapy. Adv. Radiat. Oncol. 2023, 8, 101084. [CrossRef]

45. Huang, C.-J.; Huang, W.-Y.; Chen, C.-Y.; Chao, Y.-J.; Chiang, N.-J.; Shan, Y.-S. Cancer-cell-derived cell-free DNA can predict
distant metastasis earlier in pancreatic cancer: A prospective cohort study. Ther. Adv. Med. Oncol. 2022, 14, 17588359221106558.
[CrossRef] [PubMed]

46. Allenson, K.; Castillo, J.; San Lucas, F.A.; Scelo, G.; Kim, D.U.; Bernard, V.; Davis, G.; Kumar, T.; Katz, M.; Overman, M.J.; et al.
High prevalence of mutant KRAS in circulating exosome-derived DNA from early-stage pancreatic cancer patients. Ann. Oncol.
Off. J. Eur. Soc. Med. Oncol. 2017, 28, 741–747. [CrossRef]

47. Earl, J.; Garcia-Nieto, S.; Martinez-Avila, J.C.; Montans, J.; Sanjuanbenito, A.; Rodríguez-Garrote, M.; Lisa, E.; Mendía, E.; Lobo, E.;
Malats, N.; et al. Circulating tumor cells (CTC) and KRAS mutant circulating free DNA (cfDNA) detection in peripheral blood as
biomarkers in patients diagnosed with exocrine pancreatic cancer. BMC Cancer 2015, 15, 797. [CrossRef]

48. Guo, S.; Shi, X.; Shen, J.; Gao, S.; Wang, H.; Shen, S.; Pan, Y.; Li, B.; Xu, X.; Shao, Z.; et al. Preoperative detection of KRAS G12D
mutation in ctDNA is a powerful predictor for early recurrence of resectable PDAC patients. Br. J. Cancer 2020, 122, 857–867.
[CrossRef]

49. Wei, T.; Zhang, Q.; Li, X.; Su, W.; Li, G.; Ma, T.; Gao, S.; Lou, J.; Que, R.; Zheng, L.; et al. Monitoring Tumor Burden in Response to
FOLFIRINOX Chemotherapy via Profiling Circulating Cell-Free DNA in Pancreatic Cancer. Mol. Cancer Ther. 2019, 18, 196–203.
[CrossRef]

50. Liberti, M.V.; Locasale, J.W. The Warburg Effect: How Does it Benefit Cancer Cells? Trends Biochem. Sci. 2016, 41, 211–218.
[CrossRef]

51. Labi, V.; Erlacher, M. How cell death shapes cancer. Cell Death Dis. 2015, 6, e1675. [CrossRef]
52. Driescher, C.; Fuchs, K.; Haeberle, L.; Goering, W.; Frohn, L.; Opitz, F.V.; Haeussinger, D.; Knoefel, W.T.; Keitel, V.; Esposito, I.

Bile-Based Cell-Free DNA Analysis Is a Reliable Diagnostic Tool in Pancreatobiliary Cancer. Cancers 2020, 13, 39. [CrossRef]
[PubMed]

53. Gou, Q.; Zhang, C.Z.; Sun, Z.H.; Wu, L.G.; Chen, Y.; Mo, Z.Q.; Mai, Q.C.; He, J.; Zhou, Z.X.; Shi, F.; et al. Cell-free DNA from bile
outperformed plasma as a potential alternative to tissue biopsy in biliary tract cancer. ESMO Open 2021, 6, 100275. [CrossRef]
[PubMed]

54. Toll, J.; Li, Q.; Osipov, A.; Zhou, J.; Patel, R.; Pan, D.; Khanuja, J.; Bryant, M.; Tuli, R.; Hendifar, A.E. Identifying novel genetic
alterations for risk stratification and prognostication in pancreatic cancer. J. Clin. Oncol. 2016, 34, e15754. [CrossRef]

55. Molina, H.; Chan, M.M.; Lewandowski, R.J.; Gabr, A.; Riaz, A. Complications of Percutaneous Biliary Procedures. Semin. Intervent.
Radiol. 2021, 38, 364–372. [CrossRef]

56. Mizuide, M.; Ryozawa, S.; Fujita, A.; Ogawa, T.; Katsuda, H.; Suzuki, M.; Noguchi, T.; Tanisaka, Y. Complications of Endoscopic
Ultrasound-Guided Fine Needle Aspiration: A Narrative Review. Diagnostics 2020, 10, 964. [CrossRef]

57. Hart, P.A.; Topazian, M.; Raimondo, M.; Cruz-Monserrate, Z.; Fisher, W.E.; Lesinski, G.B.; Steen, H.; Conwell, D.L. Endoscopic
Pancreas Fluid Collection: Methods and Relevance for Clinical Care and Translational Science. Am. J. Gastroenterol. 2016, 111,
1258–1266. [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/10.3389/fonc.2021.794009
https://www.ncbi.nlm.nih.gov/pubmed/35083150
https://doi.org/10.3390/cancers13143378
https://www.ncbi.nlm.nih.gov/pubmed/34298594
https://doi.org/10.1038/nrclinonc.2013.66
https://www.ncbi.nlm.nih.gov/pubmed/23629472
https://doi.org/10.1016/j.adro.2022.101084
https://doi.org/10.1177/17588359221106558
https://www.ncbi.nlm.nih.gov/pubmed/35747164
https://doi.org/10.1093/annonc/mdx004
https://doi.org/10.1186/s12885-015-1779-7
https://doi.org/10.1038/s41416-019-0704-2
https://doi.org/10.1158/1535-7163.MCT-17-1298
https://doi.org/10.1016/j.tibs.2015.12.001
https://doi.org/10.1038/cddis.2015.20
https://doi.org/10.3390/cancers13010039
https://www.ncbi.nlm.nih.gov/pubmed/33375555
https://doi.org/10.1016/j.esmoop.2021.100275
https://www.ncbi.nlm.nih.gov/pubmed/34653800
https://doi.org/10.1200/JCO.2016.34.15_suppl.e15754
https://doi.org/10.1055/s-0041-1731375
https://doi.org/10.3390/diagnostics10110964
https://doi.org/10.1038/ajg.2016.297

	Introduction 
	Materials and Methods 
	General Information 
	Biomaterial Collection and Processing 
	DNA Analysis 
	Statistical Analysis 

	Results 
	Diagnostic Performance of cftDNA Analysis 
	Relation of cftDNA to Clinical and Demographic Data 
	Prognostic Performance of cftDNA Analysis 

	Discussion 
	Conclusions 
	References

