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Purpose: Neoadjuvant therapy and surgical resection can improve the survival

rate of patients who receive a diagnosis of pancreatic cancer and shows to

be potentially curative. The aim of this study is to define a novel CT perfusion

analytical method by observing the treatment response of pancreatic cancer

patients in a neoadjuvant-treated population to determine surgical candidacy.

Experimental design: This prospective study involved 22 adult patients with

pancreatic ductal adenocarcinoma (PDAC). Participants received neoadjuvant

therapy (paricalcitol, paclitaxel protein-bound, cisplatin, and gemcitabine) for up

to 6 months. The study examined di�erences in density between the arterial

and venous phases of CT scans using a mathematical analysis called the Marley

equation. The data was used to assess treatment responses and determined

whether a patient can become a surgical candidate. The consideration for surgical

candidacy was defined by Dr. Rahmanuddin, termed the “R” score and graphically

depicted as the “R” Clock. The R score determined the number of tumor-linked

blood vessels. Any vessel associated with tumor involvement received a score

of 1. Patients who received a score of 5 or less were eligible for surgery. 3D

Tumor volumetric analyses were performed using GE AW 3D software to assess

the treatment response associated with tumor perfusion.

Results: Visual di�erences in vascular involvement between baseline and final

imaging were associated with a higher likelihood of proceeding to surgery. After

administration of the neoadjuvant therapy, 81% of patients (18 of 22) received an R

score of 5 or less, deeming all of them eligible for surgery. A total of 59% of patients

(13 of 22) proceeded with the surgery. Changes in arterial and venous perfusion

reflected tumor aggressiveness as defined by the Marley equation.

Conclusion: CT vessel perfusion using the R score and Marley Equation might

be helpful in defining the surgical candidacy of PDAC patients when used in

conjunction with 3D tumor volumetric quantification. The parameters defined by

the R score determined higher perfusion scores as having greater vascular growth,

and patients with tumor involvement of more than six vessels were deemed

surgically unresectable. The Marley equation demonstrated tumor aggression via

changes in arterial and venous perfusion. Additional studies are needed to further

validate these methodologies and assess their clinical utility.
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Introduction

Statistically, pancreatic cancer is the third leading cause

of cancer death in the United States, with a 5-year survival

rate below 10% (Siegel et al., 2016). Worldwide, it represents

the 11th most diagnosed cancer (Bray et al., 2018). Pancreatic

cancer is most prevalent in developed countries, with risk

factors including family history, obesity, diabetes mellitus,

high-fat diets, excessive alcohol use, tobacco smoking, and

physical inactivity. Due to non-specific symptoms and limited

early detection tools, most pancreatic cancer diagnoses are

identified in advanced stages and are typically unresectable

(Vincent et al., 2011).

Pancreatic ductal adenocarcinoma (PDAC) accounts for over

85% of pancreatic malignancies (Hidalgo et al., 2015). Effective

early detection tools for pancreatic cancer are lacking in high-

risk populations, including those with >5% lifetime risk (Zhang

et al., 2018). Early screening methods for PDAC, including

endoscopic ultrasound (EUS) and magnetic resonance imaging

(MRI), have not been shown to improve a patient’s long-term

survival rate. However, both modalities are sensitive and specific

for detecting small lesions or early cancer without the risks of

radiation exposure. EUS performs better for small solid lesions

and provides an opportunity for tissue diagnosis by fine needle

aspiration (FNA); however, it is more invasive (Zhang et al.,

2018).

For the few patients that have a PDAC diagnosis detected in

its early stages, resection of the tumor is the only treatment with

curative potential. The prognosis of PDAC remains poor, even in

those with resectable disease with an overall 1-year survival rate

of 24% (Siegel et al., 2016). Approximately 50–55% of patients at

initial presentation have metastatic disease, which is considered

unresectable, and only 20% have resectable disease. The remaining

25–30% have what is considered a borderline resectable disease

(BR). In BR disease, the tumor remains within the pancreas but

also invades nearby vasculature, including the superior mesenteric

vein, superior mesenteric artery, celiac vessels, and portal vein,

while, in general, resectable disease is considered a tumor limited

to the pancreas with no arterial invasion (Versteinjine et al.,

2022). However, there is great variability within these classifications

(Soweid, 2017).

A recent study reviewed patients with resectable PDAC

treated with neoadjuvant chemotherapy with a median overall

survival rate of 31.5 months after surgical resection compared

to 8.1 months without resection (Christians et al., 2016).

Neoadjuvant therapy usually involves either FOLFIRINOX (folinic

acid, fluorouracil, irinotecan, and oxaliplatin) or albumin-bound

paclitaxel plus gemcitabine (Seufferlein et al., 2012). In another

study involving patients with stage I or II pancreatic cancer,

those who received neoadjuvant chemotherapy and resection

had a median overall survival rate of 26 months compared

to 21 months in patients who had upfront resection without

chemotherapy (Mokdad et al., 2017). Studies have repeatedly

illustrated the importance of neoadjuvant therapy in reducing

tumor size prior to surgery and limiting micrometastatic disease

as well as the importance of resection in general for overall

survival (Brown et al., 2022). There is growing evidence to

suggest these patients with BR disease, in particular, may benefit

from neoadjuvant chemotherapy before surgery to increase the

odds of R0 or negative margins after resection (Shinchi et al.,

2002). However, classifying PDAC into resectable, borderline

unresectable, and unresectable is not always straightforward. The

decision on resectability is typically multidisciplinary, with variable

definitions of what is truly resectable among varying institutions

(NCCN, 2022). Most definitions, however, do focus on vascular

invasion on imaging with the criteria created by the National

Comprehensive Cancer Network (NCCN) probably being the

most used.

Multiphase multi-detector computed tomography (MDCT) is

the first-line imaging modality for the diagnosis of pancreatic

cancer. Pancreas-specific protocols involve images in the pre-

contrast, early arterial (CT angiography), portal venous, and

pancreatic phases. The early arterial phase is useful in delineating

the superior mesenteric artery and aorta, while the portal venous

phase can assess venous involvement and liver metastases. There

is conflicting data on the optimal phase for the enhancement

of pancreatic lesions. Due to its hypovascularity, some studies

suggest better visualization of PDAC as low-attenuation lesions

during the arterial phase, whereas others demonstrated better

pancreatic enhancement and attenuation differences between

normal pancreas and tumor in the portal venous phase (Choi

et al., 1997; Graf et al., 1997). Pancreatic tumors are often

ill-defined, with irregular texture and abnormal morphology.

Current imaging techniques fall short when it comes to predicting

resection due to radiographically occult malignancies and are

much better at predicting unresectable disease (Jimenez et al.,

2000).

In this study, we obtained multiphase CT images from patients

undergoing treatment for PDAC and used GE AW 3D software

to characterize vascular invasion and radiodensity of tumors at

different stages. Because current imaging techniques can miss the

opportunity for resection, the goal of this study was to develop

a novel and clinically applicable radiologic scoring system that

accurately reflected treatment response and tumor resectability in

the hope of increasing survival.

There is a study looking at a similar radiologic scoring

system for cholangiocarcinoma based on current guidelines but

with the addition of vascular invasion. This demonstrated a

possible increased predictive accuracy for surgical resection (Bird

et al., 2019). Another study looked at arterial involvement and

resectability before and after neoadjuvant chemotherapy in patients

with PDAC. Scores on a 5-point scale were assigned to determine

arterial involvement, and scores on a 4-point scale were given

based on resectability. Total scores were then used to help

differentiate between R0 and R1 disease after resection rather

than predicting resectability itself (Noda et al., 2022). There was

also a study that evaluated the diagnostic performance of CT-

determined resectability after neoadjuvant chemotherapy based

on the NCCN guidelines for resectability. However, this study

revealed that the NCCN criteria were relatively non-specific and

insensitive for predicting R0 resection in patients with PDAC after

neoadjuvant chemotherapy, indicating that there is a need for

additional radiologic scoring of PDAC resectability (Jang et al.,

2020).
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TABLE 1 Exclusion criteria for study participants.

Metastatic disease (radiographic evidence of peritoneal or distant

metastasis, malignant ascites, or suspicious lymphadenopathy outside of the

standard surgical field such as distant abdominal or aortocaval nodes)

Active bacterial, viral, or fungal infections requiring systemic therapy

Known hepatitis B, hepatitis C, or human immunodeficiency viral infection

Recent surgery, biopsy, or invasive diagnostic procedure within 4 weeks of

treatment initiation

Interstitial lung disease, progressive dyspnea, sarcoidosis, idiopathic

pulmonary fibrosis, non-productive cough, and hypersensitivity

pneumonitis

History of allergy or hypersensitivity to study drugs

History of clinically significant cardiac arrhythmias

Use of more than 40mg per day of dronabinol or use of cannabinoids not

approved by the FDA

Unwillingness or inability to comply with study protocols

Materials and methods

Study participants

A total of 22 adult PDAC patients were used in this prospective

study. Major inclusion criteria involved patients with histologically

or cytologically confirmed resectable, borderline resectable, or

locally advanced (unresectable) PDAC. All patients were enrolled

in a clinical trial at HonorHealth Research Institute (Scottsdale,

AZ) between 2015 and 2018. Table 1 represents the main exclusion

conditions for patients set forth by the study. Patients with prior

history of PDAC radiation or chemotherapy were omitted from

the trials. Patients with organ failure or coagulopathy were also

omitted. However, patients on anticoagulation were included at the

discretion of the study investigator.

Administration of neoadjuvant
NABPLAGEM-NEO 2017

Study participants were divided into three groups based

on resectability: resectable, borderline resectable, and locally

advanced/unresectable. Groups were treated with neoadjuvant

chemotherapy for up to 6 months. The neoadjuvant regimen

consisted of 21-day cycles of paricalcitol, albumin-bound paclitaxel,

cisplatin, and gemcitabine. Albumin-bound paclitaxel was given as

an IV infusion at a dose of 125 mg/m2 over 30min on days 1 and 8

of each cycle. Cisplatin was given at a dose of 25 mg/m2 diluted in

500ml of 0.9% sodium chloride over 60min on days 1 and 8 of each

cycle. Gemcitabine was given at a dose of 1,000 mg/m2 in 250ml

0.9% of sodium chloride for 30min on days 1 and 8 of each cycle.

Patients were restaged after three cycles and removed from

the study if there was evidence of disease progression. Patients

whose CA 19-9 levels had normalized were referred for surgical

evaluation, and those with resectable tumors were removed from

the study to undergo standard care.

Image acquisition

Multiphase CT was performed for most patients on a GE

scanner using a standard pancreatic protocol, including a pre-

injection phase, arterial phase, and porto-venous phase. The

iodinated contrast agent Isovue 370 was dosed at 150 cc + 40

cc saline and was then injected at the rate of 5 cc/s into the

antecubital vein.

The areas of interest were defined as the region above the

diaphragm to the inferior liver margin for arterial phase images and

from above the diaphragm to the superior aspect of the iliac crest

for pre-contrast and venous phase images. Scanning parameters

were 120 kV with 0.5 s rotation time. Pre-contrast phase images

were reconstructed into 3mm slices, and images from arterial and

venous phases were reconstructed into 2mm slices. The images

collected were reviewed by experienced radiologists. Initial images

were reconstructed into 0.625 × 1.25mm slices for 3D post-

processing and were uploaded from the picture archiving and

communication system (PACS) to advanced imaging software (GE

Advantage Workstation 3.2) for 3D volumetric analysis.

Volumetric analysis and perfusion scoring

GE AW software is a 3D advanced imaging system of GE

healthcare. It performs advanced visualization of CT and MRI

advanced modality. GE AW 3D was used to perform volumetric

analysis and quantify vascular invasion on the CT images of 22

study participants. This software has the ability to highlight the

specifically identified vessels attached to a tumor before treatment

(known as the “Baseline Vessel”) and after treatment. Such vessels

were then categorized as having a “Major” or “Minor” role in

tumor development. Changes in the number of vessels involved

and tumor volume demonstrated disease progression or regression.

Regions of interest were identified between the arterial and venous

phases, which were automatically defined and manually edited for

volumetric tumor quantification. Figure 1 depicts the images that

were used to assess tumor growth and vessel involvement. 3D

tumor volumetric assessments were performed to assess treatment

response linked directly with tumor perfusion. In a few cases, we

could not perform the 3D volumetric due to the stent, which did

not allow us to differentiate the margin due to density issues. We

decided not to perform the volumetric quantification in those cases

due to the concern for accuracy because every fraction of volume is

significant in this study for tumor response.

Marley equation
The Marley equation defined by Rahmanuddin et al. (2021)

describes the difference between arterial and venous perfusion to

predict tumor aggressiveness (Figure 2A). The difference between

the arterial phase (first 44 s after contrast injection) and the venous

phase (up to 96 s after contrast injection) delineates pancreatic

cancer, which is typically hyperintense in venous phase imaging.

The difference in duration of these two phases might reflect the

aggressiveness of a tumor (Kim et al., 2014). This equation, in

conjunction with the Rahmanuddin scoring method, illustrates
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FIGURE 1

Example of volumetric analysis using Patient #01 images. CT scans were taken prior to and after the treatment regimen, which were analyzed in the

arterial (a, d) and venous phases (b, e). A 3D-generated image of the patient’s baseline tumor and final tumor size were created to visualize perfusion

di�erences and determine tumor volume (c, f). The patient had a pre-treated tumor volume of 86 cc and a post-treated tumor volume of 31 cc,

which indicates the regression of the tumor after therapy, but surgical candidacy is still questionable.

FIGURE 2

(A) The Marley equation, as defined by Rahmanuddin et al. (2021).
∫
defines the x as arterial max and x venous min. (B) Rahmanuddin scoring graph.

the tumor’s aggressive nature and assisted in the determination

of surgical candidacy. The Marley equation is the primary initial

step to detect perfusion characteristics that are not necessarily

required to get the R score. It defines the imaging-based graphical

criteria and predicts the progression or regression of the disease

by highlighting the differences in the multi-phase imaging. The
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secondary step is to count the number of vessels and determine

the R score. Multi-phase CT imaging is the key to diagnosing

pancreatic cancer. It requires pre-contrast, arterial phase, venous,

and delay phase exams. In pancreatic cancer, our focus is more to

measure the venous phase timings, which can be detected using the

Marley equation formula. The Marley equation is a methodology

applicable to use technique detecting perfusion changes and

aggressivity of tumors on 3D volumetrics. The higher the perfusion

in the venous phase, the more aggressive the disease will be, and

the higher volume will be detected as well as the higher the R

score. The numbers can be detected on a perfusion-based dynamic

imaging graph, which shows the higher and lower contrast time on

multi-phase imaging.

The two vertical bars around our mathematical expression and

in this equation show the absolute value. For example, how far

it ranges from 0. The Marley equation takes the distribution for

the venous phase and arterial phase and calculates the area of the

non-overlapping sections, as shown in Figure 2B.

The Rahmanuddin or “R” radiologic scoring system is based

on the degree of tumors’ vascular invasion, where a score digit

represents the number of major and minor vessels involved in

either or both arterial or venous phases. For instance, the major

vessels include, celiac, hepatic, splenic, superior mesenteric, etc.,

whereas minor vessels include all branches of pancreatoduodenal,

dorsal pancreatic, and transverse pancreatic, and others. Each

vessel that has tumor invasion earns 1 point. Patients who score

6 or higher were considered ineligible for surgery because of

high vascular invasion, which deemed them unresectable. There

are no such perfusion imaging-based criteria available at this

time, but the R score could be helpful and reliable if the

validation can be done with a higher number of cases. The R

score criteria are based on vascular perfusion, which can be

detected using the Marley equation. Each vessel scored 1 point

in R scoring. For example, 2 vessel involvement means an R

score of 2. We have major and minor vessel involvement with

a total of ∼10 vessels in R score generation. If the score is

higher than 5, then surgery is not possible, but a score of 5 or

below is suitable for surgical candidacy. The depiction of the R

score can be seen in Figures 3A, B termed, as the “R Clock”

of resectability.

This R scoring criterion is truly based on 3D volumetrics

and depicts that digit 5 is the game changer. Thus, a score of

5 and below predicts that the surgical intervention can be easily

conducted as it can be determined that no major vessels will be

involved, and the tumor will be highly perfused. This is because

the minor vessels have a less significant effect on the tumor and

show fewer morphological aggressive changes compared to high

perfusion areas. On the other hand, a score of 6 and above

clearly indicates the involvement of the major vessels such as

celiac or hepatic thereby turning down the surgical candidacy.

Moreover, the criteria of score 6 and above are also based on the

involvement of major and minor tumor volume changes. Hence,

if there is a major tumor volume change, the surgical procedure

could have a better outcome when completed. If there is a minor

tumor volume change, progression or regression status is critical;

therefore, surgery cannot be completed. Progression with a minor

increase is a good indication for surgical candidacy but surgical

candidacy in the case of regression with a minor change is based on

the decision of the surgeon/oncologist. They either need to perform

surgery or continue chemotherapy.

Results

A study of the administration of the neoadjuvant

NABPLAGEM-NEO 2017 to 22 PDAC patients, was used to

gauge the effectiveness of the Marley Equation and R scoring

method on tumor resectability. A total of 27% of study participants

(six of 22) had a positive response to the neoadjuvant therapy, as

demonstrated by decreasing tumor volume in Table 2 and Figure 4.

Notably, Patient 1 demonstrated complete remission.

Out of the 22 patients, 18 received a baseline R score of 5 or

less, deeming them potential surgical candidates. There were nine

unknown baseline tumor volumes due to the presence of stents.

After treatment, 18 patients were considered resectable, and 13

patients proceeded with surgery. Figures 4, 5 provided the graphical

representation of the neoadjuvant therapy outcomes on tumor

volume and R score, respectively.

Negative responses to treatment were recorded when there was

no shrinkage in tumor volume and an elevated perfusion rate. Mild

progression was seen in patient #26 (Figure 6), where the tumor

volume pre-treatment was 10 cc and post-treatment was 12cc. This

slight increase in size suggested that the therapy was not doing

well, and the patient was moved to surgery before the cancer could

progress further since this patient had a stent and took longer to

edit and quantify the tumor volume.

Regression or shrinking was observed in 31% of patients (seven

of 22). Notably, patient 05 (Figure 7) initially received a baseline R

score of 6 and a pre-treated tumor volume at 24 cc. After treatment,

the patient received an R score of 4 and a post-treated tumor

volume of 2.4 cc. Due to the significant regression of the cancer,

the patient was eligible to receive surgery. This case is unique

because both the tumor volume and the vessel involvement score

indicated surgery as a potential option. However, the surgery was

not done as it was believed the patient might continue responding

to the chemotherapy.

The Rahmanuddin scoring method (Figure 3) proved to be

a good indicator of whether a patient might proceed to surgery.

Patient 01 (seen in Table 1 and Figures 1, 4, 5) received a baseline

R score of 8 and a pre-treated tumor volume of 86 cc. Post-therapy,

the patient had improved to an R score of 7 with a tumor volume

of 31 cc. While this was a dramatic drop in volume, the R score did

not drop to the necessary score of 5, indicating that surgery was not

a viable option. Other treatment possibilities were considered for

the patient.

Discussion

The main objective of this research was to define a novel CT

imaging perfusion analytical method by observing the treatment

response of pancreatic cancer patients in a neoadjuvant-treated

population to determine whether patients can become appropriate

candidates for surgery.

Observing reduction in vascular involvement between pre-

treatment and post-treatment imaging was associated with a higher
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FIGURE 3

(A) “R” clock of resectability. As per the scoring criteria, the patients who secure a score of 5 or less are considered suitable candidates for the

surgery, as they involve minor vessels. However, patients securing scores of 6 or higher are not suitable candidates for the surgery as they involve

major vessels. In (A), the long yellow arrow represents the patient’s baseline score before treatment and the short yellow arrow represents the

patient’s final score after the treatment. Moreover, increased post-treatment scores indicate progressed disease, whereas decreased scores indicate

regressed disease. The higher the score above 5, the lower the chances for surgery. As in a clock, as a patient’s scores increase or move in a

clockwise fashion, the less chance for surgical resection. However, after neoadjuvant chemotherapy, the hope is for the patient’s scores to move

anticlockwise or drop below a score of 5, thereby increasing the chances of surgical resection. (B) “R” score criterion: the above graph indicates

precision criteria based on perfusion and volumetrics.
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TABLE 2 3D Perfusion volumetric and scoring table.

Patient Baseline vessel
involvement

Baseline
score

Baseline 3D
tumor volume
(cc)

Post-treatment
vessels
involvement

Post-
treatment
score

Post-treatment
3D tumor
volume (cc)

Treatment
response

Resection
possible?

Surgery
performed

001-001 8 8 86 7 7 31 No No No

001-002 3 3 2 2 2 Stent issue NA Yes Yes

001-003 2 2 12 1 1 4 Yes Yes Yes

001-004 1 1 Stent issue Surgery Surgery Surgery NA Yes Yes

001-005 6 6 24 4 4 2.4 Yes Yes No

001-006 1 1 Stent 1 1 Stent NA Yes Yes

001-010 6 6 76 6 6 22 Yes No No

001-011 4 4 Stent 7 7 Stent issue NA Yes No

001-013 2 2 21 2 2 16 Yes Yes No

011-014 1 1 Stent 1 1 Stent NA Yes Yes

001-017 1 1 9 Surgery Surgery Had surgery NA Yes Yes

001-018 1 1 Stent issue 1 1 Stent NA Yes No

011-019 1 1 Stent 1 1 Stent NA Yes No

001-020 2 2 7 No tumor No tumor No tumor NA Yes Yes

001-021 3 3 Stent Surgery Surgery Surgery NA Yes Yes

001-022 1 1 Stent 1 1 Stent NA Yes Yes

001-023 3 3 Stent 5 5 Stent NA No No

001-024 2 2 9 2 2 1.02 NA Yes Yes

001-025 1 1 1 Surgery Surgery Surgery NA Yes Yes

001-026 1 1 10 1 1 12 No Yes Yes

001-027 8 8 58 6 6 16 Yes No No

001-030 4 4 32 3 3 11 Yes Yes Yes
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FIGURE 4

Tumor volume before and after treatment with neoadjuvant NABPLAGEM-NEO 2017. Patients who received a pre-treatment volume of 0 cc had

stent involvement causing issues with the estimation of the tumor size. Cases with 0 cc post-treatment either had stent involvement or received

surgery during the clinical trial. Refer to Table 2.

FIGURE 5

R scores before and after treatment. Patients who received a baseline R score of 0 had visible tumors with no vessel involvement. Those who received

a final R score of 0 either had no vessel involvement, no visible tumor, or missing images or proceeded to surgery before the end of the study.

likelihood of proceeding with surgery. If the patient responds to

treatment with chemotherapy, the surgical intervention is decided

by the medical oncologist and surgeon depending on the R score.

For example, in patient number 05, the score went down from 6

to 4, which shows the patient responded well to chemotherapeutic

intervention. Therefore, in this case, the clinicians decided not

to move forward with surgical intervention. The same rules were

applied to all the cases.

Pancreatic ductal adenocarcinoma (PDAC) accounts for over

85% of pancreatic malignancies and is a leading cause of cancer

death with a 5-year survival rate of <5% (Siegel et al., 2016). Most

cases of PDAC develop from precursor pancreatic intraepithelial

neoplasia lesions that progressively acquire genetic alterations to

develop into overt cancer. A minority of these tumors can also

develop from cystic neoplasms, including intraductal papillary

mucinous neoplasms (Scarpa et al., 2018).
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FIGURE 6

Patient 26 CT images for volumetric and perfusion analysis. Arterial (a, d) and venous phases (b, e) were used to develop the 3D analysis (c, f) of the

patient’s tumor. The patient’s pre-treated tumor volume was estimated at 10 cc and the post-treated tumor volume was 12 cc. However, no change

in the R score was observed from a baseline score of 1 to a final score of 1. Even though the tumor size was increasing, the patient still qualified for

surgery due to low vascular invasion.

FIGURE 7

Patient 05 CT scans for volumetric and perfusion analysis. Scans of the arterial (a, d) and venous phases (b, e) were used to develop the 3D images (c,

f) for 3D analysis. The patient’s pre-treated tumor volume was estimated at 24 cc and the post-treated tumor volume size was 2.4 cc. Initially, patient

05 had a baseline R score of 6 and, through the clinical trials, received a final R score of 4. Due to the significant reduction in both tumor size and

receiving an R score of 4, the patient was an eligible candidate for surgery.

Pancreatic cancer generally presents with non-specific

symptoms that can be difficult to distinguish from other diseases.

Clinical features that are commonly reported at the time of

diagnosis include abnormal liver enzymes (50%), abdominal pain

(40–60%), new-onset diabetes (13–20%), dyspepsia (20%), nausea

or vomiting (16%), and weight loss (10%; Schmidt-Hansen et al.,

2016). This non-specific presentation and difficulty accessing the

pancreas are challenges to the early detection of pancreatic cancer.

Imaging techniques such as CT, ultrasonography, and MRI are

important for diagnosis and preoperative assessment (Hookman

and Barkin, 2009; De La Cruz et al., 2014).

Stents are commonly used to maintain the patency of ducts and

restore flow through vessels (Serruys et al., 2006). Implanted stents

can produce interference during imaging andmake it more difficult

to accurately delineate tumormargins. For example, post-treatment

imaging for one patient seen in this study (patient 17, Figure 5)

Frontiers in Imaging 09 frontiersin.org

https://doi.org/10.3389/fimag.2023.1117798
https://www.frontiersin.org/journals/imaging
https://www.frontiersin.org


Rahmanuddin et al. 10.3389/fimag.2023.1117798

showed increased tumor perfusion, but tumor volume could not

be measured due to stent interference. Of the eight patients in this

study who required stent placement, seven patients were referred to

surgery after neoadjuvant therapy.

Occult tumors are difficult to detect on imaging. One patient

was removed from the study due to the absence of a visible tumor

on CT despite having signs and symptoms of pancreatic cancer. A

potential future direction for 3D imaging development is the ability

to visualize inside the pancreatic duct.

Currently, surgery is the only curative treatment for pancreatic

cancer. Increasing evidence has demonstrated the utility of

neoadjuvant chemotherapy before surgery (Oettle et al.,

2007; Neoptolemos et al., 2010, 2017; Conroy et al., 2018).

The Rahmanuddin score describes tumor volume and vessel

involvement to accurately predict resectability and has greater

implications in prognostication and treatment planning. Similarly,

another study was conducted to assess the implication of the

radiologic scoring system on acute pancreatitis and found that

the scoring system predicts the severity of the disease (Delrue

et al., 2010). Another study concluded that the radiological scoring

system has increased accuracy in predicting persistent organ failure

and mortality (Sharma et al., 2015). Larger studies are needed to

validate this scoring tool and demonstrate its clinical application

for pancreatic cancer.

Conclusion

CT vessel perfusion using the R score and the Marley

Equation might be helpful in defining the surgical candidacy

of PDAC patients when used in conjunction with 3D tumor

volumetric quantification. The parameters defined by the R score

determined higher perfusion scores as having greater vascular

growth, and patients with tumor involvement of more than six

vessels were deemed surgically unresectable. The Marley equation

demonstrated tumor aggression via changes in arterial and venous

perfusion. Additional studies are needed to further validate these

methodologies and assess their clinical utility. The R score criteria

could be very beneficial in assessing the progression or regression

of the disease. Our future target is to perform this study on a larger

scale using 200 patients’ data and validate the study at the next

level for clinical practice. It will provide a unique approach for

surgeons and medical oncologists to assess the disease status and

surgical candidacy.
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