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Simple Summary: Pancreatic cancer (PC) has a severe prognosis and even after radical surgery,
relapse rate is very high (70-80%). The impact of PET/CT in PC clinical management has been
increasingly investigated in the last decades. As regards localized and potentially resectable disease,
the role of PET/CT is still controversial and international guidelines do not recommend its routine
use. Despite this, PET may play a role in assessing PC stage and grade and potential resectability
after neoadjuvant treatment. Aim of this review is to discuss the current use for staging and disease
response assessment and future developments of PET/CT in resectable PC.

Abstract: Pancreatic Cancer (PC) has a poor prognosis, with a 5-year survival rate of only 9%.
Even after radical surgical procedures, PC patients have poor survival rates, with a high chance of
relapse (70-80%). Imaging is involved in all aspects of the clinical management of PC, including
detection and characterization of primary tumors and their resectability, assessment of vascular,
perineural and lymphatic invasion and detection of distant metastases. The role of Positron Emission
Tomography/Computed Tomography (PET/CT) in detecting PC is still controversial, with the
international guidelines not recommending its routine use. However, in resectable PC, PET/CT
may play a role in assessing PC stage and grade and potential resectability after neoadjuvant
treatment. Quantitative image analysis (radiomics) and new PET/CT radiotracers account for future
developments in metabolic imaging and may further improve the relevance of this technique in
several aspects of PC. In the present review, the current state of the art and future directions of
PET/CT in resectable PC are presented.

Keywords: pancreatic cancer; positron emission tomography; resectable disease; radiomics; '®F-FDG;
PET tracers

1. Introduction

The correct and timely identification of initial stage of malignancies is of paramount
importance to plan therapeutic strategies which might cure the disease, improve disease-
free survival and patients’ quality of life. Early diagnosis will drive the choice of definitive,
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often curative therapy, such as surgery, ablation procedures or 3-dimensional intensity-
modulated radiotherapy, preceded by systemic chemotherapy when indicated [1].

A relevant example is the case of pancreatic carcinoma (PC) in which early detection
of stage, nodal metastases and occult liver metastases is mandatory to choose the more
suitable treatment option. The prognosis of PC is poor, with a 5-year survival rate of
only 9% [2]. More than 80% of PC patients suffer from unresectable disease together with
distant metastases at diagnosis. A percentage of 74% of patients die within the first year
from diagnosis and 94% of deaths occur within 5 years of diagnosis. A median survival
of approximately 20 months has been observed for the 10-15% of patients with localized
tumors undergoing resection and adjuvant chemotherapy [2]. Significantly better outcomes
have been reported for smaller tumors at earlier stages. In patients with localized disease,
radical resection determines a 5-year survival rate of 30-60% increasing to 75% for lesions
that are less than 10 mm [3]. The main reason of this poor prognosis is that patients are
asymptomatic and therefore often diagnosed at advanced stages (80-85%); however, even
at early stages, the chance of relapse is high (70-80%) [4]. Surgery is the only curative
treatment approach, and an accurate evaluation of resectability is important in order to
avoid futile procedures. Therefore, early and accurate diagnosis is essential to determine
the most effective therapy [4].

Great improvements have been observed in imaging over the last decade, includ-
ing Endoscopic Ultrasounds (EUS), Computed Tomography (CT), Magnetic Resonance
Imaging (MRI) and Positron Emission Tomography/Computed Tomography (PET/CT).
Imaging is crucial in all aspects of the clinical management of PC, from diagnosis and
characterization of the pancreatic mass and anatomical variants, description of vascular
involvement, perineural and lymphatic invasion to detection of metastases and assessment
of resectability [2,5]. In this spectrum, however, the role of imaging with PET/CT in PC
is controversial.

This review article will evaluate the current role of PET/CT imaging in PC management.

2. 18F-Fluorodeoxiglucose (1*F-FDG) PET/CT for PC Diagnosis

8E-flurodeoxyglucose (FDG) PET/CT is used for diagnosis and staging of many
malignant diseases. The overall sensitivity of 'F-FDG PET/CT ranges between 85% and
97% [6=9]. However, there is no firm consensus about the role of 1¥F-FDG PET/CT in
PC. Peripancreatic nodes may be hidden by F-FDG uptake in the primary tumors with
subsequent low sensitivity of the imaging technique [10-12]. Moreover, 1¥F-FDG PET/CT
specificity is sometimes reduced because immune cells in tumors and inflammatory lesions
uptake the radiotracer as well. Differently, fibroblast-activated protein is rarely expressed in
basal conditions and highly expressed on cancer-associated fibroblasts. Therefore, the use
of radioactive gallium 68 (°*Ga) coupled with a fibroblast-activated protein inhibitor (FAPI)
is increasingly being evaluated also in PC for higher specificity with respect to traditional
I8E_FDG PET/CT [13,14]. Some authors reported a better sensitivity of 8E-FDG PET/CT
compared to CT (42 vs. 35%) [15]. For liver metastases, PET/CT has shown high sensitivity,
allowing distinction between malignant and benign lesions [7]. Several studies showed
the superiority of '8F-FDG PET/CT for detection of distant metastases [15-17], while
Heinrich et al. reported a change in the disease management driven by PET/CT in 16% of
the cases [18]. Despite this, international guidelines do not recommend the routine use of
PET/CT. Table 1 reports the latest National Comprehensive Cancer Network (NCCN) [19],
European Society of Medical Oncology (ESMO) [20] and Associazione Italiana di Oncologia
Medica (AIOM) [21] guidelines for the use of CT, MRI and PET/CT scan in PC.
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Table 1. NCCN, ESMO and AIOM guidelines for the use of CT, MRI and PET in PC.

Guidelines Version CT

MRI

18F_FDG PET/TC

NCCN 1.2021 Recommended for Initial Recommended for Problem Not Univocallv Defined
[17] ’ Diagnosis Solving y
Role of PET/CT remains unclear.
RMN preferred as PET scan may be considered after
ﬁl;)ocf; Zio?;e?apffexiﬁ' a problem-solving tool, formal pancreatic CT protocol in
sub-millin%e tegr a}:d;’l sections particularly for high-risk patients (borderline
(pancreatic an ci ortal venous characterization of resectable disease, markedly elevated
I:;lases) is the rzferre d CT-indeterminate liver lesion =~ CA 19.9, large primary tumor, large
E)ma ine tool P and when suspected PCisnot  regional nodes) to detect
8ng visible on CT. extra-pancreatic metastases.
Not substitute for high-quality CT.
ESMO[18] 2015 Rgcommended for Initial Recqmmended for Problem Not Univocally Defined
Diagnosis Solving
When assessing vessel
Radiological studies should g;vzlr‘;e;?sir;zﬁfi (}{ ls\fllélv\]lgft to
include CT angiography at the P . . PET/CT does not add staging
equal benefit to CT with no
pancreatic arterial (40-50 s) superiority. information in resectable
a?lt;lsl:;(s)rtal venous (65-70 s) MRI is useful for detection of disease and cannot be recommended.
P hepatic lesions that cannot be
characterized by CT
AIOM[19] 2020 Recommended for Initial Recommended for Problem Not Reported

Diagnosis

Solving (Liver)

In patients with suspected PC,
multislice CT scan of the chest
and abdomen is the first-choice

MRI improves liver staging in
patients with potentially
resectable PC

Legend: CA 19.9: carbohydrate antigen 19.9; CT: computed tomography; MDCT: multidetector computed tomography; MRI: magnetic
resonance imaging; PC: pancreatic cancer; PET/CT: positron emission tomography/computed tomography.

3. The Role of 8F-FDG PET/CT in Surgical Management of PC
Even after radical surgical procedures, PC leads to poor results in terms of patient

survival. In addition, the low resectability rate (20-30%) at presentation implies the need
of an accurate pre-surgical staging. Neoadjuvant Chemotherapy (NAT) is increasingly
used with the aim of increasing the rate of curative resections. PET/CT is widely used
to define pancreatic local involvement with a sensitivity and specificity of 81-97% and
72-76%, respectively [22,23]. The role of PET/CT is widely investigated owing to its ability
to depict the metabolic activity of a lesion and to improve the definition of PC stage during
diagnostic phase. PET/CT may have an impact especially on patient’s management prior
surgery and/or after NAT, providing a more accurate preoperative staging and predicting
the likelihood of pathological treatment response to NAT [24].

In this section we will examine the usefulness of PET in refining diagnostic and
therapeutic iter of PC.

3.1. The Role of 18 F-FDG PET/CT in PC Differential Diagnosis

When planning a surgical or medical treatment, an appropriate differential diagnosis
between benign and malignant lesions must be achieved. This step could be particularly
difficult in PC because different pancreatic lesions can mimic the characteristics of PC. In
addition, due to the heterogeneity of the published studies and the type of pancreatic le-
sions, it is not possible to identify a gold standard diagnostic technique used to differentiate
benign and malignant pancreatic lesions. In this context, PET/CT could provide useful
information aimed at improving diagnosis considering its high sensitivity but not replacing
other imaging techniques due to low specificity [25]. In a retrospective study by Ergul et al.,
PET/CT showed a sensitivity and specificity of 100% and 89.5% in the differential diag-
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nosis between malignant and benign lesions [26], while in a recent prospective study by
Krishnaraju et al., sensitivity and specificity decreased to 89% and 57%, respectively [27]. It
has been reported a possible increase of the diagnostic performance of PET/CT by using
SUV cut-off and FDG uptake pattern to discriminate benign vs. malignant lesions [28,29].
Indeed, differential diagnosis between PC, pancreatitis-associated inflammation and cystic
lesions is often difficult with the use of CT scan. In patients with chronic pancreatitis,
risk of PC development is high; therefore, a negative PET/CT examination has a negative
predictive value (NPV) of 100% in these cases, while a positive FDG uptake is highly
suspicious for neoplastic degeneration [29].

The inclusion of PET/CT into the standard diagnostic iter was able to correctly change
the diagnosis for both malignant and non-malignant lesion in 8.3% of patients (diagno-
sis confirmed at pathological analyses), while in 3.6% of them the diagnosis was incor-
rectly changed.

While the role of PET/CT is debated, ultrasound guided fine needle aspiration (FNA-
EUS) is increasingly used to evaluate the nature of a pancreatic lesion [30]. A retrospective
study was carried on by Sant Louis’s group in order to compare the performance of these
two techniques. In a group of 25 patients, sensitivity, specificity, positive predictive value
(PPV), NPV and accuracy of FNA-EUS in differential diagnosis were 91%, 100%, 100%,
50% and 92%, respectively, while they were 65%, 100%, 100%, 20% and 68% for PET/CT,
respectively. The conclusion of the authors was that EUS-FNA should have been preferred
in the workup of pancreatic lesions due to its higher sensitivity and accuracy [31]. However,
Ergul and colleagues showed very similar diagnostic accuracy in discriminating benign
to malignant diseases of PET/CT and EUS/FNA [26]. In a scenario where PET/CT and
EUS/FNA have equal accuracy, the improved diagnostic potential of FNA-EUS could be
counterbalanced by the possible complications of an invasive technique due to histological
sampling [30]. As a result, no definitive conclusion could be drawn and PET/CT or
EUS/ENA could be adopted in diagnostic pathway to discriminate benign from malignant
lesions according to center expertise and preferences.

3.2. Pre-Surgical Tumors Staging and Grading

Preoperative diagnostic iter in case of PC is intended to evaluate the resectability of the
primary tumor and obtain a proper tumor staging. These issues are of primary importance
because incorrect presurgical staging could result in microscopic positive margins (R1)
and macroscopic positive margins (R2) resections or futile explorative laparotomy with
a reduction in patients” quality of life. For these reasons, both local and distant neoplastic
involvement must be properly evaluated. Indeed, while patients with distant metastases
were generally excluded by a surgical iter, borderline resectable and locally advanced
tumors should undergo NAT prior to surgery. The local extension of PC could be evaluated
through CT and MRI due to their improved anatomical visualization. EUS could add
further information when local and nodal involvement (especially of mesenteric artery
and vein) are equivocal due to a direct visualization of pancreatic head and peripancreatic
region [25]. Compared to PET/CT, the ability of CT, MRI and EUS to properly define tumors
border and local spread was higher [31]. Nevertheless, some interesting perspectives on the
role of '8F-FDG PET/CT were pointed out by Lai and colleagues [32]. Indeed, they found
no significant difference between tumors size at histopathological analyses and tumors
size measured at PET/CT, suggesting that PET/CT could provide adequate information
on tumors size and volume prior to surgery.

In addition to local involvement, increasing evidence showed that a subset of pa-
tients had occult metastatic diseases [33]. The role of PET/CT in improving the staging
ability of CT and MRI was evaluated. The high glucose uptake of PC cells enabled the
localization of distant metastasis with a sensibility of approximately 90%, higher than CT
and MRI [11,18,34]. In a cohort of 50 patients, PET/CT in combination with the other
diagnostic techniques showed a sensitivity of 82% in detecting liver metastasis and 80%
in detecting peritoneal carcinomatosis. However, in 5 patients liver metastasis were not
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recognized before surgery [17]. In another study, PET/CT fusion images allowed the
identification of 3 unknown lesions and 2 additional pancreatic nodules (all confirmed
with histopathology) [35]. A recent meta-analysis confirmed these data with a pooled
sensitivity and specificity of 80% (95% CI: 67-89%) and 100% (95% CI: 89-100%), respec-
tively [36]. Interestingly, a reduction in sensitivity was shown together with lesion size
(97% in lesions > 1 cm and 43% in lesions < 1 cm) [37].

While PET/CT showed high sensitivity and specificity in detecting distant metastasis,
its role in properly evaluating nodal (N) stage is debated. Even though locoregional N+ is
not a non-resectability criteria, it could be identified as a main negative prognostic factor
and N+ patients should receive NAT. Lemke and colleagues were able to detect 10 N+
patients before surgery among the 31 N+ patients at pathological analysis through the use
of contrast enhanced PET/CT [35]. Carbohydrate antigen 19.9 (CA19.9) > 240.55 U/mL
and standardized uptake value (SUV) max > 7.05 were used to predict lymph node micro-
metastasis and improve the limited sensitivity (about 40%) of imaging per se [38,39]. Indeed,
the identification of local lymph node can be difficult due to the high ¥F-FDG uptake of the
primary tumors with a reduction in sensitivity [sensitivity 55% (95% CI: 38-72%); specificity
94% (95% CI: 81-98%)] [36]. In a study carried out by Santhosh and collaborators [38],
37 out of the 54 patients included were considered resectable and underwent surgery.
Among them, nodal involvement was detected in 18 cases. PET/CT missed two cases with
no false positives, while CT detected only 6 positive cases. The sensitivity, specificity, PPV,
NPV and accuracy for nodal staging were 33%, 84%, 67%, 60% and 59% for CT and 89%,
100%, 100%, 90% and 95% for PET/CT, respectively [40].

The performance of PET/CT in modifying cancer staging was assessed in a recent mul-
ticenter study. Interestingly, once PC was confined to the peripancreatic tissue (stage < IIB),
CT showed an improved accuracy. Conversely, in pathological stage IIB and especially
in stage IV, PET/CT was shown to be able to properly modify staging in 21% and 41%,
respectively [33].

Together with cancer stage, tumor grade could deeply impact and modify post-surgical
results. Hence, quantitative imaging metrics at PET/CT can help in fulfilling this issue. In
a recent study, different quantitative parameters were related with PC grade and were able
to predict patient survival and progression free survival in operated patients26. Consis-
tently, SUV value max > 3.6 was recently associated to higher tumors grade (p = 0.023),
worse disease-free (p = 0.001) and overall survival (p = 0.002). It can be speculated that the
identification of patients with high-risk recurrence using PET/CT could modify clinical
management-delaying surgical treatment and applying neoadjuvant chemotherapeutic
protocols. This conclusion was suggested also by Pergolini and colleagues who iden-
tified a subgroup of patients (SUV max > 6.0 with CA 19.9 > 200 U/mL) with lower
disease-free survival after surgery and that could benefit of a systemic treatment before
surgery [41]. These data were recently supported by Moon and colleagues who identify
a CA19.9 > 150 U/mL and SUV max > 5.5 as strong predictors of overall survival [42].

3.3. Assessing Clincal Management

The impact of PET/CT in defining PC clinical management has been increasingly in-
vestigated so far. A large-scale prospective study on the role of PET/CT in PC management
enrolled 550 patients; 261 of them (47%) received a diagnosis of PC after contrast-enhanced
CT and subsequent PET/CT [33]. Among PC patients, PET/CT was perceived to have
changed the planned management in 43% of the cases: in 11% of patients, resection was
withdrawn after PET due to restaging of the disease, while in 13% of the cases surgery
was planned after an initial non-surgical indication. Interestingly, when CT and PET/CT
were discordant, the management suggested by PET/CT (11% vs. 4%, p = 0.002) was more
frequently followed. Overall, the ability of PET/CT to modify clinical management varies
between 30% and 44% with an estimated cost saving of $1066 per patient with an incre-
mental PET/CT cost of $519 [36]. In a recent meta-analysis on the impact of PET/CT on
patient’s management, 650 patients were included and the pooled percentage of patients
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who underwent management changes was 19% [36]. Interestingly, clinicians were 12 times
more likely to achieve a proper diagnosis after PET/CT execution 16. While PET/CT
seems to positively impact patient’s clinical management and some authors suggest its
routine use in patients scheduled for surgery [36], no definitive conclusions could be drawn.
Indeed, the heterogeneity of the studies and the different analyses methods (qualitative vs.
quantitative) deeply impact the reported results. Due to the above-mentioned limitations,
Nguyen and colleagues [34] recently hypothesized that PET/CT could be used as initial
diagnostic tool to avoid futile examinations in patients with distant metastasis. Up to
20% of early-stage PC (resectable or borderline) may be down-staged preoperatively. In
these cases, PET/CT fusion scans may detect occult metastases and prevent unnecessary
laparotomic surgeries [43].

3.4. Assessing Resectability after Neoadjuvant Treatment

Patients with locally advanced or borderline resectable PC are likely to undergo
NAT. In addition, selected cases of patients affected by solitary liver metastases could be
included in NAT protocols to achieve resectability of the primary lesion and metastatic
nodule. In this context, PET/CT could be useful to re-evaluate clinical management after
NAT [32]. First, as a preliminary observation, PET/CT confirmed its ability in detecting
occult metastases at CT during and after NAT. Indeed, in a retrospective study (n = 388),
PET/CT performed during NAT localized distant metastatic lesions in 33% of patients,
thus leading to the withdrawal of NAT regimen (an additional 13% of patients developed
a metastatic localization soon after NAT) [16].

Another interesting perspective offered by nuclear medicine is the improvement in
the evaluation of PC response to NAT, where conventional radiology shows low diagnostic
potential. Indeed, in a group of borderline resectable PC patients, a low rate of response
to NAT was observed using CT (1%), while an RO resection was obtained in 95% of
the cases [22]. The low ability of CT to discriminate between tumor and fibrosis could
partially explain this evidence [44,45]. The ability of PET to evaluate cellular metabolism
could overcome this limitation: for this reason, different studies addressed this topic
and showed a correlation between SUV reduction, tumors response to NAT and post-
surgical survival [16,46,47]. Yokose and colleagues [48] therefore suggested to move from
RECIST (Response Evaluation Criteria in Solid tumors) criteria for CT to the adoption
of PERCIST (Positron Emission Tomography Response Criteria in Solid tumors) criteria
to assess preoperative response of PC to NAT using PET/CT. In their paper, the authors
analyzed 22 patients with both CT and PET/CT before and after NAT. Following RECIST
evaluation, partial response was defined in 9.1% of the cases while stable disease in 90.9%.
Using PERCIST criteria, a higher concordance with pathological analyses was observed:
22.7% of patients had complete metabolic response, 40.9% partial metabolic response and
36.4% stable metabolic disease. In addition, in the same study, the metabolic tumor value
(MTV) was associated to prognosis. Indeed, patients with > 50% reduction in MTV showed
improved 1- and 3-year overall survival compared to MTV < 50% reduction (100.0% and
87.5% vs. 90% and 45%, respectively).

Moreover, it was suggested that metabolic activity at PET/CT could be used as
a functional biomarker to guide NAT instead of CA 19.9. It is a well-known fact that CA
19.9 has a limited utility due to different confounding factors (e.g., jaundice). Conversely,
I8F-FDG PET/CT uptake was more reliable in depicting tumor biology and it directly affects
prognosis [49]. Indeed, as also demonstrated in a recent retrospective study, a decrease in
metabolic parameters after NAT (n = 44 patients) was correlated with major pathological
response and better overall survival [24]. Choi and colleagues consistently demonstrated
the ability of PET/CT to discriminate NAT response and its association with improved post-
surgical survival (1-year survival was 87% in responders and 28% in non-responders) [46].
Consistently with the first staging, SUV max at post-NAT PET was used to assess the
risk of post-surgical recurrence: SUV max < 5 predicted an improved overall survival
(SUV max < 5:42.95 months vs. SUV max > 5:26.05 months with p = 0.02) [50]. Worthy
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of note is that patients with limited response to NAT showed comparable outcome after
surgery with patients who did not undergo surgery; these data point out the limited
benefits of surgery in the absence of major pathological response [42]. Considering all
this evidence—even though no conclusive data concerning the use of PET after NAT were
published—we can hypothesize the introduction of PET/CT within restaging protocols
after NAT. Figure 1 shows the clinical case of a patient resected after NAT. First PET/CT
examination performed seven months after surgery for suspicious relapse described with
CT scan was negative (Figure 1a), while a second examination one year later documented
a preaortic mass (Figure 1b) compatible with disease relapse.

b

Figure 1. Patient diagnosed with PC (head), received six cycles of NAT (May-October 2019) and subsequent resection

(December 2019). First PET/CT evaluation was performed in July 2020 for suspicious local relapse. The result was

negative (a). During follow-up, in June 2021, a second scan revealed a preaortic mass (red arrow) compatible with disease

relapse (b). Figure is property of the authors.

4. 8F-FDG PET Radiomics Analysis in PC

Imaging usually provides an assessment based on generic qualitative features describ-
ing the pancreatic disease. However, images contain an innumerable amount of objective
data, peculiar for each patient and they might become a cornerstone of personalized
medicine in the next future [51]. The scenario of quantitative image analysis has greatly
improved in the last decade, providing the possibility to automatically extract and analyze
several features. The term “radiomics” refers to a quantitative imaging approach, aiming
to enhance the existing data available with the use of advanced mathematical analysis [52].

Radiomics analysis of morphological images has been applied to several types of
cancer, whereas few studies have explored the role of radiomics applied to metabolic
images obtained with PET/CT [53-56]. Research investigating the use of radiomics analysis
applied to PET/CT imaging in the clinical setting of PC is mainly focused on its ability to
define the predictive and/or prognostic role of this technique or to differentiate PC from
other benign or precancerous conditions. In the present paragraph, the results of six studies
focused on this topic are presented and discussed.

Yue et al. used radiomics evaluation of pre- and post-radiotherapy ®F-FDG PET/CT
images to define the survival risk of patients affected by PC and the prognostic value
of texture variations in predicting response to treatment. At multivariate analysis, five
significant variables were identified: age, node stage, variations of homogeneity, variance
and cluster tendency (p = 0.020, 0.040, 0.065, 0.078 and 0.081, respectively). Patients were
stratified into two groups using risk score of multivariate analysis: (1) low-risk group
with higher mean overall survival (29.3 months) and higher texture variation (>30%),
and (2) high-risk group with reduced mean overall survival (17.7 months) and lower
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texture variation (<15%). Radiomics analysis of PET images seems to enhance appropriate
treatment strategies for individual patients, by improving adaptive radiotherapy [57].

Similarly, Toyama and colleagues explored the prognostic value of pre-treatment
I8E-FDG PET/CT radiomics analysis in 161 patients. Results from this study reported
10 features presenting statistical significance for overall survival prediction; however,
multivariate analysis showed that grey-level zone length matrix (GLZLM) and grey-level
non-uniformity (GLNU) were the only PET/CT parameter showing statistical significance.
These parameters provide a representation of the heterogeneity among the pixels within
a specific image, thus reflecting tumor heterogeneity. Interestingly, the combination of
GLZLM, GLNU and total lesion glycolysis (TLG) was able to differentiate patients into
3 groups according to prognostic risk score [58]. Mori et al. evaluated the role of '®F-FDG
PET radiomics in predicting distant relapse free survival (DRFS) in patients with locally
advanced PC receiving radio-chemotherapy treatment. Centre of Mass Shift (COMshift)
and 10th Intensity percentile (P10) were two features associated with worse prognosis,
with patients presenting lower COMshift, higher P10 and having the worst outcomes
in terms of DRFS. Again, radiomics analysis resulted to be a support tool in treatment
personalization [59].

Lim et al. analyzed data from 48 patients with PC undergoing pre-treatment '8F-FDG
PET to determine if gene mutations in KRAS, SMAD4, TP53 and CDKN2 genes were related
to imaging phenotype. Alterations of KRAS and SMAD4 were significantly associated
with 8F-FDG PET/CT radiomics features. KRAS mutations were associated with textural
features, such as long-run emphasis, zone emphasis and large-zone emphasis. These
parameters belong to the Grey-level run-length Matrix, with a gray level run described as
a line of pixels in a certain direction with the same intensity value. Additionally, SMAD4
mutations showed significant correlation with SUV skewness, long-run emphasis and
high-intensity textural features [60].

Zhang and colleagues carried out a radiomics analysis on ®F-FDG PET/CT images
with the aim of assessing their ability in non-invasively differentiating autoimmune pan-
creatitis from PC in 111 patients. The researchers demonstrated that quantified radiomics
analysis of '8F-FDG PET/CT images can improve the non-invasive differentiation between
PC and autoimmune pancreatitis [61].

Initial explorative results from Gao et al. in 17 patients undergoing pre-treatment '8F-
FDG PET/MRI for PC suggested that several parameters and texture features of primary
PC obtained from ¥F-FDG PET/MRI images might be useful biomarkers for predicting
synchronous metastatic disease [62].

A recent metanalysis revised available studies on radiomics of the pancreas. This
study concluded that radiomics is a promising quantitative imaging biomarker both of
focal pancreatic lesions and diffuse changes, and that the usefulness of radiomics may
vary depending on the purpose of their application. Due to the recent implementation
of this process, standardization of images and image pre-processing is necessary before
considering the use of radiomics of in routine clinical practice [63].

5. Future Directions in Preclinical PET Imaging for PC

I8E-FDG is the commonly used tracer in clinical practice for PC. Beyond '®F-FDG,
many other molecular targets, suitable for tracer development, have been investigated in
preclinical models of PC [64], primarily focusing on the targets acting in the process that
involves the progression from pancreatic intraepithelial neoplasia (PanIN) into PC [65].
Herein, we will offer an overview of the most recent PET/CT tracers (and targets) that
have been investigated in animal models of PC (Table 2) [64,66].
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Table 2. List of PET tracers (and targets) investigated in animal models of PC.

Molecular Target Tracer Animal Model Clinical Relevance Reference
UiT,
AsPC-1 Bioorganic and Medicinal
. 68 g e .. g
Integrin oy B¢ [*°Ga]Ac-CG6 MIA PaCa-2 Specific affinity to oy ¢ Chemistry,
2020 [66]
. [48Ga]DOTA- i e e Muller M,
Integrin oy B¢ SFLAP3 Capan-2 Specific affinity to oy 4 Nuklearmedizin 2019 [67]
LiH
. 68 _ . pe .. ,
Integrin o331 [*°Ga]NOTA-CK11 SW1990 Specific affinity to o331 Mol Pharm 2020 [68]
Neurotensin receptor 1 [8Ga]DOTA- AsPC-1 fgiftfﬁiﬁgzjgi?%\rgsffr Prignon A,
(NTS1) NT20.3 . . Mol Pharm 2019 [69]
inflammatory lesion
Hepat(;;f:;:;n;\aéntestme- Differentiating tumors
pancr . ['F]FEL T3M4 from aseptic Yao S, Oncotarget 2017 [70]
pancreatitis-associated inflammation
protein (HIP /PAP)
Tissue factor (TF) [64Cu]-NOTA- Specific affinity to TF LuoH,
. BxPC-3 (TE/CD105*/+) Clin Cancer Res.
CD105 heterodimer and CD105 2016 [71]

Integrins are a large family of heterodimeric transmembrane proteins mediating cell
interactions. Integrin tracer technology uses peptides containing sequences that prefer-
entially bind to integrin av33, av35 and av (36, the latter being mostly over-expressed in
PC [67]. Ui et al. [68] developed [*3Ga]Ac-CG6, an imaging probe for PET/CT targeting
avp6 integrin-positive PC. [*®Ga]Ac-CG6 showed an intratumoral distribution reflecting
the av[36 integrin-positive regions detected by immunohistochemistry and resulted in
an increase in tumor uptake with parallel decrease in non-specific accumulation in the liver,
spleen and kidneys. Another av36 integrin tracer, [*¥Ga]-DOTA-SFLAP3, was developed
by Miiller et al. [72] and tested preclinically and in one patient. In the animal model, the
tracer showed considerable accumulation in the tumor with a relatively whole-body fast
clearance; PET/CT imaging in the patient allowed detection of pancreatic metastases with
favorable dosimetric values and high tumor-to-background contrast, warranting further
investigation as a potential diagnostic tracer. Another integrin, 331, was also recently
investigated as a target by Li et al. [69]; [48Ga]NOTA-CK11 showed high tumor uptake
with a good tumor-to-blood ratio and tumor-to-muscle ratio. In addition, tumor accumula-
tion was significantly higher when compared to the unlabeled CK11 injection group. The
clinical relevance of targeting integrins is that it is undetectable in healthy adult epithelium,
but significantly up-regulated in a wide range of epithelial derived cancers.

Another investigated target is Neurotensin, a peptide normally present in the gastroin-
testinal tract and the brain. It triggers a wide variety of functions through interaction with,
among others, the neurotensins receptor 1 (NTSR1), which is known to be over-expressed
in PC tumor, as well as in high-grade PanINs [73]. Research reported the use of the ®Ga-
labeled NTS analogue DOTA-NT-20.3 in human cancer animal models and to discriminate
PC from pancreatitis [74]. Dynamic PET/CT imaging with [#8Ga]DOTA-NT-20.3 showed
focal uptake in subcutaneous and orthotopic tumors and high-quality images in other
organs with high specificity of the tracer. Moreover, authors compared [®®Ga]DOTA-NT-
20.3 and '8F-FDG PET/CT imaging in the orthotopic xenograft to an experimental acute
pancreatitis. They found low uptake of '8F-FDG in orthotopic tumors. In contrast, tumor
on PET images with [*¥Ga]DOTA-NT20.3 was well detected (Figure 2a,b). Furthermore,
high tumor selectivity and low uptake in pancreatic inflammation support the potential
clinical use of [®®Ga]DOTA-NT20.3 to discriminate PC from pancreatitis (Figure 2c). Other
diagnostic applications include the possibility of using this radiotracer as a theragnostic
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agent aimed at selecting patients with a non-resectable PC and using a ['//Lu]NTSR1
targeting ligand as regards radiotherapy. Another tracer targeting NTS1 developed by
Wang et al. [75] demonstrated a higher tumor uptake in the animal model expressing lower
NTR1 level compared to a different PC model where NTR1 expression was higher. The
discrepancy might be caused by different levels of microvascular density, and therefore
PET/CT scans may not reflect the expression since blood supply would affect to the tumor
uptake. Not only NTR-targeted PET/CT may be used to diagnose NTR1 positive PC but
also it may be fully integrated to NTR target therapy.
Day 14 Day 30

a i e
naioail 2 Pancreatitis Control

$Ga-DOTA-NT20.3
1%F.FDG

1F.FDG

68Ga-DOTA-NT20.3

Figure 2. PET imaging 45 min post injection of [*#Ga]DOTA-NT-20.3 (a) and '®F-FDG (b) in an or-
thotopic PC model. Circles delineate the tumors. Uptake by normal tissues was observed with
8E_FDG (b) compared to the low uptake obtained with 68[Ga]DOTA-NT-20.3 (a). In vivo PET im-
ages of mice with pancreatitis and control mice with BE_FDG and [8Ga]DOTA-NT-20.3 (c) In mice
with acute pancreatitis, 8E_FDG uptake was elevated, in contrast with low uptake in control mice
(c, upper panel). [®®Ga]DOTA-NT-20.3 PET imaging did not show radiotracer uptake in any case
(c, bottom panel), reprinted with permission from Ref [74]. Copyright 2019 Copyright American
Chemical Society (ACS).

HIP/PAP (Hepatocarcinomaintestine-pancreas and pancreatitis-associated protein) is
a secreted plasma protein, also known as “lactose-binding protein” [76]. The over-expression
of HIP/PAP is linked to many different diseases including PC [70,77]. Yao et al. [78] synthe-
sized 1'-18F-fluoroethyl-B-D-lactose (['8F]FEL) which exhibited high/noteworthy HIP/PAP-
binding affinity, stability, and specific tumor accumulation in pancreatic tumors in com-
parison with '8F-FDG. More interestingly, the same tumor-bearing mice were also intra-
muscular injected with turpentine as models of aseptic inflammation. Results from the
study showed that the tumor-to-muscle, tumor-to-blood and tumor-to-inflammation ratio
for 8F-FDG were reduced with respect to those found for ['®F]FEL (Figure 3a,c). How-
ever, HIP/PAP is also overexpressed in pancreatic cells compared to normal pancreas in
condition of pancreatitis [79,80]. Therefore, the ability of ['8F]EEL to differentiate neoplas-
tic vs. inflammatory pancreatic diseases should be further determined using genetically
engineered mouse models, indeed the tracer has this clinical potential and advantage
over 8F-FDG.
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Figure 3. PET imaging of T3M4 tumors-bearing and inflammation nude mice 60 min after injection
of 18F-FEL (a) and 18F-FDG (c). PET images 60 min after co-injection of 3-D-lactose as competitor (b).
Tumors are marked by red arrows and inflammatory lesions are marked by green arrows. Tumors
were delineated 60 min after injection of '8F-FEL, while low background and absence of accumulation
was present in inflammatory tissue. Reprinted with permission from Ref [78]. Copyright 2017
Copyright Shaobo Yao, et al.

Finally, Tissue factor (TF), over-expressed in PC, serves as the primary initiator of
the extrinsic pathway of blood coagulation [79]. There is a strong correlation between the
aberrant expression of TF, staging and overall survival in PC [71,81]. Similarly, CD105 is
a proliferation-associated cell-surface protein highly expressed on activated endothelial
cells, and its over-expression is associated with decreased patient survival for most cancers,
and in particular for PC [82]. Luo et al. [83] developed a novel bispecific heterodimer, tar-
geting TF and CD105 to recognize early disease features and monitor therapeutic response.
They observed a significantly enhanced tumor uptake when using the 64Cu-labeled het-
erodimer in orthotopic tumor-bearing mice compared to each of their monospecific Fab
tracers. Even if the heterodimer was shown to be a more effective PET imaging agent
in comparison to single-targeted antibody tracers, the clinical benefits of heterodimeric
imaging agents in patients have been unexplored and need further evaluation.

6. Conclusions

PET may play a role in diagnosis and treatment of resectable PC and its use should
be considered on a case-by-case basis. Moreover, its use is likely to be cost-effective in the
clinical management of PC, preventing unnecessary multiple examinations. Despite this,
PET is not recommended by international guidelines in the first instance and its role in the
management of PC is still a matter of debate.

Funding: This research received no external funding.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.



Cancers 2021, 13, 4155 12 of 15

Acknowledgments: Authors want to thank Erica Bosco for linguistic revision.

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

References

1.

®

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Israel, O.; Kuten, A. Early detection of cancer recurrence: 18F-FDG PET/CT can make a difference in diagnosis and patient care.
J. Nucl. Med. 2007, 48 (Suppl. 1), 285-35S. [PubMed]

Kaur, S.; Baine, M.J.; Jain, M.; Sasson, A.R.; Batra, S.K. Early diagnosis of pancreatic cancer: Challenges and new developments.
Biomark. Med. 2012, 6, 597-612. [CrossRef]

Jemal, A,; Siegel, R.; Ward, E.; Hao, Y.; Xu, J.; Thun, M.J. Cancer statistics. CA Cancer ]. Clin. 2009, 59, 225-249. [CrossRef]

Duan, H.; Baratto, L.; Iagaru, A. The Role of PET/CT in the Imaging of Pancreatic Neoplasms. Semin. Ultrasound CT MRI 2019, 40,
500-508. [CrossRef]

Zakharova, O.P,; Karmazanovsky, G.G.; Egorov, V.I. Pancreatic adenocarcinoma: Outstanding problems. World ]. Gastrointest.
Surg. 2012, 4, 104-113. [CrossRef]

Bang, S.; Chung, HW.; Park, SW.; Chung, ].B.; Yun, M,; Lee, ].D.; Song, S.Y. The clinical usefulness of 18-fluorodeoxyglucose
positron emission tomography in the differential diagnosis, staging, and response evaluation after concurrent chemoradiotherapy
for pancreatic cancer. J. Clin. Gastroenterol. 2006, 40, 923-929. [CrossRef]

Buchs, N.C.; Buhler, L.; Bucher, P.; Willi, J.P.; Frossard, ]J.L.; Roth, A.D.; Addeo, P.; Rosset, A.; Terraz, S.; Becker, C.D.; et al. Value of
contrast-enhanced 18F-fluorodeoxyglucose positron emission tomography/computed tomography in detection and presurgical
assessment of pancreatic cancer: A prospective study. |. Gastroenterol. Hepatol. 2011, 26, 657—662. [CrossRef]

Gambhir, S.S.; Czernin, J.; Schwimmer, J.; Silverman, D.H.; Coleman, R.E.; Phelps, M.E. A tabulated summary of the FDG PET
literature. J. Nucl. Med. 2001, 42, 15-93S.

Zhang, J.; Zuo, CJ.; Jia, N.Y.,; Wang, ].H.; Hu, S.P; Yu, Z.F; Zheng, Y.; Zhang, A.Y.; Feng, X.Y. Cross-modality PET/CT and
contrast-enhanced CT imaging for pancreatic cancer. World J. Gastroenterol. 2015, 21, 2988-2996. [CrossRef] [PubMed]

Bipat, S.; Phoa, S.S.; van Delden, O.M.; Bossuyt, PM.; Gouma, D.].; Lameris, ].S.; Stoker, J. Ultrasonography, computed tomography
and magnetic resonance imaging for diagnosis and determining resectability of pancreatic adenocarcinoma: A meta-analysis.
J. Comput. Assist. Tomogr. 2005, 29, 438-445. [CrossRef] [PubMed]

Kauhanen, S.P; Komar, G.; Seppanen, M.P.; Dean, K.I.; Minn, H.R.; Kajander, S.A.; Rinta-Kiikka, I.; Alanen, K.; Borra, R.J.;
Puolakkainen, P.A.; et al. A prospective diagnostic accuracy study of 18F-fluorodeoxyglucose positron emission tomogra-
phy/computed tomography, multidetector row computed tomography, and magnetic resonance imaging in primary diagnosis
and staging of pancreatic cancer. Ann. Surg. 2009, 250, 957-963. [CrossRef] [PubMed]

Zimny, M.; Bares, R.; Fass, J.; Adam, G.; Cremerius, U.; Dohmen, B.; Klever, P; Sabri, O.; Schumpelick, V.; Buell, U. Fluorine-18
fluorodeoxyglucose positron emission tomography in the differential diagnosis of pancreatic carcinoma: A report of 106 cases.
Eur. J. Nucl. Med. 1997, 24, 678-682. [CrossRef] [PubMed]

Taveira, M. Comparison of (68)Ga-FAPI versus (18)F-FDG PET/CT for Initial Cancer Staging. Radiol. Imaging Cancer 2021, 3,
€219007. [CrossRef] [PubMed]

Rohrich, M.; Naumann, P; Giesel, EL.; Choyke, P.L.; Staudinger, F.; Wefers, A.; Liew, D.P.,; Kratochwil, C.; Rathke, H.; Liermann, J.;
et al. Impact of (68)Ga-FAPI PET/CT Imaging on the Therapeutic Management of Primary and Recurrent Pancreatic Ductal
Adenocarcinomas. J. Nucl. Med. 2021, 62, 779-786. [CrossRef] [PubMed]

Asagi, A.; Ohta, K.; Nasu, J.; Tanada, M.; Nadano, S.; Nishimura, R.; Teramoto, N.; Yamamoto, K.; Inoue, T.; Iguchi, H. Utility of
contrast-enhanced FDG-PET/CT in the clinical management of pancreatic cancer: Impact on diagnosis, staging, evaluation of
treatment response, and detection of recurrence. Pancreas 2013, 42, 11-19. [CrossRef] [PubMed]

Chang, J.S.; Choi, S.H.; Lee, Y,; Kim, K.H.; Park, J.Y.; Song, S.Y.; Cho, A,; Yun, M,; Lee, ].D.; Seong, J. Clinical usefulness
of (1)(8)F-fluorodeoxyglucose-positron emission tomography in patients with locally advanced pancreatic cancer planned to
undergo concurrent chemoradiation therapy. Int. J. Radiat. Oncol. Biol. Phys. 2014, 90, 126-133. [CrossRef] [PubMed]

Strobel, K.; Heinrich, S.; Bhure, U.; Soyka, J.; Veit-Haibach, P.; Pestalozzi, B.C.; Clavien, P.A.; Hany, T.F. Contrast-enhanced
18F-FDG PET/CT: 1-stop-shop imaging for assessing the resectability of pancreatic cancer. J. Nucl. Med. 2008, 49, 1408-1413.
[CrossRef] [PubMed]

Heinrich, S.; Goerres, G.W.; Schafer, M.; Sagmeister, M.; Bauerfeind, P; Pestalozzi, B.C.; Hany, T.E; von Schulthess, G.K.; Clavien,
P.A. Positron emission tomography/computed tomography influences on the management of resectable pancreatic cancer and its
cost-effectiveness. Ann. Surg. 2005, 242, 235-243. [CrossRef]

National Comprehensive Cancer Network. Pancreatic Adenocarcinoma Guidelines Version 2.2021, 2.2021 ed.; National Comprehen-
sive Cancer Network: Plymouth, PA, USA, 2021.

Ducreux, M.; Cuhna, A.S.; Caramella, C.; Hollebecque, A.; Burtin, P.; Goere, D.; Seufferlein, T.; Haustermans, K.; Van Laethem,
J.L.; Conroy, T.; et al. Cancer of the pancreas: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann.
Oncol. 2015, 26 (Suppl. 5), v56-v68. [CrossRef]

Associazione Italiana di Oncologia Medica. Linee Guida Carcinoma del Pancreas Esocrino; Associazione Italiana di Oncologia
Medica: Milan, Italy, 2020.


http://www.ncbi.nlm.nih.gov/pubmed/17204718
http://doi.org/10.2217/bmm.12.69
http://doi.org/10.3322/caac.20006
http://doi.org/10.1053/j.sult.2019.04.006
http://doi.org/10.4240/wjgs.v4.i5.104
http://doi.org/10.1097/01.mcg.0000225672.68852.05
http://doi.org/10.1111/j.1440-1746.2010.06525.x
http://doi.org/10.3748/wjg.v21.i10.2988
http://www.ncbi.nlm.nih.gov/pubmed/25780297
http://doi.org/10.1097/01.rct.0000164513.23407.b3
http://www.ncbi.nlm.nih.gov/pubmed/16012297
http://doi.org/10.1097/SLA.0b013e3181b2fafa
http://www.ncbi.nlm.nih.gov/pubmed/19687736
http://doi.org/10.1007/s002590050106
http://www.ncbi.nlm.nih.gov/pubmed/9169578
http://doi.org/10.1148/rycan.2021219007
http://www.ncbi.nlm.nih.gov/pubmed/33817659
http://doi.org/10.2967/jnumed.120.253062
http://www.ncbi.nlm.nih.gov/pubmed/33097632
http://doi.org/10.1097/MPA.0b013e3182550d77
http://www.ncbi.nlm.nih.gov/pubmed/22699206
http://doi.org/10.1016/j.ijrobp.2014.05.030
http://www.ncbi.nlm.nih.gov/pubmed/25015206
http://doi.org/10.2967/jnumed.108.051466
http://www.ncbi.nlm.nih.gov/pubmed/18703604
http://doi.org/10.1097/01.sla.0000172095.97787.84
http://doi.org/10.1093/annonc/mdv295

Cancers 2021, 13, 4155 13 of 15

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Katz, M.H.; Fleming, ].B.; Bhosale, P.; Varadhachary, G.; Lee, ].E.; Wolff, R.; Wang, H.; Abbruzzese, ].; Pisters, PW.; Vauthey, ].N.;
et al. Response of borderline resectable pancreatic cancer to neoadjuvant therapy is not reflected by radiographic indicators.
Cancer 2012, 118, 5749-5756. [CrossRef]

Orlando, G.; Pilone, V.; Vitiello, A.; Gervasi, R.; Lerose, M.A.; Silecchia, G.; Puzziello, A. Gastric cancer following bariatric surgery:
A review. Surg. Laparosc. Endosc. Percutaneous Tech. 2014, 24, 400-405. [CrossRef]

Panda, A.; Garg, I; Truty, M.],; Kline, T.L.; Johnson, M.P.; Ehman, E.C.; Suman, G.; Anaam, D.A.; Kemp, B.J.; Johnson, G.B.;
et al. Borderline Resectable and Locally Advanced Pancreas Cancer: FDG PET/MRI and CT Tumor Metrics for Assessment of
Neoadjuvant Therapy Pathologic Response and Prediction of Survival. AJR Am. J. Roentgenol. 2020, 1-11. [CrossRef]

Best, L.M.; Rawji, V.; Pereira, S.P.; Davidson, B.R.; Gurusamy, K.S. Imaging modalities for characterising focal pancreatic lesions.
Cochrane Database Syst. Rev. 2017, 4, CD010213. [CrossRef] [PubMed]

Ergul, N.; Gundogan, C.; Tozlu, M.; Toprak, H.; Kadioglu, H.; Aydin, M.; Cermik, T.E. Role of (18)F-fluorodeoxyglucose positron
emission tomography/computed tomography in diagnosis and management of pancreatic cancer; comparison with multidetector
row computed tomography, magnetic resonance imaging and endoscopic ultrasonography. Rev. Esp. Med. Nucl. Imagen Mol.
2014, 33, 159-164. [CrossRef]

Krishnaraju, V.S.; Kumar, R.; Mittal, B.R.; Sharma, V.; Singh, H.; Nada, R.; Bal, A.; Rohilla, M.; Singh, H.; Rana, S.S. Differentiating
benign and malignant pancreatic masses: Ga-68 PSMA PET/CT as a new diagnostic avenue. Eur. Radiol. 2020, 31, 2199-2208.
[CrossRef]

Akcam, A.T.; Teke, Z.; Saritas, A.G.; Ulku, A.; Guney, LB.; Rencuzogullari, A. The efficacy of (18)F-FDG PET/CT in the
preoperative evaluation of pancreatic lesions. Ann. Surg. Treat. Res. 2020, 98, 184-189. [CrossRef]

Santhosh, S.; Mittal, B.R.; Bhasin, D.; Srinivasan, R.; Rana, S.; Das, A.; Nada, R.; Bhattacharya, A.; Gupta, R.; Kapoor, R. Role of
(18)F-fluorodeoxyglucose positron emission tomography/computed tomography in the characterization of pancreatic masses:
Experience from tropics. J. Gastroenterol. Hepatol. 2013, 28, 255-261. [CrossRef] [PubMed]

Hewitt, M.].; McPhail, M.].; Possamai, L.; Dhar, A.; Vlavianos, P.; Monahan, K.J. EUS-guided FNA for diagnosis of solid pancreatic
neoplasms: A meta-analysis. Gastrointest. Endosc. 2012, 75, 319-331. [CrossRef]

Lai, J.P; Yue, Y.; Zhang, W.; Zhou, Y.; Frishberg, D.; Jamil, L.H.; Mirocha, ].M.; Guindi, M.; Balzer, B.; Bose, S.; et al. Comparison
of endoscopic ultrasound guided fine needle aspiration and PET/CT in preoperative diagnosis of pancreatic adenocarcinoma.
Pancreatology 2017, 17, 617—622. [CrossRef]

Yeh, R.; Dercle, L.; Garg, I.; Wang, Z.J.; Hough, D.M.; Goenka, A.H. The Role of 18F-FDG PET/CT and PET/MRI in Pancreatic
Ductal Adenocarcinoma. Abdom. Radiol. 2018, 43, 415-434. [CrossRef] [PubMed]

Ghaneh, P; Hanson, R.; Titman, A.; Lancaster, G.; Plumpton, C.; Lloyd-Williams, H.; Yeo, S.T.; Edwards, R.T.; Johnson, C.;
Abu Hilal, M.; et al. PET-PANC: Multicentre prospective diagnostic accuracy and health economic analysis study of the impact of
combined modality 18fluorine-2-fluoro-2-deoxy-d-glucose positron emission tomography with computed tomography scanning
in the diagnosis and management of pancreatic cancer. Health Technol. Assess. 2018, 22, 1-114. [CrossRef] [PubMed]

Nguyen, A.H.; Melstrom, L.G. Use of imaging as staging and surgical planning for pancreatic surgery. Hepatobiliary Surg. Nutr.
2020, 9, 603-614. [CrossRef] [PubMed]

Lemke, A J.; Niehues, S.M.; Hosten, N.; Amthauer, H.; Boehmig, M.; Stroszczynski, C.; Rohlfing, T.; Rosewicz, S.; Felix, R.
Retrospective digital image fusion of multidetector CT and 18F-FDG PET: Clinical value in pancreatic lesions-a prospective study
with 104 patients. . Nucl. Med. 2004, 45, 1279-1286. [PubMed]

Lee, ].W.; Choi, M.; Choi, ]J.Y. Impact of F-18 Fluorodeoxyglucose PET/CT and PET/MRI on Initial Staging and Changes in
Management of Pancreatic Ductal Adenocarcinoma: A Systemic Review and Meta-Analysis. Diagnostics 2020, 10, 952. [CrossRef]
Barina, A.R; Bashir, M.R.; Howard, B.A.; Hanks, B.A ; Salama, A K; Jaffe, T.A. Isolated recto-sigmoid colitis: A new imaging
pattern of ipilimumab-associated colitis. Abdom. Radiol. 2016, 41, 207-214. [CrossRef] [PubMed]

Wang, S.; Shi, H.; Yang, E; Teng, X; Jiang, B. The value of (18)F-FDG PET/CT and carbohydrate antigen 19-9 in predicting lymph
node micrometastases of pancreatic cancer. Abdom. Radiol. 2019, 44, 4057-4062. [CrossRef] [PubMed]

Yoneyama, T.; Tateishi, U.; Endo, I.; Inoue, T. Staging accuracy of pancreatic cancer: Comparison between non-contrast-enhanced
and contrast-enhanced PET/CT. Eur. |. Radiol. 2014, 83, 1734-1739. [CrossRef]

Santhosh, S.; Mittal, B.R.; Bhasin, D.K.; Rana, S.S.; Gupta, R; Das, A.; Nada, R. Fluorodeoxyglucose-positron emission tomogra-
phy/computed tomography performs better than contrast-enhanced computed tomography for metastasis evaluation in the
initial staging of pancreatic adenocarcinoma. Ann. Nucl. Med. 2017, 31, 575-581. [CrossRef]

Pergolini, L; Crippa, S.; Salgarello, M.; Belfiori, G.; Partelli, S.; Ruffo, G.; Pucci, A.; Zamboni, G.; Falconi, M. SUVmax after
(18)fluoro-deoxyglucose positron emission tomography/computed tomography: A tool to define treatment strategies in pancreatic
cancer. Dig. Liver Dis. 2018, 50, 84-90. [CrossRef]

Moon, D.; Kim, H,; Han, Y; Byun, Y.; Choi, Y,; Kang, J.; Kwon, W.; Jang, ].Y. Preoperative carbohydrate antigen 19-9 and standard
uptake value of positron emission tomography-computed tomography as prognostic markers in patients with pancreatic ductal
adenocarcinoma. J. Hepatobiliary Pancreat. Sci. 2020. [CrossRef] [PubMed]

Kim, R.; Prithviraj, G.; Kothari, N.; Springett, G.; Malafa, M.; Hodul, P.; Kim, J.; Yue, B.; Morse, B.; Mahipal, A. PET/CT Fusion
Scan Prevents Futile Laparotomy in Early Stage Pancreatic Cancer. Clin. Nucl. Med. 2015, 40, e501-e505. [CrossRef] [PubMed]


http://doi.org/10.1002/cncr.27636
http://doi.org/10.1097/SLE.0000000000000050
http://doi.org/10.2214/AJR.20.24567
http://doi.org/10.1002/14651858.CD010213.pub2
http://www.ncbi.nlm.nih.gov/pubmed/28415140
http://doi.org/10.1016/j.remn.2013.08.005
http://doi.org/10.1007/s00330-020-07318-2
http://doi.org/10.4174/astr.2020.98.4.184
http://doi.org/10.1111/jgh.12068
http://www.ncbi.nlm.nih.gov/pubmed/23278193
http://doi.org/10.1016/j.gie.2011.08.049
http://doi.org/10.1016/j.pan.2017.04.008
http://doi.org/10.1007/s00261-017-1374-2
http://www.ncbi.nlm.nih.gov/pubmed/29143875
http://doi.org/10.3310/hta22070
http://www.ncbi.nlm.nih.gov/pubmed/29402376
http://doi.org/10.21037/hbsn.2019.05.04
http://www.ncbi.nlm.nih.gov/pubmed/33163511
http://www.ncbi.nlm.nih.gov/pubmed/15299049
http://doi.org/10.3390/diagnostics10110952
http://doi.org/10.1007/s00261-015-0560-3
http://www.ncbi.nlm.nih.gov/pubmed/26867901
http://doi.org/10.1007/s00261-019-02248-0
http://www.ncbi.nlm.nih.gov/pubmed/31570958
http://doi.org/10.1016/j.ejrad.2014.04.026
http://doi.org/10.1007/s12149-017-1193-0
http://doi.org/10.1016/j.dld.2017.09.122
http://doi.org/10.1002/jhbp.845
http://www.ncbi.nlm.nih.gov/pubmed/33063453
http://doi.org/10.1097/RLU.0000000000000837
http://www.ncbi.nlm.nih.gov/pubmed/26053713

Cancers 2021, 13, 4155 14 of 15

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Joo, I; Lee, JM.; Lee, E.S.; Ahn, SJ.; Lee, D.H.; Kim, SW,; Ryu, ] K.; Oh, D.Y,; Kim, K.; Lee, K.B.; et al. Preoperative MDCT
Assessment of Resectability in Borderline Resectable Pancreatic Cancer: Effect of Neoadjuvant Chemoradiation Therapy. AJR Am.
J. Roentgenol. 2018, 210, 1059-1065. [CrossRef] [PubMed]

Morgan, D.E.; Waggoner, C.N.; Canon, C.L.; Lockhart, M.E.; Fineberg, N.S.; Posey, J.A., 3rd; Vickers, S.M. Resectability of
pancreatic adenocarcinoma in patients with locally advanced disease downstaged by preoperative therapy: A challenge for
MDCT. AJR Am. ]. Roentgenol. 2010, 194, 615-622. [CrossRef] [PubMed]

Choi, M.; Heilbrun, L.K.; Venkatramanamoorthy, R.; Lawhorn-Crews, J.M.; Zalupski, M.M.; Shields, A.F. Using 18F-
fluorodeoxyglucose positron emission tomography to monitor clinical outcomes in patients treated with neoadjuvant
chemo-radiotherapy for locally advanced pancreatic cancer. Am. J. Clin. Oncol. 2010, 33, 257-261. [CrossRef] [PubMed]

Shaban, E. Added value of 18-F-FDG-PET/CT in patients with pancreatic cancer: Initial observation. Egypt. J. Radiol. Nucl. Med.
2016, 47, 1275-1282. [CrossRef]

Yokose, T.; Kitago, M.; Matsusaka, Y.; Masugi, Y.; Shinoda, M.; Yagi, H.; Abe, Y.; Oshima, G.; Hori, S.; Endo, Y.; et al. Usefulness of
(18) F-fluorodeoxyglucose positron emission tomography/computed tomography for predicting the prognosis and treatment
response of neoadjuvant therapy for pancreatic ductal adenocarcinoma. Cancer Med. 2020, 9, 4059-4068. [CrossRef]
Zimmermann, C.; Distler, M.; Jentsch, C.; Blum, S.; Folprecht, G.; Zophel, K.; Polster, H.; Troost, E.G.C.; Abolmaali, N.; Weitz, J.;
et al. Evaluation of response using FDG-PET/CT and diffusion weighted MRI after radiochemotherapy of pancreatic cancer:
A non-randomized, monocentric phase II clinical trial-PaCa-DD-041 (Eudra-CT 2009-011968-11). Strahlenther. Onkol. 2021, 197,
19-26. [CrossRef]

Itchins, M.; Chua, T.C.; Arena, J.; Jamieson, N.B.; Nahm, C.B.; O’Connell, R.L.; Bailey, E.A.; Schembri, G.P,; Gill, A.J.; Kneebone,
A.; et al. Evaluation of Fluorodeoxyglucose Positron Emission Tomography Scanning in the Neoadjuvant Therapy Paradigm in
Pancreatic Ductal Adenocarcinoma. Pancreas 2020, 49, 224-229. [CrossRef] [PubMed]

Gillies, R.J.; Kinahan, P.E.; Hricak, H. Radiomics: Images Are More than Pictures, They Are Data. Radiology 2016, 278, 563-577.
[CrossRef]

Van Timmeren, J.E.; Cester, D.; Tanadini-Lang, S.; Alkadhi, H.; Baessler, B. Radiomics in medical imaging “how-to” guide and
critical reflection. Insights Imaging 2020, 11, 91. [CrossRef]

Alongi, P,; Laudicella, R.; Stefano, A.; Caobelli, F.; Comelli, A.; Vento, A.; Sardina, D.; Ganduscio, G.; Toia, P; Ceci, F,; et al.
Choline PET/CT features to predict survival outcome in high risk prostate cancer restaging: A preliminary machine-learning
radiomics study. Q. J. Nucl. Med. Mol. Imaging 2020. [CrossRef]

Fan, Y,; Feng, M.; Wang, R. Application of Radiomics in Central Nervous System Diseases: A Systematic literature review. Clin.
Neurol. Neurosurg. 2019, 187, 105565. [CrossRef] [PubMed]

Mapelli, P; Partelli, S.; Salgarello, M.; Doraku, J.; Pasetto, S.; Rancoita, PM.V.; Muffatti, F; Bettinardi, V.; Presotto, L.; Andreasi, V.;
et al. Dual tracer 68Ga-DOTATOC and 18F-FDG PET/computed tomography radiomics in pancreatic neuroendocrine neoplasms:
An endearing tool for preoperative risk assessment. Nucl. Med. Commun. 2020, 41, 896-905. [CrossRef]

Thawani, R.; McLane, M.; Beig, N.; Ghose, S.; Prasanna, P.; Velcheti, V.; Madabhushi, A. Radiomics and radiogenomics in lung
cancer: A review for the clinician. Lung Cancer 2018, 115, 34—41. [CrossRef]

Yue, Y.; Osipov, A.; Fraass, B.; Sandler, H.; Zhang, X.; Nissen, N.; Hendifar, A.; Tuli, R. Identifying prognostic intratumor
heterogeneity using pre- and post-radiotherapy 18F-FDG PET images for pancreatic cancer patients. ]. Gastrointest. Oncol. 2017, 8,
127-138. [CrossRef]

Toyama, Y.; Hotta, M.; Motoi, F.; Takanami, K.; Minamimoto, R.; Takase, K. Prognostic value of FDG-PET radiomics with machine
learning in pancreatic cancer. Sci. Rep. 2020, 10, 17024. [CrossRef]

Mori, M.; Passoni, P.; Incerti, E.; Bettinardi, V.; Broggi, S.; Reni, M.; Whybra, P.; Spezi, E.; Vanoli, E.G.; Gianolli, L.; et al. Training
and validation of a robust PET radiomic-based index to predict distant-relapse-free-survival after radio-chemotherapy for locally
advanced pancreatic cancer. Radiother. Oncol. 2020, 153, 258-264. [CrossRef] [PubMed]

Lim, C.H.; Cho, Y.S.; Choi, ].Y.; Lee, K.H.; Lee, ].K.; Min, ].H.; Hyun, S.H. Imaging phenotype using (18)F-fluorodeoxyglucose
positron emission tomography-based radiomics and genetic alterations of pancreatic ductal adenocarcinoma. Eur. J. Nucl. Med.
Mol. Imaging 2020, 47, 2113-2122. [CrossRef]

Zhang, Y.; Cheng, C.; Liu, Z.; Pan, G.; Sun, G.; Yang, X.; Zuo, C. [Differentiation of autoimmune pancreatitis and pancreatic ductal
adenocarcinoma based on multi-modality texture features in (18)F-FDG PET/CT]. Sheng Wu Yi Xue Gong Cheng Xue Za Zhi 2019,
36, 755-762. [CrossRef]

Gao, J.; Huang, X.; Meng, H.; Zhang, M.; Zhang, X_; Lin, X; Li, B. Performance of Multiparametric Functional Imaging and Texture
Analysis in Predicting Synchronous Metastatic Disease in Pancreatic Ductal Adenocarcinoma Patients by Hybrid PET/MR: Initial
Experience. Front. Oncol. 2020, 10, 198. [CrossRef]

Abunabhel, B.M.; Pontre, B.; Kumar, H.; Petrov, M.S. Pancreas image mining: A systematic review of radiomics. Eur. Radiol. 2020,
31, 3447-3467. [CrossRef]

Cornelissen, B.; Knight, J.C.; Mukherjee, S.; Evangelista, L.; Xavier, C.; Caobelli, F.; Del Vecchio, S.; Rbah-Vidal, L.; Barbet, J.;
de Jong, M.; et al. Translational molecular imaging in exocrine pancreatic cancer. Eur. |. Nucl. Med. Mol. Imaging 2018, 45,
2442-2455. [CrossRef]

Yonezawa, S.; Higashi, M.; Yamada, N.; Goto, M. Precursor lesions of pancreatic cancer. Gut Liver 2008, 2, 137-154. [CrossRef]


http://doi.org/10.2214/AJR.17.18310
http://www.ncbi.nlm.nih.gov/pubmed/29489408
http://doi.org/10.2214/AJR.08.1022
http://www.ncbi.nlm.nih.gov/pubmed/20173136
http://doi.org/10.1097/COC.0b013e3181a76a0b
http://www.ncbi.nlm.nih.gov/pubmed/19806035
http://doi.org/10.1016/j.ejrnm.2016.07.007
http://doi.org/10.1002/cam4.3044
http://doi.org/10.1007/s00066-020-01654-4
http://doi.org/10.1097/MPA.0000000000001472
http://www.ncbi.nlm.nih.gov/pubmed/32011525
http://doi.org/10.1148/radiol.2015151169
http://doi.org/10.1186/s13244-020-00887-2
http://doi.org/10.23736/S1824-4785.20.03227-6
http://doi.org/10.1016/j.clineuro.2019.105565
http://www.ncbi.nlm.nih.gov/pubmed/31670024
http://doi.org/10.1097/MNM.0000000000001236
http://doi.org/10.1016/j.lungcan.2017.10.015
http://doi.org/10.21037/jgo.2016.12.04
http://doi.org/10.1038/s41598-020-73237-3
http://doi.org/10.1016/j.radonc.2020.07.003
http://www.ncbi.nlm.nih.gov/pubmed/32681930
http://doi.org/10.1007/s00259-020-04698-x
http://doi.org/10.7507/1001-5515.201807012
http://doi.org/10.3389/fonc.2020.00198
http://doi.org/10.1007/s00330-020-07376-6
http://doi.org/10.1007/s00259-018-4146-5
http://doi.org/10.5009/gnl.2008.2.3.137

Cancers 2021, 13, 4155 15 of 15

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Tummers, W.S.; Farina-Sarasqueta, A.; Boonstra, M.C.; Prevoo, H.A.; Sier, C.E; Mieog, ].S.; Morreau, J.; van Eijck, C.H.; Kuppen,
PJ.; vande Velde, C.J.; et al. Selection of optimal molecular targets for tumor-specific imaging in pancreatic ductal adenocarcinoma.
Oncotarget 2017, 8, 56816-56828. [CrossRef]

Hezel, A.F,; Deshpande, V.; Zimmerman, S.M.; Contino, G.; Alagesan, B.; O’Dell, M.R,; Rivera, L.B.; Harper, J.; Lonning, S.;
Brekken, R.A; et al. TGF-p and av[36 integrin act in a common pathway to suppress pancreatic cancer progression. Cancer Res.
2012, 72, 4840-4845. [CrossRef] [PubMed]

Ui, T.; Ueda, M.; Higaki, Y.; Kamino, S.; Sano, K.; Kimura, H.; Saji, H.; Enomoto, S. Development and characterization of
a (68)Ga-labeled A20FMDV2 peptide probe for the PET imaging of «v[36 integrin-positive pancreatic ductal adenocarcinoma.
Bioorg. Med. Chem. 2020, 28, 115189. [CrossRef] [PubMed]

Li, H,; Yuan, L.; Long, Y,; Fang, H.; Li, M.; Liu, Q.; Xia, X.; Qin, C.; Zhang, Y.; Lan, X,; et al. Synthesis and Preclinical Evaluation
of a (68)Ga-Radiolabeled Peptide Targeting Very Late Antigen-3 for PET Imaging of Pancreatic Cancer. Mol. Pharm. 2020, 17,
3000-3008. [CrossRef] [PubMed]

Rosty, C.; Christa, L.; Kuzdzal, S.; Baldwin, W.M.; Zahurak, M.L.; Carnot, F.; Chan, D.W.; Canto, M.; Lillemoe, K.D.; Cameron, J.L.;
et al. Identification of hepatocarcinoma-intestine-pancreas/pancreatitis-associated protein I as a biomarker for pancreatic ductal
adenocarcinoma by protein biochip technology. Cancer Res. 2002, 62, 1868-1875. [PubMed]

Van den Berg, Y.W.; Osanto, S.; Reitsma, P.H.; Versteeg, H.H. The relationship between tissue factor and cancer progression:
Insights from bench and bedside. Blood 2012, 119, 924-932. [CrossRef]

Muller, M.; Altmann, A.; Sauter, M.; Lindner, T.; Jager, D.; Rathke, H.; Herold-Mende, C.; Marme, F; Babich, J.; Mier, W.; et al.
Preclinical evaluation of peptide-based radiotracers for integrin ocv36-positive pancreatic carcinoma. Nuklearmedizin 2019, 58,
309-318. [CrossRef] [PubMed]

Korner, M.; Waser, B.; Strobel, O.; Buchler, M.; Reubi, ].C. Neurotensin receptors in pancreatic ductal carcinomas. EJNMMI Res.
2015, 5, 17. [CrossRef]

Prignon, A.; Provost, C.; Alshoukr, F; Wendum, D.; Couvelard, A.; Barbet, J.; Forgez, P; Talbot, ] N.; Gruaz-Guyon, A.
Preclinical Evaluation of (68)Ga-DOTA-NT-20.3: A Promising PET Imaging Probe To Discriminate Human Pancreatic Ductal
Adenocarcinoma from Pancreatitis. Mol. Pharm. 2019, 16, 2776-2784. [CrossRef]

Wang, M.; Zhang, H.; Wang, H.; Feng, H.; Deng, H.; Wu, Z.; Lu, H.; Li, Z. Development of [(18)FJAIF-NOTA-NT as PET Agents of
Neurotensin Receptor-1 Positive Pancreatic Cancer. Mol. Pharm. 2018, 15, 3093-3100. [CrossRef] [PubMed]

Iovanna, J.L.; Dagorn, J.C. The multifunctional family of secreted proteins containing a C-type lectin-like domain linked to a short
N-terminal peptide. Biochim. Biophys. Acta 2005, 1723, 8-18. [CrossRef]

Xie, ML].; Motoo, Y.; Iovanna, J.L.; Su, S.B.; Ohtsubo, K.; Matsubara, F.; Sawabu, N. Overexpression of pancreatitis-associated
protein (PAP) in human pancreatic ductal adenocarcinoma. Dig. Dis. Sci. 2003, 48, 459-464. [CrossRef] [PubMed]

Yao, S.; Luo, Y.;; Zhang, Z.; Hu, G.; Zhu, Z.; Li, F. Preclinical PET imaging of HIP /PAP using 1/ -(18)F-fluoroethyl-beta-D-lactose.
Oncotarget 2017, 8, 75162-75173. [CrossRef]

Demaugre, F; Philippe, Y.; Sar, S.; Pileire, B.; Christa, L.; Lasserre, C.; Brechot, C. HIP/PAP, a C-type lectin overexpressed in
hepatocellular carcinoma, binds the RII « regulatory subunit of cAMP-dependent protein kinase and alters the cAMP-dependent
protein kinase signalling. Eur. J. Biochem. 2004, 271, 3812-3820. [CrossRef] [PubMed]

Fukushima, N.; Koopmann, J.; Sato, N.; Prasad, N.; Carvalho, R.; Leach, S.D.; Hruban, R.H.; Goggins, M. Gene expression
alterations in the non-neoplastic parenchyma adjacent to infiltrating pancreatic ductal adenocarcinoma. Mod. Pathol. 2005, 18,
779-787. [CrossRef]

Nitori, N.; Ino, Y.; Nakanishi, Y.; Yamada, T.; Honda, K.; Yanagihara, K.; Kosuge, T.; Kanai, Y.; Kitajima, M.; Hirohashi, S.
Prognostic significance of tissue factor in pancreatic ductal adenocarcinoma. Clin. Cancer Res. 2005, 11, 2531-2539. [CrossRef]
Zhou, L,; Yu, L.; Ding, G.; Chen, W.; Zheng, S.; Cao, L. Overexpressions of DLL4 and CD105 are Associated with Poor Prognosis
of Patients with Pancreatic Ductal Adenocarcinoma. Pathol. Oncol. Res. 2015, 21, 1141-1147. [CrossRef]

Luo, H,; England, C.G,; Shi, S.; Graves, S.A; Hernandez, R.; Liu, B.; Theuer, C.P.; Wong, H.C.; Nickles, R.J.; Cai, W. Dual Targeting
of Tissue Factor and CD105 for Preclinical PET Imaging of Pancreatic Cancer. Clin. Cancer Res. 2016, 22, 3821-3830. [CrossRef]


http://doi.org/10.18632/oncotarget.18232
http://doi.org/10.1158/0008-5472.CAN-12-0634
http://www.ncbi.nlm.nih.gov/pubmed/22787119
http://doi.org/10.1016/j.bmc.2019.115189
http://www.ncbi.nlm.nih.gov/pubmed/31740201
http://doi.org/10.1021/acs.molpharmaceut.0c00416
http://www.ncbi.nlm.nih.gov/pubmed/32544337
http://www.ncbi.nlm.nih.gov/pubmed/11912167
http://doi.org/10.1182/blood-2011-06-317685
http://doi.org/10.1055/a-0894-4127
http://www.ncbi.nlm.nih.gov/pubmed/31075798
http://doi.org/10.1186/s13550-015-0094-2
http://doi.org/10.1021/acs.molpharmaceut.9b00283
http://doi.org/10.1021/acs.molpharmaceut.8b00192
http://www.ncbi.nlm.nih.gov/pubmed/29889537
http://doi.org/10.1016/j.bbagen.2005.01.002
http://doi.org/10.1023/A:1022520212447
http://www.ncbi.nlm.nih.gov/pubmed/12757156
http://doi.org/10.18632/oncotarget.20654
http://doi.org/10.1111/j.1432-1033.2004.04302.x
http://www.ncbi.nlm.nih.gov/pubmed/15373827
http://doi.org/10.1038/modpathol.3800337
http://doi.org/10.1158/1078-0432.CCR-04-0866
http://doi.org/10.1007/s12253-015-9937-4
http://doi.org/10.1158/1078-0432.CCR-15-2054

	Introduction 
	18F-Fluorodeoxiglucose (18F-FDG) PET/CT for PC Diagnosis 
	The Role of 18F-FDG PET/CT in Surgical Management of PC 
	The Role of 18F-FDG PET/CT in PC Differential Diagnosis 
	Pre-Surgical Tumors Staging and Grading 
	Assessing Clincal Management 
	Assessing Resectability after Neoadjuvant Treatment 

	18F-FDG PET Radiomics Analysis in PC 
	Future Directions in Preclinical PET Imaging for PC 
	Conclusions 
	References

