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Editorial on the Research Topic
Technological innovations and pancreatic cancer

Pancreatic ductal adenocarcinoma (PDAC) has poor survival outcomes. The main reasons
include late presentation, resulting in only 20% of patients being eligible for surgery, and poor
response to chemotherapy, secondary to the challenging tumour biology (1, 2). For patients
undergoing surgery, the local anatomy and invasiveness of PDAC results in high operative
risks, with morbidity and mortality estimated at 50-70% and 2-8%, respectively (3, 4). The
incidence of PDAC is rising, making it the fourth leading cause of death in the United States
(5). It is imperative to prioritise PDAC research. Technological advances may improve patient
outcomes through early detection and optimisation of treatments. The editorial highlights the
latest technological advances in PDAC and identifies areas for research (Figure 1).

Technological breakthroughs enabling early detection of PDAC were described in a
review on liquid biopsy (6). This sampling method uses biomarkers such as circulating
tumour DNA (ctDNA) and extracellular vesicles (EVs). Liquid biopsy is exciting due to its
non-invasive, real-time and repeatable properties. Recent advances in methylation analysis,
detecting epigenetic reprogramming in early tumorigenesis, have improved the detection of
PDAC using ctDNA. A meta-analysis performed in 2019 showed sensitivity and specificity
rates of 70% and 86% respectively. Another biomarker showing promise are EVs, with one
study showing high sensitivity and specificity rates of 99% and 82% respectively. The
current accuracy of liquid biopsy across all methods for PDAC was investigated in a meta-
analysis (7). They concluded that liquid biopsy using biomarkers such as ctDNA was less
accurate than CA19-9 for PDAC detection. However, ctDNA was associated with worse
survival, making it a useful prognostication tool. Further research utilising multiple
biomarkers may increase the accuracy in PDAC detection.

Advances in neoadjuvant chemotherapy regimens are enabling surgical treatment for patients
with locally advanced PDAC. Zhang et al. documented the case of a patient with a locally
advanced PDAC. Following six cycles of GEM-NabP chemotherapy the patient underwent
surgery, with histology confirming near-complete response. Successes such as this are
often attributed to favourable biology, but standardisation of neoadjuvant regimens may

5 frontiersin.org
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FIGURE 1

Graphical representation of technological innovation in pancreatic ductal adenocarcinoma (PDAC). EUS, Endoscopic ultrasound; MIS, Minimally

invasive surgery; RT, Radiotherapy.

Chemotherapy

improve overall outcomes. Further improvements in neoadjuvant
treatments are seen in combination with immunotherapy.
Lu et al. published a case report of combined neoadjuvant
treatment using a programmed cell death protein-1 inhibitor and
chemoradiotherapy (8). Following neoadjuvant treatment for a
locally advanced PDAC, the patient underwent a pylorus-
preserving pancreaticoduodenectomy (PPPD) with histology
showing a pathologic complete response. Further data is also
showing the benefit of established adjuvant chemotherapy
regimens. A retrospective cohort study by Choi et al. analysed
outcomes for patients who received adjuvant chemotherapy for
locally advanced PDAC. They showed that 5-fluorouracil-based
regimens resulted in favourable survival. New advances have also
been made in the delivery of chemotherapy. Cao et al. performed a
meta-analysis of regional intra-arterial chemotherapy (RIAC)
compared with systemic treatment. RIAC has been developed
recently and trialled in PDAC due to its ability to deliver high
concentrations locally, while maintaining low systemic drug levels.
Their analysis concluded that patients who received RIAC had a
higher rate of partial remission and fewer complications. The
studies highlighted show progress within chemotherapy and

Frontiers in Oncology

immunotherapy. There is an urgent need for standardisation of
regimens, combination therapy and drug delivery.

Technological advances in radiotherapy (RT) for PDAC were
highlighted in a review article by Malla et al. (9). Despite the ability to
convert borderline resectable cases to surgical resection, up to a third
of patients can die during RT from disease progression. Advances in
Stereotactic Body Radiation Therapy (SBRT) and hypofractionation
enable the delivery of biologically effective doses with reduced toxicity
to surrounding tissues. Specifically, innovation in magnetic
resonance-guided on-table adaptive RT is enabling this. A recent
phase two trial demonstrated reduced incidence of acute grade 3+
gastrointestinal toxicity at 90 days post treatment. New trials are also
being conducted on nanoparticles to enhance RT delivery. Hafnium
oxide nanoparticles NBTXR3 are activated by RT to improve
radiation-induced abscopal effects. These technologies are likely to
improve the effects of neoadjuvant RT for patients with PDAC.
Healthcare professionals will have the tools to deliver highly effective
doses of RT without the tissue toxicity that currently limits the
treatment potential of this therapy.

For patients eligible for surgery, advances in surgical technology
are improving outcomes. The uptake of minimally invasive surgery

frontiersin.org
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(MIS) for PDAC was analysed by Yan et al. in their meta-analysis of
laparoscopic versus open PPPD (10). The 39 studies demonstrated
reduced morbidity, length of stay (LOS), blood loss, delayed gastric
emptying as well as higher RO rates in laparoscopic PPPD. The
authors importantly highlight that only four randomised controlled
studies (RCTs) were included. Two of these were multi-centre and all
non-randomised trials were retrospective, showing a need for
standardised high-quality surgical trials. The advances of MIS have
since been taken further with the advent of robotic surgery. The
recently published RCT concerning PDAC has demonstrated safety of
the robotic approach for PPPD (11). Novel surgical devices are
also prospects for improving patient outcomes. Sheen et al.
compared the AEON™ endovascular stapler with traditional
devices for laparoscopic distal pancreatectomy in 58 patients (12).
Their analysis of using AEON™, characterised by uniform
staple lengths and a multi-firing gear, showed a reduction in post-
operative day three drain lipase and postoperative pancreatic fistula
(POPF) from 65% to 20%. Similar advances have been made
in endoscopic ultrasound (EUS). On et al. described the utility
of EUS in PDAC in their review. Innovation in the field has
enabled EUS-guided interventions such biliary drainage,
gastrojejunostomy, coeliac plexus blocks and fiducial placements.
Further uptake of interventional EUS is currently limited by a
paucity of prospective RCTs. New technologies should be evaluated
according to standardised frameworks, such as Idea, Development,
Exploration, Assessment and Long-term follow-up, to develop
evidence of clinical benefit for patients (13).

One technological area which could improve all aspects of
PDAC treatment is Artificial Intelligence (AI). Zhao et al.
reviewed the latest achievements of AI in PDAC. Recent advances
include Al-based radiomics which can detect PDAC on imaging,
and deep learning which can produce precision models for risk
prediction and prognostication in PDAC. AI has been used to
produce three-dimensional models of tumours, enabling thorough
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Combined CT and serum
CA19-9 for stratifying risk
for progression in patients
with locally advanced
pancreatic cancer receiving
intraoperative radiotherapy
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Background and purpose: The aim of this study was to evaluate the significance of
baseline computed tomography (CT) imaging features and carbohydrate antigen
19-9 (CA19-9) in predicting prognosis of locally advanced pancreatic cancer (LAPC)
receiving intraoperative radiotherapy (IORT) and to establish a progression risk
nomogram that helps to identify the potential beneficiary of IORT.

Methods: Atotal of 88 LAPC patients with IORT as their initial treatment were enrolled
retrospectively. Clinical data and CT imaging features were analyzed. Cox regression
analyses were performed to identify the independent risk factors for progression-free
survival (PFS) and to establish a nomogram. A risk-score was calculated by the
coefficients of the regression model to stratify the risk of progression.

Results: Multivariate analyses revealed that relative enhanced value in portal-venous
phase (REV-PVP), peripancreatic fat infiltration, necrosis, and CA19-9 were
significantly associated with PFS (all p < 0.05). The nomogram was constructed
according to the above variables and showed a good performance in predicting the
risk of progression with a concordance index (C-index) of 0.779. Our nomogram
stratified patients with LAPC into low- and high-risk groups with distinct differences in
progression after IORT (p < 0.001).
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Conclusion: The integrated nomogram would help clinicians to identify
appropriate patients who might benefit from IORT before treatment and to
adapt an individualized treatment strategy.

KEYWORDS

locally advanced pancreatic cancer, intraoperative radiotherapy, prognosis,
progression, computed tomography, carbohydrate antigen 19-9

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a highly aggressive
malignant tumor that results in many deaths as new cases (1, 2).
Approximately 30-35% of patients were diagnosed with locally
advanced pancreatic cancer (LAPC) based on the relationship
between the primary tumor and the adjacent blood vessels (2, 3).
Despite improvements in therapeutic approaches in recent years, the
5-year survival rate of PDAC is only approximately 10% (3).

With the improvement and optimization of chemotherapy
regimens, the systemic conditions and distal metastases of LAPC
could be controlled effectively. However, approximately 30% of
LAPC patients died from local progression during the period of
systemic therapy (4). Therefore, improved local control might
provide more benefits to LAPC patients. Radiotherapy is proven
to be an effective local treatment that can improve the local control
rate and delay local progression, according to previous clinical
studies (2, 5). Intraoperative radiotherapy (IORT), a more targeted
form of radiotherapy, improves this effect by delivering high doses
of irradiation to the target area, resulting in a higher rate of local
control compared with conventional external radiation therapy.
IORT has been proven to reduce complications, relieve pain,
improve quality of life, and possibly prolong survival in LAPC
(6-9). Experts’ Consensus on IORT for PDAC established a
standard protocol for IORT and identified LAPC as an indication
for IORT (10). As well, the European Society for Radiotherapy and
Oncology-Advisory Committee on Radiation Oncology Practice
(ESTRO-ACROP) recommends IORT for unresectable locally
progressive pancreatic cancer (11).

Nevertheless, the prognosis of LAPC patients after IORT varied
significantly due to the heterogeneity and complexity of pancreatic
cancer (12). Instead of benefiting, patients who are insensitive to
IORT might progress rapidly after surgery and suffer a series of

Abbreviations: AJCC, American Joint Committee on Cancer; ALB, albumin; AP,
arterial phase; CA19-9, carbohydrate antigen; CA242, carbohydrate antigen 242;
CEA, carcinoembryonic antigen; CECT, contrast-enhanced computed
tomography; CI, confidence interval; C-index, concordance index; HR, hazard
ratio; IORT, intraoperative radiotherapy; LAPC, locally advanced pancreatic
cancer; N, non-enhanced; NPV, negative predictive value; PDAC, pancreatic
ductal adenocarcinoma; PFS, progression-free survival; PPP, pancreatic
parenchymal phase; PPV, positive predictive value; PVP, portal venous phase;
RER, relative enhanced ratio; REV, relative enhanced value; ROI, regions

of interest.
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complications, toxicities, and financial losses (10). Therefore, it is of
great clinical significance to accurately identify the appropriate
individuals who could benefit from IORT before treatment.

Contrast-enhanced computed tomography (CECT), the most
commonly used imaging technique for the depiction, staging, and
assessment of the resectability of PDAC (2, 13, 14), could provide
tumor biological and pathological information, including semantic
features such as necrosis and peripancreatic tumor infiltration (15)
and quantitative parameters such as tumor size and attenuation values
(16, 17). Furthermore, CT imaging features have been reported as
imaging markers of treatment efficiency and prognosis (15, 16). Serum
tumor markers, such as carbohydrate antigen 19-9 (CA19-9),
carcinoembryonic antigen (CEA), have been reported to be
associated prognosis in PDAC (18, 19). Cai et al. found that the CT
attenuation values of PDAC could help stratify the aggressiveness and
prognosis (16). In addition, Marchegiani et al. reported that CT
attenuation value changes could help identify the possibility of RO
resection after neoadjuvant therapy in locally advanced and borderline
resectable pancreatic cancer (20). CA19-9 is a well-known serum
biomarker for PDAC, and its level is correlated with tumor burden
(21). A high preoperative CA19-9 level has been reported to be
associated with severe tumor burden, low differentiation, and poor
prognosis (18, 21). To date, there are only a few studies focused on the
imaging evaluation of IORT response and prognosis of pancreatic
cancer (22-24). To our knowledge, the value of CT combined with
serum CA19-9 in predicting the prognosis of LAPC patients receiving
IORT has not been fully clarified.

Therefore, the purpose of this study was to evaluate the
significance of baseline CT imaging features and serum CA19-9
in predicting the risk of progression of LAPC receiving IORT and to
establish an objective, simple, and clinically practical progression
risk nomogram by integrating CT imaging features and CA19-9.
This would assist clinicians to identify appropriate patients who
would benefit from IORT before treatment and to adapt an
individualized treatment strategy.

Materials and methods
Patients
The Institutional Review Board approved (IBR) this retrospective

study, waiving the requirement for informed consent because of the
retrospective study design (IBR number: 21/412-2608). Between June
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2012 and April 2019, we retrospectively searched the medical record
database in our institutional to collect the consecutive patients with
pathologically confirmed PDAC based on imaging, with IORT as the
initial treatment modality (n = 204). The definition of LAPC was in
accordance with the NCCN guideline (2). The following inclusion
criteria resulted in 148 participants: (a) underwent three-phase CECT
examinations dedicated to the pancreas within 2 weeks before IORT;
(b) regular follow-up after IORT. Among these patients, 60 were
excluded for the following reasons: (a) no adjuvant therapy
(chemotherapy or chemoradiotherapy) after IORT (n=24); (b)
baseline serum CA19-9 was not available (n=12); (c) coexistence
with other malignant tumors (n=6); (d) death due to other reasons
(n=8); (e) follow-up time less than 1 month (n=10). The patient
recruitment process and study design were depicted in Figure 1.

Clinical data collection

Clinical data were routinely collected, including age, sex,
treatment type, jaundice, American Joint Committee on Cancer
(A]CCsth) TNM stage, CA19-9, CEA, carbohydrate antigen 242
(CA242), total and direct bilirubin, albumin (ALB), D-dimer,
fibrinogen, glucose, and transferrin. Since serum CA19-9 level
might be affected by jaundice (25). Endoscopic nasobiliary

Consecutive patients with pathologically confirmed PDAC and imaging-
diagnosed LAPC receiving IORT as the initial treatment from June 2012 to
April 2019 (n = 204)

l

Patient selection according to
inclusion criteria (n = 148)

Excluded (n=60) Excluded patients:

® Baseline serum CA19-9
were not available (n=12)
® Coexistent with other
Excluded patients: malignant tumors (n=6)
® Death due to other ®  No adjuvant therapy after

reasons (n=8)
® Follow-up time less than
1 month (n=10)

IORT (n=24)

| Final study cohort (n=88) |

| l

CT quantitative
parameters

CT semantic
features

Clinical
variables

I Nomogram for progression prediction after IORT |

Low-risk group

High-risk group

FIGURE 1

Flow chart of the patient enrollment process and illustration of this
study. LAPC, locally advanced pancreatic cancer; IORT,
intraoperative radiotherapy.

Frontiers in Oncology

10

10.3389/fonc.2023.1155555

drainage (ENBD) was performed for biliary drainage on
jaundiced patients. The cut-off value of laboratory tests is all
based on the normal range at our hospital.

IORT and adjuvant therapy

The IORT procedure and sequential adjuvant therapy strategy
were determined in accordance with a standardized protocol reported
by experts’ consensus (10) and established by the abdominal radiation
oncology team at our institution. The illustration of the IORT
procedure in LAPC was shown in Figure 2. Surgical bypass,
including biliary bypass and gastrojejunostomy, might be performed
before IORT depending on the tumor location and clinical symptoms.
Details of the treatment plan can be seen in Supplementary Appendix
S1 and Supplementary Table S1.

CT protocol

Multiphase CECT examinations consisting of non-enhanced (N),
arterial phase (AP), pancreatic parenchymal phase (PPP), and portal
venous phase (PVP), were performed on all patients. Impromide
(Ultravist, Schering, Berlin, Germany) was administered to each
patient at a rate of 4 mL/sec, with a weight-dependent dose of 1.5
mL/kg. AP, PPP, and PVP were defined as 25-30 sec, 40-50 sec,
and 65-70 sec, respectively, after contrast injection. Images were

Outpatient suspected pancreatic cancer

|

Underwent three-phase CECT examinations and diagnosed as LAPC

A4

Systematic treatment plan determined by MDT discussion

A

Intraoperative needle aspiration cytology or biopsy

!

Cytological or pathological examination confirmed PDAC

A 4

IORT with or without surgical bypass plus

v

Postoperative chemotherapy or chemoradiotherapy

Follow up

FIGURE 2

The illustration of IORT procedure in LAPC. IORT, intraoperative
radiotherapy; LAPC, locally advanced pancreatic cancer; CECT,
contrast-enhanced CT; MDT, multi-disciplinary team; PDAC,
pancreatic ductal adenocarcinoma
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routinely generated at 5.0 mm thickness in the axial plane in all
phases for radiographic evaluation. Given the time span of the
study, the CT examinations were carried out on different
instruments. Details of the CT scanner parameters are showed
in Supplementary Table S2.

Imaging analysis

Two abdominal radiologists (with 10 and 6 years of experience,
respectively) who were aware of the diagnosis of PDAC but blinded
to the clinical details, independently reviewed the CT images. The
following CT semantic features were evaluated: tumor attenuation
in four phases, location, necrosis, rim-enhancement, peripancreatic
fat infiltration, pancreatic duct dilatation, atrophic upstream
pancreatic parenchyma, suspicious lymph nodes, according to the
PDAC radiology reporting template proposed by the Society of

CTimo-PVP = 78 HU
REV-PVP = 15 HU
RER-PVP = 0.839

10.3389/fonc.2023.1155555

Abdominal Radiology and previous studies (26-29). The definition
of these features was summarized in Supplementary Table S3.

Quantitative CT parameters, including long and short
diameters in PVP, relative enhanced value (REV), and relative
enhanced ratio (RER) in the three phases, were measured and
calculated as previous study reported (16). The specific definitions
are detailed in Figure 3 and Supplementary Appendix S2.

Follow-up

After IORT, all patients were closely followed up through
outpatient clinic visit. Physical examinations and laboratory
tests were performed monthly. Imaging examinations,
including CT or MRI, were performed every 3 months.
Progression was defined as tumor local progression or distal
metastasis confirmed by pathology or imaging, and any disease-

CTumoPPP = 69 HU

REV-PPP = 28 HU
RER-PPP = 0.711

CTumerAP = 42 HU
REV-AP = 3 HU
RER-AP = 0.934

Tumor (T)

Parenchyma (P)

REV = CTpancreas-CTtumor

RER= CTEa ncreas
CTtumor

FIGURE 3

(A-D) shows a 58-year-old man with 4.5cm LAPC at uncinate of the pancreas in non-enhanced (N), arterial phase (AP), pancreatic parenchymal
phase (PPP) and portal venous phase (PVP) before IORT. Quantification of CT attenuation values, relative enhanced value (REV) and relative
enhanced ratio (RER) were calculated and displayed in the images. This patient was classified in the low-risk group. Finally, PFS time of this patients
was 10.8 months after IORT and the final progression pattern was liver metastasis. CT images (E) in PVP in a 61-year-old man with a 4.2cm lesion
appearing hypo-attenuation at the body of pancreas (arrow). The patient was at low risk of progression, without necrosis and peripancreatic fat
infiltration (arrowhead). Subsequently, he was found local progression after 9.6 months of IORT. CT images (F) in PVP in a 64-year-old woman with
5.3cm LAPC at the body of pancreas. In this case, peripancreatic fat infiltration (arrowhead) and necrosis (arrow) could be observed. This patient was
finally assessed as a high-risk group for progression. After 2.7 months of IORT, the patient was found to have peritoneal metastasis. Schematic
diagram (G) demonstrated delineation of tumor (red), the surrounding normal pancreatic parenchyma (yellow), and delineation of normal pancreatic
parenchyma (green). The formulas of CT quantitative parameters are displayed. Red and green lines show the delineation of tumor lesion and the
normal peripancreatic parenchyma, respectively. T indicated the tumor and P represented surrounding normal peripancreatic parenchyma. REV,

relative enhanced value; RER, relative enhanced ratio.
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related death. Local progression was defined > 20% increase in
tumor size of tumor lesions or the appearance of new lesions
according to RECIST vl.1 criteria (30). The progression-free
survival (PFS) time was defined as the interval between IORT
and the first day of confirmed progression or the last follow-up
without progression. All patients were observed for progression
until the final follow-up date of June 30, 2019.

Statistical analysis

Continuous variables were compared using the independent ¢
test or Mann-Whitney U test, and categorical variables were
analyzed using X or Fisher exact test as appropriate. Consistency
between readers was evaluated using Cohen kappa statistics for CT
semantic features and the intraclass correlation coefficient (ICC) for
quantitative parameters.

Univariate Cox proportional hazards analysis was performed
to evaluate the association between PFS and variables. Variables
with p < 0.10 in univariate analysis, in which continuous variables
were converted to a binary classification for clinical convenience,
were entered into the multivariate analysis by using a forward
stepwise method to identify significantly independent risk factors
for PFS. A simple nomogram was established based on the
multivariate Cox regression analysis to predict the individual
probability of PFS. The Harrell’s concordance index (C-index)
and calibration curve were used to evaluate the nomogram’s
performance. Decision curve analysis was used to assess the
clinical usefulness of the nomogram. We also evaluated
the performance of this nomogram to predict the probability of

TABLE 1 Baseline clinical characteristics and univariate analysis for PFS.

Characteristic

N (%) or Mean % SD*

10.3389/fonc.2023.1155555

the PFS, quantified by sensitivity, specificity, positive predictive
value (PPV), and negative predictive value (NPV).

A risk-score was generated via the summing of the independent
prognostic factors weighted by their respective coefficients. The
patients were classified into the high-risk and low-risk groups
according to the risk-score. The outcome-based optimal cut-off
value for REV and RER were determined using the maximally
selected rank statistics (Maxstat package) in R statistical software.
Survival curve analysis was generated by the Kaplan-Meier method,
and the log-rank test was used to compare between different risk
groups. All statistical analyses were conducted using R (version 3.6.3,
R Foundation for Statistical Computing, Vienna, Austria). p < 0.05
was considered statistical significance.

Results
Patient and follow-up

A total of 88 patients (mean age, 59 years + 9 [SD]) including 50
men and 38 women were included. The baseline demographics and
clinical characteristics are summarized in Table 1. No patients
received radical surgery after IORT plus adjuvant therapy based
on multidisciplinary discussion due to the poor performance status
of the patients.

The median follow-up time was 5.14 months (range, 1.53-37.86
months). During follow-up, all patients developed disease progression
after IORT. Distant metastases occurred in most patients (52/88,
59.1%), followed by local progression (19/88, 21.6%), and both in the
remaining individuals (17/88, 19.3%). Detailed progression pattern

Univariate analysis

(Total, n = 88) HR (95% Cl) p Value*

Age (years) 59+9 0.996 (0.973-1.018) 0.703
Sex

Male 50 (56.8) Reference

Female 38 (43.2) 1.045 (0.632-1.484) 0.839
IORT Radiation dose 14.5 + 0.73 0.78 (0.57-1.08) 0.201
Adjuvant Therapy

Chemotherapy 56 (63.6) Reference

Chemoradiotherapy 32 (36.4) 0.981 (0.632-1.524) 0.932
AJCC 8™ T stage

T1-2 48 (54.5) Reference

T3-4 40 (45.5) 1.131 (0.967-1.532) 0.123
AJCC 8™ N stage

NO 54 (61.4) Reference 0.725

N1 8 (9.1) 0.958 (0.414-1.905) 0.837

(Continued)
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TABLE 1 Continued

Characteristic N (%) or Mean + SD* Univariate analysis
(Total, n = 88) HR (95% Cl)
N2 26 (29.5) 1.259 (0.831-1.927) 0.453
‘ Jaundice
Absent 52 (59.1) Reference
Present 36 (41.9) 1.322 (0.833-2.101) 0.236
BMI (kg/m?) 25.7 (22.0-30.1) 1.038 (0.986-1.094) 0.153

CA 19-9 (U/ml)

Normal (< 37 U/ml) 16 (18.2) Reference <0.001
Abnormal (= 37 U/ml) 72 (81.8) 3.073 (1.711-5.521)

‘ CEA (ng/ml)
Normal (< 5 ng/ml) 57 (64.7) Reference 0.322
Abnormal (= 5 ng/ml) 31 (35.3) 0.794 (0.504-1.253)

CA 242 (U/ml)

Normal (< 20 U/ml) 40 (45.5) Reference 0.401

Abnormal (= 20 U/ml) 48 (54.5) 1.200 (0.784-1.837)

Total bilirubin (umol/L)

Normal (< 26 umol/L) 55 (62.5) Reference 0.709

Abnormal (> 26 umol/L) 33 (37.5) 1.088(0.698-1.698)

Direct bilirubin(umol/L)

Normal (< 4 pmol/L) 17 (19.3) Reference 0.456
Abormal (> 4 pumol/L) 71 (80.7) 1.224(0.719-2.084)

‘ D-dimer (mg/L)
Normal (< 0.55 mg/L) 55 (62.5) Reference 0.900
Abnormal (> 0.55 mg/L) 33 (37.5) 0.971(0.616-1.532)

Fibrinogen (g/L)

Normal (< 4.35 g/L) 72 (81.2) Reference 0911
Abnormal (> 4.35 g/L) 16 (18.2) 1.033(0.589-1.810)

Glucose (mmol/L)

Normal (< 6.1 mmol/L) 48 (54.5) Reference 0.393

Abnormal (= 6.1 mmol/L) 40 (45.5) 0.831(0.544-1.270)

Transferrin (mg/dl)

Normal (< 400 mg/dl) 69 (78.4) Reference 0.741
Abnormal (> 400 mg/dl) 19 (21.6) 1.090(0.653-1.820)

Albumin (g/L)

Normal (> 40 g/L) 63 (71.6) Reference <0.001

Abnormal (< 40 g/L) 25 (28.4) 3.418(2.019-5.785)

Statistically significant results are marked in bold.

PES, progression-free survival; CI, confidence interval; HR, hazard ratio; IORT, Intraoperative radiotherapy; AJCC, American Joint Committee on Cancer; BMI, body mass index; CA19-9,
carbohydrate antigen 19-9; CEA, carcinoembryonic antigen; CA242, cancer antigen 242.

*Data are reported as mean + standard deviation or median with interquartile range in parentheses for continuous variables, and number (%) of patients for category variables, as appropriate.
**p values were calculated via univariate cox proportional hazard analysis.
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was shown in Supplementary Table S4. In the whole cohort, the
median PES time was 4.30 months (95% confidence interval [CI]:
2.89-5.71 months), while the PFS rates at 3 months, 6 months, and 1
year were 68.2%, 38.6%, and 15.9%, respectively.

Quantitative CT parameters and
semantic feature

The quantitative CT parameters and semantic features are
summarized in Table 2. The relationship between tumor and
peripheral vascular was supplied in Supplementary Table S5.
The x values for the semantic features were 0.65-1.00 and the
ICCs for the quantitative CT parameters were 0.79-0.87, both of
which indicated moderate-to-excellent inter-reader agreement
(Supplementary Table S6).

TABLE 2 Imaging features and univariate analysis for PFS.

Features N (%) or Mean % SD*

10.3389/fonc.2023.1155555

Identification of variables for progression
prediction in LAPC receiving IORT

Univariate Cox proportional hazards analysis found that REV-
PVP, RER-PVP, necrosis, peripancreatic fat infiltration, serum
CA19-9 level, and ALB might be associated with PES (Tables 1, 2).

The optimal cut-off values of REV-PVP and RER-PVP were 20
HU and 0.716, respectively. Ultimately, REV-PVP > 20 HU (hazard
ratio [HR] =3.315,95% CI = 1.917-5.733, p < 0.001), peripancreatic
fat infiltration (HR = 1.714, 95% CI = 1.055-2.783, p = 0.009),
necrosis (HR = 1.938, 95% CI = 1.226-3.063, p = 0.030) and
abnormal serum CA19-9 level (HR = 2.348, 95% CI = 1.270-
4.341, p = 0.007) were independent risk factors for PFS through
multivariate Cox analysis (Table 3 and Figure 4).

The results of Kaplan-Meier survival analysis based on the
above four risk factors were shown in Table 4 and Figures 5A-D.

Univariate analysis

(Total, n = 88) HR (95% Cl) p Value**

Quantitative parameters

Frontiers in Oncology
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Long-axis

2 cm-4 cm 53 (60.2) Reference

>4 cm 35 (39.8) 1.497 (0.972-2.304) 0.108
Short-axis 0.307

<2cm 19 (21.6) Reference

2 cm-4 cm 61 (69.3) 1.459 (0.864-2.466) 0.158

>4cm 8 (9.1) 1.695 (0.728-3.943) 0.221
CTumor -AP (HU) 45.0 (41.25-51.0) 0.988 (0.959-1.018) 0.422
CTwumor -PPP (HU) 61.0 (56.0-67.75) 0.981 (0.956-1.006) 0.129
CTumor -PVP (HU) 70.0 (64.0-79.0) 0.988 (0.972-1.004) 0.131
REV-AP (HU) 19.5 (12.0-33.0) 0.998 (0.989-1.007) 0.724
REV-PPP (HU) 36.1 £16.9 1.009 (0.996-1.022) 0.157
REV-PVP (HU) 23.0 (15.25-35.0) 1.054 (1.035-1.073) <0.001
RER-AP 0.68 (0.57-0.79) 1.256 (0.416-3.792) 0.686
RER-PPP 0.61 +0.15 0.331 (0.078-1.408) 0.135
RER-PVP 0.63 (0.52-0.74) 0.169 (0.033-0.865) 0.033

Semantic features

Tumor Location

Head/uncinate 63 (71.6) Reference

Body/tail 25 (28.4) 0.821 (0.512-1.316) 0.412
N

Iso-attenuating 68 (77.3) Reference

Hypo-attenuating 20 (22.7) 1.275 (0.768-2.118) 0.348

(Continued)
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TABLE 2 Continued

Features

(Total, n = 88)

N (%) or Mean % SD*

10.3389/fonc.2023.1155555

Univariate analysis

HR (95% Cl)

AP

Iso-attenuating 26 (29.5) Reference

Hypo-attenuating 62 (70.5) 1.162 (0.731-1.847) 0.525
PPP

Iso-attenuating 15 (17.0) Reference

Hypo-attenuating 73 (83.0) 1.051 (0601-1.837) 0.862
PVP

Iso-attenuating 20 (22.7) Reference

Hypo-attenuating 68 (77.3) 1.356 (0.806-2.280) 0.251
Necrosis

Absent 49 (55.7) Reference

Present 39 (44.3) 1.573 (1.019-2.428) 0.041
Rim-enhancement

Absent 67 (76.1) Reference

Present 21 (23.9) 1.163 (0.710-1.904) 0.550
Peripancreatic fat infiltration

Absent 49 (55.7) Reference

Present 39 (44.3) 2.672 (1.693-4.217) <0.001
Suspicious lymph nodes

Absent 54 (61.4) Reference

Present 34 (38.6) 1.130 (0.732-1.745) 0.580
Pancreatic duct dilatation

Absent 49 (55.7) Reference

Present 39 (44.3) 1.020 (0.664-1.566) 0.928
Atrophic upstream pancreatic parenchyma

Absent 42 (47.7) Reference

Present 46 (52.3) 1.149 (0.747-1.768) 0.527

Statistically significant results are marked in bold.

PFS, progression-free survival; CI, confidence interval; HR, hazard ratio; CTmor the CT attenuation value of tumor; REV, relative enhanced value; RER, relative enhanced ratio; N, non-

enhanced; AP, arterial phase; PPP, pancreatic parenchymal phase; PVP, portal venous phase.

*Data are reported as mean + standard deviation or median with interquartile range in parentheses for continuous variables, and number (%) of patients for categoric variables, as appropriate.

**p values were calculated via univariate cox proportional hazard analysis.

LAPC patients with REV-PVP > 20 HU progressed significantly
faster than those with REV-PVP < 20 HU (median PFS: 104
months vs. 3.0 months, p < 0.001). The median PFS of patients
with peripancreatic fat infiltration, necrosis, and abnormal serum
CA19-9 level was significantly shorter than those without
peripancreatic fat infiltration (3.0 months vs. 5.8 months),
necrosis (2.9 months vs. 6.9 months), and normal CA19-9 level
(3.5 months vs. 11.8 months) (all p <0.05). The survival analysis of
different chemotherapy regimens is shown in Supplementary Table
S1 and Figure S1.
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Nomogram development and evaluation

A nomogram integrating REV-PVP, peripancreatic fat
infiltration, necrosis, and serum CA19-9 level, identified in
multivariate Cox analysis, was constructed to predict 6-, 12-, and
24-month PFS for LAPC patients receiving IORT (Figure 6A). The
prediction nomogram achieved a Harrell’s C-index of 0.779 (95%
CI =0.736-0.822), indicating an acceptable predictive capability for
PES. The calibration curves of the nomogram showed good
agreement between the nomogram-predicted risk probabilities
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TABLE 3 Multivariate cox proportional hazard analysis for PFS of LAPC
patients.

Variables

Multivariate analysis*

HR (95% Cl) p Value

CA19-9 (U/mL)

Normal (< 37 U/mL) Reference 0.007

Abnormal (> 37 U/mL) 2.348 (1.270-4.341)
Albumin (g/L)

Normal (235 g/L) Reference

Abnormal (< 35 g/L)
REV-PVP (HU)

<20 HU Reference

>20 HU 3.315 (1.917-5.733) <0.001
RER-PVP

<0.716 Reference

> 0.716
Necrosis

Absent Reference

Present 1.938 (1.226-3.063) 0.005
Peripancreatic fat infiltration

Absent Reference

Present 1.714 (1.055-2.783) 0.030

Data in parentheses are 95% Cls. Ellipsis indicates p value is not significant and should be
excluded from the multivariate Cox model.

PFS, progression-free survival; CI, confidence interval; HR, hazard ratio; CA19-9,
carbohydrate antigen 19-9; REV, relative enhanced value; RER, relative enhanced ratio;
PVP, portal venous phase.

*Variables with p < 0.05 in univariate analysis were applied to multivariate analysis using a
stepwise Cox proportional hazards regression mode.

and the actual observed progression after IORT (Figure 6B). The
clinical usefulness of the nomogram was evaluated via DCA, which
indicated that when the threshold probability is between 25.0% and
93.4%, the prediction nomogram of 6-month will have a net benefit
from IORT (Figure 6C).

Progression risk stratification based
on the nomogram

A risk-scoring system was constructed with the independent
risk factors and their regression coefficients in multivariate Cox
analysis for predicting the progression of LAPC receiving IORT.
The formula was as follows: Risk score = REV-PVP (>20 HU) x
1.199 + peripancreatic fat infiltration (present)x 0.539 + CA19-9
(>37 U/mL) x 0.853 + necrosis (present) x 0.661. The risk score
ranged from 0 to 3.252, and the relationship between risk score and
predicted PFS probability is shown in Figure 7.

The optimal cut-oft value of the risk-score was 1.52, which
stratifies the risk of progression into two groups: low-risk group
(risk-score > 1.52; 34/88, 38.6%) and high-risk group (risk-score <
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Forest plot of multivariate Cox regression model

Characteristics N (%)" Hazard Ratio (95%Cl) p Value

REV-PVP T

< 20HU 36 (40.9) Reference

> 20HU 52 (59.1) 3.315 (1.917-5.733) —e——— <0.001

PFI

Absent 49 (55.7) Reference

Present 39 (44.3) 1.714 (1.055-2.783) = 0.03

CA19-9

<37 U/mL 16 (18.2) Reference

> 37 U/mL 72 (81.8) 2.348 (1.270-4.341) —— 0.007

Necrosis

Absent 49 (55.7) Reference

Present 39 (443)  1.938 (1.226-3.063) —— 0.005

summary 2.712 (2.059-3.572) - '<0.001
T LU B B B |
01234586

Hazard ratio
FIGURE 4

Forest plot of multivariate Cox regression model for progression-free
survival in 88 LAPC patients. REV, relative enhanced value; PVP, portal
venous phase. PFl, peripancreatic fat infiltration. PFS, progression-free
survival; Cl, confidence interval; REV, relative enhanced value; RER,
relative enhanced ratio; PVP, portal venous phase; CA19-9,
carbohydrate antigen 19-9.* The content in parentheses of parameter
indicates the number and percentage of patients.

1.52; 54/88, 61.4%). LAPC patients with high-risk progressed
significantly faster than those with low-risk (median PFS: 3.0
months, 95% CI: 2.3-3.7 months vs. 10.6 months, 95% CI = 8.6—
12.6 months, p < 0.001) (Table 4 and Figure 5E). The 3-month, 6-
month, and 1-year PFS rates were 97.1%, 73.5%, and 41.2% in the

TABLE 4 Kaplan-Meier analysis for PFS stratified by risk factors.

Variables (n, %) * Median PFS Log-Rank p
(months) Value
(95% Cl)
REV-PVP
<20 HU (n=21, 23.9) 10.4 (8.4-12.4) <0.001
> 20 HU (n=67, 76.1) 3.0 (23-37)
Peripancreatic fat infiltration
Absent (n=49, 55.7) 5.8 (2.7-9.0) 0.001
Present (n=39, 44.3) 3.0 (2.0-4.0)
Necrosis
Absent (n=49, 55.7) 6.9 (4.9-8.0) 0.039
Present (n=39, 44.3) 2.9 (2.3-3.5)
CA19-9 level
Normal (n=16, 18.2) 11.8 (5.9-17.7) <0.001
Abnormal (n=72, 81.8) 3.5(2.9-4.2)
Nomogram predicted risk
Low-risk (n=34, 38.6) 10.6 (8.6-12.6) <0.001

High-risk (n=54, 61.4) 3.0 (23-3.7)

PFS, progression-free survival; CI, confidence interval; REV, relative enhanced value; RER,
relative enhanced ratio; PVP, portal venous phase; CA19-9, carbohydrate antigen 19-9.
*The content in parentheses of parameter indicates the number and percentage of patients.
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FIGURE 5

Kaplan-Meier survival curves shown PFS according to the REV-PVP (<20 HU or >20 HU) (A), peripancreatic fat infiltration (absent or present) (B),
necrosis (absent or present) (C), serum CA19-9 level (normal or abnormal) (D), nomogram-predicted high- or low-risk (E), and the number of risk
factor (F). PFS, progression-free survival; REV, relative enhanced value; PVP, portal venous phase; CA19-9, carbohydrate antigen 19-9.

low-risk group, while 53.7%, 16.7%, and 0% in the high-risk
group, respectively.

Predictive performance of risk factors
and nomogram

Validation of any combination of the risk factors was performed
and displayed in Table 5 and Figure 5F. Further stratified comparisons
revealed that the difference in PFS among each other was also
statistically significant (Supplementary Table S7). The results showed
that patients with all four risk factors progressed most rapidly and had
the worst median PFS (1.5 months, 95% CI = 1.2-1.7 months), with
PES rates at 3-month, 6-month, and 1-year of 11.1%, 0.0%, and 0.0%,
respectively. In comparison, patients with none of the risk factors
showed the longest median PFS (13.3 months, 95% CI = 10.1-16.5
months), with PFS rates at 3-month, 6-month, and 1-year of 100.0%,
88.9%, and 66.7%, respectively.

The predictive performance of PFS probabilities at different
times calculated according to the nomogram is listed in Table 6. The
accuracy of predictive PFS ranged from 64.8% to 79.5% at 6-
months, from 78.4% to 87.5% at l-years, and from 90.9% to
92.0% at 2-year, respectively. The nomogram exhibited the best
performance when predicting PES probability greater than 60% at
6-month, with the highest F1 score, accuracy, sensitivity, and
specificity of 0.74, 79.5%, 73.5%, and 83.3%, respectively.

Discussion
In this study, we discovered that the baseline REV-PVP,

peripancreatic fat infiltration, necrosis, and serum CA19-9 were
independent risk factors for progression in LAPC patients after

Frontiers in Oncology

IORT. A risk prediction nomogram was constructed based on the
above CT imaging features and CA19-9, with an excellent predictive
performance for PFS (C-index of 0.779). This provides a potential
noninvasive and simple approach to assist clinicians in identifying
candidates who might benefit from IORT before treatment and
achieving an individualized treatment.

The PFS time for the whole cohort in this study was 4.3 months,
which was a little shorter than previous studies reported in a meta-
analysis (4). The possible explanations might be due to no radical
surgical resection performed after IORT, relatively late tumor stage
and poor physical conditions of the patients. In a review of
chemotherapy and radiotherapy for LAPC without surgery (31),
the PFS times ranged from 2.1 to 7.6 months, which were partially
in line with our result. Ogawa K et al. found IORT combined with
chemotherapy obtained a survival benefit compared with that of
IORT alone (9). Furthermore, IORT could improve local control
rate and relieve pain substantially, so it is recommended to be
performed in patients with LAPC (10).

Our results revealed that the simple CT quantitative parameter
REV-PVP could be used as an objective imaging marker for
progression prediction in LAPC after IORT, which was calculated
based on the relative enhancement values between the primary tumor
and pancreatic parenchyma. LAPC patients with high REV-PVP
(>20HU), meaning a lower tumor attenuation compared with
adjacent pancreatic parenchyma, progressed significantly more
quickly than patients with lower REV-PVP (<20HU). High REV-
PVP implied the CT attenuation difference between pancreatic
parenchyma and tumor was great, in other words, a relatively low
CT attenuation of tumor itself. Previous studies found that a hypo-
attenuated tumor on the CECT indicated poor differentiation of
PDAGC, in which cancer cells proliferated rapidly and probably lead
to the insufficient blood supply and consequently more areas of
necrosis (32, 33). In contrast, iso-attenuated lesions or lesions with
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(A) Nomogram for predicting the 6-, 12-, and 24-month progression-free survival (PFS). (B) Calibration curve for PFS nomogram. (C) Decision-curve

analysis (DCA) for the nomograms of 6-month PFS

enhancement closer to surrounding pancreatic parenchyma are
probably well- or moderately-differentiated, with more residual
alveolar cells and closer to normal pancreatic tissue (33).
Furthermore, PDAC appearing as hypo-attenuated may be
associated with an extensive desmoplastic stromal reaction, resulting
in decreased blood flow and insufficiency of blood supply (34).
Moreover, dense fibrotic deposition also causes hypoxia, which is an
important cause of resistance to radiotherapy (35, 36). Therefore, we
speculated that low CT attenuation of tumor or high REV-PVP might
indicate a more aggressive LAPC, less sensitivity to IORT, and a poorer
prognosis. Shin et al. proposed PDAC with longer overall survival (OS)
was associated with hyper-attenuation in resectable/borderline
resectable/locally advanced pancreatic cancer (37), which is in line
with our results. Our study just focused on patients with LAPC
receiving IORT and utilized relative enhancement CT values between
the tumor and the surrounding parenchyma instead of absolute values,
avoiding the influence of hemodynamics and individual differences.
Cai et al. also reported that high-delta-3 (differences in tumor and
surrounding parenchymal attenuation coefficients at pancreatic phase)
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PDACs corresponded more often with aggressive histologic grade,
larger tumor size, less extensive fibrous stromal fraction, and poor
disease-free survival and OS (16). The advantage of our study was that
we directly measured quantitative CT values at the maximum cross-
section, which was more practical for clinical use.

Additionally, our research also supported the evidence that
peripancreatic fat infiltration and necrosis, two semantic features of
imaging, were indicators for poor prognosis, in accordance with
previous studies (15, 38). Peripancreatic fat infiltration might reflect
the extent of tumor invasion, not simple a desmoplastic reaction or
edema (13, 15, 39). The presence of peripancreatic fat infiltration
reduces the chance of RO resection and leads to poor survival outcomes
(13, 40). Necrosis correlates with a higher degree of malignancy in the
tumor, which implies rapid proliferation of the tumor cells, leading to
tissue ischemia and hypoxia (38). As known to all, hypoxia was a major
cause of radiotherapy resistance (35, 36). Therefore, the presence of
necrosis is considered as a poor prognostic imaging indicator in LAPC.

CA19-9 is the most important serological biomarker in PADC,
which is also reported to be correlated with tumor burden and
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prognosis (15). In this study, we investigated the value of CA19-9 in
Predicted PFS probability at different times prognosis prediction and demonstrated that high baseline serum
CA19-9 levels could be used as an indicator of a short PFS time. So,

we added CA19-9 to the nomogram to improve the

0.75

prediction performance.

We constructed a combined nomogram that incorporates CT
imaging features and CA19-9 for progression prediction in LAPC at

o
3

the individual level. The results indicated that the nomogram

PFS probability

showed satisfactory predictive accuracy, with a C-index of 0.779.
Using this nomogram to predict no progression probability over
60% at 6-month, the F1 score, accuracy, sensitivity, and specificity
could be achieved at 0.74, 79.5%, 73.5%, and 83.3%, respectively.
This nomogram might show great clinical utility in predicting

025

000 progression and identifying optimal candidates in LAPC prior to
3 IORT using a simple and practical method. LAPC patients with a

2
Total risk score . . K
low risk of progression would be suitable for and benefit from
FIGURE 7

Probability of 6-, 12-, and 24-month progression-free survival
according to the preoperative total risk score.

IORT, whereas in the high-risk group, radiotherapy might be less
effective and other treatment strategies might be considered to

improve the patient’s prognosis.

TABLE 5 Correlation of number of independently predictive factors with progression-free survival.

PFS rate at different time Median PFS (months)

(95% Cl)

Number of Risk Factors *
(n, %)

Cox proportional hazards
regression analysis

HR (95% Cl) 3-month (%) 6-month (%)

p Value

1-year (%)

0 (n=9, 10) Reference 100 88.9 66.6 13.3 (10.1-16.5)
1 (n=18, 20) 3.1(1. 2, 8.0) 0.02 100 66.7 277 10.4 (6.0-14.7)
2 (n=23, 23) 6.0 (2.3, 15.6) < 0.001 78.3 435 13.0 5.3 (3.0-7.6)
3 (n=27, 13) 14.7 (54, 39.8) < 0.001 59.3 14.8 0.0 33 (2.7-3.9)
4 (n=11, 13) 57.9 (17.6, 191.4) < 0.001 11.1 0.0 0.0 1.5 (1.2-1.7)

PFS, progression-free survival; HR, hazard ratio; CI, confidence interval.
*Risk factors include REV-PVP (> 20HU), peripancreatic fat infiltration, abnormal CA19-9 level, and necrosis. The content in parentheses of parameter indicates the number and percentage of patients.

TABLE 6 Prediction performance for PFS of nomogram.

Time PFS probability Accuracy (%) Sensitivity (%) Specificity (%) PPV (%) NPV (%) F1 Score
6 months 2 90% 64.8 (53.9-74.7) 14.7 (5.0-31.1) 96.3 (87.3-99.5) 71.4 (29.0-96.3) 66.7 (55.3-76.8) 0.24
[57/88] [5/34] (52/54] (5/7] [54/81]
2 60% 79.5 (69.6-87.4) 73.5 (55.6-87.1) 83.3 (70.7-92.0) 73.5 (55.6-87.1) 83.3 (70.7-92.0) 0.74
[70/88] [25/34] [45/54] (25/34] [45/54]
>30% 71.5 (70.0-80.7) 88.2 (73.3-95.3) 61.1 (46.9-74.0) 58.8 (44.2-72.4) 89.2 (74.6-97.0) 071
[63/88] [30/34] [33/54] [30/51] [33/37]
1 year > 60% 84.1 (74.8-91.0) 21.4 (4.7-50.8) 88.6 (95.9-99.2) 50.0 (11.8-88.2) 86.6 (77.2-93.1) 030
[74/88] [3/14] [71/74] [3/6] [71/82]
> 40% 87.5 (78.7-93.6) 50.0 (23.0- 77.0) 94.6 (86.7-98.5) 63.6 (30.8-89.1) 90.9 (82.2-96.3) 0.56
[77/88] [7/14] [70/74] (7/11] [70/77]
220% 78.4 (68.4-86.5) 85.7 (57.2-98.2) 77.0 (65.8-86.0) 414 (23.5-61.1) 96.6 (88.5-99.1) 0.56
[69/88] [12/14] (57/74] (12/29] [57/59]
2 years > 30% 92.0 (84.3-96.7) 33.3 (0.8-90.6) 94.1 (86.8-98.0) 167 (4.2- 64.1) 97.6 (91.5-99.7) 0.22
[81/88] [1/3] (80/85] (1/6] [80/82]
> 15% 90.9 (82.9-96.0) 33.3 (0.8-90.6) 92.9 (85.2-97.3) 14.3(3.6-57.9) 97.5 (91.4-99.7) 0.20
[80/88] [1/3] [79/85] [1/7] [79/81]

Data are percentages with 95% Cls in parentheses and numbers of observations in brackets.

PFS, progression-free survival; CI, confidence interval; PPV, positive predictive value; NPV, negative predictive value.
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We should note that our study has several limitations. First, in
order to accurately find the most suitable patients for IORT, we only
used the progression as the endpoint and did not include OS. The
prediction ability of the nomogram for OS in LPAC patients
receiving IORT needs to be further clarified in our future work.
Second, the patients received different treatment modalities after
IORT, which to some extent, may have introduced some bias. But it
is consistent with the clinical fact that the treatment of LAPC is
highly individual. Third, the recruited patients were from a single
institution, and the sample size was small, so no validation of the
nomogram was performed. A larger sample size from multicenter is
needed to further validate our results. Fourth, the Lewis antigen
status was not considered in this study. The nomogram could not be
applied directly to Lewis antigen negative individuals. Further
validation in an independent cohort of Lewis negative patients
was needed. Finally, the CT scanners in this study were diverse.
However, it might broaden the scope of application and compensate
for the insufficiency of the single-center study to some extent.

Conclusion

In conclusion, CT imaging features and serum CA19-9 provide a
tool for predicting progression in patients with LAPC receiving
IORT. We constructed and proposed a simple and practical
combined nomogram to stratify the risk of progression and identify
suitable candidates for IORT before treatment in LAPC. Moreover,
the nomogram that integrates baseline CT features and serum CA19-
9 might serve as an effective tool in routine clinical practice to help
clinicians identify patients who might benefit from IORT and make
proper treatment decisions preoperatively and individually. A
multicenter prospective study will be needed to further validate the
p7otential predictive value of the nomogram in the future.
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A case report of surgical
resection treatment for
complete remission after
chemotherapy for advanced
pancreatic cancer

Zhongyan Zhang*, Hongfeng Lin™, Hehe Li® and Xin Wang*

‘Department of Hepatobiliary Surgery, Weifang People's Hospital, Weifang, China, 2Department of
Geriatrics, Weifang People's Hospital, Weifang, China

Pancreatic cancer is a common type of cancer that is treated using surgery or
chemotherapy. However, for patients who cannot have surgery, the treatment
options are limited and have a low success rate. We report a case of a patient with
locally advanced pancreatic cancer who was unable to have surgery due to a
tumor that had invaded the coeliac axis and portal vein. However, after receiving
chemotherapy with gemcitabine plus nab-paclitaxel(GEM-NabP), the patient
achieved complete remission, and a PET-CT scan confirmed that the tumor
had disappeared. Eventually, the patient underwent radical surgery with distal
pancreatectomy with splenectomy, and the treatment was successful. This case
is rare, and there are few reports of complete remission after chemotherapy for
pancreatic cancer. This article reviews the relevant literature and guides future
clinical practice

KEYWORDS

advanced pancreatic cancer, gemcitabine, chemotherapy, surgical resection, case
report, nab-paclitaxel (nab-P)

Introduction

Pancreatic cancer is one of the most commonly seen malignant tumors in clinical
practice, with a high mortality rate (1). Since the early clinical symptoms of pancreatic
cancer are not obvious, most patients are already in the advanced stage when the diagnosis
is confirmed. Due to the advanced stage of cancer, surgical outcomes are poor and the
cancer is often declared inoperable. Currently, the main treatment methods for pancreatic
cancer are surgical resection, chemotherapy, immunotherapy, radiation therapy, and local
therapies such as radiofrequency ablation and irreversible electroporation (2). Surgical
treatment is still recognized as the only potential cure for pancreatic cancer, with a 5-year
survival rate of 10% to 25% for patients who undergo surgical resection. However, in
patients with resectable pancreatic cancer, it is essential to ensure that the surgical margins
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are negative (R0) to extend the patient’s survival. For advanced
pancreatic cancer patients, surgery is often palliative because it is
difficult to achieve a curative (RO) resection effect (3). In recent
years, with the widespread application of neoadjuvant
chemotherapy for pancreatic cancer, patients in the advanced
stage have had the opportunity for curative surgery (4). However,
there is currently a lack of sufficient clinical research evidence. This
article is based on a clinical case of a patient with locally advanced
pancreatic cancer who achieved complete remission after
conversion therapy and underwent curative surgery. It also
reviews relevant literature in the hope of helping treatment
options for locally advanced pancreatic cancer patients.

Case description

A 50-year-old male patient presented to the clinic in June 2022
with “upper abdominal pain for 1 week”. Physical examination
revealed upper abdominal tenderness, no rebound pain, no palpable
abdominal masses, no jaundice on the skin and mucous
membranes, and no obvious enlargement of the supraclavicular
lymph nodes. Laboratory tests showed (on June 4, 2022) a
significantly elevated CA19-9 level (394.4 U/mL, normal range 0-
34 U/mL), while total bilirubin, CA125, AFP, and CEA were all
within normal ranges. A chest and abdomen flat scan and contrast-
enhanced CT (Figures 1A1, B1) on June 4, 2022, revealed a low-
density area with unclear boundaries at the junction of the neck and
body of the pancreas, mild enhancement on enhanced scans;
dilation of the main pancreatic duct and involvement of the bile
duct pancreatic segment, with thickening and obvious enhancement
of the wall. The pancreatic neck and surrounding areas have been
affected, including the bile duct system, pancreatic ducts, portal

10.3389/fonc.2023.1155233

vein, splenic vein, and hepatic artery (AJCC T3N1MO). The whole
body bone scan shows no obvious bone metastases. On June 9,
2022, a CT-guided pancreatic biopsy showed moderately
differentiated pancreatic adenocarcinoma. Immunohistochemistry
shows that tumor tissues are positive for CK7, CK19, and AAT, but
negative for CK20, and CDX2. PD-1 is negative and PD-LI
expression is 15%. The Ki-67 index is about 65%. According to
the WHO classification, our hospital’s pathologists diagnosed it
as a primary moderately differentiated pancreatic ductal
adenocarcinoma(PDAC) (Figure 2A1-A9).

The patient is a 50-year-old male with pancreatic
adenocarcinoma(AJCC T3N1MO) that invades the coeliac axis
and portal vein. He underwent GEM-NabP chemotherapy for 6
cycles. After 6 cycles of chemotherapy, repeat abdominal CT
showed progressive tumor shrinkage (Figures 1A1-B4), and
tumor marker expression levels gradually decreased (Figure 3).
On October 31, 2022, a PET/CT was performed. PET/CT scan
showed a slightly low density in the pancreatic neck and body
junction after pancreatic cancer treatment. No obvious increase in
radioactive distribution was observed in the lymph nodes
around the pancreas. The treatment effect was evaluated as
complete remission.

After the last chemotherapy treatment, the patient’s blood test,
liver and kidney function showed no obvious abnormalities. The
patient’s HGB level was 74g/L, after a transfusion of 3.5U of packed
red blood cells, the HGB level increased to 104g/L, correcting the
anemia. On November 7, 2022, the patient underwent a pancreatic
neck tumor and distal pancreatectomy with splenectomy. The
surgery lasted for 395 minutes, with an estimated blood loss of
600ml, and a transfusion of 3.0U of packed red blood cells and
450ml of plasma. The surgery was successful (Figure 2B). The
pathology report after the surgery (Figures 2C1-3) showed a small

FIGURE 1

Changes in tumor size before and after chemotherapy on CT scans + Portal Vein, * Coeliac Axis. Before chemotherapy CT scan of the abdomen
shows a lesion in the pancreatic neck with portal vein and coeliac axis invasion (A1, B1). After 2 cycles of chemotherapy, the tumor had significantly
decreased in size (A2, B2). After 5 cycles of chemotherapy (A3, B3). After 6 cycles of chemotherapy (A4, B4)
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FIGURE 2

(A1-A9) Pancreatic tumor biopsy pathology results before chemotherapy. (B). Post-surgery tissue of the tail of the pancreas and spleen; (C1) Post-
surgery pathology: Residual pancreatic ductal adenocarcinoma cells; (C2) Post-surgery pathology: Pancreatic islet cell hyperplasia and ductal
dilation; (C3) Intraoperative pathology result: no obvious malignant cells on the cut end of the pancreas.

amount of residual adenocarcinoma at the original tumor site with
islet cell proliferation, ductal dilation, no obvious intratumoral
thrombosis or nerve invasion, and no lymph node metastasis.
According to the College of American Pathologists(CAP) grading
system for tumor regression, this case belongs to grade 1(near-
complete response with single cancer cells or rare small groups of
cancer cells) (5).

Discussion

Pancreatic cancer is one of the worst prognoses of all cancers,
15% of pancreatic cancer patients have the resectable disease. 35%
have locally advanced pancreatic cancer(LAPC) and 50% have

Frontiers in Oncology

metastatic disease (MPA). Unresectable pancreatic cancer
includes LAPC and MPA. LAPC mainly refers to the primary
tumor that cannot typically be removed safely because
reconstruction of major vessels is seemingly not possible. MPA
spreads to distant organs or non-regional lymph nodes (5).
Currently, curative surgery (RO resection) is still the only
treatment that can potentially achieve a clinical cure for
pancreatic cancer patients (6). However, due to the advanced
stage of the disease when patients seek treatment, pancreatic
cancer patients are very likely to invade surrounding organs and
blood vessels, resulting in a low RO resection rate (7).

For patients who have LAPC, chemotherapy is often used as a
treatment option. Before chemotherapy, a pathological diagnosis is
usually obtained. EUS-guided biopsy represents the gold standard
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for pathological diagnosis in pancreatic cancer patients. A
multicenter, randomized, crossover trial comparing the wet-
suction versus slow-pull technique for EUS-guided fine-needle
biopsy showed that the wet-suction technique had a significantly
higher diagnostic yield and fewer needle passes compared to the
slow-pull technique (8). It is important to note that while CT-
guided biopsy was used in this case, EUS-guided biopsy should be
considered the preferred method for diagnosis in pancreatic
cancer patients.

Evaluation of treatment response includes RECIST criteria and
CA19-9 levels after chemotherapy (5). Studies have shown that the
expression level of CA19-9 is inversely related to the prognosis of
patients, the higher the expression level of CA19-9, the worse the
prognosis of patients (9). Previous studies have shown that the
decline of CA19-9 in LAPC patients after neoadjuvant therapy is
more than 50%, which is closely related to a better prognosis. In this
case, the patient’s CA19-9 expression level was 394.4 U/mL before
neoadjuvant therapy, and after 6 cycles of GEM-NabP
chemotherapy, the CA19-9 expression level decreased to 7.2 U/
mL. Our hospital’s PET/CT showed that the tumor size decreased,
the lesion metabolism decreased, and the CA19-9 decreased more
than 50% of the initial value, considering the patient’s disease
remission after chemotherapy, and then underwent pancreatic
cancer radical surgery. Although preoperative PET/CT showed no
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tumor activity, postoperative pathology confirmed that there were
still small amounts of adenocarcinoma residues. Therefore, it can be
suggested that PET/CT is not accurate when the tumor cell content
is very low.

With the popularization of multidisciplinary treatment concepts,
neoadjuvant therapy has gradually become prominent in the treatment
of pancreatic cancer. Neoadjuvant therapy aims to downstaging the
tumor and eliminate micrometastases, thereby improving the RO
resection rate and reducing recurrence and metastasis. Previous
reports have shown that the RO resection rate of pancreatic cancer
patients after neoadjuvant chemotherapy can reach 81.8%. In our
hospital, the patient, in this case achieved partial remission after 6
cycles of GEM-NabP chemotherapy and underwent radical surgery,
achieving RO resection. Therefore, late-stage pancreatic cancer patients
are more likely to achieve RO resection after neoadjuvant
chemotherapy. Currently, the main neoadjuvant chemotherapy
regimens for advanced pancreatic cancer are FOLFIRINOX
(oxaliplatin + irinotecan + leucovorin + 5-fluorouracil) and GEM-
NabP (10). Studies have shown that neoadjuvant chemotherapy can
effectively improve the pathology of pancreatic cancer, reduce the
invasion of lymphatic vessels in patients, increase RO resection rates,
and improve overall survival (Table 1, (11)). However, for the
treatment regimens of LAPC, there is still a lack of a large number
of clinical experimental studies to prove.
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TABLE 1 Recent trials on neoadjuvant chemotherapy, resectability, and outcomes.

Design Local Chemotherapy Resectability = RO rate Median os
stage (months)
McKenzie Phase 2 Res Gem/nP 25 80.0% 95% NA
2013 trial
O'Reilly Phase 2 Res Gem/oxaliplatin 38 71.0% 74% 27.2
2014 trial
Sliesoraitis Phase 2 Res/BR Gem/nP VS surgery 32 (10 VS 80% VS 100% 60% VS NA
2014 trial 22) 77%
lelpo 2016 Phase2 Res/BR Gem/nP 25 68.0% 100% 21
trial
Katz 2016 Phase 1/2 BR mFOLFIRINOX 22 68.0% 93% 21.7
trial
Okada Phase 1 BR Gem/nP 10 80.0% 70% NA
2017 trial
Tsai 2018 Phase 2 Res/BR 5-FU or gemcitabine-based chemotherapy,depending 130 82.0% 81% 38
trial on molecular profiling
Reni 2018 Phase 2/3 BR/LA Gem/nP VS Gem/nP/cis/cap 54 (28 VS 32% VS 31% NA
trial 26)
Murphy Phase2 BR FOLFIRINOX+CRT 48 66.6% 97% 37.7
2018 trial
De Marsh Phase2 Res FOLFIRINOX 21 81.0% 94% 34
2018 trial
Wei 2019 Phase2 Res Gem/erlotinib 114 73.0% 81% 21.3
trial
Barbour Phase2 Res Gem/nP 42 71.4% 86% 235
2020 trial
Sohal 2020 Phase2 Res FOLFIRINOX VS Gem/nP 55 VS 47 73%VS 70% 85%VS 22.4 VS 23.6
trial 85%

Gem, gemcitabine; nP, nab-paclitaxel; CRT, chemoradiation therapy; OS, overall survival; Res, resectable; BR, borderline resectable.

Conclusion

In summary, for patients with locally advanced pancreatic
cancer who have responded to chemotherapy further surgery is
feasible. However, long-term follow-up is still necessary to evaluate
the patient’s long-term outcomes and survival. Large-scale trials are
also needed to validate these conclusions.
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Pancreatic acinar cell carcinoma (PACC) is a rare pancreatic malignancy with
unique clinical, molecular, and morphologic features. The long-term survival of
patients with PACC is substantially better than that of patients with ductal
adenocarcinoma of the pancreas. Surgical resection is considered the first
choice for treatment; however, there is no standard treatment option for
patients with inoperable disease. The patient with metastatic PACC
reported herein survived for more than 5 years with various treatments
including chemotherapy, radiotherapy, antiangiogenic therapy and
combined immunotherapy.

KEYWORDS

pancreatic acinar cell carcinoma, chemotherapy, radiotherapy, antiangiogenic
therapy, immunotherapy

Introduction

PACC is a rare malignancy, accounting for only 1-2% of all pancreatic malignancies.
The main component is morphologically similar to alveolar cells and has the ability to
synthesize exocrine enzymes. The primary site of PACC can be almost any part of the
pancreas, but the head of the pancreas is the most common (1-3), with masses usually 10-
11 ¢cm in diameter (4-6).

Patients with PACC often come to the hospital with nonspecific symptoms, such as
abdominal pain (60%), back pain (50%), weight loss (45%), nausea and vomiting (20%),
black stools (12%), weakness, anorexia and diarrhea (8%) (7, 8). Unlike ductal
adenocarcinoma, PACC rarely obstructs the bile ducts (9). Some patients may also
present with lipase hypersecretion syndrome, which manifests as elevated lipase levels of
more than 10,000 U or more than 10,000 U/dL (10, 11). Their levels of serum tumor
markers, such as carbohydrate antigen 19-9 (CA 199) and carcinoembryonic antigen
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(CEA), are not consistently elevated. However, the blood levels of
alpha-fetoprotein (AFP) can be elevated in younger patients (1).

The prognosis of PACC is better than that of ductal carcinoma
(12, 13). Previous studies have shown that the mean overall survival
time is approximately 47 months for limited disease and 14 months
for metastatic disease, with 5-year survival rates ranging from 36.2%
to 72.8% for surgically resected individuals (12-14).

Masses are usually detected by computed tomography (CT) and
magnetic resonance imaging (MRI) and are then confirmed by fine
needle aspiration (FNA) biopsy. However, MRI is superior to CT in
identifying tumor margins, intratumor hemorrhage, tissue
infiltration, and ductal expansion (15).

There is no clear treatment option for PACC. Some studies have
shown that surgical resection significantly improves the long-term
survival of patients (12). However, surgery is for only limited
disease. After surgical resection, there are no standard treatment
guidelines, and adjuvant therapy is individualized for most patients,
with individual differences. In fact, approximately 50% of patients
have metastases at the time of diagnosis (16). Metastatic sites
usually include the regional lymph nodes and liver, with lung,
cervical lymph node and ovarian metastases being uncommon (17).
Surgery is not possible for locally advanced and metastatic disease.

A growing number of studies have demonstrated the diversity
of mutated genes in PACC, with APC mutations to inactivate WNT
signaling and CTNNB1 mutations to activate WN'T signaling found
in approximately 20% of patients with PACC (18). Even mutations
in genes involved in DNA repair, such as ATM, BRCA1, BRCA2,
PALB2 and MSH2, have been found in a subset of patients (19, 20),
mainly manifesting as genomic instability with microvolatility of
7%-14% (18, 20). In addition, there are studies reporting significant
chromosomal gains and losses in PACC patients (18, 21, 22).
Performing extensive molecular analysis to identify specific
genetic alterations may help to improve new therapeutic ideas.

The patients with metastatic PACC reported herein survived for
more than 5 years with multiple treatment modalities applied
successively, suggesting that combination therapy may be a
relatively promising strategy to control tumor progression.

10.3389/fonc.2023.1210064

Case presentation

A 44-year-old woman experienced intermittent back pain in
October 2017. Positron emission tomography/computed
tomography (PET/CT) demonstrated a primary tumor
approximately 88*63 mm in size in the pancreatic corpus and tail;
multiple lymph node metastases in the greater omentum,
mesentery, hepato-renal space, and hepato-stomach space; and a
metastase in the left lobe of the liver. The blood level of alpha-
fetoprotein (AFP) was significantly increased, but those of
carcinoembryonic antigen (CEA) and carbohydrate antigen (CA)
19-9 in this patient were normal. Ultrasound-guided biopsy of the
pancreas was performed. The pathology diagnosis was pancreatic
acinar cell carcinoma (PACC) (stage IV) (Figure 1). The results of
pancreas biopsy and pathological diagnosis (November 9th, 2017)
were PCK (+), EMA (partial +), CK19 (partial +), CK7 (scattered +),
Syn (scattered +), and CgA (scattered +).

An adjuvant GS regimen (gemcitabine, 1000 mg/m2, Day 1 and
Day 8; S-1, 40 mg/d 1-14, bid, Q21d) was initiated in December
2017. The GS regimen was stopped after two cycles because of
progressive disease (PD). A chemotherapy regimen consisting of
oxaliplatin plus irinotecan was used for 15 cycles from January 6th,
2018, to February 20th, 2019. The patient was reviewed periodically
during treatment, and she achieved a partial response (PR) based on
CT scan results until an abdominal CT scan in February showed
that the numbers and sizes of primary tumor and local necrosis had
increased. Therefore, treatment with single-agent albumin-bound
paclitaxel was initiated. Chemotherapy was stopped after 2 cycles
because of further progression of the primary tumor. Subsequently,
the patient was treated with an antiangiogenic therapy, oral
anlotinib (10 mg, once daily from Day 1 to 14, every 3 weeks).
During anlotinib treatment, the patient underwent regular re-
examination, which indicated that the patient’s condition was
stable and that the primary tumor gradually decreased in size.
The progression-free survival (PFS) time was 23 months.

In March 2021, the patient presented with pelvic pain without
an obvious cause. The serum AFP level was increased to 109.3

FIGURE 1

Histopathologic examinations of primary tumor. (A) Low magnification field of view. (B) High magnification field of view. A dense, nested or lamellar
arrangement of tumor cells can be observed, some of which are in the form of vesicles or small glandular lumen structures.
(C) Immunohistochemistry reaction. The results showed PCK (+), EMA (partial +), CK19 (partial +), CK7 (scattered +) Syn (scattered little +) and CgA

(scattered little +).
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mmol/L. PET/CT scan showed increased number of tumors at the
primary site and detected a new pelvic metastase (Figure 2).
Metastatic PACC was confirmed by biopsy of the pelvic metastase.

Immunohistochemical results were Ki-67 (+20%), CD10 (-),
CD56 (-), CgA (=), P53(+), PCK (+), SYN (+), CK7(+), CK20(-),
COX-2(+), Villin (+), CDX-2(+), P40(-), Pax-8(-), SSTR2(+), and
PD-1 (-) (Figure 3). Then, the patient was treated with
radiotherapy for the pelvic metastase (24 Gy in 3 fractions) and
primary tumors (4 Gy in 2 fractions). Radiotherapy began on May
25th, 2021. Meanwhile, she was treated with a PD-1 inhibitor
(sintilimab, 200 mg), and recombinant human granulocyte-
macrophage (rhuGM-CSF) was injected subcutaneously at a dose
of 200 mg per day for 2 weeks. However, the novel anticancer oral
medication had a substantially high copay per month, despite
insurance coverage, making the drug unaffordable for the patient.
The drug anlotinib was made accessible to the patient at no charge
through support provided by the CTTQ Patient Assistance
Foundation. Subsequently, the patient received anti-PD-1 therapy
and antiangiogenic therapy (oral anlotinib). There was a significant
decrease in the AFP level and clinical improvement to a PR for the
metastatic pelvic metastase. It is important to note that all the
treatments were well tolerated, with only mild toxicities. However,
in August 2022, CT examination indicated disease progression with
multiple metastases to the liver and bone. Figure 4 showed the
image changes of the same lesion site before and after treatment.
Figure 5 showed the treatment flow chart.

10.3389/fonc.2023.1210064

Genetic tests were performed on samples from the pelvic
metastase, and the heterozygous mutation c.182A > G (p.
GIn61Arg) was detected in the NRAS gene, while no mutations
were detected in the BRCA gene, BRAF gene, NTRK gene, EGFR
gene or TP53 gene (wild-type).

Discussion

The prevalence of PACC has been estimated to be below 1%
among all pancreatic malignancies. More than 50% of patients with
PACC have metastatic disease at diagnosis. Although the reported
prognosis of PACC is better than that of pancreatic ductal
adenocarcinoma (23), the prognosis remains dismal. The OS time
of patients with metastatic PACC is 19.6 months (24). Many studies
point out surgical resection as the most effective therapeutic
strategy. The survival benefit of systemic therapy is more
controversial (12, 25, 26). The patient with metastatic PACC
reported herein survived over 5 years through treatment with
multiple therapies including radiation therapy, chemotherapy,
antiangiogenic therapy, and combined immunotherapy.

PACC has unique characteristics in terms of biological
behavior, imaging and prognosis relative to PDAC, such as the
AFP level in some patients (27). In our case, the change in the AFP
level during therapy was useful for evaluating the benefit of
treatment. However, the levels of CA 19-9 and CEA, which are

FIGURE 2

Results for PET-CT examination after chemotherapy and targeted therapy (March 10", 2021)
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Histopathologic and immunohistochemical examinations of biopsy tissue from the pelvic metastase.

predictive markers for pancreatic cancer, remained normal in
our case.

Surgical resection is the mainstay of treatment for PACC. It has
been shown that the median survival of patients who underwent
surgery was significantly better than those who did not (36 months
vs 14 months) (7). Whether adjuvant therapy is recommended for
patients after surgery is controversial, and most adjuvant therapy is
individualised with variable and non-representative response rates.
Due to the presence of genetic variants in the APC gene/f-catenin
pathway in patients with PACC, chemotherapy regimens known to
be active in PDAC or colorectal cancer are often used clinically (28).
Combination chemotherapy regimens based on gemcitabine or
fluoropyrimidine are commonly used (10, 29). No standard
chemotherapy regimen has been established for patients with
unresectable or recurrent PACC because PACC is a rare cancer of
the pancreas, and no large-scale randomized controlled trials have
yet been conducted for this disease. This group of patients usually
receives neoadjuvant or palliative 5-FU chemotherapy (30, 31).
Fluoropyrimidine-based combination chemotherapy can improve
disease control rates (7, 10, 24, 29, 32, 33). Patients with good fitness
status are treated with folinic acid/fluorouracil/oxaliplatin or folinic
acid/fluorouracil/irinotecan. In contrast, patients in poor physical
condition are usually treated with gemcitabine/protein-bound
paclitaxel (34). Irinotecan-containing regimens are potentially
beneficial regimens for unresectable or recurrent PACC (24, 26).
Yoo et al. (35) confirmed that oxaliplatin-based chemotherapy had
improved activity against pancreatic ACC compared to
gemcitabine. Likewise, we found that the combination of
oxaliplatin plus irinotecan was associated with a better response
than the gemcitabine combination in our case. Compared with the
benefit of gemcitabine in PDAC, the greater clinical benefit of
systemic therapy observed in PACC may be explained by the greater
use of combination chemotherapy regimens incorporating
oxaliplatin and irinotecan over the last decade.

Myriad mutations known to have a role in tumorigenesis have
been described in several PACC series (19, 20, 24, 36, 37). PACC has
a genomic profile distinct from that of PDAC, with only rare
mutations in TP53, KRAS, and pl6, despite mutations in these
genes being common in PDAC. Approximately 20% of patients
with PACC have APC or CTNNBI which could affect WNT
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signalling (18). Mutations in BRCA2, PALB2, ATM, BAP1, BRAF
and JAK1 are likely to occur in more than a third of PACC patients
(20). Genes that are involved in DNA repair, such as ATM, BRCA1,
BRCA2, PALB2 and MSH2, can result in genomic instability when
mutations occur (19, 20). Microsatellite instability ranges from 7%
to 14% in patients with PACC (18, 20, 38). Recurrent
rearrangements of BRAF and RAF1 are also present in
approximately 23% of patients (37). Of these, RAF genomic
alterations are observed to be mutually exclusive with altered
inactivation of DNA repair genes in 45% of PACC patients (37).
In addition, it has been reported that ALK mutations occur in
PACC patient (39), which is quite rare, and in only 0.16% of PDAC
patients (40).

There is currently no indication for tumor multigene testing for
patients with advanced PACC. However, once a druggable
molecular target is detected, it may improve patient survival and
quality of life. Thus, a comprehensive molecular analysis was
performed and the results indicated that only NRAS mutations
were found, which was quite rare. The fact is that NRAS mutations
occur predominantly in melanoma and the prognosis is dismal (41).
Mutations in NRAS constitutively activate intracellular signaling
through multiple pathways, most notably the Ras-Raf-MAPK and
PI3K-Akt pathways. Activated signaling pathways can induce cell
cycle dysregulation, prosurvival pathway activation, and cell
proliferation (42). However, there are currently no drugs that
target NRAS, but studying the signalling pathways downstream of
NRAS and thus finding druggable targets has become a potential
therapeutic approach (41).

Besides, inhibition of angiogenesis is an established therapeutic
strategy for many solid tumors. The results of several preclinical and
clinical trials have shown that antiangiogenic therapies do not
improve the efficacy of pancreatic cancer treatment (43), but
these trials did not involve PAAC. Anlotinib, a novel oral
multitarget tyrosine kinase inhibitor, could inhibit VEGFR,
PDGEFR, FGFR, C-Kit, other kinases, and tumor angiogenesis-
and proliferation-related signaling pathways (44). Although it has
been reported in the treatment of PDAC (45), this is the first report
on anlotinib treatment in advanced metastatic PACC achieving a
long-term PFS time of 23 months after failure of
multiline chemotherapy.
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March 2

April 28

June 220

December 16

FIGURE 4

CT examination results. March 2" was during anlotinib treatment. April 28"

radiotherapy, and December 16™ was during maintenance immunotherapy

Radiotherapy (RT) is often used to “down-stage” or convert a
tumor from borderline resectable to resectable and, in general, is
provided as both conventional fractionation and hypofractionated
stereotactic body radiotherapy (SBRT) (29). The goal of palliative
RT is often to relieve pain and bleeding and/or ameliorate local
obstructive symptoms in patients with nonmetastatic or metastatic
disease. Besides, RT could improve survival in the metastatic disease
context, which has been well established in SCLC. A systematic
review revealed a modest response rate to radiotherapy in patients
with localized acinar cell carcinoma of the pancreas. In several
studies, a “major response” rate was observed in 25% to 35% of
these patients (7, 10). However, if stable disease was included in the
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was before radiotherapy. June 22™ was after immunotherapy plus

definition of response (i.e., the disease control rate), significantly
higher response rates were seen in highly selected studies when
radiotherapy was added (7, 10).

The improvement in condition of the patient after radiotherapy
according to our developed protocol may be due to the following
reasons. Firstly, radiotherapy can activate the immune system and
trigger an antitumor immune response after cytotoxic death and
immunostimulatory signal release, increasing T-cell transport to the
tumor (46, 47). Although radiotherapy significantly upregulates
PD-L1 expression (48), combined anti-PD-1/PD-L1 therapy
counterbalances this negative effect. SBRT is more likely to induce
immunogenic death in tumor cells, promote the release and
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FIGURE 5
Flow chart of the treatment timeline.

presentation of tumor-associated antigens, and generate more
potent systemic antitumor effects (49). Moreover, SBRT avoids
lymphocytopenia, suggesting that SBRT is a better choice for
combination therapy than is conventional stepwise radiotherapy.

Low-dose radiation cannot kill the tumor itself, but it is beneficial
to T-cell recruitment, stromal microenvironmental regulation, and
immune function promotion (50). Low-dose radiation can also
improve the systemic response rates of metastatic disease treated
with high-dose radiation and immunotherapy (51). In a study of a
bilateral subcutaneous tumor mouse model, more than half of the mice
recovered after triple treatment. This suggests that high/low-dose
radiotherapy combined with anti-PD1 antibody therapy can produce
a synergistic effect, and the additional low-dose radiotherapy is well
tolerated by patients (52).

Immunotherapy is still at the experimental stage in the
treatment of pancreatic cancer. Pembrolizumab was first included
in the NCCN guidelines as a second-line treatment only for
advanced solid tumors with high microsatellite instability (MSI-
H) or DNA mismatch repair deficiency (AMMR). A total of 83% of
pancreatic cancer patients responded to pembrolizumab treatment,
with response durations ranging from 2.6 to 9.2 months (53).
Tislelizumab is a humanized monoclonal antibody with high
affinity and specificity for PD-1 that was specifically designed to
minimize FcyR macrophage binding to eliminate antibody-
dependent phagocytosis (54).

GM-CSF can enhance the effect of immunotherapy, which is closely
related to its mechanism of promoting the proliferation of dendritic cells
and M1-type macrophages and enhancing antigen presentation (55).
Animal studies have shown that GM-CSF combined with immune
checkpoint inhibitors can improve the effectiveness of PD-1/PD-L1
inhibitors by improving antigen presentation and attracting T cells to
infiltrate the tumor microenvironment (56, 57). Similarly, combination
therapies have been safe and effective in advanced metastatic melanoma
clinical trials. In addition, some cytokines, including GM-CSF, synergize
with radiotherapy (58). Abscopal responses are defined as systemic
antitumor responses outside the primary radiation field. Interestingly,
we found that GM-CSF combined with RT could improve the abscopal
effect in preclinical data (59). A prospective study also showed that local
radiotherapy combined with GM-CSF enhanced the abscopal effect (60).
A phase II trial demonstrated the safety of the combination therapies.
Additionally, similar clinical trials are ongoing, such as NCT04892498.

After combining high-dose radiotherapy with GM-CSF, this
patient was treated with immunotherapy and achieved good disease
control. Immunotherapy may benefit from combination with
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PS: Radiotherapy(pelvic lesion 24Gy

in 3 fractions; pancreatic lesions 4Gy

in 2 fractions) plus rhuGM-CSF begin
in May 25th, 2021.

Up to now

radiotherapy and GM-CSF due to systemic immune response
activation. We should consider whether this triple therapy could
provide a more diversified treatment strategy for advanced PACC
and improve the poor prognosis of this disease.

Recent studies have shown that anlotinib can downregulate the
expression of PD-L1 on vascular endothelial cells to alter the tumor
immune microenvironment (61). NaZhou et al. (62) designed a
phase IB trial to analyze the efficacy and safety of anlotinib in
combination with a PD-1 inhibitor in advanced non-small cell lung
cancer. The combination therapy showed favorable efficacy and
manageable toxicity, especially in the 12 mg anlotinib cohort.
However, the reason why anlotinib plays a vital role in treating
PACC is still unclear.

Conclusion

The rarity of PACC has led to limited recognition of the disease.
Surgical resection is considered the first choice of treatment; however,
there is no standard regimen for inoperable individuals. Breakthroughs
in precision medicine may assist clinicians in formulating tailor-made
therapies for their patients. In addition, both subtype-specific therapy
and combination therapy might represent relatively promising
strategies to control tumor progression.
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Background and aims: Endoscopic ultrasonography (EUS) is commonly utilized
in the diagnosis of pancreatic tumors, although as this modality relies primarily on
the practitioner’s visual judgment, it is prone to result in a missed diagnosis or
misdiagnosis due to inexperience, fatigue, or distraction. Deep learning (DL)
techniques, which can be used to automatically extract detailed imaging features
from images, have been increasingly beneficial in the field of medical image-
based assisted diagnosis. The present systematic review included a meta-analysis
aimed at evaluating the accuracy of DL-assisted EUS for the diagnosis of
pancreatic tumors diagnosis.

Methods: We performed a comprehensive search for all studies relevant to EUS
and DL in the following four databases, from their inception through February
2023: PubMed, Embase, Web of Science, and the Cochrane Library. Target studies
were strictly screened based on specific inclusion and exclusion criteria, after
which we performed a meta-analysis using Stata 16.0 to assess the diagnostic
ability of DL and compare it with that of EUS practitioners. Any sources of
heterogeneity were explored using subgroup and meta-regression analyses.

Results: A total of 10 studies, involving 3,529 patients and 34,773 training images,
were included in the present meta-analysis. The pooled sensitivity was 93% (95%
confidence interval [Cl], 87-96%), the pooled specificity was 95% (95% Cl, 89—
98%), and the area under the summary receiver operating characteristic curve
(AUC) was 0.98 (95% ClI, 0.96-0.99).

Conclusion: DL-assisted EUS has a high accuracy and clinical applicability for
diagnosing pancreatic tumors.

Systematic review registration: https://www.crd.york.ac.uk/prospero/display_
record.php?ID=CRD42023391853, identifier CRD42023391853.

KEYWORDS

pancreatic tumor, artificial intelligence, deep learning, endoscopic ultrasound, meta-
analysis, systemic review
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1 Introduction

Pancreatic tumors (PTs) are relatively common tumors of the
digestive tract. Benign PT's include serous cystadenomas, mucinous
cystadenomas, and intraductal papillary mucinous neoplasms
(IPMNs), while malignant tumors include pancreatic ductal
adenocarcinomas (PDACs), pancreatic neuroendocrine tumors
(PNETs), and pancreatic adenosquamous carcinomas (PASCs).
Overall, PDAC, which has a high degree of malignancy, is the
most common type of pancreatic cancer (PC), and owing to a lack
of obvious symptoms in the early stages along with rapid
progression, it is often detected at a late stage (1). Studies have
shown that the five-year survival rate for PDAC is only 8-10% (2).
Different degrees of malignancy in PT, however, result in
significantly different prognoses. PNET, for example, has a 5-year
survival rate of > 60% when diagnosed as pathological grade 1 or 2,
which are low-grade malignancies, whereas those diagnosed as
grade 3, or a high-grade malignancy, have a 5-year survival rate
of < 30% (3-5). The accurate and timely identification and staging
of PT can help determine patient prognosis and the appropriate
course of treatment.

Currently, computed tomography (CT), magnetic resonance
imaging (MRI), and endoscopic ultrasound (EUS) are the primary
modalities utilized for the diagnosis of PT. MRI and CT, however,
are less sensitive for monitoring smaller pancreatic lesions, and also
for differentiating between benign and malignant tumors (6, 7). By
combining endoscopy with ultrasound, EUS provides a more
accurate and complete display of the pancreatic structure and
visualization of space-occupying lesions (8), and previous studies
have shown that EUS performs well in the diagnosis of a variety of
pancreatic masses, with higher accuracy than many other clinical
diagnostic techniques (9, 10). Additionally, EUS-guided fine-needle
aspiration/biopsy (EUS-FNA/EUS-FNB) allows for the quick and
easy sampling of pathological tissue, further improving the accuracy
of PT diagnoses (11). The primary method for the imaging-based
diagnosis of PT in clinical practice still relies heavily on the visual
judgment of the individual operating the endoscope, which is overly
dependent on their experience, and can lead to missed diagnoses or
misdiagnosed cases as the result of insufficient experience, fatigue,
or distraction. Computer-aided diagnosis/detection (CAD) analyses
medical image data and other data using computer technology to
assist practitioners in more objectively, quickly, and accurately
completing diagnostic work. Many studies have verified the

Abbreviations: Al, artificial intelligence; AUC, area under the curve; CAD,
computer-aided diagnosis/detection; CEUS, contrast-enhanced endoscopic
ultrasound; CI, confidence interval; CP, chronic pancreatitis; CT, computed
tomography; DL, deep learning; DOR, diagnostic odds ratio; EUS, endoscopic
ultrasound; EUS-FNA, EUS-guided fine-needle aspiration; EUS-FNB, EUS-
guided fine-needle biopsy; FN, false negative; FP, false positive; IPMN,
intraductal papillary mucinous neoplasms; MI, Mechanical index; MRI,
magnetic resonance imaging; NLR, negative likelihood ratio; NP, normal
pancreas; NPC, non-pancreatic cancer; PASC, pancreatic adenosquamous
carcinoma; PC, pancreatic cancer; PDAC, pancreatic ductal adenocarcinoma;
PLR, positive likelihood ratio; PNET, pancreatic neuroendocrine tumors; PT,

pancreatic tumor; SROC, summary receiver operating characteristic.
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feasibility of utilizing CAD in the process of image-based
diagnosis (12-14).

In recent years, artificial intelligence (AI) technology has been
increasingly utilized in various fields of medicine, such as image
analysis, diagnostic recommendations, and clinical risk prediction,
which has reduced medical errors, to a certain extent, and improved
diagnostic efficiency (15). Sunwoo et al. (16), for example, used AI
technology to analyze the diagnosis of brain metastases from MRI
scans, and the sensitivity increased from 77.6% to 81.9%, while the
reading time decreased from 114.4 seconds to 72.1 seconds. There
are two primary methods for utilizing AI in the analysis of medical
images for assisted diagnosis: diagnosis based on traditional
machine learning methods and diagnosis based on deep learning
(DL) methods.

As a branch of Al traditional machine learning-based methods
primarily involve the manual extraction of features and the selection
of suitable classifiers for statistical analysis. DL, in turn, is a subset of
machine learning. At the 2012 ImageNet Large Scale Visual
Recognition Challenge (17), Krizhevsky et al. (18) proposed
AlexNet, a deep convolutional neural network, that
overwhelmingly won the competition and triggered a wave of DL
in various fields. Compared to traditional machine learning, DL
automates feature extraction in a data-driven manner, and is
capable of learning deeper and more abstract features from the
target data (19, 20). DL significantly improves accuracy in areas
such as image classification, object detection, and semantic
segmentation, and its performance exceeds that of traditional
machine learning techniques (19, 21).

A previous meta-analysis showed that practitioners using EUS
for the diagnosis of PT had a sensitivity of 85% (95% confidence
interval [CI], 69-94%), specificity of 58% (95% CI, 40-74%), and
accuracy of 75% (95% CI, 67-82%) (6). Dumitrescu et al. (22)
conducted a meta-analysis of Al-assisted EUS for PC diagnosis,
which included 10 studies; three used traditional machine learning
techniques, and seven used DL techniques. The pooled sensitivity
for the AI diagnoses was 92% (95% CI, 89-95%), and the pooled
specificity was 90% (95% CI, 83-94%). We are hopeful that the
results of these studies can be compared with the results of our
meta-analysis as a way to evaluate the advantages of DL-assisted
EUS for the diagnosis of PC.

In the present study, the accuracy of DL-assisted EUS in the
diagnosis of PT was quantified through a meta-analysis, which
aimed to provide comprehensive and objective evidence for its
utilization in clinical practice. The primary outcome of the present
study was the overall performance of DL in diagnosing PT, while
the secondary outcome was the ability to compare DL and
practitioners performing traditional EUS.

2 Methods

The present study followed the Preferred Reporting Items for
Systematic Review and Meta-Analysis of Diagnostic Test Accuracy
Studies (PRISMA-DTA) guidelines (23), the checklist for which is
presented in Supplementary Table S1. Prior to its onset, the present
study was registered with the International Prospective Register of
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Systematic Reviews (PROSPERO) (24) on January 25, 2023 (ID:
CRD42023391853), and because all of the data analyzed were
collected from the included literature, ethical approval was
not required.

2.1 Search strategy

We performed searches for the present meta-analysis in four
commonly used databases: PubMed, Embase, Web of Science, and
the Cochrane Library database. The final search was conducted on
February 21, 2023, and included all articles from the four databases,
beginning at the time of their creation and ending at the time of the
final search. The keywords which were searched relating to DL
included “deep learning”, “artificial intelligence”, “machine
learning”, “computer-aided”, “natural networks”, “image

» o«

classification”, “object detection”, and “semantic segmentation”;
those relating to EUS included “ultrasonography”, “ultrasound”,
and “EUS”; and those relating to PT included “pancreas” and
“pancreatic”. The detailed search strategy is presented in

Supplementary Table S2.

2.2 Study selection

The inclusion criteria for the present study were as follows (1):
studies using DL to detect PT; (2) detection based on EUS images or
videos; (3) use of pathological findings or expert labeling as diagnostic
criteria; (4) detailed description of the source and composition of the
training and test sets; and (5) true positive (TP), false positive (FP), true
negative (TN), and false negative (FN) values were obtained directly or
indirectly. For studies with missing data, the corresponding author was
contacted via email in order to fill in the blanks.

The exclusion criteria were as follows: (1) articles without raw
data, such as reviews, comments, or letters; (2) not full-text articles;
(3) TP, FP, TN, and FN data not included, or no response received
from the corresponding author via email when attempting to gather
the missing data.

The initial articles returned from the searches were screened for
inclusion by KW and NW, based on the aforementioned criteria,
and any disagreements were resolved through discussions with BL.

2.3 Data extraction

KW and TT independently extracted data from the included
studies, and resolved any disagreements through discussion. The
following information was collected from each included study: first
author, year of publication, country or region, diagnostic criteria,
number of patients, data source, number of training sets, DL
algorithms, sensitivity, and specificity. For studies with multiple
test results, we extracted the resulting data in the following order:
prospective test set, external test set, and test set with the largest
sample size. We also extracted diagnostic data regarding the EUS
practitioners for comparison with the DL models.

Frontiers in Oncology

10.3389/fonc.2023.1191008

2.4 Quality assessment

We utilized the Quality Assessment of Diagnostic Accuracy
Studies version 2 (QUADAS-2) to assess the quality of the included
studies, although to more accurately assess the DL models, we
supplemented the patient selection section with the following
questions: (1) “Was the composition of the training and test sets
described?”; and (2) “Were imaging modalities and image/video
quality described in detail?”. We also added the following questions
to the index test section: (1) “Was the algorithm development and
training processes described?”; and (2) “Does the model be
evaluated using an independent test set?”.

2.5 Statistical analysis

We conducted our meta-analysis using a bivariate random-
effects model to evaluate the performance of DL in the diagnosis of
PT. We plotted a summary receiver operating characteristic (SROC)
curve, and calculated the pooled sensitivity, specificity, positive
likelihood ratio (PLR), negative likelihood ratio (NLR), diagnostic
odds ratio (DOR), area under the SROC curve (AUC), and 95% ClIs.
High sensitivity and PLR indicated that the DL model was suitable
for confirming the diagnosis of PT; high specificity and low NLR
indicated that the DL model was good at excluding patients who did
not have the disease; and DOR and AUC are overall measures of
diagnostic accuracy, with a high DOR and AUC indicating that the
DL model was good at confirming and excluding PT.

Statistical heterogeneity was determined by the I* statistic as
follows: < 30% indicated low heterogeneity; 30-60% indicated
moderate heterogeneity; and > 60% indicated high heterogeneity.
Publication bias was analyzed using Deeks’ funnel plot asymmetry
test, for which P < 0.05 indicated publication bias. We utilized
subgroup analysis and meta-regression to identify sources of
heterogeneity, and also to explore the diagnostic performance of
the different subgroups, and we used Fagan plots to assess the
clinical applicability of DL for the diagnosis of PT.

The quality of the included studies was assessed using Review
Manager 5.4 (Cochrane Collaboration, Oxford, UK), while other
statistics and charts were obtained using Stata/SE 16.0 (Stata,
College Station, TX, USA).

3 Results
3.1 Included studies and quality assessment

Our initial search yielded 2,233 relevant articles, of which 322
duplicates were automatically removed by the software and 1,872
that were not relevant were manually excluded after reading the
titles and abstracts. After reading the full-text, a total of ten articles
were included in the present meta-analysis (25-34). The data
extraction process is shown in Figure 1, and the details of the
included studies are listed in Table 1.
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The QUADAS-2 tool was used to assess the quality of the included
studies, one of which (26) used data-enhanced images for testing, and
was deemed to have a high risk of bias in the index test section, while
two (26, 27) failed to describe their patient selection processes and were
considered, therefore, to have an unknown risk of bias in the patient
selection section. The overall assessment results are shown in Figure 2.

The 10 included studies encompassed 3,529 patients, with nine
of the studies being retrospective while one was prospective (34). All
of the studies used pathological findings as the diagnostic criteria,
and seven studies were single-center (25, 26, 28-30, 32, 33) while
three were multicenter (27, 31, 34); eight were from East Asia (25,
27-31, 33, 34) and two were from Europe (26, 32); six used plain
EUS images (25, 27, 29, 30, 32, 34) while three used contrast-
enhanced EUS (CEUS) images (28, 31, 33) and one used grey-scale,
low-mechanical index (MI) contrast enhancement, high-MI color
Doppler, and real-time elastography multiple imaging techniques
(26); six studies used image classification algorithms (25, 26, 28, 30—
32), one (30) used object detection algorithms, and three (27, 33, 34)
used semantic segmentation algorithms; and six studies (25-27, 31-
33) tested the model on an image basis, while four (28-30, 34) tested
the model on a patient or video basis. The study aims, participant
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characteristics, types of lesions, and funding sources of the included
studies are listed in Supplementary Table S3.

3.2 Study characteristics and
data extraction

Tonozuka et al. (25) constructed a DL model using
convolutional neural networks to identify patients with a normal
pancreas (NP) versus those with chronic pancreatitis (CP) and
PDAC. A total of 139 patients were included in their study - 76 with
PDAC, 34 with CP, and 29 with NP, for whom the sensitivity and
specificity were 92.4% and 84.1%, respectively.

Udristoiu et al. (26) developed a convolutional neural network-
based CAD system with long short-term memory neural networks
to identify cases of chronic pseudotumoral pancreatitis (CPP),
PNET, and PDAC. A total of 65 patients were included in their
study — 30 with PDAC, 20 with CPP, and 15 with PNETs. The
overall accuracy of their model was 98.26%. In the meta-analysis, we
combined the sensitivity and specificity of these models for the
diagnosis of PNET and PDAC.
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Study Country/ Study Study Imaging Algorithm Standard Reference = Patients  Train set images(n) = Test set Tester Sensitivity  Specificity
Region Center design type (n)
T ki Customized Internal
onozuia Japan Single | Retrospective EUS ustomize Pathology 139 920 nterna DL 0924 0.841
2021 (25) CNN Image
Gray-Scale
Udristoiu CHI Customized Internal
’ i i i Pathol 2 DL 19821 .
2021 (26) Romania Single Retrospective cDI CNN athology 65 688 Image 0.98 0.9955
RTE
Oh Attenti Ext 1
Korea Multi Retrospective EUS ention Pathology 111 43 xerna DL 0.723 0.989
2021 (27) U-Net Image
H Int 1
uang China Single Retrospective CEUS SE-ResNeXt Pathology 104 2480 1 e‘ma DL 0.75 0.83
2022 (28) Patient
Kuwahara Japan Single Retrospective EUS EfficientNetV2 Patholo; 933 18318 Internal DL 0.94 0.82
2022 (29) P & P & Video ' ‘
Tian i X . Internal DL 0.95 075
2022 (30 China Single Retrospective EUS YoloV5s Pathology 157 807 Pati
(0) atient practitioner 0.8 0.875
Tong External DL 0.922 0.8571
2022 (31 China Multi Retrospective CEUS ResNet Pathology 558 351 L
G mage practitioner 0.857 0.81
VilasB Int 1
20;; (gzj Portugal Single Retrospective EUS Xception Pathology 28 4404 ?r::;: DL 0.983 0.989
Seo . . Internal
Korea Single Retrospective EUS DAF-Net Pathology 150 330 DL 0.84 0.981
2022 (33) Image
Tang Internal DL 0.923 0.923
2023 (34 China Multi Prospective CEUS UNet++ Pathology 1,284 4432 Vid
G4 1deo practitioner 0.885 0.846

CDI, High-MI color Doppler; CEUS, Contrast-enhanced endoscopic ultrasound; CHI, Low-MI contrast-enhancement; MI, Mechanical index; RTE, Real-time elastography.
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Oh et al. (27) used DL techniques to automatically segment PT
on EUS, and their study included 111 patients from 2 hospitals.
Their model was tested using internal and external test sets, and the
test results were extracted from the external test set for inclusion in
the present meta-analysis.

Huang et al. (28) combined DL with traditional machine
learning techniques to predict the preoperative invasiveness of
PNETs. A total of 104 patients were included in their study, and
the AUC of the DL model was 0.81 (95% CI, 0.62-1.00). We only
extracted the test results from the DL model for the present
meta-analysis.

Kuwahara et al. (29) created a DL model to distinguish between
pancreatic and non-pancreatic cancer (NPC) cases, and their study
included 933 patients with 9 pancreatic masses, including PDACs,
PNETs, and CP. The test results were extracted from the video test
set, and the accuracy and AUC of the DL model were 91% (95% CI,
85-95%) and 0.90 (95% CI, 0.84-0.97), respectively.

Tian et al. (30) performed a real-time diagnosis of PC or NPC
based on an object detection algorithm compared with the results of
EUS practitioners. Their study included 157 patients, 102 with PC
and 55 with NPC. The sensitivity and specificity of their model were
95% and 75%, respectively, while those for the EUS practitioners
were 80% and 87.5%, respectively.

Tong et al. (31) created a DL model for differentiating between
PDAC and CP. In their study, 558 patients were recruited from 3
hospitals, including 414 patients with PADCs and 144 with CP.
Data from one hospital were used for model training and internal
testing, while those from the other two were used as the two external
test cohorts. We combined the test results of the two external test
cohorts for the present meta-analysis.

Vilas-Boas et al. (32) constructed a DL model for the
identification of mucinous and non-mucinous pancreatic cystic
lesions (PCLs), in which they included a total of 28 patients — 17
with mucinous PCLs and 11 with non-mucinous PCLs. The overall
accuracy of their model was 98.5%.

Seo et al. (33) proposed a DL method for PC segmentation. A total
of 150 patients with PC were included in this study. The sensitivity and
specificity of this model were 89.0% and 98.1%, respectively.

Tang et al. (34) developed a DL-based CAD system to
distinguish PC from benign pancreatic masses, for which they
retrospectively collected the EUS images of 1,245 patients from
multiple centers for training and testing, and also recruited 39
patients for prospective testing. The CAD system achieved an
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accuracy, sensitivity, and specificity of 93.8%, 90.9%, and
100%, respectively.

We performed a meta-analysis of the aforementioned studies,
the results of which were the primary outcomes of the present study.
Of the 10 studies included in the present meta-analysis, three (30,
31, 34) compared the diagnostic abilities of the DL model with those
of the EUS practitioners. We extracted the data from these three
groups and performed a comparative analysis, which was the
secondary outcome of the present study.

3.3 Performance of DL

The pooled sensitivity of DL for diagnosing PT was 93% (95%
CI, 87-96%; I* = 96.08%), and the pooled specificity was 95% (95%
CI, 89-98%; I> = 98.09%) (Figure 3). The PLR was 18.2 (95% CI,
7.91-41.86), the NLR was 0.08 (95% CI, 0.04-0.15), and the DOR
was 238.04 (95% CI, 76.3-742.61) (Supplementary Figures S1, S2).
A PLR > 10 indicates that DL can accurately diagnose PT, while an
NLR < 0.1 indicates that DL can effectively exclude PT and a DOR
significantly > 1 indicates that DL has good discriminatory ability
for PT. We plotted SROC curves to provide a more comprehensive
assessment of the performance of the DL model (Figure 4), which
showed an AUC of 0.98 (95% CI, 0.96-0.99). The AUC value was
very close to 1, indicating that DL accurately diagnosed PT.

We evaluated the clinical application of DL in the diagnosis of PT
using Fagan plots (Figure 5). When the pre-test probability was set at
50%, the probability of positive patients being diagnosed with PT was
95%, while the probability of negative patients being diagnosed with
PT was 7%. These results indicate that DL has a high accuracy, and is
an important clinical tool for the diagnosis of PT.

3.4 Subgroup analysis and meta-regression

Although the pooled sensitivity, specificity, and DOR showed
excellent diagnostic performance for DL, the I* showed high
heterogeneity; therefore, we performed a subgroup analysis with
meta-regression to analyze the potential sources of heterogeneity.
The grouping conditions were as follows: (1) imaging type — normal
EUS images vs. other images, such as CEUS; (2) number of training
set images — regardless of whether or not the training set had >
1,000 images, using 1,000 divided the 10 studies equally into two
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Forest plot of sensitivity and specificity of deep learning (DL) in identifying pancreatic tumors.

parts; (3) test set data type — whether the test data were images, 3.5 Sensitivity analysis and publication bias
videos, or patients; (4) DL algorithm types - classification vs. other
algorithms; and (5) lesion type — solid vs. cystic lesions, the detailed We further analyzed the sources of heterogeneity in the included
classification is shown in Supplementary Table S3. The results of the  studies by performing a sensitivity analysis. After removing each study
subgroup analyses showed no statistically significant differences  individually, we examined whether sensitivity, specificity, and the
corresponding I* values changed significantly after each change.

After removing the study by Oh et al. (27), the sensitivity changed

between the subgroups (Table 2), indicating that the heterogeneity
in the meta-analysis was not due to these factors.
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TABLE 2 Subgroup analyses and meta-regression results.

Parameter Category

Studies(n) Sensitivity(95%Cl)

Specificity(95%Cl)

normal EUS 6 0.92(0.86-0.98) 0.95(0.89-1.00)

imaging type 0.18 0.75
others 4 0.94(0.87-1.00) 0.95(0.89-1.00)
>1000 5 0.96(0.93-0.99) 0.95(0.90-1.00)

training images number 0.77 0.90
<1000 5 0.88(0.80-0.96) 0.94(0.88-1.00)
image 6 0.93(0.88-0.98) 0.97(0.95-0.99)

test data type 0.54 0.26
video/patient 4 0.92(0.83-1.00) 0.86(0.71-1.00)
classification algorithm 6 0.95(0.92-0.98) 0.93(0.86-0.99)

DL algorithm 0.94 0.12
others 4 0.83(0.71-0.95) 0.98(0.94-1.00)
solid lesions 7 0.93(0.87-0.98) 0.94(0.88-0.99)

lesion type 0.40 0.25
contains cystic lesions 3 0.93(0.85-1.00) 0.97(0.93-1.00)
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from 93% (95% CI, 87-96%; I* = 96.08%) to 94% (95% CI, 89-97%;
I* = 87.1%), with the most significant change in I?, although the results
still suggested high heterogeneity. Given these results, no source of
heterogeneity was identified in the sensitivity analysis, and the overall
results of the meta-analysis were considered relatively stable.

Publication bias was evaluated using Deeks’ funnel plot
(Figure 6), which showed P = 0.39 (P >0.05), indicating that there
was no publication bias. Although Deeks’ test was performed, a high
publication bias could not definitively be excluded, due to the small
number of included studies.

3.6 DL vs. EUS practitioners

Of the 10 studies 3 (30, 31, 34) compared DL models with the
performance of EUS practitioners (Table 1). We performed a subgroup
analysis of these three data sets, with a resulting combined sensitivity of
92% (95% CI, 88-97%) vs. 86% (95% CI, 80-92%; P = 0.1), and
specificity of 86% (95% CI, 76-96%) vs. 84% (95% CI, 73-95%; P =
0.37), respectively. Although the DL model performed better than the
practitioners, the difference was not statistically significant. As the data
from only three groups were included in the comparison, the reliability
of the results requires further validation.

4 Discussion

DL techniques are being used more and more in clinical practice to
significantly improve diagnostic accuracy, stability, and efficiency. In
the present study, we performed a meta-analysis to comprehensively
evaluate the accuracy of DL-assisted EUS for the diagnosis of PT. A
total of 10 studies, encompassing 3,529 patients and 34,773 training
images, were included in the present study. The combined sensitivity
was 93% (95% CI, 87-96%), specificity was 95% (95% CI, 89-98%),

10.3389/fonc.2023.1191008

and AUC was 0.98 (95% CI, 0.96-0.99), indicating that the DL-assisted
diagnosis of PT is highly accurate. Additionally, we found that the DL
model had a better diagnostic ability than that of EUS practitioners,
although the difference was not statistically significant.

In the present study, we observed high heterogeneity among the
10 included studies; however, even though subgroup and sensitivity
analyses were performed, no sources of heterogeneity were
identified. In addition, smaller sample sizes, various DL
algorithms, parameter settings, image quality, and EUS devices
are possible sources of heterogeneity but need further investigation.

In addition to the high heterogeneity among the included studies,
the present meta-analysis had the following limitations (1): most of
the included studies were retrospective, while only one was
prospective - the clinical applicability of DL, therefore, needs to be
validated through more prospective studies; (2) most of the included
studies were single-center studies, with only three involving multiple
centers — due to differences in equipment and practitioner operating
habits, using data from a variety of centers may result in differences in
imaging, meaning the generalisability of the single-center trained
model requires further validation; (3) most of the included studies
involved populations from East Asian, with only two involving
European populations, meaning the results of these studies were
representative of only a certain population; and (4) some of the
included studies involved only a small number of patients, such as
one study (30) which included only 28 patients for training and
testing, meaning the small sample size may have led to sample bias.

Although we have initially validated the effectiveness of DL
models in the diagnosis of PT, these models are still in the clinical
exploration stage, and some aspects still need to be improved. One
such aspect is the availability of public datasets. Most medical
institutions are reluctant to share EUS imaging data for legal
purposes, the protection of patient privacy, or for information
security, making it difficult for researchers to conduct studies using
data from multiple centers. Therefore, there is an urgent need to
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establish a standard public EUS image database for future research.
Another such aspect is open source code. Although most studies used
public algorithms, using different parameter settings can affect the
results. The availability of open source code, however, could help
replicate research and promote the development of this field.

In recent years, emerging EUS-based techniques have shown
good performance in the diagnosis of pancreatic lesions (35-37),
with one study showing that the accuracy for diagnosing solid
pancreatic lesions using wet suction EUS-FNB is 90.4% (35), and a
meta-analysis showing that the sensitivity and specificity for
detecting malignant pancreatic cystic lesions using EUS-guided
through-the-needle biopsy (EUS-TTNB) were 97% and 95%,
respectively (36). These techniques, however, require physicians
with enhanced expertise and skills to be utilized effectively. As such,
one of the included studies constructed a DL-based real-time
assisted diagnostic system to guide EUS-FNA and improve the
accuracy and efficiency of diagnosing pancreatic masses (34).
Combining these new technologies with DL techniques is an
important direction for future technological development, and
further research is required to improve the efficiency and
accuracy of the clinical diagnosis of PT.

The present systematic review provides a comprehensive
introduction and quantitative analysis of current research on DL-
assisted EUS for the diagnosis of PT. The results of our meta-
analysis showed that DL has an excellent diagnostic capability, and
can be used as an effective diagnostic aid in clinical practice.
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Objective: Early chemoresistance and tumor mass progression are associated
with poor prognosis in pancreatic ductal adenocarcinoma (PDAC). Circulating
tumor cells (CTCs) have been studied as potential predictors of treatment
response and prognosis in PDAC; however, this approach has yet to be applied
in clinical practice. The aim of our study was to investigate the phenotypic
characteristics of CTCs and determine their predictive value for PDAC
progression.

Methods: We prospectively enrolled 40 patients who were pathologically
diagnosed with PDAC and collected blood samples at diagnosis, 2 months
after diagnosis, and during disease progression or recurrence. We used a
microfabricated filter-based enrichment system to retrieve and analyze CTCs,
which were classified using immunofluorescence staining (CD45, EpCAM, and
vimentin).

Results: Our study included 20 women and 20 men (median age, 66 years).
Overall, 45% of the patients (18/40) had disseminated disease, and 77.5% (31/40)
received chemotherapy. Multivariate analysis revealed that the total CTC count
and carbohydrate antigen 19-9 level at 2 months after diagnosis were associated
with disease progression (P<0.05). Linear mixed model analysis revealed that the
total CTC count and vimentin-positive CTCs were significantly correlated with
treatment response during chemotherapy (P=0.024 and 0.017, respectively).
Kaplan—Meier analysis showed that total CTC positivity at 2 months was
significantly associated with poor progression-free survival (P=0.038).
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Our study’s findings suggest that CTCs can serve as predictive

biomarkers of clinical outcomes in patients with PDAC receiving palliative
chemotherapy. In particular, the total CTC count and vimentin-positive CTCs
showed changes associated with the chemotherapy response.

KEYWORDS

pancreatic ductal adenocarcinoma, circulating tumor cells, prospective study,

biomarker, outcome

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a well-known
solid tumor with a poor prognosis. Despite technical advancements
in early diagnosis, treatment, and cancer management, the 5-year
survival rate remains low (1-3). Typically, patients with
unresectable PDAC receive chemotherapy, such as FOLFIRINOX
(fluorouracil, leucovorin, irinotecan, and oxaliplatin) or
gemcitabine/nab-paclitaxel, and the tumor response is evaluated
using imaging modalities or tumor markers, such as carbohydrate
antigen 19-9 (CA 19-9) and carcinoembryonic antigen (4-6). These
blood tumor markers are commonly used to diagnose and monitor
the treatment response of patients with PDAC; however, recent
studies have shown that circulating tumor cells (CTCs) may offer
more valuable insights (7, 8).

CTCs are an uncommon subpopulation of tumor cells found in
the peripheral blood of patients with cancer and are induced by
tumor angiogenesis. Therefore, CTCs are expected to be involved in
tumor invasion and metastasis (9, 10). Previous studies have shown
that CTC levels can change during several weeks of treatment and can
be used to investigate the effectiveness or resistance of treatments (7,
11, 12). Javed et al. Reported that persistent circulating tumor cells
after oncologic resection predict early recurrence in PDAC, with a
median time to recurrence of 3.9 months compared to 27.1 months in
those without such cells (13). Okubo et al. studied the number of
CTCs in patients with advanced PDAC before and after treatment
(7). They found that patients with progressive disease had a
significantly higher rate of positive CTCs (45.4%) compared to
those with stable disease or partial response (24.1%). This suggests
that changes in CTCs are linked to the tumor’s response to treatment.

However, prospectively designed sequential blood sampling
studies are rare, and the clinical role of CTCs subtypes in PDAC
has not yet been established. Therefore, in this study, we aimed to
investigate the phenotypic characteristics of CTCs and verify the
relationship between the chemotherapy response of PDAC and CTCs
by analyzing the count and change in CTC levels, sequentially.

Materials and methods

Ethics statement

This study was conducted in accordance with the ethical
guidelines of the 1975 Declaration of Helsinki, and all patients
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provided written informed consent for the use of their blood. This
study was also approved by the Institutional Review Board of
Yonsei University (IRB approval number: 4-2017-1161) and
registered with ClinicalTrials.gov (Identifier: NCT05745415).

Study design and patients

We prospectively investigated the predictive function of CTCs
in patients with PDAC. The study’s inclusion criteria are as follows:
(I) Men and women over 20 years of age with a histological
diagnosis of PDAC. (2) Eastern Cooperative Oncology Group
(ECOG) performance status of 0-1. (3) Life expectancy of greater
than 90 days, as assessed by the investigator. (4) Ability to provide
informed consent. (5) Presence of measurable disease according to
RECIST 1.1 criteria. The exclusion criteria are as follows: (1)
Patients who have received prior systemic anti-cancer therapy or
are currently receiving anti-cancer therapy. (2) Patients considered
unsafe for inclusion in the study by the investigator for any medical
or non-medical reason.

Data collection and definitions

Information on age, sex, tumor location, tumor size, tumor
stage, treatment, tumor response, and CA 19-9 levels was collected
from electronic medical records. Tumor response was assessed
using computed tomography every 2 months. The RECIST
(Response Evaluation Criteria in Solid Tumors) criteria define
three tumor response categories: Partial Response (PR) indicates a
significant decrease in tumor size (typically 230%), with no new
lesions or tumor progression elsewhere. Stable Disease (SD) refers
to no significant change in tumor size, and any changes are within a
limited range. Disease Progression (PD) is characterized by a
significant increase in tumor size (typically 220%), appearance of
new lesions, or worsening of existing lesions. Patients with PDAC
were divided into two groups based on their response to
chemotherapy. Responders were defined as patients whose best
response was partial response (PR) or stable disease (SD) after
chemotherapy. Non-responders were defined as patients whose best
response was progressive disease (PD) after chemotherapy.

Overall survival (OS) was defined as the interval from the date
of diagnosis to the date of death due to any cause or the last follow-
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up. Progression-free survival (PFS) was defined as the time interval
from the date of diagnosis to the date of disease progression
or death.

CTC acquisition and detection

Patient’s blood samples were obtained at the initial diagnosis
before treatment to standardize the time of sampling. For sequential
blood sampling, we collected samples immediately prior to the next
chemotherapy session to reduce the effect of previous chemotherapy
on CTCs. Samples were collected three times: at the initial diagnosis
(V1), 2 months later (V2), and at the time of tumor progression based
on the RECIST criteria (V3) (Figures 1A, B). A total of 7.5 mL of
blood was obtained and analyzed according to a previous protocol
(14). CTCs were isolated using the SMART BIOPSY SYSTEM
Isolation kit (cat no. CIKW10; Cytogen, Inc., Seoul, Korea) (15).
Briefly, blood samples were incubated with 20 pug/uL of a specifically
developed antibody cocktail from the kit, which targets white blood
cells (CD45) and red blood cells (globin). Then, the samples were
mixed with a pre-activation buffer, followed by density gradient
centrifugation at 400 g for 30 minutes at room temperature. Cell
suspensions containing CTCs were collected and gradually diluted
with a dilution buffer (Cytogen, Inc.). Next, the diluted cell
suspensions were filtered through an HDM chip (Cytogen, Inc.), as
previously described (Supplementary Figure 1A) (14). Cells on the
HDM chip were collected and transferred to microtubes.

A

10.3389/fonc.2023.1206565

For immunofluorescence staining, isolated cells were fixed on
slides in 4% paraformaldehyde for 5 minutes at room temperature
and then stored at 4°C until further processing. Cells on the slides
were permeabilized with 0.2% Triton X-100 in phosphate-buffered
saline (PBS) for 10 minutes at room temperature. Then, they were
blocked with 1% bovine serum albumin in PBS for 60 minutes and
incubated with primary antibodies for 60 minutes, followed by
incubation with secondary antibodies under the same conditions.
The following primary antibodies were used: mouse anti-EpCAM
(Cell Signaling Technology, Danvers, MA), mouse anti-cytokeratin
(Sigma-Aldrich, St. Louis, MO), rabbit anti-vimentin (Thermo
Fisher Scientific, Waltham, MA), and rabbit anti-CD45 (Cell
Signaling Technology). The secondary antibodies used were goat
anti-rabbit Alexa Fluor 647 (Thermo Fisher Scientific) and goat
anti-mouse Alexa Fluor 488 (Thermo Fisher Scientific). The slides
were mounted using the Fluoroshield Mounting Medium with
DAPI (ImmunoBioScience Corp.), stained cells were observed,
and images were captured using a fluorescence microscope
(Eclipse Ti; Nikon Corporation, Tokyo, Japan) with a 400x
objective. We defined the total CTC-positive cells as more than 2
CTCs in the patient’s blood.

Statistical analyses

Descriptive statistics are presented as medians (first quartile,
third quartile) or numbers (percentages). The Mann-Whitney U

‘ Patients with pancreatic ductal adenocarcinoma (n=40) ‘

Refuse chemotherapy (n=1)

v

Surgical resection (n=8)

‘ Patients with chemotherapy (n=31)

I

Serial blood sampling
1. Two times (n=24)
2. Three times (n=13)

DAPI

Responder group

Non-responder group

FIGURE 1

Vimentin

EpCAM/CK CD45

..

Study flow. (A) Patient enrollment flow. Forty patients with pancreatic ductal adenocarcinoma were prospectively enrolled in the present study. (B)
Representative images of circulating tumor cells. Responder Responders were defined as patients whose best response was partial response or
stable disease after chemotherapy. Non-responders were defined as patients whose best response was progressive disease after chemotherapy.
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test was performed to test group differences in continuous variables.
Various types of continuous CTC variables and the CA19-9 level
were measured twice. These outcomes were analyzed using the
linear mixed model method to assess the interaction effect between
group and time. A compound symmetry covariance structure was
assumed to address the within-subject effect. The association
between survival outcomes and the explanatory variables of the
CTC variable at each time point and baseline characteristic variables
was evaluated using Cox regression analysis. Variables with P-
values <0.05 in the univariate analysis were examined by
multivariate analysis. The survival rate was estimated using the
Kaplan-Meier method and compared between groups using the
log-rank test.

Statistical analyses were conducted using SAS, version 9.4 (SAS
Institute, Cary, NC) and R package software (version 4.0.4, http://
www.r-project.org/). Statistical significance was set at P<0.05.

Results
Patient characteristics

We analyzed 78 blood samples from 40 patients (Figure 1).
Baseline characteristics of the patients are presented in Table 1. Our
study included 20 women and 20 men (median age, 66 years).
Among the 40 patients, 9 (22.5%) were resectable and underwent
surgical treatment. Overall, 45% of the patients (18/40) had
disseminated disease, and 77.5% (31/40) received chemotherapy
as the initial treatment. Among the 13 patients who were treated
with the gem-based regimen, 12 patients received gemcitabine plus
nab-paclitaxel, and 1 patient received gemcitabine plus erlotinib.

Disease progression-related risk factors
during chemotherapy

Among 31 patients who received chemotherapy, 19 (61.3%)
showed disease progression. Risk factors for disease progression
were analyzed using univariate and multivariate Cox regression
analyses of data obtained from patients undergoing chemotherapy.
Univariate analysis indicated statistical significance in metastasis at
diagnosis, V2 CTCs, and V2 CA 19-9 (all, P<0.05). Multivariate
analysis indicated the statistical significance of V2 CA 19-9
(P=0.047) and near statistical significance of metastasis at
diagnosis (P=0.066) and V2 CTCs (P=0.056) (Table 2).

Correlation between the number of CTCs
and treatment response

The changing patterns of total CTCs and vimentin-positive CTCs
(VCTCs) over time revealed a difference between the responder and
non-responder groups. As shown in Figure 2A, the slopes of the lines
were significantly higher in the non-responder group than in the
responder group (total CTCs, P=0.024; vCTCs, P=0.017). The tumor
marker CA 19-9 level also increased in the non-responder group and
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TABLE 1 Patients’ demographics.

Variable INE:10)

10.3389/fonc.2023.1206565

Age, y 66 (61, 75)
Male sex 20 (50.0%)
Location
Head 22
Body 10
Tail 8
Tumor size, mm 33
Stage
I 9 (22.5%)
1II 7 (17.5%)
111 6 (15.0%)
v 18 (45.0%)
Chemotherapy
FOLFIRINOX 18
Gemcitabine-based chemotherapy 13

Tumor response after 2 months of chemotherapy

Progression 6 (19.4%)

Stable disease 15 (48.4%)

Partial response 5(16.1%)
CA 19-9 level, IU 426 (68.3, 2894)

Variables are expressed as n (%) and median (first quartile, third quartile).

Resectability was assessed according to the National Comprehensive Cancer Network
guideline.

FOLFIRINOX (fluorouracil, leucovorin, irinotecan, and oxaliplatin)

CA 19-9, carbohydrate antigen 19-9.

decreased in the responder group from visit 1 to visit 2 (P=0.027).
However, the EpCAM-positive CTC (eCTC) did not show an
association between change in the number of CTCs and treatment
response (P=0.822). We also compared the number of CTCs between
the V2 partial response group and disease progression group. The
total number of CTCs and vCTCs was significantly higher in the
disease progression group than in the partial response group (median
number 7 vs. 1, P=0.015) (Figure 2B).

Overall survival and progression-free
survival according to CTC positivity

The OS and PFS according to the total CTC status at three
different time points (V1, V2, and V3) are shown in Figure 3 and
Supplementary Figure 2. PFS was significantly longer in patients
with a negative total CTC after 2 months of chemotherapy than in
those with positive total CTCs (median PFS, 447 vs. 240 days,
P=0.038). Regarding OS, V2 total CTC positivity did not show a
survival difference (median OS, not reached vs. 336 days, P=0.065).
One-year survival rates of patients with negative and positive total
CTCs were 86% and 42%, respectively.
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TABLE 2 Results of univariate and multivariate analyses according to disease progression-related risk factors in patients who underwent
chemotherapy.

Univariate analysis

Multivariate analysis

HR (95% ClI) P-value C-index (95% Cl) HR (95% Cl) P-value
Age 1.007 (0.959, 1.058) 0.774 0.518 (0.348, 0.688)
‘Women vs. men 1.182 (0.475, 2.942) 0.719 0.525 (0.400, 0.650)
Metastasis at diagnosis 3.751 (1.258, 11.184) 0.017 0.627 (0.509, 0.746) 3.440 (0.920, 12.867) 0.066
Distant node (+) 2.352 (0.760, 7.278) 0.138 0.561 (0.466, 0.656)
V1 total CTCs, yes vs. no 0.889 (0.325, 2.434) 0.819 0.502 (0.373, 0.631)
V1 tumor size, mm 1.007 (0.976, 1.039) 0.668 0.529 (0.387, 0.671)
V1 CA 19-9 level, U/mL 1.004 (0.998, 1.011) 0.219 0.604 (0.455, 0.753)
V2 total CTCs, yes vs. no 3.122 (1.009, 9.658) 0.048 0.658 (0.556, 0.761) 3.250 (0.970, 10.896) 0.056
V2 tumor size, mm 1.018 (0.991, 1.045) 0.198 0.628 (0.482, 0.774)
V2 CA 19-9 level, U/mL 1.016 (1.006, 1.025) 0.001 0.683 (0.533, 0.833) 1.012 (1.000, 1.025) 0.047
Gemcitabine-based chemotherapy vs. FFX 1.552 (0.591, 4.073) 0.372 0.545 (0.413, 0.677)

HR, hazard ratio; CI, confidence interval; vs., versus; CTCs, circulating tumor cells; CA 19-9, carbohydrate antigen 19-9; V1, at the initial diagnosis; V2, 2 months later; FEX, FOLFIRINOX.
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FIGURE 2
(A) Mean profile plot. Linear mixed model to find the correlation between treatment response and circulating tumor cell (CTC) counts. The changing
pattern of CTCs over time according to the tumor response. The levels of total CTCs (P=0.024), vimentin-positive CTCs (vCTCs) (P=0.017), and
carbohydrate antigen 19-9 (P=0.027) are significantly correlated with patient prognosis. (B) The numbers of total CTCs and vCTCs after 2 months of
chemotherapy are significantly higher in patients who showed tumor progression than in those with a partial response. Values represent the
estimated means with standard error from linear mixed models.
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During chemotherapy, total circulating tumor cell (CTC) positivity is associated with progression-free survival in patients who were diagnosed with
pancreatic ductal adenocarcinoma (V3 total CTCs (+), P=0.021). (A) Progression-free survival, (B) overall survival.

Association between the total CTC count
and clinical tumor status

As shown in the representative patient example in Figures 4A-
C, we analyzed the trend of changes in the number of CTCs in
patients before chemotherapy, 2 months after chemotherapy, and
after disease progression. In representative cases, the total number
of CTCs reflected the treatment response in patients with PDAC
receiving chemotherapy.

Discussion

Our study was designed to investigate the association between
the number of CTCs in the blood of patients with pancreatic cancer
and their response to chemotherapy and prognosis. Blood samples
were collected from 40 patients at three time points: diagnosis, 2
months after diagnosis and treatment, and at the time of
progression. Therefore, it was confirmed that there was a
significant difference in the total number of CTCs between those
who progressed 2 months after diagnosis and those who did not.
Additionally, when the three time points were viewed serially, the
tendency of CA 19-9 and CTC values to increase over time differed
between the progression group and non-progression groups. The
presence of CTC was associated with PFS, but not with OS.
Subsequent chemotherapies may significantly influence the final
survival duration in pancreatic cancer. Additionally, it is essential to
consider that the prognosis of pancreatic cancer is fatal, and unlike
PES numerous factors can contribute to patient outcomes, such as
tumor size, age, sex, and tumor characteristics. Therefore, it is
challenging to attribute the patients’ survival solely to the presence
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of circulating tumor cells. In previous study, median OS was
significantly correlated with the percentage of patients who
received subsequent chemotherapy after first line chemotherapy
of their disease (16). Another study also reported that the positivity
of CTCs was not predictive of decreased OS but was associated with
tumor recurrence (17).

Considering the fatal prognosis of pancreatic cancer due to
unnoticeable early metastasis, CTCs are considered good candidates
for detecting distant invasion and metastasis (18). According to a
meta-analysis, CTC-positive patients had shorter OS and PFS than
CTC-negative patients (19). Pilot studies have demonstrated that
CTCs can also be detected in the premalignant stages of pancreatic
cancer; however, larger confirmatory studies are required (20).
These data suggest that CTCs may serve as predictive biomarkers
for pancreatic cancer before treatment (19). However, the
relationship between the prognosis of pancreatic cancer and
CTCs remains controversial, with inconsistent results in other
studies. Recent studies have also focused on the heterogeneity of
CTCs to classify and analyze their characteristics (21-23). For the
last three decades, technological advancements in the detection and
characterization of CTCs have allowed us to understand their
function in metastatic processes (24). To characterize cell
populations, mesenchymal markers, such as vimentin and N-
cadherin, and markers related to stemness, such as CD133, CD44,
and ALDH, have been used (25). Our study also analyzed CTCs by
dividing not only total CTCs, but also vimentin-positive CTCs and
EpCAM-positive CTCs. Additionally, reliable results were obtained
by analyzing CA19-9, which is widely used for prognostic analyses
in clinical practice.

Cancer cells often lose their epithelial characteristics and
acquire features of a more mesenchymal phenotype, a process

frontiersin.org


https://doi.org/10.3389/fonc.2023.1206565
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Lee et al.

A PreCTx PostCTx

FIGURE 4

10.3389/fonc.2023.1206565

PD

nd 4

@~ towaiCTC
- c1c

CTC count

6
4
2
0
PreCTx PostCTx PD
35
3
25
H
3 2
’L_> 15
O
- wotai CTC
05{ -m-crc
0
PreCTx PR PD
_, an
| 9/
45
4] -@-rwacrc
35 ] -#-wrc
£ 3
325
8
o 2
G 15
1
0.5
0
PostCTx PR PD

Representative cases of circulating tumor cell dynamics and correlation with treatment response (A—C). Arrows represent primary pancreatic tumors

and metastatic lesions.

referred to as epithelial-to-mesenchymal transition (EMT) (26).
Some CTCs undergo EMT, resulting in the down-regulation of
cytokeratin expression (27). In our study, the significant association
of vimentin-positive CTCs with prognosis highlights the potential
importance of mesenchymal-type CTCs in pancreatic cancer
management. Mesenchymal-type CTCs are known to possess
unique characteristics that may contribute to cancer progression,
metastasis, and treatment resistance (25). Understanding the
biological features of these CTCs can provide valuable insights
into the disease’s aggressive behavior and guide treatment decisions,
particularly given the highly active EMT process in PDAC. The
presence and significance of vimentin-type CTCs in the
bloodstream hold particular importance in this context. However,
it is also important to acknowledge the limitations associated with
the detection and analysis of mesenchymal-type CTCs. Their
relative rarity and dynamic nature in circulation can present
challenges in their reliable identification and quantification.
Additionally, the clinical implications of mesenchymal-type CTCs
should be interpreted in the context of other prognostic factors and
tumor characteristics.

In addition to CTCs, circulating tumor DNA (ctDNA) has been
widely investigated in the prognostic studies of pancreatic cancer.
According to a recent systematic review, increased detection of
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ctDNA showed a tendency toward more aggressive tumor behavior
and decreased OS and PFS (28). However, they have not yet entered
clinical routine owing to their inaccessibility and lack of
standardized methods for detection. Among the metastatic
subgroups, no correlation was found between the number of
KRAS mutations and PFS or OS (29). Despite the high prevalence
of KRAS mutations in pancreatic cancer, the ctDNA detection rates
are 50-75% in metastatic patients with pancreatic cancer, which is
lower than that in patients with breast or lung cancers, whose
detection rate is usually less than 70-80% (30). The use of ctDNA
in advanced-stage disease is also less appealing because of the low
rate of targetable mutations associated with Food and Drug
Administration (FDA)-approved medications (31).

Contrary to expectations, there was no significant difference
between the stages, and the number of CTCs did not show a
tendency to be higher in chemotherapeutic patients than in
surgical patients. This may be problematic because of the small
sample size and enrollment of patients at only one institution. As
the characteristics of cancer differ among patients, it is difficult to
simply compare the numbers. Comparisons within same patients
may be more important than CTCs number comparisons between
patients. Even if the difference between patients is small, it is
meaningful because the number of CTCs tends to increase in
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cases of metastasis, recurrence, or progression within a patient.
CTC identification rates of approximately 5-40% in several studies
using the FDA-approved CellSearch® technology were fairly
underwhelming for patients with PDAC (32-34). In our study,
the detection rate of CTCs was not very high; therefore, there was a
limitation in the statistical analysis. The cut-off number of CTCs
was different for each study, and there is no unified standard yet.
Usually, the cut-off number of CTCs dividing CTC positivity/
negativity is >3 CTCs/4 mL (12, 35) or 22 CTCs/4 mL (36). In
our study, a cut-off of >3 CTCs/7.5 mL had meaningful results when
comparing the progression and non-progression groups. And,
validation through flow cytometry is necessary to confirm the
presence of circulating tumor cells. Large-scale prospective studies
are needed to clarify the issue of CTCs counts and its impact on
chemo-response prediction in the future.

Despite these limitations, our study obtained significant results by
comparing and analyzing the number of CTCs in patients with
pancreatic cancer by dividing the patients into those with and
without progression at a single time point. Moreover, it is
meaningful in that it was possible to see the change in the CTC
count of each patient by serially tracking 40 patients and collecting
the CTC count at different time points. Through this, a comparison of
the number of CTCs within each patient was meaningful. In our
study, not only the number of CTCs but also the CA19-9 levels of the
patients were measured, confirming a similar trend. Similar to other
studies, this approach has the advantage of obtaining more accurate
results when predicting the prognosis of patients with pancreatic
cancer by combining the CA19-9 level and CTCs (19, 21).

In conclusion, we confirmed the significant correlation between
the number of CTCs and advanced pancreatic cancer. In addition, it
was confirmed that the ratio of the number of CTCs increased over
time in the group with poor prognosis compared to the group with a
good response to treatment. Thus, it is expected that CTCs can help
predict the prognosis of patients with pancreatic cancer.
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Utility of interventional
endoscopic ultrasound
INn pancreatic cancer
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and Bharat Paranandi

Department of Gastroenterology, Leeds Teaching Hospitals NHS Trust, Leeds, United Kingdom

Endoscopic ultrasound (EUS) has an important role in the management
algorithm of patients with pancreatic ductal adenocarcinoma (PDAC), typically
for its diagnostic utilities. The past two decades have seen a rapid expansion of
the therapeutic capabilities of EUS. Interventional EUS is now one of the more
exciting developments within the field of endoscopy. The local effects of PDAC
tend to be in anatomical areas which are difficult to target and endoscopy has
cemented itself as a key role in managing the clinical sequelae of PDAC.
Interventional EUS is increasingly utilized in situations whereby conventional
endoscopy is either impossible to perform or unsuccessful. It also adds a different
dimension to the host of oncological and surgical treatments for patients with
PDAC. In this review, we aim to summarize the various ways in which
interventional EUS could benefit patients with PDAC and aim to provide a
balanced commentary on the current evidence of interventional EUS in
the literature.

KEYWORDS

pancreatic cancer, pancreatic ductal adenocarcinoma, endoscopic ultrasound,
interventional endoscopy, pancreatobiliary endoscopy

1 Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a disease with a poor prognosis and an
estimated 5-year survival rate of <10% (1). Survival trends have remained static over time
in comparison with other forms of cancer (2). The recent Bratislava Statement highlights
PDAC as part of a group of ‘neglected cancers’ due to the lack of effective treatments and
visible research efforts in the understanding and treatment of the disease (3). This has
galvanized position papers and statements in eminent publications to place PDAC in the
spotlight as a disease in need of concentrated research in a bid to improve outcomes (4, 5).
Undoubtedly, PDAC is a disease that requires a multi-faceted approach including surgeons,
oncologists and endoscopists amongst other highly valued professionals. Therefore, there
are multiple avenues for research and innovation in PDAC that will require coordinated
involvement of separate disciplines.
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Endoscopic ultrasound (EUS) was developed in the 1980s. It
permits sonographic visualization of the linings of the digestive
tract and the solid organs beyond it. Evaluation of the entire
pancreatobiliary system from the upper digestive tract is possible.
Since its inception, EUS has established itself as an invaluable and
complementary tool in the diagnosis (including tissue acquisition)
and staging of PDAC, alongside other imaging modalities (6, 7).
Locoregional staging information obtained via EUS is often used in
conjunction with other modalities to finalize decision making
regarding suitability of resection.

Over the past decade, innovation and technological advances
have led to endoscopists pushing the boundaries of EUS, unlocking
its potential to establish it as an interventional tool for various
clinical indications (8). EUS has the unique ability of accessing
difficult to reach areas within the body in a minimally invasive
fashion. This is particularly advantageous in treating and managing
sequelae of PDAC given the deep location of the pancreas.

In this review, we aim to provide a balanced overview of
interventional EUS, and highlight areas of potential future research.

2 EUS-guided interventions in
pancreatic cancer

2.1 EUS-guided biliary drainage

Over the past decade, there has been widespread, international
adoption of therapeutic EUS. With regards to biliary drainage, EUS
allows the operator to sonographically identify and visualize the
entire biliary tract. As such, this opens up an avenue for which the
biliary tract can be accessed for purposes of intervention and
decompression in patients with biliary obstruction. The first
reported case of endoscopic ultrasound guided biliary drainage
(EUS-BD) was by Giovannini, et al. in 2001 (9). They described
the use of directly accessing the biliary tract from the duodenum
with the use of a needle-knife (an accessory that applies diathermy
to cut through tissue) under EUS guidance, with subsequent
placement of a plastic stent into bile duct, effectively creating a
choledocho-duodenal tract.

Since then, EUS-BD has evolved significantly and has become
more sophisticated in terms of expanding the possible routes of
access into the biliary tract via the development of dedicated
accessories. Nowadays, EUS-BD is an umbrella term for various
techniques which be broadly classified into two main routes:
transmural drainage via creation of an extra-anatomical tract with
a stent or via the transpapillary route with a rendezvous technique
or an antegrade approach (10, 11). The in-depth technical
descriptions of each approach is outside the scope of this review
but it is important to be aware of the different options in EUS-BD
which are available (12).

2.1.1 EUS guided biliary drainage in patients with
pancreatic cancer

Obstructive jaundice is a common presentation throughout the
course of the disease length in patients with PDAC. Biliary
decompression via endoscopic retrograde cholangiopancreatography
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(ERCP) is considered the first line treatment in these patients (13).
However, ERCP may be unsuccessful in up to 15% of patients for a
variety of reasons, which include failure to cannulate the biliary tract,
surgically altered anatomy, duodenal stenosis and malignant
infiltration of the papilla (14, 15). Historically, percutaneous
transhepatic biliary drainage (PTBD) or surgical bypass were
alternative approaches following unsuccessful ERCP. PTBD is more
likely to be utilized as a rescue procedure, however, there is a high
likelihood of morbidity relating to adverse events, pain, multiple re-
interventions and a detrimental impact on quality of life (QOL) (16-
18). A recent network meta-analysis comparing rescue procedures after
ERCP failure in patients with malignant distal biliary obstruction
(MDBO) demonstrated similar technical and clinical successes
between EUS-BD, surgical bypass and PTBD; although there was a
trend towards higher adverse events in the PTBD group (19).

Both transmural and transpapillary routes of drainage are viable
options for biliary decompression in jaundiced patients with PDAC.
However, the transpapillary route requires the operator to negotiate
a guidewire across the malignant stenosis which can prove
challenging and time-consuming. Furthermore, transpapillary
drainage via the rendezvous route would be impossible in certain
patients such as those with concomitant malignant duodenal
stenosis. As such, the transmural route is preferred in these cases.

There are two main options for transmural drainage via EUS-
BD: placement of a plastic or metal stent after forming a conduit
between the extrahepatic bile duct and the duodenum (Figure 1.
choledochoduodenostomy, or CDD), or a conduit between the
intrahepatic left sided bile ducts and the stomach (Figure 2.
hepaticogastrostomy, or HGS). In patients with PDAC, EUS-
CDD is preferable. This is because the level of malignant
obstruction is in the distal biliary tree, therefore the close
proximity of the proximally dilated extrahepatic bile duct to the
duodenal wall with its relatively fixed position in the
retroperitoneum renders access more straightforward (20).
However, there may be some patients in whom EUS-CDD is not
technically feasible; for example a lack of endoscopic duodenal
access, an inadequately dilated bile duct or with paraduodenal
varices precluding a safe window for access into the bile duct. In
these situations, EUS-HG may be preferable as long as there is no
disease affecting the plane between the left lobe of the liver and the
stomach. Nevertheless, both options are viable in their respective
individual circumstances, and in expert hands, are similar in terms
of safety and success (21).

These techniques require multiple steps and accessory
exchanges which can be time consuming, potentially increasing
the risk of adverse events such as bile leakage and
pneumoperitoneum (22, 23). Lumen apposing metal stents
(LAMS) have gained popularity in recent times due to their
versatility in various innovative applications within the digestive
tract, and also particularly the relative ease and speed of deployment
as a single step device. LAMS was initially developed for drainage of
pancreatic fluid collections (24) but has rapidly cemented its
position as the device of choice for EUS-BD in patients with
MDBO. The saddle-shaped, biflanged design of the stent permits
apposition between the bile duct and the duodenum as an anti-
migratory measure whilst the mesh of the stent is covered to prevent
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FIGURE 1

(A) Fluoroscopic image demonstrating successful creation of a choledochoduodenostomy with a lumen apposing metal stent. (B) Axial computed
tomography image of the same patient showing the position of an appropriately placed choledochoduodenostomy stent

bile leakage. Due to its unique design, it can only be deployed via the
CDD route. The popularity of EUS-CDD with a LAMS has led to an
influx of large case series in the literature from various geographical
regions across the world and this route of biliary drainage has
become the first choice in patients with MDBO (25-33).

A recent meta-analysis evaluating the outcomes of EUS-CDD
with LAMS of 284 patients (of which the majority were patients
with MDBO) across 7 studies demonstrated a pooled technical
success rate of 95.7% (95% CI 93.2-98.1), clinical success rate of
95.9% (95% CI 92.8-98.9) and post procedure adverse event rate of
5.2% (95% CI 2.6-7.9).

Lastly, biliary decompression via drainage of the gallbladder in
patients with a patent cystic duct could be considered if other forms
of EUS-BD were not possible. This can be achieved by placement of
a LAMS under EUS guidance draining the gallbladder into the

duodenum or the stomach. Two recent studies of this technique in
patients with MDBO have reported high technical and clinical
success rates (34, 35).

2.1.2 Safety of EUS-BD

Just like with any novel intervention, it would be expected that
the safety and adverse event profile associated with EUS-BD evolves
over time as more experience with the procedure is accrued and best
practice is shared via collaborative work. Wang, et al. reported a
systematic review of the safety of EUS -BD, comprising of 1192
patients over 42 studies (36). They demonstrated a cumulative
adverse event rate of 23.32% which included events such as bleeding
(4.03%), bile leaks (4.03%), pneumoperitoneum (3.02%), stent
migration (2.68%), cholangitis (2.43%), abdominal pain (1.51%),
and peritonitis (1.26%). The rate of pancreatitis was 0.5%, which

FIGURE 2

(A) Fluoroscopic image of contrast opacifying the left sided intrahepatic ducts with placement of a hepaticogastrostomy stent. (B) Gastric end of the

stent protruding from the cardia into the gastric lumen.
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represents a much lower rate than is expected from ERCP.
Although uncommon, pancreatitis after EUS-BD could still occur
if there was an immediate prior attempt at ERCP or if techniques
which involve instrumental manipulation in the vicinity of the
major papilla and pancreatic duct orifice were attempted.

One of the major limitations of the systematic review by Wang,
et al. was the heterogenous study population due to their inclusion
of the different EUS-BD techniques. A meta-analysis specifically
evaluating the use of LAMS for EUS-CDD demonstrated a pooled
adverse event rate of 5.6% amongst 284 patients from 7 studies, with
the following occurrence of adverse events: bleeding (2.5%),
perforation (1.5%), cholangitis (1.5%), bile leaks (1.2%) and
abdominal pain (1.2%) (37). Crucially, they also demonstrated
that the pooled rate of recurrent jaundice was 8.7% over the
follow-up period with 90% of cases being due to obstruction of
the lumen of the LAMS and the rest due to migration of the LAMS.

The duration of stent patency, recurrent jaundice and repeated
cholangitis after LAMS insertion at EUS-CDD in patients with
MDBO have been increasingly recognized to be a potential
hinderance in causing delays in the patients’ pathway with
interruptions to oncological treatment, repeated hospitalizations
and compromise to their physiological reserves. It is hypothesized
that stent dysfunction relating to reflux of enteric contents leads to
blockage of the lumen of the LAMS. The risk of this is particularly
amplified by the presence of gastric outlet obstruction from
duodenal stenosis due to the increased volume of stagnant enteric
contents (38). Vanella, et al. evaluated the risk of development of
stent dysfunction of LAMS in 93 patients with MDBO and
demonstrated a stent dysfunction rate of 31.8% after a mean
follow-up period of 166 days (39). They also devised a unique
classification of stent dysfunction demonstrating the various
mechanisms in which patency of the LAMS could be
compromised, and detailing the different endoscopic rescue
strategies which was successful in the majority of patients.

2.1.3 Comparison of EUS guided biliary drainage
versus percutaneous biliary drainage

Since the inception of EUS-BD, it has challenged PTBD as the
salvage procedure of choice in patients with MDBO after an
unsuccessful ERCP. In 2012, Artifon, et al. performed the first
randomized controlled trial (RCT) comparing both procedures
(EUS-BD, n=13; PTBD, n=12) after unsuccessful ERCP with
patients with MDBO (40). They demonstrated a 100% technical
and clinical success rates in both groups, with a similar safety profile
and cost effectiveness. Further RCT's have demonstrated there were
a lower risk of adverse events and re-intervention rates in patients
undergoing EUS-BD compared to PTBD (41, 42). These results are
backed up by a number of meta-analyses reporting EUS-BD to be of
similar efficacy to PTBD (43-45).

One of the major deficits in the literature relates to the relative
dearth of comparator studies evaluating the QOL after both
modalities. In the RCT by Lee, et al, they demonstrated no
difference in QOL between both groups, despite a lower rate of
adverse events and re-intervention rates in the PTBD group (41). A
prospective, multi-centre trial designed as a non-inferiority trial to
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assess PTBD against EUS-BD in patients with MDBO after
unsuccessful ERCP is underway, although interestingly the
authors have not included QOL as an outcome measure in their
trial design (46).

The other limiting factor in widespread uptake of EUS-BD is the
fact that these procedures tend to only be available in tertiary
hospitals and performed by expert endoscopists whereas PTBD is
within the repertoire of most interventional radiologists. Local and
regional networks play a part in determining which procedure a
patient should be offered after a failed ERCP. Nevertheless, EUS-BD
is widely recognized and recommended to be the salvage procedure
of choice as long as it is feasible and there is available expertise (47).

2.1.4 Comparison of EUS guided biliary drainage
versus ERCP

ERCP remains the first-line modality for biliary decompression
but can be unsuccessful in up to 15% of cases (14, 15). There are also
associated risks of adverse events, particularly post-ERCP
pancreatitis, with an incidence of up to 14% depending on
underlying risk factors (48). The theoretical advantage of avoiding
pancreatitis in patients undergoing EUS-BD as opposed to ERCP is
also attractive.

Several studies have explored primary EUS-BD versus ERCP in
patients with inoperable MDBO. Two RCTs by Bang, et al. and
Paik, et al. demonstrated similar technical and clinical successes
following EUS-BD and ERCP (49, 50). In both studies, EUS-BD was
performed via a CDD route with the ‘traditional’ approach;
entailing a multi-step procedure and subsequent placement of a
tubular metal stent draining the bile duct into the duodenum.
Similar results were demonstrated by another RCT by Paik, et al.
who evaluated EUS-BD done via two different routes (‘traditional’
EUS-CDD with tubular metal stents and EUS-HG) (51). A meta-
analysis of these RCTs (and including a fourth study, which was a
retrospective cohort study) demonstrated similar efficacy and safety
between both groups, but EUS-BD was associated with increased
stent patency compared to ERCP (52).

It is crucial to point out that the above studies included only
patients who had a ‘traditional’ EUS-CDD with tubular metal
stents. Due to the increasing popularity and convenience of
LAMS, most institutions have adopted this technique as the one
of choice for EUS-CDD. The DRA-MBO RCT was recently
published by Teoh, et al, being the seminal paper in the literature
evaluating primary EUS-CDD with LAMS against ERCP in patients
with inoperable MDBO. They demonstrated similar outcomes in
clinical success, 30 day mortality, adverse events and 1 year stent
patency rates between both groups (53). There was a stark difference
between the technical success rates as EUS-CDD demonstrated a
significant advantage over ERCP (96.2% vs 76.3%, p< 0.001). Even
by exclusion of those patients who had an inaccessible papilla, there
was still a 15% technical failure rate of ERCP, which illustrates the
challenges of an ERCP in patients with MDBO and potentially
strengthens the argument for primary EUS-CDD in patients with
MDBO. However, generalized applicability of EUS-CDD could be
hindered by anatomical factors. In the DRA-MBO study, an
instance of technical failure occurred due to the presence of
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paraduodenal varices. An inadequately dilated bile duct could also
be a relative contraindication with a diameter of 15mm typically
suggested as a cut-off value (30). In essence, individualized decision
making taking into account the patient’s anatomy as evaluated by
pre-procedural cross sectional imaging is key. Table 1 summarizes
the key results of the current evidence base for RCTs evaluating
EUS-BD versus ERCP.

2.1.5 EUS guided biliary drainage in patients with
operable disease

Up to 15-20% of patients with PDAC have disease that is
operable at the time of diagnosis (54) and there is a rationale for
pre-operative biliary decompression to restore the homeostatic
mechanisms that is otherwise hampered by obstructive
cholestasis. This includes, but is not limited to, the role of bile
and bile acids in coagulation, immunoregulation and nutritional
absorption (55, 56). The hypothetical benefit of improved surgical
outcomes and overall survival after pre-operative biliary drainage
remains debated with some evidence that avoiding pre-operative
drainage may be more beneficial (57, 58). However, this may be
influenced by the growing evidence of neo-adjuvant treatment, and
the need for biliary drainage to facilitate this treatment, in patients
with both borderline operable and operable disease (59). In the real
world, there is no dogmatic approach towards pre-operative
drainage and there is variation in practice, taking into account
each individual patient’s condition, logistical scheduling and
institutional preferences.

Real world data on pre-operative outcomes of ERCP was
encapsulated by the Dutch Pancreatic Cancer audit. Latenstein,
et al. demonstrated that 575 out of 1056 patients with resected
pancreatic head or periampullary tumours underwent pre-operative
endoscopic drainage, with an overall endoscopic related
complication rate of 18.6% (pancreatitis in 8.2% and cholangitis
in 7.5%) (60). The development of post-ERCP pancreatitis in
particular could preclude successful surgical resection in patients
who may have been deemed operable at the time of presentation

10.3389/fonc.2023.1252824

due to deconditioning from the episode of pancreatitis, malignant
progression of the disease whilst undergoing a period of
convalescence, or creating a hostile surgical field at the point of
operation rendering the resection technically impossible. As such,
the benefit of EUS-BD over ERCP in these situations is the
avoidance of pancreatitis (which would be the case if attempted
ERCP was not performed beforehand). This would of course, have
to be balanced with the other adverse events associated with EUS-
BD, particularly bile leaks and biliary peritonitis (61), which is not
associated with ERCP but may be circumvented by the usage of a
LAMS due to its unique design.

There remains reticence regarding the applicability of EUS-BD
in patients with operable disease and understandable concerns
regarding subsequent surgical resection. There is increasing
evidence that EUS-BD does not hinder subsequent
pancreaticoduodenectomy, although this only applies to EUS-
CDD as the choledochoduodenostomy tract and stent lies within
the surgical resection field. This has been demonstrated by several
studies (30, 32, 49, 62, 63).. Janet, et al. also included a comparator
cohort group of patients who underwent ERCP and demonstrated a
lower rate of post-operative complications in patients who had
EUS-CDD (77.3% vs 93.7%, p=0.01) but no differences in the R0
resection rates, overall survival and progression free survival rates
between both groups (63). With the caveat that this was a
retrospective study, it adds to the body of evidence supporting
EUS-CDD as a viable modality of biliary drainage in patients with
operable disease, and instill the confidence in developing future
RCTs comparing EUS-CDD against ERCP as a primary modality of
biliary decompression in patients with resectable disease.

2.1.6 Conclusion

The increasing body of evidence supporting the use of EUS-BD
has led to it superseding PTBD as the salvage procedure of choice
after unsuccessful ERCP in the European Society of Gastrointestinal
Endoscopy (ESGE) guidelines (47) and Asia-Pacific expert
consensus guidelines (64). Compared to EUS-BD, PTBD tends to

TABLE 1 Key results of available randomized controlled trials in the literature evaluating endoscopic ultrasound guided biliary drainage versus
endoscopic retrograde cholangiopancreatography for malignant distal biliary obstruction.

Authors Technical

success

Year

Groups

Adverse Re-interventions

Events

Clinical
success

Bang, et al 2018 EUS-BD (n=33) 90.9% 97% 21.2% 3.0%
ERCP 94.1% 91.2% 14.7% 2.9%
(n=34) p=0.67 p=0.61 p=0.49 p=0.99

Park, et al 2018 EUS-BD 93% 100% 0% Not reported
(n=15) 100% 93% 0%
ERCP p=1.00 p=1.00
(n=15)

Paik, et al 2018 EUS-BD 93.8% 90% 6.3% 15.6%
(n=64) 90.2% 94.5% 19.7% 42.6%
ERCP Non-inferiority for EUS-BD reported p=0.49 p=0.03 p=0.001
(n=61)

Teoh, et al 2023 EUS-BD 96.2% 93.7% 16.5% 10.5%
(n=79) 76.3% 90.8% 17.1% 12.1%
ERCP p=<0.001 p=0.559 p=1.00 p=0.48
(n=76)
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be more readily available and not necessarily limited to tertiary
instititutions, which is the case in the United Kingdom, although
neither will be able to be provided out of hours at all times.
Therefore, it is recommended that a tertiary institution creates
arrangements within a regional network to provide an EUS-BD
service for neighbouring ERCP providers. It must be said that there
will still be a role for PTBD in patients with MDBO, for example in
an acutely cholangitic or severely jaundiced patient where access to
EUS BD is not available or if the procedure is not
technically feasible.

The status quo of ERCP as the modality of choice for biliary
decompression in patients with MDBO is also being challenged.
This makes sense if the capabilities of EUS are maximally utilized in
patients with MDBO; being able to obtain tissue, stage the disease
and drain the biliary tract in one seating. The major limitation in
affirming EUS-BD as the standard of care would be the fact that
expertise is confined to tertiary institutions. Further studies are also
required to identify specific cohorts of patients who would benefit
most from primary EUS-BD.

2.2 EUS guided gastrojejunostomy

EUS guided gastrojejunostomy (EUS-GJ) was first reported by
Binmoeller and Shah in 2012 (65). Although various techniques
exist, the core premise is the endosonographic identification of a
jejunal limb from the stomach and creation of a conduit between
the stomach and the jejunum with the placement of a LAMS,
thereby creating a preferential passage of food through this artificial
conduit (66, 67). The key steps of EUS-GJ are summarized in
Figure 3. Therefore, EUS-GJ confers a minimally invasive approach
whilst placement of the stent at a distance away from the site
obstruction, obviating the risk of tumour ingrowth into the stent,
thereby reduces the chances of stent dysfunction and re-
intervention rates.

2.2.1 Gastric outlet obstruction

Gastric outlet obstruction (GOO) in patients with PDAC is
characterized by localized tumoral infiltration of the distal stomach or
duodenum, causing mechanical obstruction. Symptoms of GOO
comprise early satiety, abdominal pain, nausea, vomiting, weight loss
and failure to thrive (68). GOO may manifest at all stages of the disease
course in PDAC and, if left untreated, will be a detriment to patients’
QOL and nutrition status, potentially rendering them unsuitable for
surgical or oncological therapies (69). It should be noted that the
majority of studies evaluating malignant GOO have a heterogenous
study population by inclusion of patients with other malignancies in
addition to those with PDAC, for example gastric cancer, duodenal
cancer, and metastatic disease from other primaries.

Prior to the advent of interventional EUS, the mainstay of
treatment in patients with malignant GOO was either endoscopic
enteral stenting (ES) or a surgical gastrojejunostomy (S-GJ), via an
open or laparoscopic approach (70, 71). ES has the benefit of being
minimally invasive but its efficacy diminishes over time as GOO
recurs when there is tumor ingrowth through the mesh of the stent
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or stent dysfunction occurs. On the contrary, S-GJ provides longer
lasting patency to enable oral intake but is invasive and requires the
patient to have a physiological and nutritional threshold to
withstand an operative procedure (69).

Despite the relatively common incidence of malignant GOO,
only three small RCT's exist with 27, 18 and 39 patients respectively.
All three studies evaluated (72-74) ES against S-GJ, demonstrating
shorter procedural time, quicker restoration of oral diet and shorter
length of stay (LOS) in the ES group. However, the SUSTENT study
demonstrated lower rates of re-intervention and longer lasting relief
of GOO in the S-GJ group (74).

Since then, a large number of retrospective comparator studies have
sought to compare various outcomes between ES and S-GJ. A recently
published comprehensive meta-analysis compared 3,128 ES patients
and 2,116 S-GJ patients across 39 studies (75). The authors
demonstrated that the ES group had a shorter LOS, quicker
restoration of oral diet and less surgical site infections. However, there
was a greater risk of re-intervention (risk ratio 2.60, 95% CI 1.87 to 3.63,
p <0.001), less likely to undergo adjuvant palliative chemotherapy (risk
ratio 0.81, 95% Cl 0.70 to 0.93, p=0.004) and a shorter survival time
(mean difference -24.77 days, 95% Cl — 45.11 to —4.43, p=0.02) in the
ES group compared to the S-GJ group. The difference in survival time
and commencement of palliative chemotherapy may be explained by
the selection bias in patients undergoing ES, with these patients being
more likely to have a poorer prognosis compared to patients in the S-GJ
group. This point was succinctly expressed in an editorial by Adler (76)
and it remains a limitation in drawing definite conclusions from
retrospective studies, although it is clear that both ES and S-GJ
remain viable options depending on the individual patient’s
circumstances. S-GJ could be considered ahead of ES in patients with
a good performance status and a life expectancy of over 3-6 months
(77). It has to be noted that oncological advances have led to improved
life expectancy in such patients. In patients who underwent ES
successfully with sustained improvements in their nutritional status
and are able to withstand a subsequent chemotherapy regimen, their
prognosis is likely to exceed the initial expectations and it is this cohort
of patients who may encounter stent dysfunction as time passes.
Therefore, ES should be considered in patients who clearly have a
prognosis which can be measured in weeks or short months.

2.2.2 Safety of EUS guided gastrojejunostomy

EUS-GJ is firmly placed in the highest echelons of an interventional
endoscopist’s skillset, and there is evidence that even an expert
endoscopist has to scale a learning curve before achieving proficiency
(78). It involves multiple steps, with little margin for error and requires
significant technical and cognitive expertise to rectify errors, should they
occur. Two meta-analyses have demonstrated the overall adverse event
rate of 10-12%, including events such as bleeding, peritonitis, abdominal
pain and stent misdeployments (79, 80).

A large retrospective review of 467 procedures from 12 tertiary
institutions demonstrated a stent misdeployment rate of 9.85% (81).
Although most were classed as mild to moderate, which could be
managed endoscopically, there was a surgical intervention required
in approximately 11% of cases. Therefore, if rescue surgery is
required, this is likely to be of high risk due to the fact that these

frontiersin.org


https://doi.org/10.3389/fonc.2023.1252824
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

On et al.

‘._:‘ =

FIGURE 3
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(A) Radiological evidence of gastric outlet obstruction. (B) Fluoroscopic capture of the stenosis being bypassed with a wire passed down an
endoscope with contrast infused into the jejunum to identify a suitable limb for gastrojejunostomy formation. (C) Endosonographic views of a
distended jejunal bowel loop and successful placement of a lumen apposing metal stent. (D) Endoscopic view following successful EUS guided
gastrojejunostomy with reflux of methylene blue stained contrast solution into the stomach.

patients have an impaired physiological reserve resulting from their
underlying disease state and a degree of malnutrition.

2.2.3 EUS guided gastrojejunostomy vs
endoscopic enteral stenting and surgical
gastrojejunostomy

To date, there has not been any prospective RCT evaluating EUS-GJ
against ES although there are a plethora of retrospective studies
comparing both modalities (82-87). In all studies, the technical
success of EUS-GJ was comparable to ES. In terms of clinical success,
the results are less clear cut with some evidence to suggest that EUS-GJ
is advantageous over ES (84, 85, 87). Of note, the reporting of clinical
success and adverse events was variable across the studies with a mixture
of definitions used in the literature. The study by Jaruvongvanich, et al.
reported a significantly higher rate of adverse events in the ES group
(38.9% vs 8.6%) although the majority of these events were related to
stent obstruction or tumour ingrowth rather than procedural related
adverse events (85). As would be expected, re-intervention rates were
lower in patients who had an EUS-GJ (83-85, 87).

With regards to S-GJ in comparison with EUS-G]J, all studies are
retrospective (82, 85, 88-93). In general, both technical and clinical
success were similar between the groups. The inclusion of both open
and laparoscopic approaches for S-GJ added additional heterogeneity,
which may also account for higher adverse events in some studies,
including bleeding, infection, anastomotic breakdown and ileus (85, 88,
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89, 92). Crucially, the studies by Kouanda, et al. and Abbas, et al.
demonstrated a shorter time to starting oncological treatment in the
EUS-GJ group (88, 91). The study by Pawa, et al. showed that patients
who underwent EUS-GJ had a shorter length of stay (4.3 vs. 8.2 days, p
= 0.0009) and resumed oral diet quicker (1.0 vs. 5.8 days, p < 0.0001)
compared to those who had a S-GJ via a robotic approach.

A meta-analysis concluded that clinical efficacy was of equal parity
between all three modalities with similar safety profiles. Procedure
related bleeding was least common but re-intervention rate was most
common in the ES group (94). Although EUS-GJ has become
increasingly popular, until the results of prospective studies are
carried out, it is difficult to draw any firm comparisons. The
American Society of Gastrointestinal Endoscopy (ASGE) guidelines
for management of GOO published in 2021 acknowledges EUS-GJ
within the evidence base but has not made any recommendations for its
application (95). The ESGE guidelines for interventional EUS published
in 2022 recommend EUS-GE as an alternative to ES or S-GJ but stop
short of making specific criteria for choosing one over the other (47).

2.2.4 Conclusion

The advent of interventional EUS and EUS-GJ has expanded the
repertoire of procedures that are available for treating GOO. Although
EUS-GJ is a promising technique, both ES and S-GJ are ‘tried and
tested’” over the passage of time and both remain valid options for
treating patients with GOO. It is likely that EUS-GJ and S-GJ would be
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on par in terms of providing symptomatic benefit for patients in the
longer term with EUS-GJ having the advantage of being minimally
invasive with a shorter recovery period. However, the practice of EUS-
GJ is confined to specialist centres and performed by expert
endoscopists. Ultimately, each modality has its merits and the
decision making has to be individualized to the specific patient’s
clinical condition, with life expectancy and physiological state taken
into account of. The importance of multi-discplinary team (MDT)
decision making is key.

2.3 EUS guided coeliac plexus intervention

Abdominal pain in patients with PDAC can range from mild to
severe and debilitating, leading to a significant detrimental impact
on QOL. It is highly prevalent, especially in patients with a primary
tumor site in the body or tail of pancreas (96). More severe pain in
patients with PDAC appears to be associated with worse
performance status scores, when measured with the Eastern
Cooperative Oncology Group (ECOG) and Karnofsky
performance status scores (97). Interestingly, the pre-operative
pain score also appears to be related to survival after resectional
surgery. An observational study categorized 139 patients into three
pain groups (none, mild, moderate-severe) based on a composite
score evaluating pain severity, intensity and frequency. The median
survival time after resection was 21.8 months, 15.0 months and 10.0
months (p=0.0015) in patients with no pain, mild pain and
moderate-severe pain respectively (98). It is hypothesized that
severity of pain may reflect a more advanced stage of disease at a
microscopic level of neural invasion and likely also has collateral
impact on patient related factors such as nutritional status and
ability to tolerate oncological treatment (99).

2.3.1 Pathophysiology of pain in PDAC

Pain in patients with PDAC share similar characteristics and
mechanisms of action in patients with chronic pancreatitis and it is
vital to commit research into the pathophysiology of pain in both
groups of patients. The key concept is the neuroanatomy, which is
characterized by the bidirectional pathways between the pancreas and
the cerebral cortex, with the gland itself innervated by both sympathetic
and parasympathetic nerve fibers of the autonomic nervous system
(100). The coeliac plexus is one of the key gateways in this neural
highway as it receives impulses via afferent neurons from the pancreas.

There are two main proposed mechanisms leading to the
development of pain in patients with PDAC. The first mechanism
relates to obstruction of the main pancreatic duct, impairing
secretion of digestive enzymes into the duodenum and results in
ductal and interstitial hypertension. This then impedes
parenchymal blood flow and generates a pain of ischaemic
aetiology, akin to a form of compartment syndrome (101). The
second mechanism relates to development of a neuropathy due to a
combination of factors including local activation of an
inflammatory cascade from malignant cells that are present,
direct malignant invasion of the perineurium, expression of
cations involved in nociception such as the transient receptor
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potential cation channel and lastly, secretion of molecules that
stimulate the nociceptive pathway (98, 99, 102, 103).

2.3.2 Strategies to manage pain in PDAC

The optimum approach to improve pain in patients with
PDAC often requires multiple modalities and also the
involvement of the multi-disciplinary team. The initial method,
and most convenient, of choice is with oral analgesics, which
include the use of non-steroidal anti-inflammatories, opioids and
neuroanalgesics. Strategies to escalate and individualize oral
analgesics in the specific context of patients with PDAC are
described by the National Comprehensive Cancer Network
(NCCN) (104).

Chemotherapy itself could also have a beneficial effect on pain in
patients with advanced PDAC. Kristensen, et al. conducted a systematic
review of 30 studies investigating the impact of chemotherapy on QOL
and performed a sub-analysis on 24 studies, which included pain scores
as an outcome measure (105). They demonstrated that there was an
improvement in pain with the delivery of chemotherapy, particularly
with gemcitabine. There are of course, other systemic side effects relating
to the use of chemotherapy and whilst it would not be expected that
chemotherapy is commenced for the purposes of pain control, it may
provide an additive analgesic benefit when given for oncological
purposes. In addition, stereotactic body radiotherapy is another facet
of oncological treatment which could improve pain control in patients
with PDAC (106).

Finally, direct intervention to the coeliac plexus to manage pain
can also be performed via an endoscopic or percutaneous route. It is
important to recognize that the aforementioned different strategies
to manage pain can be complementary and all avenues should be
explored to achieve the best possible outcome for these patients.

2.3.3 EUS guided coeliac plexus intervention

Directed EUS guided therapy to the coeliac plexus (Figure 4)
can be broadly divided into coeliac plexus neurolysis (CPN) or
coeliac plexus block (CPB), depending on the injectable agent used.
In CPN, typically ethanol or phenol is used whereas in CPB,
combined steroids and local analgesia (such as triamcinolone and
bupivacaine) are administered (107). CPB tends to be favoured in
patients with pain from benign pancreatic disease as the use of
ethanol in CPN leads to a localized inflammatory process, with
subsequent fibrosis, which may hinder surgery if it were to be
contemplated in these patients (108). Pain relief in these patients
(either from CPN or CPB) tends not to last beyond 2-3 months. It is
hypothesized that this is because the solvent flows away from its
injected site due to its fluidity (109).

In 1996, Wieserma and Wieserma first reported the use of EUS
CPN in a series of 30 patients with intraabdominal malignancies of
whom 25 had underlying PDAC (110). They demonstrated that up to
88% of patients had an improvement in their pain scores at 12 weeks.
Since then, several variations of EUS-CPN have been described (111,
112). The injection solvent can be injected either directly above the root
of the coeliac artery (central injection) or either side of it (bilateral
injections). The site of injection may also vary - coeliac ganglia
neurolysis (CGN), which involves directly targeting the coeliac plexus
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FIGURE 4

(A) Endosonographic identification of the aorta and the coeliac trunk take-off from the stomach. (B) Red arrow depicts injection needle targeting the

space above the coeliac trunk for central injection

ganglia or broad plexus neurolysis (BPN), which involves targeting the
superior mesenteric ganglia.

2.3.4 Efficacy and safety of EUS guided coeliac
plexus intervention

Overall, studies have reported moderate to high efficacy of EUS
guided coeliac plexus interventions in improving pain control in
patients with PDAC. Multiple meta-analyses have reported
improvement in pain scores after EUS-CPN in 70-80% of patients
with PDAC (113-115). In their meta-analysis, Lu, et al. reported
that patients with PDAC had similar improvements in short term
pain relief after EUS-CPN regardless of whether a central or
bilateral injection technique was performed although the bilateral
technique led to a significant reduction in post-procedural analgesic
use [RR = 0.66, 95% CI (0.47, 0.94), p = 0.02] (116).

Although EUS-CPN/B is considered a minimally invasive
intervention, patients and clinicians have to remain vigilant of
potential adverse events. Alvarez-Sanchez, et al. performed an analysis
of 20 studies comprising 1,142 patients who underwent EUS-CPN/B,
demonstrating that complications occurred in 7% of patients who had
EUS-CPB (n=481) and 21% of patients who had EUS-CPN (n=661)
(117). The majority of adverse events in both groups related to the
injected solvent’s antagonistic impact on the sympathetic activity of the
coeliac plexus and resultant unopposed parasympathetic activity,
leading to diarrhoea and/or hypotension. Transient increase in pain
post-procedurally can also be expected and is usually managed
conservatively. Major complications occurred in 0.6% of patients after
EUS-CPB (two patients developed abscesses and one developed a gastric
haematoma) and 0.2% of patients after EUS-CPN (one patient
developed retroperitoneal bleeding). There are also a handful of
individual case reports describing the development of ischaemic
multi-visceral injuries and development of paraplegia after EUS-
CPN (117).

2.3.5 Comparison with other modalities

To date, there have not been any RCTs evaluating EUS-CPN
against percutaneous CPN in patients with PDAC although this has
been studied in patients with chronic pancreatitis. The only published
RCT was conducted by Wyse, et al. (118) They sought to evaluate the
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early use of EUS-CPN in patients who require an EUS for tissue
acquisition of suspected PDAC compared to conventional pain
management. Patients were randomized only after cytopathological
analysis of the aspirate confirmed malignancy and the patient being
deemed inoperable following strict criteria. The authors demonstrated
that early EUS-CPN in patients with inoperable PDAC led to lower pain
scores at 1 and 3 months, and a non-significant trend towards lower
consumption of morphine.

With a distinct lack of comparative studies, it is therefore
unsurprising that the position of EUS CPN in the algorithm of
pain management in patients with PDAC is not well defined. The
NCCN has no specific recommendations regarding the timing or
route of coeliac plexus interventions but has advocated its usage in
patients with unsatisfactory pain control and a high burden of
analgesia (particularly opioid) usage (104). Similarly, the European
Society for Medical Oncology recommends the use of CPN
(favoring an endoscopic route over the percutaneous route) in
patients with refractory pain and in those who are not in a poor
clinical condition (119).

2.3.6 Conclusion

Although EUS-CPN has been adopted in widespread practice for
over a decade in patients with PDAC, there remains potential for
ongoing research into the role of this in the treatment algorithm. There
has not been direct comparison with other modalities such as
percutaneous CPN, stereotactic radiotherapy or the plethora of
analgesics that are available, including regimens that exclude opioid
use. There is also variation in practice with at least three widely used
approaches (CPN, CGN and BPN), and although all have been reported
with similar efficacies in the literature, standardization of practice would
require further comparator studies of all three techniques. Alternative
neurolytic agents should also be studied to identify those that have the
potential to provide a longer lasting analgesic effect.

2.4 EUS guided fiducial placement

Radiotherapy in PDAC is usually used for consolidation
therapy for patients who have progressed despite first-line
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chemotherapy after 2-6 months or did not tolerate chemotherapy
either with gemcitabine/nab-paclitaxel or FOLFIRINOX (120).
Image-guided radiation and stereotactic body radiation therapy is
increasingly being offered due to the shorter treatment duration and
acceptable toxicity risk with a higher dose of radiation (121).

Fiducials are inert, radio-opaque markers that are placed into or
near a target lesion to allow real-time tracking of the lesion. They
are made from platinum or gold, creating low CT and MR artefacts
while maintaining good visibility (120). They facilitate the delivery
of higher doses of radiation and limit exposure of surrounding
healthy tissue by quantifying tumor extent. Due to the implantation
into the target tissue, fiducial markers may improve the localization
and targeting of the lesion in comparison to using adjacent bony
anatomy alone (122).

Pancreatic fiducial markers have been traditionally placed
percutaneously under radiological guidance; however, there are
concerns about the adverse event rates, including bleeding.
Traditional methods of placement also carry increased rates of
fiducial migration (123).

EUS-guided placement may be a more precise method to
facilitate closer placements in or adjacent to the target tissue. It
has high technical success of up to 92% with low rates of migration
(124, 125). The fiducials can be delivered through preloaded needles
or hand-loaded devices via different sized needles (126). EUS-
guided placement involves the placement of at least three markers
in different EUS planes and into the tumor at the periphery (120,
124). There is a 5- 8% risk of adverse events, including acute
pancreatitis, cholangitis, bleeding, fever, and biliary stent migration
(120, 124, 127).

Although pancreatic tumors are radiation resistant, the organs
that lie in relation to it have increased radiation sensitivity (120). In
addition to placing the fiducials, endoscopic assessment for
duodenal involvement of the tumor prior to treatment can also
aid in guiding the dosage of radiation needed.

Patients with PDAC can undergo biliary stenting to relieve
malignant obstruction. Metal stents have been proposed as an
alternative to fiducial placement to guide therapy. Although they
may present better anatomical markers than traditional bony
alignment, they still have larger margins for targeting compared
to fiducials (128).

Care should be taken to place fiducials after tissue acquisition
has been performed and a diagnosis and management plan for the
patient has been discussed in MDT. The role of the MDT is critical
in defining the diagnostic and therapeutic path and weighing in on
the timing of fiducial placement. Placement of fiducial markers after
commencing chemotherapy can be challenging due to desmoplastic
reaction making the borders less well defined and the tumour hard
(120). At this point, there is still insufficient evidence that placement
of fiducial markers leads to improved outcomes from radiotherapy
compared to conventional methods of radiotherapy planning with
cross sectional imaging or other methods of fiducial markers
placement. Performing an EUS for the sole indication of fiducial
placements has to take into account the aforementioned risk of
adverse events, which may preclude subsequent oncological
treatment. Further prospective comparator studies evaluating
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EUS- guided fiducial placement are required to evaluate its
impact on relevant patient outcomes.

2.5 EUS guided intratumoral therapy

As with fiducial markers, EUS allows precisely delivered
intratumoral therapies. There is a clear advantage in the real time
capability of assessing the effect of the therapy on the lesion itself via
its endosonographic appearances to ensure complete and adequate
treatment via a minimally invasive route. It is also possible to
achieve a high level of localized drug concentration when injected
directly into the tumor, which may be of advantage if systemic
administration of the drug is limited by its potential toxicities.
However, despite the recognition of the capability of EUS in
administering direct tumoral therapy with precision, there is a
relative paucity of studies evaluating this technique.

2.5.1 Chemotherapy

In 2007, Matthes, et al. described EUS guided injection of
paclitaxel into porcine pancreas with a demonstrable and
sustained localized concentration of the drug up to 14 days post
injection (129). Levy, et al. performed a study evaluating EUS
guided injection of gemcitabine in 36 patients with locally
advanced or metastatic PDAC (130). No adverse events relating
to the EUS procedure were encountered. All patients then
subsequently received either chemotherapy or chemoradiotherapy
with a regime determined most appropriate by an oncologist.
Interestingly, 4 out of 20 patients who were initially deemed
unresectable were downstaged following treatment and each
underwent an RO resection. Whilst the nature of the study design
precludes any specific impact intratumoral gemcitabine had on the
subsequent resectability, at the very least, it demonstrates an avenue
for further research.

2.5.2 Immunotherapy

Unlike in other solid organ malignancies, the administration of
systemic or localized immunotherapy has yet to take hold as a
widely accepted modality of treatment in the oncological
armamentarium in patients with PDAC. In a phase I clinical trial,
cytoimplant (allogeneic mixed lymphocyte culture) was injected in
8 patients with unresectable PDAC, with an aim to upregulate host
anti-tumor mechanisms via a local cytokine release (131). Despite
modest efficacy as measured by tumor response on imaging (3
patients displayed response), a subsequent randomized trial
comparing cytoimplant with gemcitabine suggested a worse
outcome in patients who had cytoimplant, leading to termination
of the trial.

Other intratumoral immunotherapies such as dendritic cell
vaccines and oncolytic viruses have been studied. Dendritic cells
function as antigen presenting cells to stimulate the host primary T-
cell response and induce tumor antigen specific T lymphocytes with
cytotoxic properties (132). Oncolytic viruses are considered a form
of virotherapy whereby selective genetic engineering is carried out
to enhance their affinity to specific tumors to induce oncolysis
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(133). These therapies have been the subject of small scale clinical
studies and phase I/II trials. Herman, et al. reported a phase IIl RCT
involving 304 patients with locally advanced PDAC evaluating
TNFerade (an adenoviral vector capable of selective delivery of
tumor necrosis factor-ot) in combination with chemoradiation
versus chemoradiation alone (134). There were no differences in
survival between both groups.

2.6 EUS guided ablative therapies

Several modalities of ablative therapies have been demonstrated
to be feasibly delivered via EUS with radiofrequency ablation (RFA)
being the most prominent, although other forms such as
photodynamic therapy, ethanol and laser ablation exist. The
majority of the literature on EUS-RFA in pancreatic lesions lies
within the study of this modality for pancreatic cystic lesions or
pancreatic neuroendocrine tumors, but its utility in treating patients
with PDAC is becoming increasingly studied.

The initial application of RFA in PDAC was via a peri-operative
surgical approach during laparotomy as demonstrated in a
prospective study of 50 patients with locally advanced PDAC by
Girelli, et al. (135) In their study, there was a 24% rate of intra-
abdominal adverse events that were attributable to RFA therapy.
Crino, et al. reported a feasibility study of EUS-RFA in 9 patients (8
of whom had PDAC), demonstrating that it was possible to achieve
an ablation zone within the tumor margins and with no major
adverse events (136). Similar conclusions were achieved by two
separate studies involving only patients with PDAC; one with 6
patients by Song, et al. (137) and another with 10 patients by
Scopelliti, et al. (138)

Overall, EUS-RFA appears to be fairly safe with a recent meta-
analysis of 115 patients (with various pancreatic lesions being
treated) demonstrating a pooled adverse event rate of 6.7% (95%
CL: 3.4-11.7, 12 = 34.0%), the commonest being acute pancreatitis
(3.3%) (139).

Photodynamic therapy (PDT) is a method of localized
treatment of tumorous cells via administration of a
photosensitizing agent which is activated by light leading to free
oxygen radicals formation. Chan, et al. demonstrated in their pilot
study involving porcine models that PDT could be feasibly
delivered via EUS to induce a local ablation zone in the pancreas
(140). Small studies of the use of EUS-PDT in humans with PDAC
have demonstrated that a zone of necrosis can be safely achieved as
detected on post procedural computed tomography scanning
(141, 142).

There is yet to be standardization of the RFA or PDT technique
with marked heterogeneity in reported studies, and how this may
affect the fine balance between achieving efficacy and mitigating
adverse events. Furthermore, all the studies on PDAC thus far have
focused on technical feasibility of the procedure but other outcome
measures such as symptom benefit, QOL and survival have yet to be
studied. The functional outcome of ‘successful’ ablation as
determined by endosonographic or radiological interpretation is
difficult to quantify. Lastly, there has not been a uniformly
acknowledged indication for EUS-RFA in patients with PDAC to
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determine who would best benefit from this intervention and how it
fares against standard of care. Nevertheless, it appears to be a
promising avenue of intervention and should be explored further
with prospective studies.

3 Discussion

The field of interventional EUS has expanded rapidly over the
past decade leading to substantial enthusiasm for its use in a variety
of circumstances. Nonetheless, based on the review of the literature,
we have the following observations.

Firstly, there is a lack of RCTs which is largely due to the relative
novelty of interventional EUS as compared to other more widely
accepted modalities of care. Although multiple meta-analyses on
different aspects of interventional EUS have been published, there is
general acknowledgement that the paucity of prospective data is a
major limitation. This is likely to be amplified by the fact that
interventional EUS continues to evolve and there is yet to be
standardization of the plethora of techniques that have been
described. There is also a general acceptance that a steep learning
curve is associated with these procedures even amongst expert
endoscopists (23, 78, 143). This is particularly pertinent in
procedures such as EUS-BD and EUS-GJ, which consist of
multiple steps with the potential for adverse event at each step,
requiring technical and mental skill to rectify. It is only natural that
innovation leads to collaborative working from which cumulative
experiences across the endoscopy community worldwide have led
to ongoing refinement of techniques and equipment.

Secondly, the majority of the studies have included patients with
different aetiologies of MDBO or intraabdominal malignancies.
Whilst PDAC tends to remain one of the majority patient groups,
it is nonetheless a heterogenous study population. As each
individual tumour biology and aggression differs, this is likely to
affect the disease course and outcomes over the follow-up period.

Thirdly, the majority of studies have focused their primary
outcomes on technical aspects such as procedural success and
adverse event rates. Undoubtedly, these are relevant and
important outcomes in the initial evaluation of an innovative
technique. As experience and comfort with interventional EUS
grows, there should be an impetus to evaluate more relevant
outcomes such as survival, patient reported outcome measures,
QOL, ability to receive anti-cancer treatment, and perhaps even
composite endpoints.

Fourthly, there is heterogeneity of how key outcomes are
defined and reported in the literature body of interventional EUS.
These include parameters such as technical success, clinical success,
adverse events, amongst others. The coming years are likely to see a
multitude of prospective studies evaluating EUS-BD and it seems
that the time is right for outcomes of interventional EUS to be
formally defined.

In conclusion, interventional EUS has numerous applications in
treating the multitude of clinical sequelae in patients with PDAC
and should be considered where appropriate. Although
interventional EUS has now established itself in the management
algorithm of patients with PDAC (particularly EUS-BD and EUS-
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GJ), there remain numerous avenues for prospective studies that
should be undertaken.
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LASSO-derived prognostic model
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In advanced pancreatic ductal
adenocarcinoma over 50 years
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SEER database research
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Xiaohong Liu and Yong Peng*

Department of Hepatobiliary Pancreatic and Spleen Surgery, Nanchong Central Hospital, The Second
Clinical Medical College, North Sichuan Medical College, Nanchong, China

Background: This study aimed to develop a prognostic model for patients with
advanced ductal adenocarcinoma aged >50 years.

Methods: Patient information was extracted from the Surveillance,
Epidemiology, and End Results (SEER) database. Least absolute shrinkage and
selection operator (LASSO) Cox regression analysis was performed to screen the
model variables. Cases from Nanchong Central Hospital were collected for
external validation. The new nomogram and the American Joint Committee on
Cancer (AJCC) criteria were evaluated using integrated discrimination
improvement (IDI) and net reclassification index (NRI) indicators. Survival
curves presented the prognosis of the new classification system and
AJCC criteria.

Results: In total, 17,621 eligible patients were included. Lasso Cox regression
selected 4 variables including age, chemotherapy, radiotherapy and AJCC
stage. The C-index of the training cohort was 0.721. The C-index value of the
validation cohort was 0.729. The AUCs for the training cohorts at 1, 2, and 3
years were 0.749, 0.729, and 0.715, respectively. The calibration curves showed
that the predicted and actual probabilities at 1, 2, and 3 years matched. External
validation confirmed the model's outstanding predictive power. Decision curve
analysis indicated that the clinical benefit of the nomogram was higher than
that of the AJCC staging system. The model evaluation indices preceded the
AJCC staging with NRI (1-year: 0.88, 2-year: 0.94, 3-year: 0.72) and IDI (1-year:
0.24, 2-year: 0.23, 3-year: 0.22). The Kaplan—Meier curves implied that the new
classification system was more capable of distinguishing between patients at
different risks.
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Conclusions: This study established a prognostic nomogram and risk
classification system for advanced pancreatic cancer in patients aged >50
years to provide a practical tool for the clinical management of patients with
pancreatic ductal adenocarcinoma.

KEYWORDS

advanced pancreatic ductal adenocarcinoma, nomogram, AJCC staging, risk
stratification, cancer-specific survival

Background

Ductal adenocarcinoma of the pancreas is a fatal malignancy
with the lowest five-year survival rate of all malignancies (1, 2). In
the last decade, the mortality rate of pancreatic ductal
adenocarcinoma has increased annually (3). The lack of obvious
symptoms and lack of specific diagnostic techniques in the early
stages of ductal adenocarcinoma of the pancreas has resulted in
most patients not being detected until the advanced stages. Surgery
is an effective treatment modality for pancreatic ductal
adenocarcinoma; however, patients with advanced disease are
deprived of surgical treatment (4-6). Induction therapy,
chemotherapy, radiotherapy, and immunotherapy are the main
modalities of treatment for advanced pancreatic ductal
adenocarcinoma (7, 8).

Age is an influential factor in the incidence and mortality of
pancreatic cancer. Recent studies have demonstrated that the
incidence of pancreatic cancer is increasing every year worldwide.
A population-based study found that only 10% of 10,298 patients
included were younger than 50 years of age (9-11). Therefore, an
age limit of >50 years was intended to identify our study population
more accurately. AJCC staging is a common tool in the
management of patients with pancreatic cancer. However, AJCC
staging only considers neoplasm size and infiltration, and important
factors affecting the prognosis of pancreatic ductal adenocarcinoma
such as age and CA19-9, were not included (12). Ductal
adenocarcinoma of the pancreas is a highly heterogeneous
neoplasm, and survival prognosis varies widely among patients
(13, 14). Therefore, there is a need to develop a personalized
predictive tool to assist in the clinical management of patients
with pancreatic ductal adenocarcinoma.

The nomogram has the advantage of being a visual tool and
incorporating more clinical characteristics and are widely applied in

Abbreviations: SEER, The Surveillance, Epidemiology and End Results; AJCC,
The American Joint Committee on Cancer criteria; IDI, Integrated
discrimination improvement; NRI, Net reclassification index; LASSO, Least
absolute shrinkage and selection operator; ROC, Subject operating

characteristic curve; CSS, Cancer-specific survival; C-index, Consistency index.
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oncology (15-17). In this study, information on advanced
pancreatic ductal adenocarcinoma in patients aged >50 years was
obtained from the SEER database. LASSO-based regression was
performed to screen model variables and to develop a nomogram
and risk classification system for patients with advanced pancreatic
ductal adenocarcinoma aged >50 years.

Methods
Patient population and study variables

Patient information was downloaded from the SEER database,
which contains basic and treatment information for most oncology
patients. The inclusion criteria were as follows: (a) pathological type
of adenocarcinoma of the pancreatic duct, (b) detailed treatment
information, (c) clear cause of death, and (d) age =50 years.
Exclusion criteria were as follows (a) primary tumor not
pancreatic, (b) incomplete treatment information, (c) unknown
cause of death, (d) survival time of 0, and (e) unknown AJCC stage
(Figure 1). C25.0-25.9 of the International Classification of Diseases
for Oncology, 3rd Revision (ICD-O-3), was used to determine the
site of pancreatic ductal adenocarcinoma. By examining the clinical
data of patients recorded in the SEER database and referring to risk
factors for pancreatic cancer patients in previous studies, age, sex,
CA19-9, race, grade, site, number, AJCC stage, chemotherapy, and
radiotherapy were selected as the appropriate variables to be
investigated. The endpoint of the study is cancer-specific survival
(CSS), which is the time between the diagnosis of pancreatic cancer
and death due to pancreatic cancer.

Building the model

The least absolute shrinkage and selection operator (LASSO)
Cox regression was applied to screen for model variables in
advanced pancreatic ductal adenocarcinoma. Various methods
have been employed to assess the predictive accuracy of the
model, such as the C-index, receiver operating characteristic
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Patients with pancreatic cancer in SEER database between 2000 and 2019
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-Site unknow (n=27634)
-Radiation unknow (n=8647)

Eligible patients with pancreatic cancer
(n=17621)
Training cohort Validation cohort
(n=12333) (n=5288)
FIGURE 1

Screening process of the patients with advanced pancreatic ductal adenocarcinoma aged >50 years.

curves, and calibration curves. Decision curves were used to
measure the clinical benefits of the nomograms.

External validation

A total of 149 patients with advanced pancreatic cancer aged
>50 years were recruited from Nanchong Central Hospital. Written
informed consent was obtained from all the patients participating in
the study. The stability of the model was verified by calculating the
C-index and ROC and calibration curves.

Comparison of the new model with the
old model

The net reclassification index (NRI), integrated discrimination
improvement (IDI), consistency index (C-index), and decision
curve analysis (DCA) were used to estimate the practical
applicability of the new model. The NRI and IDI indices were
deployed to estimate the improved level of the new model compared
with the AJCC. The C-index clearly demonstrated the high and low
predictive power of the new model and AJCC staging.

The new classification system
Based on the scoring system of the nomogram, the total risk score
of all patients was calculated. Based on the total score, all patients

were divided into low-, middle-, and high-risk groups (X-tile software
was applied to select the best cut-off value between groups).

Prognosis comparison

The AJCC staging system is the most accepted clinical tool for
prognostic evaluation. Differences in the accuracy of the new risk

Frontiers in Oncology

classification system and AJCC staging in determining patient
prognosis were compared by Kaplan-Meier curves.

Data analysis

Patient information was extracted using SEER*Stat software
(https://seer.cancer.gov/seerstat/). All data analyses were performed
using R software (version 3.6.1; http://www.r-project.org/) and
related packages. The cut-off values for the risk classification were
obtained with the X-tile software (version 3.6.1). A chi-square test was
applied to compare the distribution of data between the training and
validation groups for statistical differences. P-values were all two-sided
statistical tests, and P-values less than 0.05 were considered statistically
significant. This work was in line with the STROCSS criteria (18).

Results
Patient characteristics

A total of 17,621 screened and eligible cases of pancreatic ductal
adenocarcinoma aged >50 years were included in the study. A 7:3 ratio
of random allocation resulted in the training (12,333 patients) and
validation cohorts (5,288 patients). Approximately 48.72% of patients
were aged between 65 and 80 years. The percentage of patients who
received chemotherapy was 61.20%. The median follow-up period was
4 (interquartile range [IQR]: 3-10) months in the whole population, 4
(IQR: 2-10) months in the training cohort, and 5 (IQR: 2-10) months
in the validation cohort. Patient clinical data are presented in Table 1. A
P-value of less than 0.05 for the chi-square test indicated no
distributional differences between the training and validation cohorts.

Establishment of the nomogram

Ten variables were subjected to LASSO Cox regression, and four
variables with non-zero coefficients were identified as significant
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TABLE 1 Clinical information on patients aged >50 years with advanced pancreatic ductal adenocarcinoma.

Whole population Training population Validation population Nanchong Central Hospital
Variable
Number % Number % Number % 149
17,621 12,333 ‘ ‘ 5,288
‘ Age
50-65 6,262 35.54% 4,400 35.68% 1,862 35.21% 0.83 23
65-80 8,585 48.72% 5,983 4851% 2,602 4921% 84
>80 2,774 15.74% 1,950 15.81% 824 15.58% 4
‘ Race
Black 2,072 11.76% 1,472 11.94% 600 11.35% 091 0
White 14,135 80.22% 9,861 79.96% 4,274 80.82% 0
Other 1,414 8.02% 1,000 8.11% 414 7.83% 149
‘ Sex
F 8,437 47.88% 5,919 47.99% 2,518 47.62% 0.56 64
M 9,184 52.12% 6,414 52.01% 2,770 52.38% 85
‘ AJCC Stages
I 3,087 17.52% 2,172 17.61% 915 17.30% 047 43
v 14,534 82.48% 10,161 82.39% 4,373 82.70% 106
‘ Site
Head 8,045 45.66% 5,632 45.67% 2,413 45.63% 59
Body 3,542 20.10% 2,500 20.27% 1,042 19.70% 0.28 18
Tail 3,605 20.46% 2,512 20.37% 1,093 20.67% 32
Others 2,429 13.78% 1,689 13.69% 740 13.99% 40
‘ Grade ?
Well 1,606 9.11% 1,136 9.21% 470 8.89% 0.15 17
Bad 1,805 10.24% 1,286 10.43% 519 9.81% 23
Unknow 14,210 80.64% 9,911 80.36% 4,299 81.30% 109
‘ CA19-9
Positive 5,371 30.48% 3,734 30.28% 1,637 30.96% 0.63 53
Negative 12,250 69.52% 8,599 69.72% 3,651 69.04% 96
Number 0.38
1 14,333 81.34% 10,043 81.43% 4,290 81.13% 105
>1 3,288 18.66% 2,290 18.57% 998 18.87% 44
Radiation 0.29
Yes 1,789 10.15% 1,285 10.42% 504 9.53% 34
No 15,832 89.85% 11,048 89.58% 4,784 90.47% 115
Chemotherapy
Yes 10,784 61.20% 7,493 60.76% 3,201 62.24% 0.36 97
No 6,837 38.80% 4,840 39.24% 1,997 37.76% 52

*Well: Grades I and II; Bad: Grades III and IV.
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predictors of CSS in advanced pancreatic ductal adenocarcinoma,
including age, chemotherapy, radiotherapy, and AJCC stage
(Figure 2) (Table 2). Therefore, all these variables were included
in the new model. To utilize the new model to forecast the
probability of CSS in patients with advanced pancreatic ductal
adenocarcinoma, a risk score for each variable was first derived
from the patient’s clinical information. Then, the sum of the scores
for all variables was calculated, the location of the patient was found
on the total score, and a plumb line was created through that point.
The intersection of the plumb line and the three lines indicated the
probability of CSS at 1, 2, and 3 years (Figure 3).

Validation model

The C-indices associated with the nomogram were 0.721 (95%
CI: 0.715-0.735) and 0.729 (95% CI: 0.719-0.738) for the training
and validation cohorts, respectively. The areas under the ROC
curves for the training cohort at 1, 2, and 3 years were 0.749,
0.729, and 0.715, respectively. The areas under the ROC curves for
the validation cohort at 1, 2, and 3 years were 0.749, 0.732, and
0.716, respectively (Figure 4). The calibration curves indicated that
the predicted CSS probabilities and actual CSS probabilities for the
nomogram were generally consistent (Figure 5). The results of the
external validation showed that the model not only possessed
outstanding predictive ability but also excellent stability (Figure 6).

Comparison of the new model and
AJCC staging

In the results of the analysis, the C-index of the nomogram for
both the training and validation cohorts was higher than the AJCC

TABLE 2 The results of non-zero coefficients.

Variable Coefficients

Age 0.038
AJCC Stage 0.243
Chemotherapy 0.675
Radiation 0.038
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staging (Figure 7). The 1-, 2-, and 3-year NRIs for the training
cohort were 0.88 (95% CI = 0.81-0.95), 0.94 (95% CI = 0.85-0.98),
and 0.72 (0.60-0.86). Meanwhile, 0.91 (95% CI = 0.79-0.97), 0.95
(95% CI = 0.82-1.13), and 0.77 (0.51-1.02) were NRIs for the
validation cohorts. The 1-, 2-, and 3-year IDIs values for the
training were 0.24 (95% CI = 0.22-0.26), 0.23 (95% CI = 0.18-
0.28), and 0.22 (95% CI = 0.16-0.29) (P <0.001). The IDI values
were 0.24 (95% CI = 0.20-0.27), 0.46 (95% CI = 0.41-0.55), and 0.27
(95% CI = 0.20-0.34) (P <0.001) for the validation cohort (Table 3).
The DCA curves implied that the clinical benefit of the nomogram
was greater than that of AJCC staging in both cohorts (Figure 8).

Prognostic differences between the new
classification system and AJCC staging

Based on the total score, patients with advanced pancreatic
ductal adenocarcinoma aged >50 years were divided into three risk
groups, low-risk (total points<50), medium-risk (50 < total points
<138) and high-risk (total points >138) (Figure 9) (Supplementary
1). The Kaplan-Meier survival curves demonstrated that the newly
established classification system possesses excellent competence
to differentiate patients at different risk levels compared with
AJCC staging. This finding was validated in the validation
cohort (Figure 10).

Discussion

Ductal adenocarcinoma of the pancreas has a five-year survival
rate of less than 10% and is the second leading cause of cancer-
related deaths worldwide by 2030 (1, 19-21). Ductal
adenocarcinoma is the leading pathological type of pancreatic
malignancy (22). Due to a lack of early screening and diagnostic
techniques, 90% of patients are lost to surgery at diagnosis (4, 5, 23,
24). AJCC staging is widely adopted for treatment and survival
prediction of most neoplasms. However, in addition to tumor stage,
a variety of factors, such as age and chemotherapy, are also factors
that significantly influence CSS. Therefore, new models are required
to improve the accuracy of prognosis of patients with advanced
pancreatic cancer. Various studies have shown that a nomogram
incorporating more variables can guide the individual prediction of

frontiersin.org


https://doi.org/10.3389/fonc.2023.1336251
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Feng et al. 10.3389/fonc.2023.1336251
Point . o o .
omnes 0 % 0% 40 %0 60 70 80 90 100
Radiation*** i ;
Age*** 50-65 |;| >80
AJCC_Stage*** |i_!_|__| I—_'il
Chemotherapy*ﬁ
L]
Total points
6 5 750 200
H—[‘m\ |'isl\—>|<— —>|<— IHigh risk —>|
Pr(futime >3 yg—512 008 0.04 0004 0.001
Pr( futime > 2q) g 0716 02 008 002 007 0004 0001
Pr( futime > 19 g5 035 035 008 004 002 001
FIGURE 3

A nomogram for patients with advanced pancreatic ductal adenocarcinoma aged >50 years.

survival to help clinical patients (25, 26). This study applied
information from the SEER database of 17,621 patients with
advanced ductal adenocarcinoma aged =50 years to develop a
new nomogram and risk stratification system to improve the
accuracy of CSS prediction for patients with advanced ductal
adenocarcinoma aged >50 years.

Although previous studies have reported prognostic models related
to pancreatic cancer, they are quite different from the present study in
terms of population and methodology (27, 28). A model with a large
cohort would enhance its stability and credibility. However, the small
number of cases in the existing studies on pancreatic cancer and the
lack of scientific validation methods in some studies certainly reduce
the credibility of the results (29, 30). Age has been shown to affect the
incidence and prognosis of pancreatic cancer. The role of age in
advanced pancreatic cancer has further increased in severity (31, 32).
Therefore, studies on the prognosis of elderly patients with advanced
pancreatic cancer are crucial. However, only a few studies have focused
on this topic. This study selected 10 clinical data points from patients
with advanced ductal adenocarcinoma aged >50 years from the SEER
database. LASSO Cox regression analysis showed that four clinical
variables, including age, AJCC stage, radiotherapy, and chemotherapy,
were the preferred combination to construct a prognostic model for
patients with advanced ductal adenocarcinoma aged >50 years. The
incidence of pancreatic ductal adenocarcinoma is mostly in older
patients, with the incidence of pancreatic ductal adenocarcinoma
before the age of 50 years being less than 10% (33, 34). Studies have
shown that the incidence of pancreatic ductal adenocarcinoma in
whites increases by approximately 6% after the age of 50 years (35, 36).
The increasing proportion of the global elderly population is increasing
the disease burden of pancreatic ductal adenocarcinoma (24). Klein
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et al. (37) discovered that the incidence of pancreatic ductal
adenocarcinoma will double in the next 30 years. Global aging is an
irreversible trend, and early preventive measures for pancreatic ductal
carcinoma are urgently required. Advanced ductal adenocarcinoma of
the pancreas was lost during the surgery. Chemotherapy and
radiotherapy are the mainstay of treatment for patients with
advanced pancreatic ductal adenocarcinoma. However, the clinical
management of advanced pancreatic ductal adenocarcinoma remains
controversial. European Society for Medical Oncology (ESMO)
guidelines recommend gemcitabine-based monotherapy and
capecitabine-based radiotherapy as alternative options (38). The
NCCN (National Comprehensive Cancer Network) recommends
that patients with advanced pancreatic ductal adenocarcinoma
should receive a combination of folic acid and albumin paclitaxel +
gemcitabine for 4-6 months, followed by radiotherapy (39). While the
benefit of radiotherapy in patients with advanced pancreatic ductal
adenocarcinoma is unclear, both ESMO and NCCN highlight the
necessity of radiotherapy combined with chemotherapy in the
treatment process (40, 41). Primary treatment of some patients with
advanced pancreatic ductal adenocarcinoma has been successful in
reducing the neoplasm size and achieving the criteria for surgery-
induction chemotherapy. Considering the treatment guidelines and
differences in prognosis for patients with advanced pancreatic ductal
adenocarcinoma, induction chemotherapy may be used as a
management approach for some patients with advanced pancreatic
ductal adenocarcinoma (42-44).

Age, AJCC stage, radiotherapy, and chemotherapy were
included in the line plot by analyzing 10 clinical variables. The C-
index were higher than 0.7 in both the training and validation
cohorts, indicating the excellent application capabilities of the

frontiersin.org


https://doi.org/10.3389/fonc.2023.1336251
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Feng et al. 10.3389/fonc.2023.1336251
A B
o e ]
o | o |
=] =}
o | © 4
> ° > ©
3 3
3 3
5 5
@ < @ < |
= =]
o~ o~
= =]
— AUC of 1-year CSS: 0.749 — AUC of 1-year CSS: 0.749
— AUC of 2-year CSS: 0.729 — AUC of 2-year CSS: 0.732
S .- ~— AUC of 3-year CSS: 0.715 S .- ~— AUC of 3-year CSS: 0.716
T T T T T T T T T T T T
00 02 04 06 08 10 00 02 04 06 08 10
FIGURE 4
ROC curves of 1, 2, and 3 years. (A) Training cohorts. (B) Validation cohorts.
A B
o T T T T
o {TTT T o LT T
< <
o (=]
. /i g, /}
S ] @ o
o o /
o (3 /
: ol / : o 7
2 ° i 2 ° i
o o
- b - T
c 7 . c 7 y
l{ — 1-year L{ — 1-year
7 — 2-year 7 — 2-year
o = —— 3-year o 3 — 3-year
2 4 y 2 ye:
T T T T T T T T T T T T
0.0 0.1 0.2 03 04 0.5 0.0 0.1 0.2 03 04 05
Nomogram-predicted CSS (%) Nomogram-predicted CSS (%)
FIGURE 5
Calibration plots. (A) Training cohorts. (B) Validation cohorts.
A B C
e o o [ LA Bl |
—— Nomogram - -
> —— AJCC_Stage l
S o | l T/’l
5z ’ i s
2 £
g .| © 2 S
1 ¢ T
5 2 5. § oz
s s
c 7 g | -|-
S - s t —— -year
r T T T T | e
T Sgomeesl 4 —aw
Time (years) ° L T T T T ‘UCMS-{‘S, o 07?4 0.0 02 04 06 08 1.0

FIGURE 6

00 02 04 06 08 10

1-Soecificity

Nomogram-predicted CSS (%)

External validation of data analysis results. (A) C-index analysis. (B) Analysis of ROC curves. (C) Calibration curves analysis.

Frontiers in Oncology

77

frontiersin.org


https://doi.org/10.3389/fonc.2023.1336251
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Feng et al.

10.3389/fonc.2023.1336251

FIGURE 7

02

Net Benefit

0.01

\

0%

25% 50% 75%
Threshold Probability

06

0.4

Net Benefit

0.0

\

0%

25% 50% 75%
Threshold Probability

0.504

Net Benefit

0.254

0.00

25% 50% 75%

B
02
— Treat All g
c
=~ Treat None 8
~ Nomogram 0.1
z
— AJCC
0.0 \
100% 0% 25% 50% 75% 100%
Threshold Probability
D
06
0.4
— TreatAl ’?—é
— TreatNone &
-
— Nomogam 242
- AJCC
0.0 \ <
100% 0% 25% 50% 75% 100%
Threshold Probability
F
050+
= Treat All g
— TreatNone @
— Nomogram g 0.254
— AJCC
A\ 7I N \L LY
100% 0% 25% 50% 75% 100%

Threshold Probability

Threshold Probability

Decision curve analysis. (A, C, E) DCA curves in the training cohorts; (B, D, F) DCA curves in the validation cohorts.

Treat All
Treat None
Nomogram
— AJCC

Treat All
Treat None
Nomogram
— AJCC

111

— TreatAll
~— Treat None
— Nomogram
— AJCC

TABLE 3 IDI and NRI analysis results.
Training Validation
P value
Value 95%Cl Value 95%Cl

1 year 0.88 0.81-0.95 - 0.91 0.79-0.97 -
NRI 2 years 0.94 0.85-0.98 - 0.95 0.82-1.13 -

3 years 0.72 0.60-0.86 - 0.77 0.51-1.02 -

1 year 0.24 0.22-0.26 <0.05 0.24 0.20-0.27 <0.05
IDI 2 years 0.23 0.18-0.28 <0.05 0.46 0.41-0.55 <0.05

3 years 0.22 0.16-0.29 <0.05 0.27 0.20-0.34 <0.05
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nomogram. The areas under the ROC curve were 0.749, 0.729, and
0.715 for the 1, 2, and 3 years in training cohorts, respectively. The
area under the ROC curve was also greater than 0.7 in the validation
cohorts, indicating that the nomogram had good predictive power.
The predicted and actual CSS values largely overlapped between the
two cohorts. The results of the NRIs, IDIs, and C-index associated
with the nomogram showed that the nomogram had stable and
excellent predictive ability compared to pure AJCC standard
staging. DCA curves also showed excellent clinical benefits with
the nomogram. In the nomogram, each variable value was a
corresponding risk score, and the total score of the patient’s risk
score was calculated based on the nomogram. The X-tile software
calculated the cutoff values for the risk groupings. Patients with

advanced ductal adenocarcinoma aged >50 years were divided into
a low-risk (points: 0-38), a medium-risk (points: 50-138), and a
high-risk (points: 150-191) groups. KM survival curves suggested
that the prognosis of patients with the new risk stratification system
differed more significantly than those with AJCC staging. These
results suggest that the new risk stratification system has a greater
ability to identify patients with different risk factors than AJCC
staging, providing a valuable instrument for the clinical treatment
of patients with advanced ductal adenocarcinoma aged =50 years.

Although the model has strong practical applications, this
study still has shortcomings. BMI and diabetes are an important
factors in the prognosis of pancreatic cancer; however, there is no
record of this in the SEER database. The SEER database contains
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FIGURE 9
Cutoff point for risk stratifications selected using X-tile.
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aged >50 years. (A) The new risk stratification system in the training

cohorts. (B) The new risk stratification system in the validation cohorts. (C) AJCC staging in the training cohort. (D) AJCC staging in the

validation cohort.

mostly patients from the Americas, and clinical data from
European and Asian patients are needed to further validate the
model results. Finally, the absence of patient-specific treatment
options recorded in the SEER database limits the practical
application of the model and risk classification system.

Conclusion

In conclusion, a prognostic nomogram for advanced
pancreatic ductal adenocarcinoma aged =50 years was
constructed using variables screened by LASSO regression. The
new stratification system based on the nomogram possessed a
stronger power to recognize patients with different risk groups
than AJCC staging, which would give clinical decision-making an
applicable tool.
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Rim enhancement of pancreatic
ductal adenocarcinoma:
Investigating the relationship

with DCE-MRI-based radiomics
and next-generation sequencing
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University of Korea, Seoul, Republic of Korea, “Research Collaboration, Siemens Healthineers Ltd.,
Seoul, Republic of Korea, >MR Applications Predevelopment, Siemens Healthcare GmbH,

Erlangen, Germany

Purpose: To identify the clinical and genetic variables associated with rim
enhancement of pancreatic ductal adenocarcinoma (PDAC) and to develop a
dynamic contrast-enhanced (DCE) MRI-based radiomics model for predicting
the genetic status from next-generation sequencing (NGS)

Materials and methods: Patients with PDAC, who underwent pretreatment
pancreatic DCE-MRI between November 2019 and July 2021, were eligible in
this prospective study. Two radiologists evaluated presence of rim enhancement
in PDAC, a known radiological prognostic indicator, on DCE MRI. NGS was
conducted for the tissue from the lesion. The Mann-Whitney U and Chi-square
tests were employed to identify clinical and genetic variables associated with rim
enhancement in PDAC. For continuous variables predicting rim enhancement,
the cutoff value was set based on the Youden's index from the receiver operating
characteristic (ROC) curve. Radiomics features were extracted from a volume-
of-interest of PDAC on four DCE maps (K", Kep, Ve, and iAUC). A random forest
(RF) model was constructed using 10 selected radiomics features from a pool of
392 original features. This model aimed to predict the status of significant NGS
variables associated with rim enhancement. The performance of the model was
validated using test set.

Results: A total of 55 patients (32 men; median age 71 years) were randomly
assigned to the training (n = 41) and test (n = 14) sets. In the training set, KRAS,
TP53, CDKN2A, and SMAD4 mutation rates were 92.3%, 61.8%, 14.5%, and 9.1%,
respectively. Tumor size and KRAS variant allele frequency (VAF) differed between
rim-enhancing (n = 12) and nonrim-enhancing (n = 29) PDACs with a cutoff of
17.22%. The RF model's average AUC from 10-fold cross-validation for predicting
KRAS VAF status was 0.698. In the test set comprising 6 tumors with low KRAS
VAF and 8 with high KRAS VAF, the RF model's AUC reached 1.000, achieving a
sensitivity of 75.0%, specificity of 100% and accuracy of 87.5%.
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Conclusion: Rim enhancement of PDAC is associated with KRAS VAF derived
from NGS-based genetic information. For predicting the KRAS VAF status in
PDAC, a radiomics model based on DCE maps showed promising results.

KEYWORDS

pancreatic cancer, radiomics, genetics, dynamic contrast-enhanced imaging, magnetic

resonance imaging

Introduction

Pancreatic cancer is the fourth most common cancer with the
lowest 5-year relative survival rate (11%) in the United States (1).
MRI offers higher soft-tissue contrast, which is helpful for detecting
and characterizing small lesions in the pancreas and liver (2, 3). A
prior study attempted to find radiological findings that would
predict clinical outcome, and rim enhancement of pancreatic
ductal adenocarcinoma (PDAC) on MRI was an independent
predictor of poor outcome in patients who received surgery (4).
Lesions with rim enhancement showed more aggressive histologic
tumor grades, fewer visible acini, and more necrosis inside the
tumor than lesions without rim enhancement.

Although multiphase MRI is commonly utilized for pancreatic
imaging, dynamic contrast-enhanced (DCE) MRI with short
temporal resolution (< 10 seconds) has been investigated.
Previous research found that DCE MRI findings differed
significantly between pancreatic tumors and normal pancreas or
benign disease (5-8). The tumor’s characteristics are expected to be
quantitatively analyzed using DCE MRI parameters which are
correlated to pathological findings such as microvascular density
or fibrosis (8-11). Additionally, DCE MRI parameters are different
depending on the therapeutic response in PDAC patients (12, 13).

Radiomics is used to extract high-dimensional features and to
quantitatively assess details on radiological images that cannot be
seen visually (14, 15). In radiomics, features are selected based on
predefined mathematical calculations that explain the relationships
between signal intensities in pixels. A machine learning algorithm is
used to choose several important features from hundreds of
available ones and to construct a prediction model. Multiple
studies have been performed to discover key radiomics features or
to build radiomics models to predict pathologic characteristics or
patient outcomes in oncology (16, 17). Radiomics in the pancreas
has been used to differentiate pancreatic lesions from the normal
pancreas, classify pancreatic masses, and predict therapeutic
response or prognosis (18-20). Radiogenomics is a specialized
application that connects radiomics to genetic data (21, 22). DCE
MRI, however, has not been employed for radiomics or
radiogenomics research in the pancreas. We anticipated that the
quantitative analysis using radiomics in DCE MRI, which might
reflect the histologic features of the tumor, could potentially have a
correlation with qualitative MRI findings such as rim enhancement
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or genetic characteristics. If the quantitative analysis of MRI is
related to genetic prognostic factors, it is expected that MRI
variables could serve as potential prognostic factors. Therefore,
the purpose of this study was to identify the clinical and genetic
variables associated with rim enhancement of PDAC as well as to
develop and test a radiomics model based on DCE MRI parametric
maps for predicting the status of important genetic factors.

Materials and methods
Patients

Our hospital’s institutional review board approved this
prospective study, and informed consent was obtained from
all participants.

Patients diagnosed with PDAC at our institution after July 2019,
and had their diagnosis pathologically confirmed via biopsy or
surgery, were eligible. From this group, we only included those who
underwent a pre-treatment pancreas MRI that would be used for
analysis. We set our target study participant count to 60 based on
precedent. This decision was informed by previous DCE MRI
studies on PDAC, where participant numbers ranged from 14 to
58, especially considering the unpredictability of correlating DCE
MRI results with genetic information (8, 10, 11, 23-25). Exclusion
criteria were as follows: (a) no pancreatic MRI prior to treatment;
(b) pancreatic MRI that did not include DCE MRI; (c) pancreatic
MRI at other institutions; and (d) refusal to participate in the study.
Clinical data from electronic medical records were collected,
including age, sex, initial carbohydrate antigen (CA) 19-9 level,
and clinical staging. The patients were randomly assigned into two
groups, i.e., training and test sets, in a 3:1 ratio.

MRI acquisition

A 3T MRI scanner (MAGNETOM Vida, Siemens Healthcare,
Erlangen, Germany) with a 30-channel surface coil and a 32-
channel or 72-channel spine coil was utilized for all MRI
examinations. A power injector operating used to deliver 0.1
mmol/kg gadoterate meglumine (Dotarem, Guerbet, Paris,
France) followed by a 20-mL saline flush for DCE MRI. The
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temporal resolution of DCE MRI was 13.5 seconds for the first two
images, 8.4 seconds for 180 seconds, and 13.5 seconds for the
remaining 121 seconds. The MRI sequences and parameters are
summarized in Supplementary Table E1. Pharmacokinetic maps
were generated from DCE MRI after automatic motion correction
and registration using a commercially available program (MR
Tissue4D in Syngo.via VB40B, Siemens Healthcare): volume
transfer constant (K"®"), reverse reflux constant (Kep)s
extravascular extracellular volume fraction (V.). The initial area
under the curve (iIAUC) was measured for the first 60 seconds. The
arterial input function was chosen by having the smallest chi2 value
as supplied by the program.

Image analysis

MR examinations were reviewed independently by two
abdominal radiologists. They measured tumor size based on DCE
MRI referring to all other sequences. They also evaluated whether
the tumor had rim enhancement on DCE MRI images, as defined in
a previous study: irregular ring-like enhancement with a relatively
hypo-enhancing central area (4). The discordant results were solved
by consensus, and the final decision was regarded as the gold
standard of tumor size and rim enhancement.

Next generation sequencing (NGS)

An expert pathologist reviewed the hematoxylin-eosin-stained
slides to determine the cancer area and normal pancreas tissue as
well as the existence of an adequate amount of tissue for NGS. The
Oncomine Comprehensive Assay Plus panel (Thermo Fisher
Scientific, USA) was used for NGS, which targeted 411 genes of
solid tumors. Tier I or II genetic alterations were detected using
standards and guidelines for the assessment and reporting of
sequence variants in cancer (26). The thresholds of variant allele
frequency for hotspot variants, single nucleotide variants (SNVs),
and insertions and deletions (indels) were > 4%, > 5% and > 5%,
respectively. Copy number variation > 4 was considered a gain
(amplification), and a variation < 0.7 was considered a
loss (deletion).

Tumor segmentation

One radiologist with 10 years of experience in abdominal
imaging performed 3D tumor segmentation on the pancreatic
phase of DCE MRI by referring to all available MR images.
Volume of interest (VOI) segmentation was performed manually
on all axial images of the tumor, using open source software ITK-
SNAP, version 3.8.0 (http://www.itksnap.org/) (27). If a patient had
multiple cancer lesions, tumor segmentation was performed on the
largest tumor. To assess intraobserver agreement, the radiologist
performed tumor segmentation again for each patient more than a
month after completing the first segmentation.
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Radiomics feature extraction

Software for radiomics analysis (Syngo. Via Frontier, Version
1.2.2; Siemens Healthineers) was used (28). This software package
was developed based on the PyRadiomics library, version 3.0.1
(https://github.com/Radiomics/pyradiomics) and scikit-learn
machine learning library (https://scikit-learn.org/stable/modules/
generated/sklearn.ensemble.RandomForestClassifier.html). Four
DCE parametric maps were simultaneously loaded into the
software with a segmentation mask. MR images were resampled
using B-Spline interpolation at a spatial resolution of 1 X 1 x 1 mm3.
The bin width was set as 25 to make a histogram of discretization of
the image gray levels. On each DCE parametric map, 110 original
features were extracted from a VOI. They included 18 first-order
features, 17 shape features and 75 texture features (gray level
dependence matrix [GLDM], gray level co-occurrence matrix
[GLCM], gray level run length matrix [GLRLM], gray level size
zone matrix [GLSZM], and neighboring gray tone difference matrix
(NGTDM) features). The software generated a cluster map to show
associations between the identified clusters of patients and features
using the Ward variance minimization algorithm to calculate the
cluster distances (Supplementary Figure El).

Feature selection, radiomics model
development and testing

Radiomics features from four DCE parametric maps were
integrated. In the training set, features having an intraclass
correlation coefficient (ICC) of less than 0.75 between two VOIs
were removed (29). Radiomics features were reduced to a maximum
of 10 features using the classic minimum redundancy maximum
relevance (mRMR) method based on the R* difference. The
algorithm selects the most relevant features for target
classification while minimizing feature redundancy. Using the
selected features, a random forest (RF) model for predicting the
significant genetic factor was built. The model was optimized using
tenfold cross-validation, and the average area under the receiver
operating characteristic curve (AUC), sensitivity, specificity and
accuracy were calculated. The model was optimized using tenfold
cross-validation and validated with a test set.

Statistical analysis

The Kolmogorov-Smirnov test was performed to evaluate the
normality of the continuous clinical variables, including age, tumor
size and CA19-9 level, and variant allele frequency (VAF) of four
most common mutations identified by NGS. Cohen’s kappa value
and ICC were used to assess interobserver agreement for rim
enhancement and tumor size measurement. The Dice similarity
coefficient was employed to assess spatial agreement between two
sets of VOIs of PDAC. Mann-Whitney U and Chi-square tests were
used to compare clinical and genetic factors between training and
test sets as well as between tumors with and without rim
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enhancement. The correlations among the significant factors were
evaluated using the Spearman correlation coefficient. Receiver
operating characteristic (ROC) curve analysis was assessed the
discriminative ability of continuous variables from NGS in
predicting the presence of rim enhancement. Youden’s index,
applied to the training set, determined the cutoff values for
significant factors linked to rim enhancement.

A radiomics model was built utilizing radiomics features from
DCE parametric maps to predict the status of the significant genetic
factor. The sensitivity, specificity, accuracy, and AUC of the
radiomics model were calculated in the test set and training set.
Statistical analyses were performed using SPSS software version
23.0 (IBM, Armonk, NY, USA) and GraphPad Prism version 8.0
(GraphPad Software, Inc., La Jolla, CA, USA). P <.05 was
considered statistically significant.

Results
Patients

From November 2019 to July 2021, 60 patients consented to
participate in this study. Five patients were excluded due to
unavailable NGS results because of insufficient amounts of tissue
(Figure 1). A total of 55 patients (32 men, median age 71 years,
interquartile range [IQR], 66-77]) were included. The median
CA19-9 level was 470.2 U/mL (IQR, 49.3-2972.0 U/mL).
Although two patients had two pancreatic cancer lesions, only the
largest lesion was included in the analysis. Resectable, borderline
resectable, locally advanced, and metastatic PDAC were diagnosed
in 16 (29.1%), 3 (5.5%), 7 (12.7%) and 29 (52.7%) patients,
respectively. Histological tumor grading was available for 29
patients: 8 had well-differentiated tumors, 18 had moderately
differentiated tumors, and 3 had poorly differentiated tumors.
Surgery was performed in 14 patients. In the training and test
sets, 41 and 14 patients were randomly assigned. Table 1

Eligible patients:
Histologically confirmed
pancreatic ductal adenocarcinoma
from November 2019 to July 2021

Exclusion

1)No pancreas MRI before treatment
— 2)Pancreas MRI without DCE-MRI
3)Outside pancreas MRI

4)Refusal to participate in research

Enrolled patients (n = 60)

Inadequate amount of tissue for next-
generation sequencing (n = 5)

Final study population (n = 55)

FIGURE 1
Flow diagram of study participants.
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summarizes the baseline characteristics of the patients. There
were no statistically significant differences in any clinical factor
between the training and test sets.

Image analysis and segmentation

The median tumor size in all patients was 3.5 cm (IQR, 2.3-5.0
cm). The ICC for the size measurement between two readers was
0.900. The two radiologists classified 19 and 17 tumors as positive
rim enhancement, respectively (k = 0.670). Following the resolution
of the disagreement, 18 patients (32.7%) were categorized as having
tumors with rim enhancement, including 12 patients in the training
set and 6 patients in the test set. In all cases, the Dice similarity
coefficient between the two sets of VOIs in all patients was 0.760.

Clinical and genetic factors between
tumors according to rim enhancement

In the training set, tumors with rim enhancement were
significantly larger than tumors without rim enhancement
(P = 0.021) (Table 2). Other clinical factors were not different
according to rim enhancement. As a result of NGS, a wide variety of
genetic mutations were discovered (Supplementary Figure E2). We
evaluated the four most common mutations in PDAC. KRAS, TP53,
CDKN2A, and SMAD4 mutation rates were 92.3%, 61.8%, 14.5%,
and 9.1%, respectively. The presence or absence of these mutations
was not different according to tumor rim enhancement. The VAF of
KRAS mutation was significantly higher in tumors with rim

TABLE 1 Clinical characteristics in the training and test sets.

Test set
(n = 14)

Training set

Characteristics (n = 41)

Age (years) 72.0 (66.0-77.5) 69.0 (66.0-77.3) 0.756
Male patient 23 (56.1%) 9 (64.3%) 0.416
Body weight (kg) 60.0 (50.0-68.5) 61.5 (52.3-68.5) 0.977
421.1 664.2
CA 19-9 (U/mL) 0.885
(60.5-3184.5) (20.9-2797.5)
Tumor size (cm) 3.6 (2.4-5.0) 2.8 (2.3-4.2) 0.422
Tumor location
Head 20 (48.8%) 6 (42.9%)
0.704
Body to tail 21 (51.2%0) 8 (57.1%)
Clinical staging
Resectable PDAC 10 (24.4%) 6 (42.9%)
Borderline 2 (4.9%) 1 (71%)
resectable PDAC o o
0.291
Locally
17.1% 9
advanced PDAC 7 (17.1%) 0 (0%)
Metastatic PDAC 22 (53.7%) 7 (50.0%)

Data are presented as median (interquartile range) or number (%).
CA, Carbohydrate antigen.
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enhancement than in others. The VAFs of other mutations did not
differ between the two groups. Spearman correlation test showed
that tumor size and KRAS VAF were not correlated (p = 0.275,
P =0.082).

The cutoff value for positive
rim enhancement

Two factors (tumor size and KRAS VAF) that exhibited
significant differences between tumors with and without rim
enhancement were further evaluated with ROC curves. In the
training set, the cutoff values of tumor size and KRAS VAF for
predicting positive rim enhancement were > 3.9 cm and > 17.22%;
they had AUCs of 0.728 and 0.762, respectively. Based on the
established cutoff of KRAS VAF, 10 out of the 12 rim-enhancing
PDAC cases and 8 out of the 29 nonrim-enhancing PDAC cases
were classified with high KRAS VAF. In the test set, the AUCs for
the tumor size and KRAS VAF were 0.510 and 0.750, respectively
(Supplementary Figure E3). According to the KRAS VAF cutoff,
patients in the test set were divided into two groups, namely, low
KRAS VAF [n = 6] and high KRAS VAF [n = 8].

Development and testing of the
radiomics model

A radiomics model utilizing DCE parameters was developed to
predict KRAS VAF status. After excluding 17 features with low ICC
from each parametric map, 93 features were selected from each
DCE map. Consequently, a total of 372 features were extracted from
the four DCE maps. From the training set, the ten most important
characteristics for predicting low and high KRAS VAF were chosen
(Supplementary Figure E4). The average AUC of the radiomics
model with 10-fold cross validation was 0.698. The model’s
sensitivity, specificity, and accuracy were 66.7%, 82.6% and 75.6%,
respectively. In the test set, the AUC of the model was 1.000
(Figure 2). The sensitivity, specificity and accuracy of the model
were 75.0%, 100% and 87.5%, respectively. The example cases are
depicted in Figures 3, 4.

Discussion

Our study evaluated the clinical and genetic factors that are
associated with rim enhancement of PDAC, which has been
identified as a predictive imaging feature for postsurgical
prognosis (4). Only tumor size and VAF of KRAS mutation were
associated with rim enhancement; the presence of any common
mutation in PDAC was not associated. We used a machine learning
model based on radiomics of DCE MRI to predict low and high
KRAS VAFs (cutoff 17.22%). A machine learning model
incorporating DCE parametric maps (K™, K, V., iAUC)
produced excellent results with an AUC of 1.000 in the test set
that was randomly selected from the entire patient cohort. In this
study, we discovered genetic differences in PDAC based on rim
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TABLE 2 Differences in clinical characteristics and genetic information
according to rim enhancement in the training set.

No rim
enhancement
(n = 29)

Rim
enhancement
(n=12)

P
value

Parameters

Clinical characteristics

Age (years) 71.0 (64.3-79.3) 72.0 (66.0-77.5) 0.767
Male patient 7 (58.3%) 16 (55.2%) 0.853
Body weight (kg) 71.0 (64.3-67.3) 60.0 (50.0-70.0) 0.372
CA 19-9 (U/mL) (9991?19:96115) 261.8 (43.3-1265.9) 0.176
Tumor size (cm) 4.8 (4.2-6.0) 3.3 (2.2-4.9) 0.021
Clinical stage
Resectable PDAC 1 (8.3%) 9 (31.0%)
Borderline 1 (83%) 1 (3.4%)
resectable PDAC
0.221
Metastatic PDAC 9 (75.0%) 13 (44.8%)
Mutation profile
KRAS mutant 12 (100%) 25 (86.2%) 0.235
KRAS VAF (%) 27.3 (20.8-35.7) 132 (6.3-25.4) 0.008
TP53 mutant 9 (75.0%) 16 (55.2%) 0.236
TP53 VAF (%) 13.0 (0-40.1) 10.5 (0-21.8) 0.488
CDKN2A mutant 2 (16.7%) 4 (13.8%) 0.813
CDKN2A 0 (0-0) 0 (0-0) 0.956
VAF (%)
SMAD4 mutant 1 (8.3%) 3 (10.3%) 0.843
SMAD4 VAF (%) 0 (0-0) 0 (0-0) 0.944

Data are presented as median (interquartile range) or number (%).
PDAC, pancreatic ductal adenocarcinoma; CA, Carbohydrate antigen; VAF, variant
allele frequency.

enhancement and used DCE MRI radiomics to predict
genetic information.

KRAS, TP53, CDKN2A, and SMAD4 are well-known driver
mutations in PDAC. Recent advances in NGS technology enable
accurate genetic mutation profiling of PDAC even with a small
biopsy sample (30). The mutation rates of KRAS/TP53/CDKN2A/
SMAD in the entire patient group in our study were consistent with
previous results (31, 32). Because PDAC involves a very intricate
molecular process, single major genetic alterations have seldom
demonstrated therapeutic or prognostic implications in clinical
settings. Beyond the presence of mutations, quantitative genetic
variant analysis may be necessary to properly assess clinical
genomic information in PDAC.

In the current study, KRAS VAF levels were linked to PDAC
rim enhancement in MRI. VAF is defined as the percentage of
sequence reads in a particular sample that have a certain
deoxyribonucleic acid (DNA) variant. According to recent
research, patients with higher KRAS VAF exhibited greater tumor
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FIGURE 2
ROC curve of the radiomics model for predicting high KRAS variant
allele frequency in the test set

cellularity and worse survival outcomes (33, 34). There was no
significant relationship between the positivity of KRAS mutation
and survival outcome in a recent study on KRAS mutation in
resected pancreatic cancer specimens. Rather, inverse relationships
of KRAS VAF with survival outcomes were consistently reported
across strata of tumor cellularity levels (35). The same study
reported that a higher KRAS VAF was associated with a higher
frequency of neural/lymphatic invasion, increased tumor cellularity,
and decreased inflammatory cellularity. Mechanical evidence from
animal models supports our findings, which suggest that a higher

FIGURE 3

10.3389/fonc.2024.1304187

rate of KRAS mutation contributes to rapid cancer progression and
metastasis (36, 37).

Rim-enhancing PDAC exhibited significantly greater
intratumoral necrosis and a higher aggressive grade as well as a
significantly worse survival result than nonrim-enhancing PDAC
(4). MRI-based intratumoral necrosis, defined as a region with fluid
signal intensity and poor contrast enhancement, was correlated
with more pathological intratumoral necrosis, higher tumor
cellularity and worse clinical outcome in another study (38). As a
result, the enhancement pattern may represent the histological
features of PDAC as well as the clinical outcome.

In our study, rim-enhancing PDAC exhibited significantly
higher levels of KRAS VAF than nonrim-enhancing PDAC.
While we did not investigate the direct association between
patient survival and high KRAS VAF, our results indicate that the
radiologically unfavorable prognostic finding is related to high
KRADS VAF, which has been associated with a worse prognosis
in prior research (35). However, no relationship was found between
the existence of major genetic mutations and the rim enhancement
of PDAC. The particular mutation in PDAC may not alter the
phenotype on radiological imaging, similar to earlier clinical
research in which KRAS mutation was not associated with the
patient’s prognosis (35).

Because the enhancement pattern is connected to NGS-based
genetic information, quantitative analysis for contrast enhancement
utilizing DCE MRI was applied in this study. As rim enhancement
indicates varying degrees of enhancement in the peripheral and
central areas of the tumor, the mean values of DCE parameters in
the entire tumor may not accurately reflect tumor enhancement.
Therefore, we used radiomics analysis of DCE parametric maps to
predict KRAS VAF status in PDAC. In a prior study, radiomics
models based on arterial and portal phase contrast-enhanced MRI
were developed to predict Mucin 4 expression levels (39). However,

A 68-year-old woman with pancreatic ductal adenocarcinoma in the pancreas head. A 2.3 cm tumor shows high signal intensity on axial T2-
weighted image (A) and diffusion-weighted image (B). Arterial (C) and portal (D) phase images of dynamic contrast-enhanced (DCE) MRI show rim
enhancement of the tumor. K" (E), Kep, (F), Ve (G), and iAUC (H) maps are displayed at the level of the tumor. The KRAS variant allele frequency
(VAF) of this lesion was 20.6%, and the patient was classified as having a high VAF level. The radiomics model based on DCE parameters predicted

the lesion as a high VAF tumor with a probability of 0.59
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FIGURE 4

A 67-year-old woman with pancreatic ductal adenocarcinoma in the pancreas head. A 2.4 cm tumor shows high signal intensity on axial T2-
weighted image (A) and diffusion-weighted image (B). Arterial (C) and portal (D) phase images of dynamic contrast-enhanced (DCE) MRI show no
rim enhancement of the tumor. K" (E), Ke,, (F), Ve (G), and iAUC (H) maps are displayed at the level of the tumor. The KRAS variant allele frequency
(VAF) of this lesion was 13.5%, and the patient was classified as having a low VAF level. The probability score of the radiomics model based on DCE

parameters was 0.12 and predicted the lesion as a low VAF tumor.

no radiomics study of DCE parametric maps has been performed in
PDAC. To build a radiomics model, we combined three DCE
parametric maps (K™, K, and V. maps) and an iAUC map.
Furthermore, to simplify the radiomics model, we used only the
original features, excluding filtered features from processes like
wavelet and Laplacian of Gaussian filtering. The radiomics model
with 10 features selected from four different maps showed excellent
results in predicting high and low KRAS VAF tumors in the test set
with an AUC of 1.000. Although radiomics features may not be
directly interpreted as classical image findings, we can infer their
implications. Among the 10 selected features, tumors with high
KRAS VAF exhibited lower 10th percentile values on the V., map,
indicating a tendency towards decreased signal intensity of the
tumor. Additionally, a higher value of size zone nonuniformity
normalized (SNZZ) on the K., map suggested the presence of
heterogeneous zone size volumes in high KRAS VAF tumors. These
findings imply that the DCE-parameter-based radiomics model has
the potential to capture genetic or radiologic characteristics
of tumors.

There are several limitations to be noted regarding this study.
First, the number of patients in the cohort was small. This
prospective study explored genetic information and DCE MR],
which are not routinely obtained during the management of PDAC
patients. Therefore, having a small number of participants was
inevitable. Second, we could not perform external validation using
public or outside data. It was difficult to find publicly available data
on patients, including DCE MRIs of the pancreas and genetic
information. Further prospective studies in other hospitals may
be necessary to generalize the results of this study. Third, we could
not evaluate the impact of KRAS VAF on patient survival. As some
research has shown that a high KRAS VAF is associated with poor
patient outcomes, it would be better to evaluate the impact of the

Frontiers in Oncology

KRAS VAF or DCE radiomics model on survival outcomes in our
cohort. However, this was impossible because variable treatment
methods were applied to the patients in this study. This issue should
be solved with a further study involving patients who undergo
homogeneous treatment. Fourth, the interobserver agreement for
rim enhancement was good, albeit relatively low (« = 0.670). In MRI
research, it has been reported as 0.85, whereas in CT research it was
0.64 and 0.766 (4, 40, 41). We speculate that differences in imaging
modality can cause the differences in interobserver agreement. Even
though we used to consensus results to reduce the variability
between radiologists, further studies with more readers with
different imaging modality would be helpful to generalize the
current results.

In conclusion, rim enhancement of PDAC is associated with
KRAS VAF among NGS-based genetic information. For predicting
the KRAS VAF status in PDAC, a radiomics model based on DCE
maps showed promising results.
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Introduction: Pancreatic cancer is a highly aggressive malignancy with limited
response to chemotherapy. This research aims to compare the effectiveness and
safety of regional intra-arterial chemotherapy (RIAC) with conventional systemic
chemotherapy in treating advanced stages of pancreatic cancer.

Methods: A comprehensive literature review was conducted using databases such
as PubMed, Embase, Web of Science, and the Cochrane Library. Studies assessing
the comparative outcomes of RIAC and systemic chemotherapy were included.
Data extraction and quality evaluation were performed independently by two
researchers. Statistical analysis was conducted using STATA16 software, calculating
odds ratios (OR), risk differences (RD), and 95% confidence intervals (Cl).

Results: Eleven studies, comprising a total of 627 patients, were included in the
meta-analysis. The findings showed that patients undergoing RIAC had significantly
higher rates of partial remission (PR) compared to those receiving systemic
chemotherapy (OR = 2.23, 95% CI: 157, 3.15, 12= 0%). Additionally, the rate of
complications was lower in the RIAC group (OR = 0.45, 95% CI: 0.33, 0.63, 12= 0%).
Moreover, patients treated with RIAC had notably longer median survival times.

Discussion: The results of this research indicate that RIAC is associated with a
higher rate of partial remission, improved clinical benefits, and fewer complications
compared to systemic chemotherapy in the management of advanced pancreatic
cancer. These findings suggest that RIAC may be a more effective and safer
treatment option for patients with advanced stages of pancreatic cancer.

Systematic review registration: https://www.crd.york.ac.uk/prospero/,
identifier CRD42023404637.
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Introduction

Pancreatic cancer is a malignant digestive tract tumor with an
extremely high degree of malignancy and rapid progression. Pancreatic
cancer patients usually have poor prognosis (1), and the 5-year overall
survival rate is approximately 10% in the USA (2). Also, in recent years,
the incidence rate of pancreatic cancer has been on the rise (3). Radical
surgery remains the most effective approach, and the 5-year survival
rate after surgery is about 20% (4, 5). However, considering that 85-
90% of patients present with advanced tumors at the time of diagnosis,
other treatment methods must be selected. Adjuvant chemotherapy has
been recommended for patients with advanced pancreatic cancer. For
example, gemcitabine (GEM), which is given systemically, is effective as
postoperative adjuvant chemotherapy in patients with stage IV
pancreatic cancer, with a response rate of only 5-15% (6). GEM does
not significantly improve survival when combined with other anti-
cancer drugs (7, 8). Still, some studies have shown that certain patients
do not respond well to conventional systemic intravenous
chemotherapy (9). On the other hand, conventional radiotherapy
and chemotherapy for pancreatic cancer have limited effects, with an
average survival time of 6 months (10).

In recent years, RAIC has been clinically used as a new
chemotherapy regimen for advanced pancreatic cancer (9, 11).
Pancreatic cancer is a retroperitoneal tumor lacking blood supply.
RAIC delivers antineoplastic drugs to the tumor site through the
ductus arteriosus, producing locally high drug concentrations while
maintaining low systemic drug levels. Compared with conventional
systemic intravenous chemotherapy, RAIC can improve the effect of
the drug and reduce the appearance of adverse events in patients with
colorectal cancer and liver metastases (12). Fang et al. (13) reported a
clinical benefit of RIAC of 78.06% for patients with advanced
pancreatic cancer, compared to 29.37% for those who received
systemic chemotherapy. Also, the one-year survival rate for RIAC
(28.6%) was higher than for systemic chemotherapy (0%) (13). Thus,
it is believed that RIAC can improve the clinical benefit and survival
rates in patients with advanced pancreatic cancer (14-16).

To the best of our knowledge, an increasing number of
investigations have explored the efficacy of RIAC in advanced
pancreatic cancer over the last few years (9, 17, 18). Nevertheless, the
value of RIAC in treating advanced pancreatic has not been
conclusively demonstrated. In addition, most of these studies remain
in the phase II clinical trial stage, lacking comprehensive subgroup
analysis of clinical research subjects. Considering the small number of
patients included in the published studies and that most of the studies
were retrospective, a systematic review and meta-analysis are necessary
to provide a more reliable conclusion to guide clinical practice.

Herein, we used systematic review and meta-analysis to clarify the
value of RTAC in treating advanced pancreatic cancer by comparing the
safety and efficacy of RIAC with systemic chemotherapy.

Materials and methods

This systematic review was conducted in accordance with the
standards of the Preferred Reporting Items for Systematic Reviews and
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Meta-Analyses (PRISMA) (19). No ethical approval or informed
consent was required for this article because all data were retrieved
from published literature.

Search strategy

Four electronic databases, i.e., PubMed, Embase, Web of Science,
and Cochrane Library, were searched on May 30, 2023, and no time
limitation was applied. Two investigators performed searching,
identification of eligibility, data extraction, and quality assessment;
disagreements were resolved through discussion. Vocabulary and
syntax were specifically adapted according to the database. The
specific search terms were: ((pancreatic or pancreas), (cancer or
neoplasms or carcinoma or malignant tumor)), ((arteries or arterial)
and (infusion or perfusion or chemotherapy)). Only studies published
in the English language were included. Reference lists of relevant
articles were also manually screened for additional possible records.

Inclusion criteria

Studies were selected based on the following inclusion criteria (1):
study design: randomized controlled trials (RCTs) (2); population:
adult patients who were histologically and/or clinically diagnosed
with pancreatic cancer (3); intervention: RIAC (given via cancer
feeding artery, hepatic artery, celiac artery, gastroduodenal artery,
superior mesenteric artery, common hepatic artery, splenic artery, or
other regional arteries, with or without regional embolization), or
systemic intravenous chemotherapy (given via central or peripheral
veins) (4); outcomes: provided 1 of the following outcome of interest:
complete remission (CR), partial remission (PR), or complications
(5); sufficient data could be extracted. If more than one study
provided overlapping data, only the latest study or a study with the
most comprehensive data was included. Case reports, commentaries,
expert opinions, and narrative reviews were excluded.

Data extraction

Requisite data extracted and recorded to standardized Excel files
included the first author’s surname, publication year, study inclusion
interval, country, study design, demographic information of
participants, number of patients in the RIAC and systemic treatment
groups, gender, and route of drug administration. The primary
endpoints were: complete response (CR), partial response (PR), and
complication rate where CR indicated a disappearance of all target
lesions [any pathological lymph nodes (whether target or non-target)
must have reduction in short axis to <10 mm|] and PR indicated at least
a 30% decrease in the sum of diameters of target lesions, taking as
reference the baseline sum diameters, with no evidence of new or
progressive lesions. Side effects of interest mainly involved hematology
(leukopenia, thrombocytopenia, or anemia) and gastrointestinal system
complications (nausea, vomiting, or duodenal ulcers); other
complications were embolism, thrombophlebitis, and catheter
displacement.
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Quality assessment

The quality of the included non-RCT's was assessed by using the
risk of bias in non-randomized studies of interventions (ROBINS-
I). The RCT's were evaluated using the Cochrane risk bias tool 2.0.

Statistical analyses

The heterogeneity between studies was assessed using Chi-
square statistics and qualified by the size of I°. Heterogeneity
among included studies was assessed using the I* statistic. An I*
value of 0% implied no observed heterogeneity, and values of > 50%
indicated substantial heterogeneity. All meta-analyses used a fixed-
effects model: I < 25% for all accessed outcomes. The analyzed
parameters included the number of patients, major endpoints (CR,
PR, and complication rate), and side effects. The value of a two-
sided P< 0.05 was considered statistically significant. Stata version
16 (StataCorp, College Station, TX, USA) was used to analyze data
from RCTs meeting inclusion criteria. The potential publication
bias was examined using Egger’s tests and funnel plot. Finally,
sensitivity analyses were performed to identify individual study
effects on pooled results and test the reliability of the results.

Results
Search results and study selection

A total of 969 relevant papers were obtained from the
preliminary search. There were 833 potentially relevant studies
after excluding duplicates. After performing an initial screening of
the title and abstract, 54 articles with strong correlations were

)

10.3389/fonc.2024.1197424

obtained. Eleven articles (20-30) were finally included in the meta-
analysis after assessing the full-text content and analyzing the data
integrity according to the exclusion criteria. Figure 1 shows the
selection process of the included studies.

Study characteristics

Eleven studies involved 627 patients, 322 of whom received
regional intra-arterial chemotherapy, and 305 received systemic
chemotherapy. The mean ages of included patients ranged from
55.0 to 62.4 years, and the proportion of males ranged from 52.9%
to 57.1%. The chemotherapy regimen included FAM [adriamycin
40 mg/mz, mitomycin (MMC) 6 mg/mz, and 5-fluorouracil (5-FU)
375 mg/m?], GEM (1000 mg/m?), MF [MMC 2 mg, 5-FU 750 mg],
MmMC [mitomycin C at a total dose of 18 mg/m?, mitoxantrone 6
mg/m? and cisplatin 30 mg/m?]. GP (gemcitabine 1000 mg/m?,
cisplatin 50 mg/m?), and GF (GEM+5-FU)[GEM 1000 mg/m?; 5-
Fu, 600 mg/m*]. The drug delivery routes included celiac artery
splenicartery, tumor-feeding arteries, splenic artery, gastroduodenal
artery, common hepatic artery, and superior mesenteric artery
(Table 1). Of note, the study by Wang et al. did not report the
information on survival time (so the survival time in Table 1 for this
study is empty); yet, this study was included ins the meta-analysis
because it met the inclusion criteria and reported the necessary data
for meta-analysis.

Results of quality assessment

We assessed the methodological quality of each non-RCT by
using the ROBINS-I and each RCT using ROB 2. The risks of bias
and corresponding ratios are summarized in Figure 2.

Records identified through
database searching
(n = 969)
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through other sources
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Identification
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Full-text articles excluded:
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=176)
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FIGURE 1
Selection process of included studies
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3 = E E - patients was (OR = 0.13, 95% CI: 0.05, 0.29, 12 = 30.7%) (Figure 4B).

Median survival times

Ten studies (21-25, 27-29) reported that RIAC median survival
times (10-21 months) were longer than for systemic chemotherapy
(4.8-14 months). One study (30) reported that systemic
chemotherapy median survival times (5.6 months) were longer
than for RIAC (5 months). One study (26) did not report
the median survival times. We tried contacting the authors but
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systemic chemotherapy.
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S o " ] § astrointestinal reactions (nausea, vomiting, and diarrhea), and
S o = 8 g
Y °
=° “ 2 g hepatic and renal impairment. Two studies reported severe
S °
= e myelosuppression in both RIAC and SC (systemic chemotherapy)
e <
" “ 4 groups (23, 27). One study reported severe myelosuppression and one
I % E 25 death in the SC group (26). No deaths due to drug toxicity were
% 5 %; ; z reported in the RIAC group.
3 T
5 £ 5 &
£ 5 £C .
Ex B Subgroup analysis
S g g
3 4 £ o E
5 2E SPy We performed subgroup analysis on each outcome by
5’: 5 « E b % diagnostic criteria, drug, and route of administration. RIAC
1%2) — 825
Eé ) _gf Tﬁi g patients showed higher CR than the SC patients in the biopsy-
_;é é gz E"‘;S) f E” proven group (RD = 0.08, 95% CI: 0.01, 0.15, I2 = 0%) and FAM
© E g .g g < _§‘§ group (RD = 0.07, 95% CI: 0.01, 0.14, = 0%) (Supplementary
g Egb Bz & Figure SI1). Also, RIAC patients showed higher PR than the SC
T g g g‘é 8 Z E“; group when patients were stratified into those receiving drugs
H 5 g3 2.‘;}(; g through the celiac artery (OR = 2.93, 95% CI: 1.81, 4.74,
=) =1 g -0~
S 8 zE58z2¢ g,;g’ I? = 42%), MF group (OR = 7.07, 95% CI: 1.17, 42.85, I* = 0%),
= s 23 3
- = §n§ 2 % = g s & FAM group (OR = 2.08, 95% CI: 0.07, 63.42, I> = 0%), proven group
2E &S5 ES = .
'g g Uos= ('2; g E (OR = 1.81, 95% CI: 1.20, 2.71, I* = 0%), and biopsy-proven group
g S22 9= %
= = E£85:588¢% (OR = 4.07, 95% CI: 2.03, 8.14, I* = 0%) (Supplementary Figure S2).
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FIGURE 2

The quality assessment according to ROBINS-I and ROB 2 of each non-RCTs and RCTs. (A) Risk of bias ROBINS-I per study; (B) Risk of bias

ROBINS-I per domain; (C) Risk of bias ROB-2 per study; (D) Risk of bias ROB

Also, the RIAC group showed fewer side effects than the SC
group when patients were stratified in the pathologically proven
group (OR = 0.48, 95% CI: 0.33, 0.70, I* = 0%), biopsy-proven group
(OR = 0.39, 95% CI: 0.19, 0.78, I* = 71.8%), FAM group (OR = 0.30,
95% CI: 0.14, 0.63, I* = 0%), GF group (OR = 0.48, 95% CI: 0.30,
0.75, I = 0%), GP group (OR = 0.44, 95% CI: 0.21, 0.96, I* = 0%),
drugs administered through abdominal cavity artery group (OR =
0.40, 95% CI: 0.25, 0.62, I> = 0%) and drugs administered through
superior mesenteric artery group (OR = 0.45, 95% CI: 0.23, 0.90,
> = 0%) (Supplementary Figure S3).

Sensitivity analysis

Sensitivity analysis was performed to estimate the effect of each
study on pooled OR by consecutive deletion of each study. The
results showed no eligible study significantly influenced the pooled

estimate (Figure 6).

-2 per domain.

Publication bias

Funnel plot and Egger’s test were performed to assess publication
bias among the studies. As shown in Figure 7, there was no evidence
of publication bias for PR (Egger’s test P = 0.469) (Figure 7A) and CR
(Egger’s test P = 0.330) (Figure 7B). However, side effects may be
subject to publication bias (Egger’s test P = 0.002) (Figure 7C).

Discussion

Our data revealed that patients who received RIAC treatment
had better outcomes than those who received systemic
chemotherapy, regardless of whether the treatment resulted in
complete or partial remission or extended median survival time.
Additionally, the incidence of side effects for patients who received
RIAC was lower.
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(A) Meta-analysis of CR. Diamonds represent pooled effects. CR, complete remission; (B) Meta-analysis of PR. Diamonds represent pooled effects.

PR, partial remission.
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(A) Meta-analysis of ORR for RIAC patients; (B) Meta-analysis of ORR for systemic chemotherapeutics patients.

Conventional systemic chemotherapy for advanced pancreatic
cancer can improve symptoms and prolong survival to a certain
extent, but the overall efficacy is not ideal. Due to the drug
resistance and poor sensitivity to chemotherapy, the therapeutic
effect of chemotherapy on pancreatic cancer is limited (31, 32).
Also, considering that pancreatic cancer has a poor blood supply
and its tumor surface is often covered by a dense fibrous envelope,
the effect of chemotherapeutics is limited (17). Moreover,
pancreatic cancer often expresses medium to high levels of multi-
drug resistance gene, which influences the chemotherapeutics effect
(9, 16, 33). Therefore, increasing the concentration of tumor local
drugs is necessary. Thus, changing the route of administration is
often considered for these patients.

Pancreatic cancer has a dose-dependent sensitivity to local
chemotherapy (34). The application of targeted arterial perfusion
therapy can effectively increase the tissue drug concentration,
increasing the sensitivity of tumor cells to chemotherapeutic
drugs and contributing to overcoming tumor cell resistance
induced by P-170 glycoprotein (9). Therefore, this method has
often been applied for treating pancreatic cancer (35). Regional
chemotherapy is a comprehensive treatment for pancreatic cancer.
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FIGURE 5

Meta-analysis of the incidence of total complications using Regional
Intra-Arterial Chemotherapy or systemic administration of
chemotherapeutics. Diamonds represent pooled effects.
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The main arterial blood supply to the pancreas comes from the
trunk celiac artery and the superior mesenteric artery, so anti-
cancer drugs injected through the trunk celiac artery and the
superior mesenteric artery can cover the entire pancreas (17).
Regional arterial perfusion chemotherapy of the pancreas can
significantly increase the concentration of drugs in the pancreas,
duodenum, and peripancreatic lymph nodes, enhance drug action,
reduce systemic toxic and side effects, and improve the effect of
chemotherapy (35, 36).

Based on the results of the present meta-analysis, we concluded
that RIAC has fewer complications than systemic chemotherapy. In
particular, the drug dose used for each treatment regimen was the
same across studies, and RIAC had fewer severe myelosuppression
events and GI reactions than systemic chemotherapy. (37) Local
perfusion chemotherapy increases the blood concentration of tumor
tissue, while the influence of chemotherapy drugs on other tissues,
such as bone marrow tissue, liver, kidney, and gastrointestinal tract, is
reduced, alleviating the toxic and side effects of systemic
chemotherapy (10). Although the value of RIAC has been
demonstrated, several disadvantages have limited the expansion of
its clinical use. The studies included in this paper did not describe the
exact length of the procedure; other studies have shown that RIAC is
often more challenging to perform than systemic chemotherapy. It is
also less frequently used than regular intravenous chemotherapy as
the surgeon who performs it requires special training. Moreover, it is
an invasive procedure that increases hospitalization time, costs, and
local complications (9). However, RTIAC has superior clinical benefits
and fewer complications, which makes it a good strategy for advanced
pancreatic cancer treatment and a good option for palliative or
neoadjuvant therapy, especially in patients who do not respond to
standard therapy. Generally, regional arterial chemotherapy may be
more expensive than other cancer treatments, such as systemic
chemotherapy or radiation therapy. However, the cost of regional
arterial chemotherapy may be justified due to its potential benefits,
such as higher response rates and fewer side effects compared to other
treatment methods. Also, when considering the economic impact of
regional intra-arterial versus systemic chemotherapy, several factors
should be considered; these may include the cost of the drugs
themselves, the cost of administering the treatment, the cost of any
necessary hospital stays or follow-up appointments, and the potential
for lost income due to time off work. Additionally, it’s important to
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Meta-analysis of Sensitivity analysis.

consider the potential benefits of each treatment option in terms of
overall survival, quality of life, and potential side effects. By carefully
weighing these factors, healthcare providers can make informed
decisions about which treatment option is most appropriate for

each individual patient.

Our study has several major strengths compared with the
former meta-analysis conducted in 2012 (13). First, we included
11 studies with 627 participants, while the previous study,
conducted by Liu et al.,, was based on 5 RCTs, which included

298 participants. Also, we included four articles that were identical
to Liu et al.; one article was excluded for not meeting the inclusion
criteria, and 7 new articles after 2012 were included. Therefore, the
result of our study may be more reliable. Second, compared with the

previous meta-analysis, we used Stata software for meta-analysis;

the results are more intuitive and straightforward for clinicians to
understand. In the meta-analysis of the complication incidence in
regional and systemic chemotherapeutics, our study yielded 0% in
the heterogeneity index I? (24% in the previous study); the lower I*
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indicated a less heterogeneous population and more robust results
than the former meta-analysis. Finally, the pooled CR of regional
intra-arterial vs. systemic chemotherapy for treating advanced
pancreatic cancer was higher than that reported by the previous
meta-analysis. The different results suggested that the latest research
has added new evidence to the current understanding, and RIAC is
still the more effective option.

Potential limitations of this meta-analysis should also be
considered. First, due to the small amount of literature in this
study, the original literature is not detailed enough, and the
reliability of each literature differed. Only a few studies gave a
definite length of follow-up, and although the length of follow-up
was consistent between the RIAC and SC groups, data on long-term
prognosis are still insufficient. In addition, unpublished studies were
not included in this meta-analysis, and the sample size in this study
was small. Furthermore, our original literature was not randomized,
and there has been an evident lack of research in recent years.
Therefore, more rigorous RCTs are needed to enhance our
understanding of this issue further.

Conclusions and future directions

Based on the results of the current meta-analysis, we concluded
that compared with systemic chemotherapy, RIAC has a higher PR,
greater clinical benefit, and fewer complications in the treatment of
advanced pancreatic cancer.
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Objective: The five-needle pancreato-intestinal anastomosis method is used in
laparoscopic pancreaticoduodenectomy (LPD). The aim of this study was to
explore the clinical efficacy and adverse reactions of this new surgical method
and to provide a scientific reference for promoting this new surgical method in
the future.

Methods: A single-centre observational study was conducted to evaluate the
safety and practicality of the five-needle method for pancreatojejunostomy in
LPD surgeries. The clinical data of 78 patients who were diagnosed with
periampullary malignancies and underwent LPD were collected from the 1% of
August 2020 to the 31°' of June 2023 at Lanzhou University First Hospital. Forty-
three patients were treated with the ‘Five-Needle’ method (test groups), and 35
patients were treated with the '‘Duct-to-Mucosa’ method (control group) for
pancreatojejunostomy. These two methods are the most commonly used and
highly preferred pancreatointestinal anastomosis methods worldwide. The
primary outcome was pancreatic fistula, and the incidence of which was
compared between the two groups.

Results: The incidence of pancreatic fistula in the five-needle method group
and the duct-to-mucosa method group was not significantly different (25.6%
vs. 28.6%, p=0.767). Additionally, there were no significant differences
between the two groups in terms of intraoperative blood loss (Z=-1.330,
p=0.183), postoperative haemorrhage rates (p=0.998), length of
postoperative hospital stay (Z=-0.714, p=0.475), bile leakage rate (p=0.745),
or perioperative mortality rate (p=0.999). However, the operative time in the
‘Five-Needle’ method group was significantly shorter than that in the ‘Duct-
to-Mucosa’ method group (270 + 170 mins vs. 300 + 210 mins, Z=-2.336,
p=0.019). Further analysis revealed that in patients with pancreatic ducts
smaller than 3 mm, the incidence of pancreatic fistula was lower for the ‘Five-
Needle’ method than for the '‘Duct-to-Mucosa’ method (12.5% vs.
53.8%, p=0.007).
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Conclusion: The five-needle method

10.3389/fonc.2024.1347752

is safe and efficient for

pancreatojejunostomy in LPD, and is particularly suitable for anastomosis in
nondilated pancreatic ducts. It is a promising, valuable, and recommendable
surgical method worthy of wider adoption.

KEYWORDS

laparoscopic pancreaticoduodenectomy (LPD), Five-Needle method, duct-to-mucosa
method, pancreatic fistula, operative time

1 Introduction

Laparoscopic pancreaticoduodenectomy (LPD), as one of the
more complex general surgical procedures, remains the primary
surgical method for treating periampullary malignancies. The
procedure, involving concomitant organ resection and the
establishment of gastroenteric, hepaticojejunostomy, and
pancreatojejunostomy anastomoses, is associated with postoperative
complications such as pancreatic fistula, bile leakage, intra-abdominal
haemorrhage, and infection, posing significant postoperative risks to
patients (1-3). Clinical studies indicate that the incidence of
postoperative pancreatic fistula ranges from 21.4% to 28.0%, with
severe fistulas (grades B and C) occurring in approximately 8% and
12.2%, respectively, of patients experiencing postoperative
haemorrhage. The surgery-related mortality rate is reported to be
between 3% and 6% (1-3). Inadequate healing of the
pancreatojejunostomy is a primary contributor to these
complications. Clinical manifestations include not only pancreatic
fistulas but also leakage of pancreatic fluid rich in amylase, lipase, and
protease, increasing the risk of secondary complications such as intra-
abdominal haemorrhage and infection (4, 5).

Since the first LPD reported by Gagner et al. in 1994
(6), minimally invasive methods have been applied to
pancreaticoduodenectomy, especially with recent advancements in
laparoscopic and robotic-assisted technologies. Various LPD
methods have been proposed, somewhat simplifying the
anastomosis process (7, 8). However, the rate of postoperative
complications has not significantly decreased, remaining a major
hindrance to the successful execution of laparoscopic pancreatic
surgery (9-11). Therefore, an LPD method that is not only
straightforward in terms of execution but is also effective in
reducing the incidence of pancreatic fistula and bleeding is
urgently needed.

Open and LPD surgeries were first introduced 20 years ago, and
due to an improved understanding of tissue healing physiology and
the specifics of laparoscopic surgical methods, we have developed
an innovative, straightforward, safe, and effective method for LPD,
termed the five-needle method. The aim of this study was to
preliminarily evaluate the clinical effectiveness and application
value of the five-needle method for pancreatojejunostomy in LPD.

Frontiers in Oncology

2 Materials and methods

2.1 Patients

This single-centre retrospective study was conducted to evaluate
the safety and practicality of the five-needle method for
pancreatojejunostomy in LPD. The clinical data of 116 patients
who were diagnosed with periampullary malignancies and
underwent LPD were collected from the 1°* of August 2020 to the
31* of June 2023 at Lanzhou University First Hospital. After
excluding 38 patients (18 with benign pathology diagnosed
postoperatively without regional lymph node dissection, 14 who
required conversion to open surgery, and 6 with incomplete
observational data), 78 patients were enrolled in the study. Forty-
three patients were treated with the ‘Five-Needle’ method (test
groups), and 35 patients were treated with the ‘Duct-to-Mucosa’
method (control group) for pancreatojejunostomy. These two
methods are the most commonly used and most highly preferred
pancreatointestinal anastomosis methods worldwide.

2.2 Intervention measures

2.2.1 'Five-Needle' method

a. A silicone tube matching the internal diameter of the main
pancreatic duct is inserted through the cut end of the duct,
leaving approximately 3-4 cm of the tube extending beyond
the pancreatic remnant.

b. Three 4-0 Prolene ‘U’-shaped interrupted sutures are
stitched through the end of the pancreas. These sutures
close the branch pancreatic ducts, ensure haemostasis, and
firmly fix the stent tube to the main pancreatic duct to
prevent dislodgement. The upper and lower sutures are
tied, leaving approximately 4 cm of suture tail for later use
(Figures 1A-C).

c. The jejunum is brought up adjacent to the pancreatic
remnant. A small opening is created on the antimesenteric
border of the jejunum at an appropriate location. The fourth
4-0 Prolene vascular suture is used for a “U”-shaped

frontiersin.org
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FIGURE 1

Laparoscopic ‘Five-Needle’ method for Pancreatojejunostomy. (A) A silicone tube is inserted into the main pancreatic duct, followed by a 'U’-shaped
suture through the upper margin of the pancreatic stump using 4-0 Prolene (the first needle). (B) A 4-0 Prolene suture is passed through the upper
and lower edges of the pancreatic duct and used for a ‘U’-shaped suture through the middle of the pancreatic stump (the second needle). (C) A 'U'-
shaped suture through the lower margin of the pancreatic stump is executed with 4-0 Prolene (the third needle). (D) A small opening is made on the
opposite side of the jejunal mesentery, and a 4-0 Prolene suture is used for a ‘U’-shaped pancreatojejunostomy. The pancreatic stent tube is
inserted into the jejunum without tying the suture immediately (the fourth needle). (E) A continuous suture through the full thickness of the
pancreatic stump and the seromuscular layer of the jejunum is performed with 4-0 Prolene, from the upper to the lower margin of the pancreas.
The ends of this suture are tied to the reserved ends of the first and third sutures (the fifth needle).

pancreatojejunostomy. Both ends of the suture pass through  2.2.2 ‘Duct-to-Mucosa’ method
the front of the pancreas, entering and exiting. The

pancreatic stent tube is inserted into the jejunum, which is a. The neck of the pancreas is adequately mobilized to expose
closed but not tied, to facilitate the fifth suture (Figure 1D). the cut end of the pancreatic duct. Continuous suturing of
d. The fifth 4-0 Prolene vascular suture creates a continuous the posterior wall of the pancreatic stump to the
full-thickness anastomosis from the upper to the lower edge seromuscular layer of the intestine is performed using 4-0
of the pancreatic stump and the seromuscular layer of the Prolene sutures from the upper to the lower margin of the
jejunum. The fourth suture is then tightened and tied, pancreatic stump, followed by tightening the suture
followed by tightening the fifth suture. The ends of this (Figures 2A, B).
suture are tied to the residual ends of the first and third b. A small opening corresponding to the diameter of the
sutures (Figure 1E). pancreatic duct is created on the antimesenteric border of

FIGURE 2

Laparoscopic ‘Duct-to-Mucosa’ pancreatojejunostomy. (A) Continuous suture of the posterior wall of the pancreatic stump to the jejunum using 4-0
Prolene. (B) The suture line is tightened upon completion of the posterior wall suturing. (C) A small opening is created in the jejunum with an
electrocautery hook. (D) Continuous suturing of the posterior wall of the pancreatic duct to the jejunal opening using 5-0 Prolene. (E, F) After the
insertion of the pancreatic duct stent tube, the anterior wall of the pancreatic duct and the jejunal opening are sutured together using 5-0 Prolene.
(G, H) The anterior wall of the pancreatic stump is continuously sutured to the jejunum using 4-0 Prolene.
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the jejunum (near the cut end of the pancreatic duct) using
an electrocautery hook (Figure 2C).

¢. The posterior wall of the pancreatic duct and the posterior wall
of the jejunal opening are continuously sutured together using
5-0 Prolene sutures. A pancreatic duct stent tube, matching the
diameter of the pancreatic duct, is inserted, with one end of the
stent placed into the jejunal lumen. The anterior wall of the
pancreatic duct and the anterior wall of the jejunal opening are
then continuously sutured together with the same 5-0 Prolene
sutures, completing the continuous ‘Duct-to-Mucosa
anastomosis’ (Figures 2D-F).

d. The anterior wall of the pancreatic stump is continuously
sutured to the seromuscular layer of the intestine using the
original 4-0 Prolene sutures from the lower to the upper
margin of the pancreatic stump, followed by tightening the
suture to complete the pancreatojejunostomy (Figures 2G, H).

2.3 Outcome measures

2.3.1 Primary outcome indicators

Pancreatic Fistula: Postoperative pancreatic fistulas are
characterized the presence of an amylase concentration in the
abdominal cavity drainage fluid that is more than three times the
upper limit of normal serum amylase levels, coupled with relevant
clinical symptoms necessitating active intervention. Based on the
2016 classification scheme of the International Study Group on
Pancreatic Fistula (ISGPF) (12), fistulas are classified as Grade A
(biochemical leak), Grade B, or Grade C (Table 1). Grade B or C
fistulas are categorized as severe pancreatic fistulas.

2.3.2 Secondary outcome indicators

Operative time: The duration from the completion of
anaesthesia and related preparations to the establishment of
pneumoperitoneum until the closure of the abdomen.

Intraoperative blood loss Amount of blood loss recorded in the
surgical records.

Postoperative hospital stay The time from the end of the surgery
to the patient’s discharge (if the patient underwent a second surgery
due to postoperative complications, the duration was considered the
end of the first surgery).

Bile leak: A bile concentration in the abdominal drainage fluid
or ascites more than three times the upper limit of normal serum
bilirubin levels, persisting for more than 3 days postoperatively, or
requiring interventional treatment or reoperation due to bile
accumulation or biliary peritonitis.

Postoperative haemorrhage: Postoperative bleeding manifested
through abdominal drainage tubes and/or gastrointestinal
decompression tubes, possibly presenting as rectal bleeding,
accompanied by symptoms of haemorrhagic shock such as hypotension
and tachycardia and a decrease in haemoglobin concentration.

Perioperative mortality: Death of a patient during surgery or
during the postoperative hospital stay due to surgery-related
complications or cardiovascular incidents induced by the surgery.
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TABLE 1 Classification of pancreatic fistula.

Grade

The concentration of amylase in
drainage fluid was 3 times higher than Yes Yes Yes
the upper limit of amylase in serum

Continuous peripancreatic drainage

No Yes Yes
> 3 weeks
Changes in clinical decision-makin
ses ! ll_ s e No Yes Yes
related to pancreatic fistula
The effusion needs to be resolved b
" . veey No Yes Yes
puncture drainage
Pancreatic fistula-associated
haemorrhage was studied No Yes Yes
by angiography
Signs of pancreatic fistula associated Yes (not Yes (not
infection associated | associated
No with with
organ organ
failure) failure)
Reoperation No No Yes
Pancreatic fistula-related organ failure No No Yes
Pancreatic fistula-related death No No Yes

2.4 Inclusion and exclusion criteria

The study included a postoperative pathological diagnosis of
periampullary malignancies (cholangiocarcinoma, pancreatic head
cancer, duodenal papillary cancer) and complete surgical data. The
exclusion criteria were as follows: 1) a postoperative pathological
diagnosis of benign periampullary disease; and 2) Incomplete
laparoscopic surgery.

2.5 Data collection and handling

A standardized protocol was implemented to maintain
consistency in interviewer training and quality control supervision
across all instances of data collection. Trained interviewers utilized a
standardized questionnaire to gather the following information: age,
sex, body mass index (BMI), pancreatic duct diameter, and
pathological results. This information was primarily extracted from
the electronic medical records.

2.6 Statistical analysis

Missing data were imputed using multiple imputation (MI, R
package MICE, R Foundation for Statistical Computing, Vienna,
Austria, https://cran.r-project.org/, with 20 imputed datasets). This
method incorporates randomness in the imputation process to
account for the uncertainty of generated values.

Based on expert knowledge, this study primarily investigated
the impact of surgical methods on clinical outcomes. The covariates

frontiersin.org


https://cran.r-project.org/
https://doi.org/10.3389/fonc.2024.1347752
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Wang et al.

included sex, age, BMI, diabetes status, hypertension status,
pancreatic duct diameter, diagnosis (pathological type), and
coronary stent placement. The dependent variables included
primary and secondary outcomes, with the primary outcome
being pancreatic fistula. The secondary outcomes included
operative time, postoperative hospital stay, intraoperative blood
loss, pancreatic fistula grades A, B, and C rate, severe pancreatic
fistula (grades B and C) rate, bile leakage rate, postoperative
haemorrhage rate, and perioperative mortality rate.

Quantitative data (age, BMI, pancreatic duct diameter, operative
time, intraoperative blood loss, postoperative hospital stay) were
compared between the experimental and control groups. Initially, a
Kolmogorov-Smirnov (KS) test was used for normality assessment,
and an F test was used for homogeneity of variance. For normally
distributed data, the mean + SD was used for description. If variance
homogeneity was present, a t test was used for group comparisons;
otherwise, a rank-sum test was employed. For nonnormally
distributed data in at least one group, the median + range was
calculated, and comparisons were made using a rank-sum test for two
completely independent samples. Categorical variables are presented
as counts and percentages, with comparisons between test and
control groups made using the chi-square test or Fisher’s exact test.
The odds ratio (OR) and 95% confidence interval (CI) of categorical
variables were calculated using two-tailed tests.

For subgroup analysis, pancreatic duct diameter was used for
stratification to assess the impact of surgical method on pancreatic
fistula in populations with duct diameters <= 3 mm and > 3 mm.
Additional assessments were made across different age groups (<60
years, >=60 years), BMI categories (<18.5, 18.5-24.0, >24 kg/m?),
sex, hypertension status, diabetes status, and stent placement, as
well as among different pathological types.

Multiple models have been developed to assess the impact of
surgical methods on pancreatic fistula development via sensitivity
analysis. The base model (Model 1) included only the surgical
method. Model 2 was adjusted for sex, age, and BMI, while Model 3
was further adjusted for diabetes status, hypertension status,
pathological type, coronary stent placement, and pancreatic duct
diameter. All models were constructed using multivariate logistic
regression with all variables included.

All the statistical analyses were performed using R software
(version 4.2.3, R Foundation for Statistical Computing, Vienna,
Austria, https://cran.r-project.org/). All tests were two-tailed, with a
significance level set at P<0.05.

3 Results
3.1 Patient clinical baseline characteristics

Initially, quantitative indicators (age, BMI, pancreatic duct
diameter, operative time, postoperative hospital stay, and
intraoperative blood loss) of patients in both groups were
subjected to normality testing. Age and BMI were found to follow
a normal distribution and were thus described using the mean +
standard deviation. In contrast, indicators such as pancreatic duct
diameter, operative time, postoperative hospital stay, and
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intraoperative blood loss did not conform to a normal
distribution and were therefore described using the median *
range (Supplementary Table S1 in Supplementary 1).

The study included a total of 78 patients; 43 patients were
treated with the five-needle method (test group), and 35 patients
were treated with the duct-to-mucosa method (control group). The
average age was 63 * 9 years, with no significant difference in age
between the test group and control group (Z=0.116, p=0.908).
There were 44 male patients (56.4%). The average BMI for all
subjects was 24.7 + 4.0 kg/m?, and the average pancreatic duct
diameter was 4 + 5 mm. Among all the subjects, 28 (35.9%) had
pancreatic head cancer, 32 (41.0%) had cholangiocarcinoma, and 18
(23.1%) had duodenal papillary cancer. A total of 33 patients
(42.3%) had hypertension, 18 (23.1%) had diabetes, and 7 (9.0%)
had undergone coronary stent placement. There were no significant
differences in clinical baseline data, such as age, sex, BMI, pancreatic
duct diameter, diagnosis, or underlying disease status, between the
test group and control group (Table 2).

3.2 Evaluation of clinical
outcome indicators

3.2.1 Primary outcome indicators

Twenty-one out of the 78 patients experienced a pancreatic
fistula, representing 26.9% of all patients, including 15 with Grade
A fistulas (19.2%) and 6 with severe fistulas (grades B and C), 7.7%).
In the test group of 43 patients who were treated with the five-needle
method, 11 (25.6%) developed a pancreatic fistula (9 Grade A fistulas,
20.9%; 2 severe fistulas, 4.7%), whereas in the control group of 35
patients who were treated with the Duct-to-Mucosa method, 10
(28.6%) developed a pancreatic fistula (6 Grade A fistulas, 17.1%). 4
severe fistulas, 11.4%). There was no significant difference in the
occurrence rate of pancreatic fistulas between the test and control
groups (25.6% vs. 28.6%, p=0.767). Table 3). However, there was a
trend towards a lower incidence of pancreatic fistulas in the test group
than in the control group (rate difference of 2.99%, 95% CI: -17.75%,
24.32%). Similarly, the percentage of patients with severe pancreatic
fistulas tended to be lower in the test group than in the control group
(4.7% vs. 11.4%, p=0.400; difference of 6.78%, 95% CI: -6.04, 21.69).

3.2.2 Secondary outcome indicators

There were no significant differences in the Grade A, Grade B or
Grade C pancreatic fistula rate, postoperative hospital stay,
intraoperative blood loss, postoperative haemorrhage rate, or
postoperative death rate between the test group and the control
group (Table 3). However, the test group had a significantly shorter
operative time (270 + 170 mins vs. 300 + 210 mins, p=0.019).

3.3 Subgroup analysis

All patients were stratified into groups based on age, BMI, sex,
hypertension status, coronary heart disease status, diabetes status,
or whether the pancreatic duct diameter exceeded 3 mm. The study
revealed that in patients with a pancreatic duct diameter of 3 mm or
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TABLE 2 Comparison of baseline characteristics between the ‘Five-Needle’ method group and the ‘Duct-to-Mucosa’ method group.

‘Duct-to-Mucosa’ method
group

Variables
n=35

‘Five-Needle' method

Group n=43

Age (years, mean + SD) 63 (9) 63 (9) 63 (10) -0.116 0.908
<60 years (n(%)) 26(33.3) 11(31.4) 15(34.9)
0.104 0.747
>= 60 years(n(%)) 52(66.7) 24(68.6) 28(65.1)
BMI (kg/mz, mean + SD) 24.7(4.0) 24.8 (4) 24.7(4.1) -0.17 0.865
18.5-24.0(normal, n(%)) 25(32.1) 10(28.6) 15(34.9)
<18.5 (underweight, n(%)) 7(9.0) 4(11.4) 3(7.0) 0.676 0.713
>24(overweight, n(%)) 46(59.0) 21(60.1) 25(58.1)
Pancreatic duct diameter
: 4 (5) 4 (4) 3(3) 2059 0.039
(mm, median + range)
Sex
Male(n(%)) 44(56.4) 20(57.1) 24(55.9)
0.014 0.906
Female(n(%)) 34(43.6) 15(42.9) 19(44.2)
Hypertension
No(n(%)) 45(57.7) 21(60.0) 24(55.8)
0.139 0.71
Yes(n(%)) 33(42.3) 14(40.0) 19(44.2)
Diabetes
No(n(%)) 60(76.9) 27(77.1) 33(76.7)
0.002 0.967
Yes(n(%)) 18(23.1) 8(22.9) 10(23.3)
Coronary stent placement
No(n(%)) 71(91.0) 32(91.4) 39(90.7)
- 0.998
Yes(n(%)) 7(9.0) 3(8.6) 4(9.3)
Pathological type
Cholangiocarcinoma (n(%)) 32(41.0) 16(45.7) 16(37.2)
Duodenal papillary cancer
18(23.1 14. 1 2
(n(%)) 8(23.1) 5143) 3(302) 2.861 0.329
P ic h
ancreatic head cancer 28(35.9) 14(40.0) 14(32.5)
(n(%))

less (including 3 mm), the incidence of pancreatic fistula in the test
group was lower than that in the control group (12.5% vs. 53.8%,
p=0.007). Conversely, in patients with a duct diameter greater than
3 mm, the incidence of pancreatic fistula in the test group was
higher than that in the control group (41.2% vs. 13.6%, p=0.041).
Finally, there were no significant differences in the incidence of
pancreatic fistula between the test and control groups across
different age groups, sexes, or patients with or without various
basic diseases (Table 4).

3.4 Sensitivity analysis

Multivariate logistic regression analysis was used to develop
several models. Model 1 included the surgical method as the sole
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independent variable. Models 2 and 3 incorporated adjustments for
various covariates. In all three models, the incidence of pancreatic
fistula did not significantly differ between the test and control
groups, as indicated by the 95% CI of the OR encompassing 1.
However, the regression coefficients were negative regarding the
intervention measures and presence of pancreatic fistula. This
suggests that the absolute number of pancreatic fistulas was lower
in the test group than in the control group, as detailed in
Supplementary Table S2 of Supplementary 1.

4 Discussion

The pancreas secretes approximately 1-2 litres of pancreatic
juice daily in a healthy adult, containing a plethora of digestive
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TABLE 3 Comparison of primary and secondary outcome variables between the five-needle method group and the Duct-to-Mucosa method group.

‘Duct-to-Mucosa’

‘Five-Needle’

Outcomes Variable rehed aren =55 | et e 1= OR(95% ClI)
PF
Primary Outcome No(n(%))  57(73.1) 25(71.4) 32(74.4) 0921
0.088 0.767 i
Yes(n(%))  21(26.9) 10(28.6) 11(25.6) (0.539, 1.574)
PF-A
No(n(%))  63(80.8) 29(82.9) 34(79.1) Lis1
0.178 0.673 :
Yes(n(%))  15(19.2) 6(17.1) 9(20.9) (0.586, 2.260)
PE-B
No(n(%))  74(94.9) 32(91.4) 42(97.1) 0.321 0577
Yes(n(%))  4(5.1) 3(8.6) 12.3) (0.309, 1.075)
PE-C
No(n(%))  76(97.4) 34(97.1) 42(97.7) ) oo 0,895
Yes(n(%))  2(2.6) 12.9) 123) (0.219, 3.658)
PE(B+C)
No(n(%))  72(92.3) 31(88.6) 41(95.3) ™ 0646
Yes(n(%))  6(7.7) 4(11.4) 247) ' (0.346, 1.207)
or
(minutes, 280 (270) 300 (210) 270 (170) 2336 0019 -
median
Secondary + range)
Outcomes
PHS (days,
median 11 (16) 11 (16) 11 (11) -0.714 0.475
+ range)
1B
(milliitre, 150 (300) 150 (250) 150 (250) 1331 0.183
median
* range)
BL
No(n(%))  68(87.2) 30(85.7) 38(88.4)
0.882
Yes(n(%))  10(12.8) 5(14.3) 5(11.6) - 0.745 0445, 1733
PH
No(n(%))  71(91.0) 32(91.4) 39(90.7) ) o0 Lo52
Yes (n(%))|  7(9.0) 3(8.6) 4(9.3) (0.431, 2.569)
PD
No (a(%)) 75(96.2) 33(94.3) 42(97.7) Lo 0661
Yes(n(%))  3(3.8) 25.7) 12.3) (0.285, 1.529)

PF, pancreatic fistula; OT, operative time; PHS, postoperative hospital stay; IBL, intraoperative blood loss; BL, bile leak; PH, postoperative haemorrhage; PD, postoperative death.

enzymes (pancreatic lipase, protease, and amylase) essential for the
digestion and absorption of food in the intestine. Postpartial
pancreatectomy for benign or malignant pancreatic tumours, or
even pancreatic trauma, is often necessary to re-establish an
anastomosis between the remaining pancreatic duct and the
jejunum to ensure the smooth entry of pancreatic juice into the
intestine. However, due to the unique physicochemical properties of
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pancreatic juice, the activation of its digestive enzymes can degrade
sugars, proteins, and fats. In the context of pancreatic surgery,
leakage of pancreatic fluid into the peritoneal cavity can lead to
severe complications such as infection, haemorrhage, and enteric
fistulas, posing a significant risk to the patient’s postoperative
survival. Consequently, surgeons continually explore various
methods to prevent pancreatic leakage, including improvements
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TABLE 4 Subgroup analysis to explore the impact of the characteristics of the ‘Five-Needle’ method group and the ‘Duct-to-Mucosa’ method group.

Variable ‘Duct-to-Mucosa’ ‘Five-Needle’ OR
method group method group (95% Cl)
Sex
male(n,(%))  9(20.5) 4(20.0) 5(20.8) 0.051 | 0.946 1.029
A : : : : : (0.455,2.323)
12 0.818
female(n,(%)) (343) 6(40.0) 6(31.6) 0261 | 0.611 (0384.1.743)
Age
<60 years = 7(26.9) 3(27.3) 4(26.7) 0.001 | 0973 0982
¥ ' : ' : : (0.360,2.684)
38 0.895
>= 60 years (269) 7(29.2) 7(25.0) 0.114 | 0.763 (0.476,1.683)
BMI
18.5-24.0 kg/m? (normal, n(%))  5(20.0) 3(30.0) 2(13.2) 1.041 | 0307 0583
(0.230,1.482)
2 )
<18.5 kg/m” (underweight, 0(0.0) 0(0.0) 0(0.0) ~ ~ ~
n(%))
16 1.067
2 : 0
>24 kg/m* (overweight, n(%)) (34.8) 7(33.3) 9(36.0) 0.036 | 0.849 (0543, 2.094)
Hypertension
No(n(%)) = 9(20.0) 5(23.8) 4(16.7) 0.357 | 0.551 0800
’ : : : : : (0.402, 1.594)
12 1.029
Yes(n(9 . . 004 | 0971
SO0 e 5(35.7) 7(368) 00040971 ) 448.2.363)
Type 2 diabetes
16 1.039
25. 27. 014 | 0.
No(6) " 7(25.9) 9(27.3) 00140907 ) 546,1.976)
Yes(n(%)) = 5(27.8) 3(37.5) 2(20.0) 0.678 | 0.411 0641
’ ’ ’ ) ’ ’ (0.238,1.729)
Pathology
10 1.000
) ) )
cholangiocarcinoma(n(%)) (13) 5(31.3) 5(31.3) 0.001 | 0.998 (04742.112)
Carcinoma of duodenal papilla 3167) 2(40.0) 177) 2714 | 0.099 0.300
(n(%)) (0.083,1.090)
ancreatic cancer(n(%)) = 8(28.6) 3(21.4) 5(35.7) 0.701 | 0.403 L467
P 0 : : : : : (0.551,3.902)
Pancreatic duct diameter
<=3 mm 10 7(53.8) 3(12.5) 7.039 | 0.007 0317
a (27.0) ’ ’ : ’ (0.141,0.716)
11 2322
>3 mm 3(13.6) 8(41.2) 4209 | 0.041
(26.8) (0.852,6.329)
Coronary stent implantation
17 0.944
No(n(%)) 239) 8(25.0) 9(23.1) 0.036 | 0.851 (0.526.1,697)
Yes(n(%))  4(57.1) 2(66.7) 2(50.0) 0.194 = 0.659 0667
’ : : : : : (0.102,4.354)
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in surgical methods, intraoperative protective measures, and
perioperative pharmacological prevention. Over the years, the
methods for pancreatojejunostomy have evolved from initial
pancreatic stump-jejunum invagination and pancreatic stump-
gastric invagination to the more commonly used ‘Duct-to-
Mucosa’ anastomosis (11, 13), which is widely applied in both
laparoscopic and open pancreaticoduodenectomy. Despite these
advances, the incidence of postoperative pancreatic fistula and
related complications has not significantly decreased, and the
occurrence of pancreatic fistula after pancreatojejunostomy is still
a major challenge impeding the advancement of pancreatic surgery
(14-16).

With the advancement of minimally invasive methods,
laparoscopic pancreatic surgery has become increasingly prevalent.
However, the flexibility of laparoscopic operations is somewhat limited,
and certain anatomical angles are less than ideal, especially during
pancreatojejunostomy. The small angle between the needle and the
needle holder makes the procedure awkward. Furthermore, in cases
where the pancreatic texture is soft and the pancreatic duct diameter is
small, traditional anastomosis methods are time-consuming and
imprecise, potentially exacerbating serious postoperative
complications such as pancreatic fistula. This is particularly true for
patients with narrow pancreatic ducts, where suturing is difficult, and
the incidence of postoperative pancreatic fistula is relatively high (17,
18). Additionally, the difficulty of performing pancreatojejunostomy is
a major reason for a prolonged operation and conversion to open
surgery, adversely affecting patient safety during the perioperative
period and postoperative recovery, as well as undermining the
surgeon’s confidence. In recent years, to adapt to LPD, domestic
scholars have made various improvements and proposed more
straightforward methods, such as Hong Defei’s “Hong’s One-Needle”
method and Liu Rong’s “301” method (7, 8, 19, 20). These methods
achieve biological healing through precise apposition of the cut
pancreatic surface to the jejunal serosal layer, while pancreatic juice
is drained into the jejunal cavity through a stent tube, thereby
preventing pancreatic fistula (19). In summary, with the
development of minimally invasive methods and surgeons gaining a
deeper understanding of the importance of physiological healing at
anastomotic sites, simplified and safe pancreatojejunostomy methods
are gradually gaining acceptance over previous, more
complex methods.

Drawing inspiration and learning from the methods and
experiences of several domestic predecessors in laparoscopic and
robot-assisted pancreatojejunostomy, the new five-needle method
was proposed for laparoscopic pancreatojejunal mucosal
anastomosis (as detailed in the surgical methods section).
Compared to other anastomosis methods, this method has the
following main characteristics. The pancreatic stump is completely
sutured using a through-and-through method, eliminating the need
for interrupted or continuous suturing from the pancreatic duct to
the jejunum. As such, it is not limited by the diameter of the
pancreatic duct and is even more suitable for patients with a narrow
pancreatic duct, a soft pancreatic texture, and a small pancreatic
neck. None of the five sutures are passed through the full thickness
of the pancreas and intestine, reducing the impact on the blood
supply of the pancreatojejunostomy site and preventing the
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penetrating injury of sutures to the pancreatic duct and intestinal
tube, which could lead to the leakage of pancreatic fluid through the
suture holes, forming a fistula. For pancreatojejunostomy, we
adhere to the principles of ‘tight, loose, sparse’ (tight apposition
between the pancreatic cut surface and the intestinal wall, leaving
no dead space; natural stacking of the intestine on the cut surface
after being brought up to the wound, ensuring no tension
postanastomosis; and sparse suturing to minimize tissue cutting
injury and ischaemia). This method aligns well with these principles
and robustly ensures the safety of the anastomosis site.

In our study, the clinical data of 78 patients were
collected to investigate the efficacy of the five-needle
method for pancreaticojejunostomy during laparoscopic
pancreaticoduodenectomy. The findings revealed that the method
did not significantly differ from the traditional ‘Duct-to-Mucosa’
method, particularly in terms of the incidence of pancreatic fistula,
the incidence of biliary leakage, the rate of postoperative
haemorrhage, the rate of perioperative mortality, the duration of
hospital stay, or the intraoperative blood loss volume. Further
analysis through multivariable logistic regression revealed
negative regression coefficients across the three models, indicating
a lower absolute incidence of pancreatic fistula in the experimental
group than in the control group. The consistency of the results
across different models underscores their robustness. This signifies
that the ‘Five-Needle’ method for pancreaticojejunostomy is not
only safe and effective but also has a significantly lower incidence of
clinical fistula than the control group, making it a promising
method worthy of broader clinical application.

According to the secondary observational indices, the test group
had significant advantages over the control group in certain aspects.
First, statistically, the overall operative time for the conventional
anastomosis method was significantly longer than that for the five-
needle method. Since this was a retrospective study, we did not have
data on the duration of pancreato-enterostomy. However, as an
important surgical step, it was believed that the reduction was
attributable to the decrease in pancreaticojejunostomy time. The
primary aim of the five-needle method was to simplify the
anastomosis process, thereby reducing the operative time,
minimizing the need for conversion to open surgery, and
enhancing confidence among novice surgeons. Second, as
previously mentioned, the diameter of the pancreatic duct is a
crucial objective factor influencing pancreaticojejunostomy,
especially in cases of narrower ducts where anastomosis is
relatively challenging. In our study, there was no statistically
significant difference in the incidence of pancreatic fistula
between the two surgical methods. However, through subgroup
analysis of pancreatic duct diameter, it was found that in patients
with a duct diameter of 3 mm or less, the incidence of pancreatic
fistula in the five-needle method group was lower than that in the
duct-to-mucosa group. This further confirms the suitability of the
‘Five-Needle’ method for patients with narrower pancreatic ducts,
as it has high practical value in clinical practice. The advantage
arises from our focus on ensuring closer alignment between
the support tube and the pancreatic duct during suturing, without
the need to ensure that the stitches precisely penetrate the
pancreatic duct.
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There are still many shortcomings in the study. First, although
there was no significant difference between the two groups in the
statistical analysis of baseline data in this study, the selection of
surgical methods is susceptible to interference by patients’ objective
conditions because this was a retrospective study. Second, the
collection of observation indicators, such as the amount of
abdominal drainage fluid and the drainage time of pancreatic
fistula patients, was not detailed enough, and the duration of
pancreatoenteroanastomosis was also not available. Third, the
study was an exploratory study, with a small sample size that
does not allow for definitive conclusions. Fourth, in the realm of
clinical predictive modelling research, nonlinear analysis has
progressively become a focal method, and multitemporal data
hold greater value (21, 22). Therefore, in future predictive studies,
the incorporation of multidimensional and multitemporal models,
as well as nonlinear models, should be duly integrated into the
endeavours undertaken at our research centre. In addition, there is a
need for larger scale, multicentre randomized, and open studies to
establish more robust findings in the future.

5 Conclusion

In summary, the five-needle method can significantly reduce
the incidence of pancreatic fistula and shorten the operative time
without increasing the incidence of other surgery-related
complications in patients with narrower pancreatic ducts and is a
safe and effective laparoscopic method for LPD. Therefore, the
application of this new method can further promote the widespread
adoption of LPD, warranting its broader clinical implementation.
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Pancreatic cancer is one of the most lethal cancers worldwide, with a 5-year
survival rate of less than 5%, the lowest of all cancer types. Pancreatic ductal
adenocarcinoma (PDAC) is the most common and aggressive pancreatic cancer
and has been classified as a health emergency in the past few decades. The
histopathological diagnosis and prognosis evaluation of PDAC is time-
consuming, laborious, and challenging in current clinical practice conditions.
Pathological artificial intelligence (Al) research has been actively conducted
lately. However, accessing medical data is challenging; the amount of open
pathology data is small, and the absence of open-annotation data drawn by
medical staff makes it difficult to conduct pathology Al research. Here, we
provide easily accessible high-quality annotation data to address the
abovementioned obstacles. Data evaluation is performed by supervised
learning using a deep convolutional neural network structure to segment 11
annotated PDAC histopathological whole slide images (WSIs) drawn by medical
staff directly from an open WSI dataset. We visualized the segmentation results of
the histopathological images with a Dice score of 73% on the WSlIs, including
PDAC areas, thus identifying areas important for PDAC diagnosis and
demonstrating high data quality. Additionally, pathologists assisted by Al can
significantly increase their work efficiency. The pathological Al guidelines we
propose are effective in developing histopathological Al for PDAC and are
significant in the clinical field.

KEYWORDS

pancreatic ductal adenocarcinoma, deep convolutional neural network, whole slide
image, histopathology, supervised learning, dice score, high quality
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1 Introduction

Pancreatic cancer is one of the most lethal malignancies, with a
five-year survival rate of approximately 5%-9%, which has
remained virtually unchanged since the 1960s (1, 2). More than
85% of pancreatic cancers are adenocarcinomas (PDACs), which
arise from the pancreatic duct epithelium in the head, body, and tail
of the pancreas (2). The head of the pancreas is the most common
site of PDAC. PDAC is not effectively preventable or screened for
and is associated with 98% of expected lifetime loss and 30% of
disability-adjusted life years (3, 4). In addition, recent studies have
suggested that a molecular subgroup of PDAC characterized by
bone metastases may have an unfavorable outcome, suggesting that
this subgroup of patients may have distinctive prognostic features
and may be potential candidates for specific targeted therapies (5).
Further molecular-level research is needed to explore this, which
could contribute to better PDAC treatments and AI development.
Nevertheless, research funding for PDAC remains markedly lower
than for other cancer types; the European Commission and the
United States Congress designated it as a neglected cancer (3). The
rapid progression and high frequency of pancreatic cancer distant
metastases pose a challenge in pathology, where the misdiagnosis
consequences can be severe (6-8). Multidetector computed
tomography, magnetic resonance imaging, and endoscopic
ultrasound are recommended initial imaging modalities for timely
PDAC diagnosis (9). The gold standard for clinical diagnosis is the
histopathologic imaging assessment by a pathologist (10); however,
during the diagnostic process, pathologists must repeatedly zoom in
and out of the field of view, determine areas critical for diagnosis,
and classify them according to features because of the large slide
sizes. Thus, the manual analysis of pathological slides is extremely
time-consuming and labor-intensive and may miss important
diagnostic information (11). In modern medicine, artificial
intelligence (AI) is emerging as a revolutionary technology that
can help make faster and more accurate decisions in the medical
field. This has led to its application in a wide range of medical fields,
including radiology, pathology, pharmacology, infectious diseases,
and personalized decision-making, and it has shown the potential to
improve current standards of care (12).

Digital pathology has become a rapid and convenient standard
of practice in pathology, as it allows for the management and
analysis of data from digitized specimen slides using high-
resolution digital imaging (13). With the significant advances in
artificial intelligence (AI) algorithms and data management
capabilities, combining digital pathology and AI has emerged as a
front-runner in modern clinical practice (13, 14). The number of
publications on Al for clinical decision-making in oncology has
increased exponentially in recent years (15).

In surgical pathology, Al can be used to evaluate lymph nodes
(LNs) for the presence of metastatic disease by automatically
identifying metastatic cancer cells in whole slide images (WSI),
which can help in the staging of cancer patients and the prediction
of prognosis (16). Other examples include the use of pathology AI
for microbial identification to supplement manual microscopy,
which is a time-consuming process for the efficient identification
of many microbes (17). Digital pathology has shown promising
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results with regard to the digital evaluation of cytological samples,
with the development of portable mobile devices such as
smartphones that allow pathologists to examine both surgical and
cytological samples (18). The development of digital pathology and
Al in various pathology fields has the potential to improve the
quality of healthcare in resource-limited settings, where there is a
shortage of specialized healthcare professionals. Digital pathology
systems can enable remote patient samples to be easily sent to
experts, and Al-based automated analysis can be used. Whole slide
imaging (WSI) is a major innovation in pathology, which digitizes
glass slides to improve pathology workflow, reproducibility,
availability of educational materials, outreach to underserved
populations, and inter-institutional collaboration (19). However,
due to the limited computing resources available currently,
performing image analysis using whole slide images (WSIs) as
input to convolutional neural network (CNN) classification
models (20), which are currently widely used in image-based Al,
remains challenging. Here, we adopted a novel scheme to realize
whole slide analysis while preserving the high resolution and
accuracy of pathological slide analysis. Deep learning approaches
to WSI analysis have major limitations: labeled data for
histopathology images are particularly scarce; WSIs are large;
experienced pathologists must invest significant time and cost to
annotate them using specialized labeling tools; and pathological
images have rich background regions (e.g., vessels or lymphocytes)
that can affect the analysis (21). Here, we provide high-quality data
hand-drawn by Hepatobiliary-pancreatic pathologists in an open-
access manner—so that anyone can easily use it—to address the
abovementioned issues. We applied basic supervised learning (SL),
already open to the public, as a data quality assessment and
application method. SL algorithms rely on a training dataset that
depends on ground truth labels provided by human annotations for
input variables (i.e., features) to predict the corresponding output,
allowing SL models to mimic expert annotators in predicting
features of unknown inputs (22). This study suggests an effective
application method for the quality assessment of open-annotation
data provided by Hepatobiliary-pancreatic pathologists and the
development of pathology Al (Figure 1).

2 Materials and methods
2.1 Data collection

2.1.1 Dataset

The primary data set comprises pathology images of Clinical
Proteomic Tumor Analysis Consortium (CPTAC) patients
collected and publicly released by The Cancer Imaging Archive to
enable researchers to investigate cancer phenotypes that may be
correlated with the corresponding proteomic, genomic, and
clinical data. Pathology images are collected as part of the
CPTAC qualification workflow (23, 24). The data collection
includes hospitals from three institutions (Beaumont Health
System, Royal Oak, MI; Boston Medical Center, Boston, MA; St.
Joseph’s Hospital and Medical Center, Phoenix, AZ) and medical
research institutes from three institutions (International Institute
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for Molecular Oncology, Poznan, Poland; University of Calgary,
Alberta, Canada; Cureline, Inc. team and clinical network, Brisbane,
CA) and includes subjects from the National Cancer Institute’s
CPTAC Pancreatic Adenocarcinoma (CPTAC-PDA) cohort. All
CPTAC cohorts are released as single-cohort data sets or, where
appropriate, are split into discovery and validation. For this study,
we selected 11 high-resolution WSIs of cancerous pancreatic tissue
samples as the dataset. Each sample was collected via surgical
resection and stained with hematoxylin and eosin (H&E) and
stored as high-resolution WSIs (Figure 2A). The inclusion criteria
for patient samples were as follows: organ: pancreas; tumor site:
head, body, tail; disease: PDAC; patient age: 40-80 years old; and
staining type: H&E. WSIs are typically about 100 MB, with a
resolution of about 10,000 x 10,000 pixels, but the size can vary
between WSIs. The data utilization method we present
leverages our provided labeled data to generate tiles to train

segmentation models.

2.1.2 Data annotation

In this study, model training is conducted using an SL
approach. Training, test, and validation sets were prepared to
train and validate the PDAC detection algorithm on labeled
WSIs. All annotations for the annotation dataset were validated
by a common golden standard of at least two double board-certified
cytopathologists & Hepatobiliary-pancreatic pathologists who
agreed on the annotation placement (Figure 3). The WSI
information for all annotation datasets is listed in Table 1. To
generate ground truth SL labels, human encoders hand-drew
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annotations using the open-source pathology and bioimage
analysis software QuPath (v0.1.3.5). For each WSI, the PDAC
regions were annotated by Hepatobiliary-pancreatic pathologists
with a red line (Figure 2B).

2.2 Data preprocessing

2.2.1 WSIs to patch images

In pathology diagnosis, high-resolution images are necessary for
accurate diagnosis. Most WSIs are 10,000 x 10,000 pixels or larger
and are typically stored as SVS files. However, directly using such
high-resolution images in a deep learning model is not feasible due
to the GPU memory limitations, which prevents implementing WSI
convolutional operations. Therefore, it is necessary to reduce the
images’ size. However, directly downsizing high-resolution images
to low-resolution ones can result in losing important features.
To address this problem, a patch-based approach was adopted,
allowing us to maintain the original resolution while dividing the
image into smaller patches. The patch dataset comprised three
types. First, each image was divided into partially overlapping
patches for the training dataset to enhance the model’s learning
capability. Second, the validation and test datasets used in the
model’s quantitative evaluation did not require overlapping patch
images; each image was divided into non-overlapping patches.
These patch data types required the original and mask images to
be divided into patches in the same manner, which was achieved
using the scripting function provided by QuPath also used for
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FIGURE 2

Example pathology slide images of PDAC patients (A) Open H&E-stained WSI image. (B) WSI image after hand-drawn annotation.
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annotation. Last, the test dataset used in clinical evaluation required
merging the patch images back into a single large image during the
postprocessing stage when the WSI was divided into patch images.
The PyHIST library was utilized, which outputs the x and y
coordinates of each patch image during the patch division process
(25), allowing tracking of each patch’s spatial information and
reconstructing the original image by aligning the patches based
on their respective coordinates. These patches were saved as PNG
files of 512 x 512 pixels and maintained the highest resolution of the
WSI, which is 20X [0.5 microns per pixel (MPP)], to prevent
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FIGURE 3

resolution degradation. The MPP value was calculated as shown
in Equation 1.
1 um

MPP = — (1)
pixel

2.2.2 Augmentation

Data augmentation techniques are essential in data
preprocessing to prevent overfitting and improve the AI models’
performance during training. Various data augmentation methods

2nd Step

Complete

Data set

Complete

This study was conducted on a total of 11 Whole Slide Images (WSls) where two pathologists agreed on a common annotation range for Pancreatic
Ductal Adenocarcinoma (PDAC), also referred to as the gold standard, from each of 6 and 5 WSiIs respectively. The annotation for PDAC was carried
out in two steps. In the first step, the two pathologists individually annotated the images. In the second step, the pathologist who annotated in the
first step had their work reviewed by the other pathologist. This second pathologist added any missed PDAC areas to the annotation, thus
completing the annotation process. Yellow region: Annotation by Pathologist 1, Blue region: Annotation by Pathologist 2, Red region: Final

completed annotation.
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TABLE 1 Clinical information and characteristics of patients with pathology slides.

Topographic Tumor

Slide ID  Tumor . : THT Gender
Site Site
C3L- Ductal
PDA Pancreas Head ueta 20 100 0 Male 60-70
00017-22 adenocarcinoma
L-
3 PDA Pancreas Head Ductal 20 100 0 Male 60-70
00017-23 adenocarcinoma
L- D 1
3 PDA Pancreas Head ucta 20 98 0 Male 40-50
00102-21 adenocarcinoma
C3L- Ductal
PDA Pancreas Head K 10 100 0 Male 40-50
00102-22 adenocarcinoma
C3L- Ductal
PDA Pancreas Body ue 20 90 5 Female 70-80
01637-21 adenocarcinoma
C3L- Ductal
PDA Pancreas Tail ueta 70 ) 10 Male 60-70
00277-21 adenocarcinoma
L- D 1
3 PDA Pancreas Tail ucta 70 90 0 Male 60-70
00277-22 adenocarcinoma
3L- Ductal
¢ PDA Pancreas Tail ueta 70 90 0 Male 60-70
00277-23 adenocarcinoma
C3L- X Ductal
PDA Pancreas Tail K 60 90 0 Male 60-70
01453-22 adenocarcinoma
C3L- Ductal
PDA Pancreas Head e ? 70 100 0 Female 60-70
01662-23 adenocarcinoma
L- Ductal
3 PDA Pancreas Head ueta 60 100 0 Male 70-80
00819-22 adenocarcinoma

THT, Tumor Histological Type; PTN, Percent Tumor Nuclei; PTC, Percent Total Cellularity; PN, Percent Necrosis.

are available, and using appropriate augmentation techniques for
each task is essential. For our task, which involved segmentation,
applying the same augmentation techniques to the original and
mask images was crucial as they were matched. Therefore, we
implemented effective image transformations using the
Albumentations library, which provides most of the commonly
used augmentation techniques in deep learning while
simultaneously transforming the original and mask images (26).
We normalized the images for image transformations and then
added noise through ColorJitter. Additionally, we applied various
data augmentation techniques by randomly choosing one of three
methods: HorizontalFlip, RandomRotate, and VerticalFlip. This
approach allowed us to augment the data diversely. By
implementing these image transformations, we created a training
environment for the AT model to effectively learn the features of the
target region, even in extreme conditions.

2.3 Al model architecture

Accurate segmentation of histopathological images is increasingly
recognized as a key challenge in diagnosis and treatment. An
appropriate deep learning model is essential for accurately
segmenting histopathological features with various sizes and
characteristics. Therefore, we adopted the DeepLabV3+ model and
used ResNetl8 as its backbone. Additionally, we employed transfer
learning by applying pretrained weights from ImageNet to ResNet18,
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enabling the model to learn the general features of the images.
Subsequently, we trained the model using histopathological images
relevant to the main task and performed fine-tuning for the
histopathological features. ResNet18 is a well-known model for
image feature extraction and effectively overcomes the gradient
vanishing problem when training deep neural networks through
residual connections (27). This characteristic contributes to effectively
extracting histopathological features with various sizes and
complexities. Moreover, in DeepLabV3+, the features extracted from
ResNet18 are utilized using the Atrous Spatial Pyramid Pooling (ASPP)
method. ASPP employs parallel convolution layers with different dilate
rates to capture receptive fields of various sizes (28), allowing accurate
target classification at different scales without losing spatial
information. In particular, for model training using histopathological
images where features of various sizes are important, ASPP can
comprehensively recognize features of various sizes, enabling more
accurate training of the model. Therefore, we adopted DeepLabV3+
with ASPP as the base model and upsampled the features through the
decoder part of DeepLabV3+. This process involved restoring the low-
resolution feature maps to their original input size, thus obtaining the
segmentation results as the final step of the model.

2.4 Data postprocessing

Unlike typical deep learning segmentation tasks, deep learning
on WSIs requires a data preprocessing step to convert WSIs into
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patch images. Additionally, during model training, unnecessary
background images need to be removed. As a result, the mask
images predicted from the model are output as patch images
without including background images, similar to the input
images. In typical quantitative AI model evaluation processes, the
generated patch images and the corresponding label patch images
can be compared using evaluation metrics to evaluate the model’s
performance. However, in our study, we conducted quantitative and
qualitative evaluations to assess the effectiveness of Al assistance in
histopathological diagnosis scenarios. Therefore, visualizing the
mask patch images generated by the model to assist pathologists
is essential. It requires a postprocessing step that comprises two
main processes. First, the binary mask patch images obtained from
the model’s predictions are overlayed onto the original image
patches. Second, the overlayed patch images are combined into a
single large-sized image. The 1-channel grayscale mask images are
converted into 3-channel RGB images while using distinctive colors
to make them visually stand out. Then, utilizing the x and y
coordinates, which represent the location information of each
patch obtained during the image segmentation, the mask patch
images are accurately overlayed onto the corresponding positions of
the original WSIs. By merging the patch images into an image of the
same size as the original image, we prevent a decrease in resolution.
The images obtained through the postprocessing step are used for
clinical evaluation.

3 Experiments and results
3.1 Dataset description

The patch dataset comprised three types. For the training
dataset used in model training, each patch image had partial
overlap and was generated by dividing 23,239 images from 8
WSIs. The mask patch images, corresponding to the patch
images, were also created, resulting in 23,239 mask patch images.
The validation and test datasets used in the model’s quantitative
evaluation were generated using the same method as the training
dataset but without overlapping patch images. Therefore, they were
composed of fewer patch images. The validation dataset comprised
630 patch images (with corresponding mask patch images)
generated from 1 WSI, and the test dataset included 1,202 patch
images (with corresponding mask patch images) generated from 2
WSIs. In total, the validation and test datasets were composed of
25,071 patch images (with corresponding mask patch images)
generated from 11 WSIs. The detailed distribution of this dataset
is listed in Table 2.

Additionally, the test dataset used in the model’s qualitative
evaluation was generated from the same WSIs as the test dataset
used in the quantitative evaluation. It comprised 1,214 patch
images, and a data table containing coordinate information for
each patch image was also created for postprocessing purposes. All
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TABLE 2 Dataset used for model training and quantitative evaluation.

WSls Image Mask
patches patches
Train 8 23,239 23,239
Validation 1 630 630
test 2 1,202 1,202

patch datasets comprised 512 x 512-pixel images with the
background removed.

3.2 Training and evaluation metrics

In this study, we conducted experiments using two GPUs,
namely NVIDIA QUADRO RTX 6000 and NVIDIA TITAN
RTX, in parallel, with CUDA 11.6 and cuDNN 8. A total of 48GB
of GPU memory, with each GPU having 24GB, was utilized for the
experiments. The deep learning framework used was PyTorch
1.13.1. During the AI model training process, small batch training
iterations were used with a batch size set to 128, and the total
number of training epochs was set to 50. The training was
configured to terminate early if the validation Dice score did not
improve for 30 consecutive epochs. The training time took about 3
hours. We utilized the Adam optimization algorithm with a
learning rate set to le * and used the Dice score as an evaluation
metric. Dice score is one of the most common methods for
evaluating image segmentation performance in medical imaging
(29); it measures the similarity between the predicted mask by the
model and the ground truth label mask. The Dice score value was
calculated as shown in Equation 2. Dice loss was employed,
commonly used as a loss function in image segmentation tasks,
was used for the loss function, aiming to train the model to
maximize the Dice score. The Dice loss value was calculated as
shown in Equation 3.

2 x Area of Overlap

Dice =
e Total Sum of Pixels in All Areas

2 x Area of Overlap
Total Sum of Pixels in All Areas

Dice Loss = 1—

3.3 Al model results

In a quantitative evaluation of the AI model based on
DeepLabV3+, we achieved a specificity of 96.37%, an accuracy of
93.77%, and a Dice score of 73% (Table 3). For qualitative
evaluation, we visualized the predicted segmentation for each
patch image in the test dataset (Figure 4). The AI model has
achieved high performance and demonstrated the ability to
predict and segment the lesion areas (Figure 5A). Compared to
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TABLE 3 Metrics for the DeepLabV3+ model's various scores for PDAC
on WSils.

DICE 73.20
Specificity 96.37
Accuracy 93.77
Sensitivity 75.22
Precision 73.04

the ground truth, it excelled in representing PDAC regions of
various shapes, especially in the main pancreatic and interlobular
ducts. However, the accuracy was lower due to the false positive
rate, as the predicted region recognized an area larger than the
actual PDAC annotation or recognized some non-PDAC areas.
Visualizing the whole image through postprocessing, converting
patch images to WSIs, confirmed the consistency with the
Hepatobiliary-pancreatic pathologist’s annotation (Figure 5B)
level. In addition, our test results were confirmed at low and high

Ground Truth

Predicted

Original

10.3389/fonc.2024.1346237

magnifications (Figure 5). The AI model trained with the annotated
WSIs data we provided displayed high sensitivity to PDAC, the
cancerous area of the pancreas.

3.4 Technical application

3.4.1 Progress assessment

To compare the annotation rates of PDAC regions in WSIs, a
pathologist hand-annotated PDAC regions in two different WSIs
under two experimental conditions. We performed repeated
experiments in which the pathologist annotated two WSI images
in four consecutive cycles, one for each image, in the absence and
presence of Al model assistance. Each cycle lasted 15 min, with a 3-
min break, timed using the iPhone 13 stopwatch. We used an
evaluation metric called the sensitivity to evaluate the area
annotated by the pathologist within a limited time compared to
the ground truth area in each cycle. The sensitivity value is
calculated as shown in Equation 4). When the pathologist
annotated the PDAC regions in WSIs without AT assistance, the
rate of the overall annotation achieved a relatively low sensitivity

Ground Truth Predicted

Original

% b

FIGURE 4

aifl™ "ulinll

Comparison between the Al-predicted segmented patch images in the test dataset and the ground truth
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Al-Model

FIGURE 5

to high, allowing for the inspection of PDAC regions at different scales.

Human-annotated and Al-predicted PDAC regions. The WSIs of ground truth and Al predictions are displayed at different magnifications, from low

Ground Truth

average of 44.64% in the final four cycles (Table 4). In contrast,
when the pathologist confirmed and annotated the PDAC regions
identified by the AI model using WSI-level segmentation, the
annotation rate was overwhelmingly higher than without AI
model assistance from the first cycle, and the overall PDAC
annotation rate also achieved a significantly high sensitivity
average of 85.54% (Table 4). As a result, Al assistance helped
achieve a significantly higher annotation rate than the human
without AI assistance. We can also expect the annotation
accuracy to be significantly higher when the human is assisted by
the AI model. We also visualized the images to increase the
understanding of these clinical trial results (Figure 6).

Frontiers in Oncology

2 X Area of Overlap
Total Sum of Pixels in Ground Truth Area

4)

Sensitivity =

4 Discussion

In this study, we demonstrated the AI potential to aid the
diagnosis and prognostic assessment of PDAC, a deadly cancer
classified as a public health emergency. Although the majority of
PDACs occur in the head of the pancreas, the WSI dataset used in
this study contains WSIs with patterns of various PDAC regions that
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TABLE 4 Clinical trial: Sensitivity for PDAC annotation rate in WSIs of
humans using humans and Al.

Testl Test2
Sensitivity (%)
Al (O) Al (X) Al (O) Al (X)
1 Cycle 67.26 1054 80.29 8.16
2 Cycle 81.31 30.97 83.25 23.32
3 Cydle 84.60 35.49 86.07 24.12
4 Cycle 84.65 43.70 86.43 4559

The bold values are highlighted to emphasize that the Sensitivity performance was
significantly higher with AI assistance than without it as cycles progressed.

occur in the body and tail, which are less common than PDACs in the
head (30), to explore PDAC in depth. The results represent a
significant step forward in Al application to the tissue pathological
diagnosis and prognostic assessment of PDAC. The research findings
suggest that Al, especially CNN deep learning models, can be
effectively used to segment and analyze PDAC tissue pathological
WSIs, thereby simplifying and improving the accuracy of PDAC
diagnosis. One key aspect highlighted in the study is the challenge
posed by the limited access to medical data, especially public
pathology data (31). This issue has been a persistent obstacle in
pathology Al research. For this study, two pathologists collaboratively

Ground Truth

Mask image

FIGURE 6

10.3389/fonc.2024.1346237

annotated PDAC regions in WSIs (Figure 3), and the WSI data used
in the study is publicly available for anyone to use, including high-
quality annotations. This approach increases the amount of high-
quality data available for training AT models and ensures that these
models are trained with reliable and accurate information. SL using a
deep CNN architecture to segment 11 annotated PDAC WSIs
presented promising results. It displayed high Dice scores on the
whole tissue image, including PDAC regions, indicating accurate
segmentation, and identified areas important for PDAC diagnosis
through image visualization. It also showed high specificity and
accuracy with a specificity of 96.37% and an accuracy of 93.77%
through a precise analysis. These observations demonstrate our high-
quality dataset and suggest that Al can play an essential role as an
auxiliary tool to improve the efficiency and accuracy of
histopathological analysis. In addition, when the whole image was
visualized and patch images were converted to WSIs through post-
processing, the performance was not significantly different from the
pathologist’s annotations, but some parts of the small pancreatic
ducts, intercalated ducts, and intralobular ducts showed false
positives. This is an impressive achievement considering the
complexity of pancreatic cancer in interpreting tissue pathological
images, but it is expected that increasing the number of pathologists
and adding training data will minimize false positives while
improving the reliability of the data. Visualization techniques, such

Human Human+Al-Model

Clinical experiments were conducted to visualize the PDAC areas predicted by Human and Human+Al Model in WSI after cycle 4. Human and
Human+Al Model drew similar shapes to the correct values, but the Human part made errors in recognizing TIS (carcinoma in situ) as PDAC,

probably due to decreased concentration and increased fatigue.
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as postprocessing techniques that convert patch images back to WSIs,
were crucial in validating model performance against expert
annotations. In some cases, the AI models achieved high
performance, but when visualized and compared with the
pathologist’s annotations, the AT model recognized areas other than
the annotated lesion area. This observation reinforces how essential
visualization tools are in evaluating the interpretability of AT models
in medical imaging tasks. Our study results indicated that SL deep
learning models trained on hand-drawn annotated WSIs displayed
high sensitivity for malignant pancreatic areas (i.e, PDAC areas),
One important aspect of this study was to confirm the significant
improvement in the efficiency of annotation work by pathologists
assisted by Al as Al provides a user-friendly, intuitive interface that
minimizes complex technical content and allows pathologists to focus
on pathological findings. When pathologists were assisted by the SL
model in annotating PDAC in WSIs, the annotation accuracy of
pathologists increased while the area of PDAC regions did not differ
significantly from the ground truth, and the average annotation
progress rate increased by about 2 times compared to the same
time spent, which indicates that the annotation time was significantly
reduced. Therefore, Al-assisted pathology interpretation of PDAC
can diagnose a large number of clinical specimens quickly and
accurately, and a cohort study on the prognosis of patients after
diagnosis is needed to consider the survival of patients. In addition, if
pathological image data for Acinar Cell Carcinoma and Pancreatic
Neuroendocrine Tumors (PNETs), which are very rare pancreatic
cancers in addition to PDAC, are collected together and used for
pathological Al research, the performance of the model can be
evaluated in a more comprehensive range for pancreatic cancer,
and the applicability of pathological research is expected to increase
significantly. Moreover, previous pathological image AI studies
mainly used classification models, but due to the reduced image
resolution, it is difficult for pathologists to accurately identify the
lesion area predicted by Al so there are limitations in using Al as an
auxiliary tool for diagnosis in the clinical pathology field. However,
there are few studies that can compensate for this using segmentation,
and in the case of PDAC, which has fewer patient cases than other
diseases, the application of segmentation is limited to patch-level
segmentation rather than whole-slide images, which limits its use
(32). To address these issues, this study provides a clear analysis result
that identifies PDAC regions with high resolution at low and high
magnifications through segmentation in the whole pathological slide
images of PDAC patients, and proves that pathologists in the actual
pathological clinical field are assisted by AT models. It has significant
value in annotation and diagnosis. In addition, it can contribute to the
development of pathology Al for pancreatic cancer by providing
high-quality pathology annotation data for free. We used open tissue
pathology data from six hospitals and medical research institutions to
ensure data diversity. As well as, by continuously uploading public
data with PDAC annotations to the https://github.com/moksu27/
PDAC_pathological image_segmentation, we can resolve the data
imbalance for data with a small number of cases. Also, with the
increase in data, data diversity can be achieved through external
validation using data from various hospitals, preventing overfitting of
AT models and reducing bias to improve the generalization
performance of AI models and give objectivity. This will increase
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the reliability of AI performance for pathologists who will receive
direct assistance in the clinical setting, and AI will play the role of an
auxiliary tool, or co-pilot, in the pathologist’s diagnostic process.
Direct diagnosis will still be made after review by a pathologist, so
patients will be free from anxiety and prejudice about AI This is
expected to contribute significantly to cost-effectiveness and
improved patient outcomes. If our annotated data and AI model
manual are used in pathology Al research, AI will be able to assist in
the diagnosis of the WHO classification screening reading and 8th-
edition AJCC pTNM staging (33) defined by the American Joint
Committee on Cancer (AJCC) for PDAC patient slides in clinical
practice, and pathologists will be able to quickly and accurately
diagnose many clinical specimens through digital pathology.
However, several obstacles must be overcome before the results of
this study can be applied to actual clinical practice. First, the need for
data standardization between hospitals. It is difficult to ensure the
compatibility of AT tools because the data format or structure used by
each hospital is different, making it difficult to apply AI tools to the
clinical field. It is necessary to ensure technical compatibility through
standardization of data between hospitals, and systematic integration
between medical institutions is required for this. Second, there is the
problem of increasing the understanding of medical personnel about
Al technology. For medical personnel with a low understanding of Al
technology, the use of Al tools may be difficult. To solve this, it is
important to support additional promotion and education to enable
medical personnel to effectively use Al tools. This will encourage the
use of Al tools in multiple institutions and provide a safer and more
standardized medical environment. Finally, I would like to emphasize
that in order to effectively use Al in pathology interpretation, not only
technical development but also institutional structure and education
system that support it must develop together. This will be the future
research direction of this study, and will play an important role in
further expanding the use of Al in the field of pathology.

5 Conclusion

This study provides essential insights to develop effective AI
solutions for the specific diagnosis of PDAC and significantly
contributes to the pathological AI guidelines, which may have
broader implications, even within oncology. Making high-quality
annotated datasets publicly accessible and applying advanced
machine learning techniques, such as SL, can revolutionize our
approach to annotating and diagnosing complex diseases, like
pancreatic cancer. We also reiterate the importance of public access
to high-quality datasets for AI research while encouraging active
research in pathology Al to develop more sophisticated models with
improved diagnostic capabilities.
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