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Abstract: Pancreatic adenocarcinoma (PDAC) is the most common pancreatic cancer and is associated
with poor prognosis, a high mortality rate, and a substantial number of healthy life years lost. Surgical
resection is the primary treatment option for patients with resectable disease; however, only 10-20% of
all patients with PDAC are eligible for resection at the time of diagnosis. In this context, neoadjuvant
therapy has the potential to increase the number of patients who are eligible for resection, thereby
improving the overall survival rate. For patients who undergo neoadjuvant therapy, computed
tomography (CT) remains the primary imaging tool for assessing treatment response. Nevertheless,
the interpretation of imaging findings in this context remains challenging, given the similarity
between viable tumor and treatment-related changes following neoadjuvant therapy. In this review,
following an overview of the various treatment options for PDAC according to its resectability status,
we will describe the key challenges regarding CT-based evaluation of PDAC treatment response
following neoadjuvant therapy, as well as summarize the literature on CT-based evaluation of PDAC
treatment response, including the use of radiomics. Finally, we will outline key recommendations for
the management of PDAC after neoadjuvant therapy, taking into consideration CT-based findings.

Keywords: pancreatic cancer; neoadjuvant therapy; computed tomography; treatment response;
radiomics

1. Introduction

Pancreatic cancer is the tenth most common cancer in the United States, with an
estimated 64,050 new cases in 2023. While it is only the tenth most common cancer, it is
the third leading cause of all cancer-related deaths in the United States, being responsible
for an estimated 50,550 deaths in 2023 [1-3]. Moreover, the number of deaths attributed to
pancreatic cancer is projected to rise even more through the next 20 years, and predicted to
be the second leading cause of all cancer-related deaths in the United States by 2040 [1].
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Similarly, according to GLOBOCAN 2020, pancreatic cancer is the fourteenth most com-
mon cancer globally but is the seventh leading cause of all cancer-related deaths [4], and
according to a study across 28 European Union countries, it is projected to be the third
leading cause of all cancer-related deaths in this region by 2025 [5]. In addition, it is also
responsible for a substantial number of healthy life years lost; for example, approximately
9.1 million quality-adjusted life years were lost due to pancreatic cancer globally in 2017 [6].

Of all pancreatic cancer types, pancreatic ductal adenocarcinoma (PDAC) type ac-
counts for the majority of cases (85-90%) [7]. PDAC is associated with poor prognosis and,
correspondingly, a high mortality rate [8]. Therefore, PDAC in particular is a significant
global burden of disease. While surgical resection is the primary treatment option for
patients with resectable PDAC, only 10-20% of all patients with PDAC are eligible for
resection at the time of diagnosis [9]. Notably, neoadjuvant therapy has the potential to
increase the number of patients who are eligible for resection, thereby improving the overall
survival rate [10]. However, in patients with resectable and borderline resectable PDAC in
particular, the indications of neoadjuvant therapy remain debated in the literature, with
neoadjuvant therapy currently being used in these patients depending on their clinical
characteristics and the experience of the multidisciplinary disease management team.

For the staging, restaging, and follow-up of patients with PDAC, diagnostic imaging
remains the primary tool, with contrast-enhanced computed tomography (CT) being the
most commonly used imaging modality for the local assessment of PDAC. In the pri-
mary staging setting, imaging is indicated to classify the tumor as resectable, borderline
resectable, locally advanced, or metastatic [11,12]. In the restaging setting, e.g., after neoad-
juvant therapy, imaging is indicated for response assessment, usually CT. Nonetheless, the
interpretation of imaging findings in this setting remains challenging; for CT in particular,
it remains difficult to distinguish between viable tumor and treatment-related alterations
such as inflammation, edema, and fibrosis following neoadjuvant therapy [13].

In this review, following an overview of the various treatment options for PDAC
according to its resectability status, we will dive into the imaging-based assessment of
PDAC following neoadjuvant therapy. Specifically, as CT remains the primary imaging
modality for the evaluation of PDAC, we will describe the key challenges regarding CT-
based evaluation of PDAC treatment response following neoadjuvant therapy, as well as
summarize the literature on CT-based evaluation of PDAC treatment response, including
the use of radiomics. Finally, we will outline key recommendations for the management of
PDAC after neoadjuvant therapy, taking into consideration CT-based findings.

2. Overview of the Treatment of PDAC

Treatment plans for PDAC should be made following a comprehensive evaluation,
including primary staging of the disease and assessment of the patient’s overall health
status. At primary staging, PDAC is classified as a resectable disease, borderline resectable
disease without metastases, locally advanced disease, or metastatic disease. Accuracy in the
primary staging setting is crucial, as disease staging significantly affects treatment decisions.
Guidelines for the management of pancreatic cancer have been published by the National
Comprehensive Cancer Network (NCCN) in the United States [14]. Of note, considering
the complexity of PDAC, the NCCN also strongly recommends that the management of
patients with PDAC should involve high-quality imaging and multidisciplinary discussion
at a high-volume center [14]. The NCCN guidelines pertaining to the resectability of
pancreatic cancer, which are based on vascular involvement, are widely accepted and used
at multidisciplinary team discussions in the United States [14,15] (Table 1). Below, the
different PDAC resectability groups and the most common treatment options for each
group are detailed (see also Figure 1 for a summary).
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Table 1. NCCN criteria regarding the resectability status of pancreatic adenocarcinoma at diagnosis
(primary staging).

Resectability Status Arterial Venous

- No tumor contact with the SMV or PV
Resectable No tumor contact - <180° tumor abutment without vein
contour irregularity

SMV or PV:
- Solid tumor encasement with the SMV
CA & branches: or I.DV of >180° .
- Solid tumor contact with CHA without - Solid tur'nor abu’qnent of SlSp with
extension to the CA or hepatic arter contour irregularity of the vein
. . y - Thrombosis of the vein but with
i bifurcation uitable vi Is proximal and distal t
Borderline Resectable - Solid tumor abutment with CA of <180° S . ¢ gsse S pro . stalto
the site of involvement allowing for
SMA: safe, complete resection and vein
- Solid tumor abutment with SMA of <180° reconstruction.
IVC:

- Solid tumor contact with the IVC

) i;)léc;/[’czmor encasement >180° with the CA - Unreconstructible SMV or PV due to
Locally Advanced L. tumor or bland thrombus
- Aortic involvement

Abbreviations: CA: celiac axis; CHA: common hepatic artery; IVC: inferior vena cava; PV: portal vein; SMA:
superior mesenteric artery; SMV: superior mesenteric vein.
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Figure 1. Pancreatic ductal adenocarcinoma groups according to resectability status and the most
common treatment options for each group.

2.1. Resectable PDAC

Surgery is the primary treatment option for patients with resectable PDAC. The goal
of surgery is to obtain RO resection, which entails the complete resection of the primary
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tumor and regional lymph nodes, since positive margins are associated with poor long-
term survival [16,17] (Figure 2). After surgery, adjuvant chemotherapy is indicated. Of
note, while surgical resection and adjuvant chemotherapy can be beneficial for improving
survival outcomes, the median survival ranges from 20 to 53.5 months even under optimal
conditions [14,18,19]. Some studies have shown that neoadjuvant therapy followed by
surgery and adjuvant therapy further improves overall survival [20]; thus, neoadjuvant
chemotherapy may also be considered in these patients.

Figure 2. 78-year-old man with resectable pancreatic adenocarcinoma within the uncinate process.
Contrast-enhanced CT in the axial plane shows a tumor within the uncinate process (arrowhead) in
both the arterial (A) and portal venous phases (B). The superior mesenteric artery (white solid arrow)
and superior mesenteric vein (dashed arrow) are not involved by the tumor. Contrast-enhanced CT
in the coronal plane (C) shows upstream main pancreatic duct dilatation (black arrow). There was no
evidence of metastatic disease. Based on the NCCN criteria, the patient was classified as resectable
and underwent upfront surgery with RO resection.

2.2. Borderline Resectable PDAC

Considering the complexity of borderline resectable PDAC, multidisciplinary dis-
cussion between medical oncologists, radiologists, surgeons, and radiation oncologists is
especially necessary to determine the best treatment strategy. Treatment options include
upfront surgery as well as neoadjuvant chemotherapy with or without radiation therapy.
It is also advisable to refer borderline PDAC patients to participate in a clinical trial, as
clinical trials offer the opportunity to undergo innovative treatment approaches, new drug
combinations, and emerging therapies that can potentially improve patient outcomes.

The goal of neoadjuvant therapy is the downstaging of the tumor, which improves
the likelihood of an RO surgical resection, thereby prolonging survival rates; in this way,
neoadjuvant therapy can also identify patients with rapid progression and poor response
to treatment [21,22]. While the comparison between neoadjuvant and adjuvant therapies
is challenging due to the different patient populations that receive these therapies, recent
systematic reviews and meta-analyses underscore the benefits of neoadjuvant therapy over
adjuvant therapy, including improved overall survival, higher R0 resection rates, and fewer
pathological lymph nodes [23-25]. Further, with the literature suggesting an increasing
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shift towards adopting a neoadjuvant approach, numerous ongoing trials are examining the
effectiveness of different neoadjuvant chemotherapy approaches, such as neoadjuvant ther-
apy involving FOLFIRINOX, neoadjuvant therapy involving gemcitabine/nab-paclitaxel,
and neoadjuvant therapy combining chemotherapy and radiation therapy [26]. Promising
outcomes from neoadjuvant therapy involving chemotherapy indicate that chemotherapy
should be an integral component of the neoadjuvant strategy. The use of stereotactic radio-
therapy and emerging techniques like proton therapy are also being explored as part of the
neoadjuvant strategy, with encouraging results [27].

Given the various neoadjuvant strategies, molecular profiling at diagnosis and the
evaluation of the immune environment are emerging as potential tools to personalize
neoadjuvant strategies. Encouragingly, combining neoadjuvant therapy with immunother-
apy has shown promise to improve patient outcomes, particularly in the context of localized
disease [26].

2.3. Locally Advanced PDAC

For patients with locally advanced PDAC and poor performance status, treatment op-
tions include best supportive care or palliative care (e.g., palliative radiotherapy, chemother-
apy using a single agent, or polychemotherapy) (Figure 3). For patients with locally ad-
vanced PDAC and good or intermediate performance status, treatment options include
systemic chemotherapy, chemoradiation therapy, or therapy as part of a clinical trial.
Among the patients with locally advanced PDAC and good or intermediate performance
status, if there is no disease progression, surgical resection may also be feasible [14].

Figure 3. 70-year-old man with locally advanced pancreatic ductal adenocarcinoma. Contrast-
enhanced CT in the axial (A) and coronal (B) planes in the portal venous phase shows an ill-defined
pancreatic neck and body tumor (arrowheads) with an adjacent pseudocyst (asterisks). The tumor
involves the locoregional vessels including encasement (>180°) of the superior mesenteric artery
(white arrow) and superior mesenteric vein/portomesenteric junction, which was severely narrowed
with small non-occlusive thrombus (dashed arrow). The patient underwent palliative radiotherapy.

2.4. Metastatic PDAC

For patients with metastatic PDAC, treatment options include systemic chemotherapy
(e.g., involving FOLFIRINOX or gemcitabine with nab-paclitaxel), targeted therapy, or
palliative care. Treatment for these patients is aimed towards managing the disease and
improving their quality of life. The choice of treatment will depend on the patient’s
performance status, the extent of the disease, and the patient’s treatment response.
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3. Challenges to CT-Based Assessment of PDAC Treatment Response following
Neoadjuvant Therapy

For the evaluation of treatment response following neoadjuvant therapy in patients
with PDAC, CT remains the most commonly used imaging modality as it offers several
advantages over the other imaging modalities, including higher spatial resolution and
multiplanar reconstruction capability [9]. However, CT has low accuracy in predicting
RO resection after neoadjuvant therapy, since CT cannot accurately distinguish between
residual tumor and tissue scarring after tumor regression [16]. Further, local inflammatory
pancreatitis cannot be distinguished from tumor infiltration, which can lead to the under-
estimation of tumor resectability [17,28,29]. These limitations are compounded by the
fact that only a few patients show tumor shrinkage after neoadjuvant therapy, and most
patients have stable disease [30]. Considering all these points, most borderline patients are
eligible for RO resection even though they do not show a radiological response [31]. This
highlights the challenges in assessing the efficacy of current treatments and the importance
of exploring alternative strategies to improve patient assessment and outcomes.

4. Literature Search Strategy

To identify pertinent articles and studies, a comprehensive search strategy was em-
ployed. Utilizing the PubMed database, the following search terms were used: “Pancreatic
Adenocarcinoma”, “CT Imaging”, “Neoadjuvant Therapy”, “Radiomics”, and “Resectabil-
ity”. Boolean operators (AND, OR) and quotation marks were strategically applied to
optimize the search results. The search was performed without a specified date limit to
encompass the breadth of the available literature. Subsequently, the results were reviewed,
and relevant articles were selected for inclusion in the study, providing a foundation for

the literature review and background of this research endeavor.

5. Semantic CT Imaging Features for the Assessment of PDAC Treatment Response
after Neoadjuvant Therapy

Only a few studies have assessed the use of semantic CT imaging features (i.e., imag-
ing features that can be seen visually by the radiologist) to evaluate treatment response
following neoadjuvant therapy in patients with PDAC (Table 2). To date, these studies
have originated from several countries, including the United States, South Korea, France,
Portugal, and Italy. The largest study had a sample size of 343 patients, while the smallest
had a sample size of 36 patients. Patients received different types of neoadjuvant therapy,
with some undergoing chemotherapy alone and some undergoing chemoradiation therapy;
however, so far, no study has investigated the differences in CT imaging findings between
these two types of neoadjuvant therapy:.

Table 2. Summary of studies to date that have assessed the use of semantic CT imaging features to
evaluate PDAC treatment response assessment following neoadjuvant therapy.

Author, Year
(Country)

Type of
Imaging Criteria Neoadjuvant
Therapy

No. and Type

of Readers Main Results

Tamm et al. [13],

55

-Resectability as determined

“Resectability based on -CRT 3 radiologists  qualitatively by three radiologists

2006 (U.S.) NCCN criteria had an accuracy of 87-95%.
-Presurgical CT interpreted based
on institutional CT criteria had an

Kim et al. [32], accuracy of 83% (10/12),

2009 (South 38  -Institutional CT criteria ** -CRT 2 radiologists sensitivity of 91% (10/11),

Korea) specificity of 0% (0/1), PPV of

91% (10/11), and NPV of 0% (0/1)
for predicting resectability.
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Table 2. Cont.

Type of
Author, Year n Imaging Criteria Neoadjuvant No. and Type Main Results
(Country) of Readers
Therapy
-Changes in tumor size or -Chemo -Response according to RECIST
K;;tglgt (%' 553)1 b 129 stage using RECIST 1.1 -CRT ra dii)lc(;) L sts was not associated with OS
> criteria -EBRT & (p =0.78)
-Partial regression of tumor
contact with the SMV /portal vein
Cassinotto et al. -Tumor diameter 2CI hid a 12)\;1 OIf):ﬂ?a/fr(lor/loi) frc:r IEO
[33], 2014 47 ~Tumor attenuation -CRT et esection. CETESSION 0
radiologists tumor contact with any
(France) -Tumor vascular contact . . .
peripancreatic vascular axis had a
PPV of 91% (20/22) for RO
resection.
-Morphologic criteria:
Tumor size, large axial
axis, small axial axis. .
Wagner et al. height and product of the “Only the large axis and the
. -Chemo . . product of the three axes were
[34], 2017 (France 36 three axes, attenuation, 2 radiologists S . .
. -CRT significantly associated with RO
and Portugal) and response according to resection
RECIST criteria esection.
-Vascular involvement
-NCCN classification
-Type I vs. Type Il response at the
“Response according to interface was significantly
REPCIST 11 criterf:a associated with fewer viable cells
Amer et al. [35], o -Chemo . . after neoadjuvant therapy and
326  -Tumor/pancreas interface 3 radiologists . . .
2018 (U.S.) response developed by the -CRT was more likely to achieve major
p au thors y pathologic response (p = 0.01);
Type I response also showed
improved DFS and OS.
-Tumor attenuation . .
Loneest tumor dimension -Only an increase in mean tumor
—Re% onse according to attenuation in the arterial and
II:{)E CIST criteriag venous phases following
Marchegiani et al. 59 _Resectability status -Chemo 2 radiologists neoadjuvant therapy was
[36], 2018 (Italy) accordine to thz Americas -CRT & significantly associated with RO
Hepa to—I%ancrea to-Biliar resection (p < 0.001 and 0.001 for
Azsocia tion (AHPBA) y the arterial and venous phases,
cuidelines respectively).
Kim et al. [37], -Resectability (not o .
2019 (South 45 indicated if specific -Chemo 2 radiologists “CThad 51-69 /0. to predict RO
o -CRT resection.
Korea) criteria were used)
-Longest tumor diameter tends to
-Longest tumor diameter . un.d erstage ypT
_Radiological tumor stage -Radiological tumor stage and
. : . tumor volume post neoadjuvant
Weietal. [35], 343 according to American “Chemo 2 radiologists  therapy were correlated with ypT
2021 (U.S.) Joint Committee on -CRT 8 Py yp

Cancer (AJCC) criteria
-Tumor volume

stage, tumor response grades,
distance of superior mesenteric
artery margin, and tumor
recurrence/metastasis.
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Table 2. Cont.

Type of

Author, Year n Imaging Criteria Neoadjuvant No. and Type Main Results
(Country) of Readers
Therapy
. -RECIST partial response and
-Response according to reduction in tumor volume were
Perri et al. [39], 290 RECIST 1.1 -Chemo 1 sureeon ionificant] iated with
2021 (U.S.) -Other changes in tumor -CRT SUIEeo sighificant’y associate
size and anatomic extent major pathologic response
(p < 0.01 for both)
-NCCN resectability
criteria including extent of
soft tissue contacting -Only low contrast enhancement
arteries and veins, depth of the soft tissue contacting the
Jang et al. [40], . .
2021 (South 64 of soft tissue contacting Chemo 2GI artery (£ 46.4 HU) was
arteries and veins, contrast radiologists significantly associated with RO

Korea)

enhancement of the tumor,
and of soft tissue
surrounding arteries and

resection (adjusted odds
ratio =7.4; p = 0.01).

veins, and tumor size.

Abbreviations: Chemo: chemotherapy alone; CRT: chemoradiation therapy; DFS: disease-free survival; EBRT:
external beam radiation therapy; GI: gastrointestinal; HU, Hounsfield Unit; NCCN: National Comprehensive
Cancer Network; NPV: negative predictive value; OS: overall survival; PDAC: pancreatic ductal adenocarcinoma;
PPV: positive predictive value; RECIST: Response Evaluation Criteria in Solid Tumors; R0: microscopically
margin-negative resection; ypT: pathologic T stage after neoadjuvant therapy. ** Resectable tumors: no distant
metastases, no paraaortic nodal metastasis (>1 cm in short axis), no evidence of invasion of the celiac axis, superior
mesenteric artery, hepatic artery, or superior mesenteric vein—portal vein confluence. Arterial invasion: any direct
tumor-to-vessel contiguity, even if it was less than 50%. Venous invasion: tumor-to-vessel circumferential > 50%
>2-3 cm in length.

Semantic CT imaging findings that have been investigated include tumor size, volume, di-
ameter, or attenuation, including those assessed according to RECIST criteria [31,33,34,36,38,39];
the product of three axes [34]; radiological tumor stage according to American Joint Committee
on Cancer (AJCC) criteria [38]; vascular contact/involvement [33,34,40]; tumor response accord-
ing to RECIST criteria [35,36,39]; resectability status including resectability according to NCCN
or Americas Hepato-Pancreato-Biliary Association (AHPBA) guidelines [13,36,37]; NCCN re-
sectability criteria, e.g., contrast enhancement of the soft tissue and veins [40]; tumor—pancreas
interface response based on a classification developed by a group of investigators [35]; and
resectability status based on institutional criteria [32].

Overall, changes in tumor size or volume following neoadjuvant therapy were not signif-
icantly associated with RO resection or survival outcomes. The exception was Perri et al. [39],
who found that a reduction in tumor volume as well as partial response (as defined by RECIST
1.1 guidelines) were significantly associated with major pathologic response, defined as <5%
viable cancer cells in the surgical specimen (p < 0.01 for both) (Figure 4).

Regarding tumor attenuation, Marchegiani et al. [36] found that increased tumor
attenuation in the arterial and venous phases after neoadjuvant therapy was associated with
RO resection in patients with locally advanced and borderline resectable tumors (p < 0.001
and p = 0.001, respectively). However, in Cassinotto et al. [33] and Wagner et al. [34],
attenuation was not associated with RO resection.

Regarding vascular contact/involvement, Cassinotto et al. [33] demonstrated that
partial regression of tumor—vessel contact after neoadjuvant therapy had 100% positive
predictive value for RO resection, regardless of the degree of either reduction in tumor
size or residual vascular involvement (Figure 4). Otherwise, studies showed that vascular
contact/involvement was not associated with RO resection [34,40].
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Figure 4. 59-year-old woman with locally advanced pancreatic cancer before and after neoadju-
vant therapy. Contrast-enhanced CT in the axial plane at primary staging (A) and restaging after
neoadjuvant therapy (B) demonstrate an ill-defined pancreatic neck and body tumor (with markedly
decreased size after neoadjuvant therapy (blue arrow). At primary staging, the tumor was abutting
the celiac artery (white arrow) superior mesenteric artery (SMA) (yellow arrow), causing vessel
irregularity and narrowing (red arrow). After neoadjuvant therapy, the SMA abutment by the tumor
was overall unchanged, although the artery irregularity and narrowing resolved. Additionally, the
soft tissue surrounding the SMA had an enhancement < 30 HU. The patient underwent surgical
resection after neoadjuvant therapy and there was no evidence of arterial involvement.

Low contrast enhancement of the soft tissue contacting the artery (<46.4 HU) was
shown by Jang et al. [40] to be associated with RO resection (adjusted odds ratio = 7.4;
p = 0.01). Jang et al. also found that regression or stability of the NCCN resectability
status after neoadjuvant therapy was associated with improved recurrence-free survival
(Figure 4).

Amer et al. [35] classified the response of the tumor—pancreas interface as a type I
response (interface remaining unchanged or becoming more defined) and type 2 response
(interface becoming less defined). A type 1 response was associated with pathological
complete response or near complete response (p = 0.01), leading to increased disease-free
survival and overall survival.

Finally, Kim et al. [32] used their institutional criteria to determine resectability,
whereby resectable tumors were defined as having no distant metastases, no paraaor-
tic nodal metastasis (>1 cm in short axis), and no evidence of invasion of the celiac axis,
superior mesenteric artery, hepatic artery, or superior mesenteric vein-portal vein conflu-
ence. Arterial invasion was defined as any direct tumor-to-vessel contiguity, even if it was
<50%, and venous invasion was defined as tumor-to-vessel circumferential contiguity > 50%
and invasion > 2-3 cm in length. Resectability status according to these institutional criteria
demonstrated an accuracy of 83%.
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6. Radiomics as a Valuable Tool to Aid in the Assessment of PDAC Treatment
Response after Neoadjuvant Therapy

As can be seen above, the use of semantic CT imaging features in the assessment of
treatment response and resectability in PDAC after neoadjuvant therapy remains limited.
Meanwhile, radiomics has emerged as a valuable tool that involves extracting and analyzing
quantitative imaging features from medical images, offering the potential to enhance
treatment response assessment [41]. In the context of treatment response assessment, while
radiologists may qualitatively describe PDAC enhancement patterns, vascular involvement,
and the tumor-parenchyma interface, radiomics can capture subtle quantitative differences
not seen by the naked eye.

6.1. Pipeline of Studies Using Radiomics

Radiomics enables the quantitative assessment of subtle spatial variations pertaining
to pixel intensities and distribution within radiological images; in this way, radiomics has
the potential to provide insights into pathologic changes in the tumor and surrounding
regions beyond what can be perceived by the naked eye alone [42,43]. Given this potential,
many studies have been conducted in recent years to explore the use of radiomics. Such
studies involve a multistep pipeline [44,45], as described below (also, see Figure 5). Of note,
the first two steps are applicable to all research studies involving radiological imaging,
i.e., not only those involving radiomics.

!

PATIENT
CHARACTERISTICS

Clinical data

| |
[ Laboratory data l
‘ Semantic imaging features ‘
| |

Histological data

IMAGE ACQUISITION  me—)

——

IMAGE SEGMENTATION —) FEATURE —) FEATURE
AND PRE-PROCESSING EXTRACTION SELECTION
~ : =N
A RO " m -
)

‘."\ segmentation

segmentation‘

» VoI

SPECIFIC
ENDPOINT

TRAINING AND
VALIDATION
o o

MODEL
BUILDING

4 —

Individuals - PCA

1.00

Sensitivity
o
3

o

o

o
1

o o) afeal
0 D afeal
s
o

0.004
I T
000 025 050 075 1.00
1 - Specificity

Figure 5. Radiomics pipeline. Abbreviations: ROI: region of interest; VOI: volume of interest.

(a) Pre-execution: In this step, the research team determines the study design, the involve-
ment of human subjects, the imaging modalities that will be used, and the clinically
relevant endpoints that will be studied. This step aims to determine the feasibility of
the study, including ensuring that sufficient high-quality data will be obtained.

(b)  Data curation: In this step, clinical data, imaging data, and other relevant metadata
are collected and managed according to the needs of the study. Of note, image
anonymization is a key aspect of data curation; proper image anonymization is not
only crucial to maintaining patient/participant privacy, but it is also an essential
characteristic of high-quality data.

(c) Image segmentation: In this step, tumors, peritumoral or tumor subregions (also known
as tumor habitats), 2D regions of interest, or 3D volumes of interest are segmented,
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whether manually, automatically, or semi-automatically. This step aims to provide a
representative area or volume to be assessed.

(d) Image pre-processing: This step involves the application of a filter, normalization,
resampling, and/or thresholding, aiming to increase standardization and/or improve
image quality.

(e)  Feature extraction: In this step, different classes of features are extracted from the seg-
mented area or volume, including morphological features (i.e., visual characteristics
and shape), first-order or histogram-based features (i.e., features describing the distri-
bution of the pixel intensities within the segmented area), and second-order textural
features (i.e., features capturing the spatial relationship between pixels intensities
within the segmented area or volume).

(f)  Feature selection: In this step, from all the extracted features, those features that are
stable, informative, and non-redundant are selected for model building.

(g) Model building: Model building is a crucial step, in which a radiomic model is de-
veloped using the selected radiomic features to enable realistic and accurate diag-
nosis, prognosis, or response prediction. During this step, the comparison of the
performance of the radiomic model against that of clinically used tools is helpful for
determining the added value of the radiomic model.

(h) Validation: This step involves assessing the performance and generalizability of the
developed radiomic model by applying it to an independent dataset, ideally from
a different institution. This step ensures model robustness and effectiveness before
potential real-world implementation.

6.2. Studies Applying Radiomics in the Assessment of PDAC Treatment Response after
Neoadjuvant Therapy

While radiomics is a promising tool, to date, only a few studies have assessed the
utility of CT-based radiomics (or CT texture analysis which entails some characteristics
of radiomics), for the assessment of PDAC treatment response after neoadjuvant therapy
(Table 3). These studies are predominantly from the United States, with additional con-
tributions from South Korea and Italy. Moreover, it is relevant to note that none of these
studies were multicenter in nature or involved external validation. The largest study had a
sample size of 194 patients, while the smallest had a sample size of 20 patients.

Table 3. Summary of studies to date that have assessed the use of radiomics in conjunction with CT
to evaluate PDAC treatment response assessment following neoadjuvant therapy.

Author, Year No. of
(Country) Patients

Semantic
Imaging
Features or
Type of Laboratory Feature
Neoadjuvant Features Used Segmentation Extraction Main Results
Therapy for Comparison Software

or Combination
with Radiomic

Features
-Changes in mean

histograms of CT number
Chen et al. Manual, ROIs (MCTN), standard dev1at10.n
.. In-house (SD), skewness, and kurtosis

[29], 2017 20 -CRT None containing the . .
MATLAB were associated with good
(U.s) pancreas head

vs. poor pathologic response
(p = 0.046, 0.058, 0.042, and
0.12, respectively).
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Table 3. Cont.

Author, Year
(Country)

No. of
Patients

Semantic
Imaging
Features or
Laboratory
Features Used
for Comparison
or Combination
with Radiomic
Features

Type of
Neoadjuvant
Therapy

Feature
Extraction
Software

Segmentation

Main Results

Ciaravino et al.
[46],2018
(Italy)

31

-Chemo

CRT None

Manual, ROIs
containing the
tumor from
primary staging
and restaging
CT

MaZda

-Of the texture features that
were investigated, only
kurtosis was significantly
different between primary
staging and restaging CT
(p = 0.0046) and was
indicative of tumor
downstaging.

Kim et al.
[37], 2019
(South Korea)

45

Resectability
status based on
NCCN criteria,

CA 199

-Chemo
-CRT

Manual, ROIs
containing the
tumor from
primary staging
and restaging
CT

MISSTA

-CA 19-9 nor any of the
texture features at primary
staging were significantly
associated with RO resection.
-However, several subtracted
texture values (i.e., between
primary staging and
restaging) were significantly
associated with RO resection,
including lower subtracted
value of surface area (HR
1.077, p = 0.011), higher
subtracted values of GLCM
IDM (HR 0.000, p = 0.005)
and GLCM contrast (HR
0.982, p = 0.012).
-Also, the higher subtracted
value
of entropy (HR 0.159,

p = 0.005) and lower
subtracted value of GLCM
entropy (HR 10.235,

p = 0.036) were associated
with improved overall
survival.

Nasief et al.
[47], 2020
(US.)

24 (672
CT)

-CRT CA 199

Manual, ROIs
containing the
tumor

IBEX

-The C-index for the
prediction of pathologic
response was 0.69 for CA
19.9 alone, which improved
to 0.87 for the combination
of CA 19-9 + delta radiomic
features.
-Decrease in CA19-9 levels
and delta radiomic features
were also significantly
associated with survival
(p =0.031 and 0.001,
respectively).
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Table 3. Cont.

Semantic
Imaging
Features or
Type of Laborato Feature
Author, Year N(?' of Neoﬁg]’uvant Features U?éd Segmentation Extraction Main Results
(Country) Patients .
Therapy for Comparison Software
or Combination
with Radiomic
Features
-Higher mean perfusion
parameter values at primary
Manual. ROIs staging had higher odds of a
con taini’ng the favorable pathologic
Borhani et al. Chemo tumor from response (OR = 1.06; 95% CI,
[48], 2020 39 CRT None Hmary stagin TedRAD 1.002-1.12).
(U.s,) pan d reysta “;;n & -The Cox model containing
CT gng three texture features was
significantly associated with
disease-free survival
(p =0.001).
au toie:’:i: 3D -The model containing five
VOIs ! pi?rivgssel and tumor
Rigiroli et al. Ch Resectability containing the X}jign;lg f7elatu1§s had an
[49], 2021 194 “-Nemo status based on tumor and Python O. /1 to determine
(US.) -CRT NCCN criteria perivascular tumor involvement of .t}}e
tissue SMA, whereas resectability
surrounding .stafcus based on NCCN
the SMA criteria had an AUC of 0.54.

Abbreviations: AUC: area under the curve; CA: carbohydrate antigen; CRT: chemoradiotherapy; GLCM: Grey level
co-occurrence matrices; HR: Hazard ratio; IBEX: Imaging Biomarker Explorer; IDM: inverse difference moment;
MISSTA: Medical Imaging Software and Texture Analysis; NCCN: National Comprehensive Cancer Network;
OR: odds ratio; ROI: region of interest; SD: Standard Deviation; SMA: superior mesenteric artery; VOI; volume
of interest.

Most studies involved manual segmentation of the pancreatic tumor. In Chen et al.,
radiomic features that were associated with a good pathologic response included changes
in the mean histograms of CT number, standard deviation, skewness, and kurtosis [29].
Nasief et al. [47] combined delta radiomic features and the widely used clinical tool of CA
19-9 levels, which yielded a c-index of 0.87, which was significantly improved from that of
CA 19-9 alone (c-index—0.69), highlighting the added value of radiomic features. Mean-
while, Ciaravino et al. investigated several texture features but found that only kurtosis
was significantly different between primary staging and retagging CT (p = 0.0046) and that
kurtosis was indicative of tumor downstaging [46]. Like Ciaravino et al., Borhani et al. [48]
investigated several texture features, finding that higher mean perfusion parameter values
at primary staging produced higher odds of a favorable pathologic response (OR = 1.06;
95% CI, 1.002-1.12); additionally, the Cox model containing three texture features was sig-
nificantly associated with disease-free survival (p = 0.001). Kim et al. [37] also investigated
several texture features; while they did not find any texture feature at primary staging that
was associated with RO resection, a few subtracted texture feature values (where values
represent the difference between primary staging and restaging) were associated with R0
resection and/or overall survival.

One study by Rigiroli et al. [49] involved semi-automatic segmentation of 3D VOIs
containing the tumor and perivascular tissue surrounding the superior mesenteric artery
(SMA). The radiomic-based model containing five radiomic features extracted from the
tumor and perivascular tissue had an AUC of 0.71 to determine SMA tumor involvement.
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This AUC was notably superior to the AUC of 0.54 achieved by NCCN resectability status
determined through multidisciplinary review [49].

The precise pathologic correlates of the radiomic features that constitute the machine
learning classifiers are not entirely known. The major limitations of these studies include
their retrospective nature, rendering them prone to selection bias. Additionally, the number
of subjects included in these studies are relatively small. Prospective studies with larger
cohorts are warranted for further validation.

7. Current Recommendations for the Management of PDAC after
Neoadjuvant Therapy

NCCN guidelines recommend that after neoadjuvant therapy, if there is no evidence
of metastasis, the determination on whether to perform surgical resection after neoadjuvant
therapy in patients with PDAC should be made through multidisciplinary discussion,
taking into account imaging findings, cancer antigen (CA 19-9) levels, and clinical symp-
toms [14]. Regarding imaging findings, while soft tissue may increase after neoadjuvant
therapy, it is not necessarily correlated with disease progression, and imaging findings tend
to be stable between primary staging and restaging after neoadjuvant therapy [34].

For tumors classified as resectable or borderline resectable tumors at primary staging,
exploratory surgery should be considered if there is no definite progression on imaging,
and CA 19-9 levels either decreased or remained unchanged. Surgery may also be indicated
if the portal vein or superior mesenteric vein are involved following neoadjuvant therapy,
but are in the presence of patent vessels for vascular reconstruction proximally and distally
to the site of the vessel involvement. Even in the presence of slightly increased perivascular
soft tissue thickening, surgery may still be considered if this finding is accompanied by
other signs of clinical improvement, such as an increased performance status and reduced
symptoms (e.g., reduced abdominal pain).

Locally advanced tumors at primary staging can be considered for exploratory sur-
gical resection following neoadjuvant therapy if there is significant clinical improvement,
markedly decreased CA 19-9, and no definite tumor progression on imaging. Moreover, it
is essential to have a comprehensive discussion with the patient regarding the advantages
and disadvantages of the surgery. If the decision to proceed is made, it should be performed
at highly specialized centers.

In addition to the NCCN guidelines, the American Journal of Roentgenology Expert Panel
Narrative Review [50] presented several consensus points regarding the imaging assessment
of PDAC after neoadjuvant therapy. Several of these points are summarized below:

- CTis currently not sufficiently accurate to predict RO resection.

- Imaging frequently underestimates resectability following neoadjuvant therapy.

- Favorable imaging findings after neoadjuvant therapy include partial regression of
tumor contact with peripancreatic vessels, a mild fat-stranding perivascular halo in
place of solid tumor contact with a vessel, and reduction in tumor size according to
RECIST 1.1 guidelines.

- Surgery after neoadjuvant therapy should be considered even if imaging findings are
unchanged from those at primary staging.

- CT is more accurate for evaluating venous involvement than for arterial involve-
ment after neoadjuvant therapy. Decreased venous stenosis or decreased contour
deformation indicates improved venous involvement.

8. Conclusions

In conclusion, this review presents the current state of CT-based assessment of PDAC
treatment response after neoadjuvant therapy and emphasizes the potential of radiomics
as a complementary tool for CT-based assessment. While the current literature is lacking in
studies investigating the added value of radiomics to improve the accuracy and reliability
of CT-based assessment after neoadjuvant therapy, it is expected that more studies will
be conducted in the future, including multicenter, prospective studies which are urgently
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needed to pave the way for the integration of radiomics into clinical practice, ultimately
benefitting many patients with PDAC.
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