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Abstract

OBJECTIVE.—The goal of this study was to assess the correlation between CT-derived texture 

features of pancreatic ductal adenocarcinoma (PDAC) and histologic and biochemical markers of 

response to neoadjuvant treatment as well as disease-free survival in patients with potentially 

resectable PDAC.

SUBJECTS AND METHODS.—Thirty-nine patients completed this prospective study protocol 

between November 2013 and December 2016. All patients received neoadjuvant chemotherapy, 
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underwent surgical resection, and had histologic grading of tumor response. Similar CT protocol 

was used for all patients. Pancreatic (late arterial) phase of pre- and posttreatment CT scans were 

evaluated. Histogram analysis and spatial-band-pass filtration were used to extract textural 

features. Correlation between textural parameters, histologic response, biochemical response, and 

genetic mutations was assessed using Mann-Whitney test, chi-square analysis, and multivariate 

logistic regression. Association with disease-free survival was assessed using Kaplan-Meier 

method and Cox model.

RESULTS.—Pretreatment mean positive pixel (MPP) at fine- and medium-level filtration, 

pretreatment kurtosis at medium-level filtration, changes in kurtosis, and pretreatment tumor SD 

were statistically different between patients with no or poor histologic response and favorable 

histologic response (p < 0.05). Changes in skewness and kurtosis at medium-level filtration 

significantly correlated with biochemical response (p < 0.01). On the basis of multivariate 

analysis, patients with higher MPP at pretreatment CT were more likely to have favorable 

histologic response (odds ratio, 1.06; 95% CI, 1.002–1.12). The Cox model for association 

between textural features and disease-free survival was statistically significant (p = 0.001).

CONCLUSION.—Textural features extracted from baseline pancreatic phase CT imaging of 

patients with potentially resectable PDAC and longitudinal changes in tumor heterogeneity can be 

used as biomarkers for predicting histologic response to neoadjuvant chemotherapy and disease-

free survival.
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Pancreatic ductal adenocarcinoma (PDAC) is the fourth most common malignancy in the 

United States [1]. Despite recent improvements in tumor detection and medical and surgical 

management, the prognosis for patients even with potentially surgically resectable disease 

remains dismal [2]. Recently, several new effective systemic chemotherapy regimens for 

PDAC have been described in the metastatic setting [3]. This has led to an increased 

enthusiasm for preoperative chemotherapy before attempted resection [4]. This experience 

has, however, identified a clinical dilemma not previously well described, whereby the 

response to preoperative chemotherapy in the primary pancreatic tumor cannot be reliably 

predicted on the basis of standard criteria. PDAC is typically an infiltrating, relatively 

hypovascular tumor, so common imaging biomarkers used in other solid tumors, such as size 

and vascularity, are not helpful. Cancer antigen (CA) 19–9 lacks sensitivity and cannot be 

used as the sole criterion for assessment of treatment response [5, 6]. Several groups have 

even advocated for surgical exploration and attempted resection of all patients receiving 

preoperative therapy in the absence of reliable markers of response [4, 7], which is costly 

and can result in increased morbidity to patients receiving nontherapeutic laparotomy. A 

noninvasive imaging marker that evaluates tumor aggressiveness and assesses the likelihood 

of treatment response is critically necessary and would have a dramatic and immediate 

impact on the management of these patients.

Tumor heterogeneity is a well-described image-based feature reflecting the tumor 

microenvironment that correlates with tumor hypoxia and angiogenesis [8]. Computer-based 
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quantitative texture analysis is an emerging postprocessing tool to extract additional features 

from conventional imaging studies. Recent studies have suggested an association between 

tumor texture, tumor molecular biology, and survival in different types of cancer including 

lung, breast, colorectal, esophageal, and renal cancers [8–12]. Recent studies showed how 

CT-derived texture features correlated with overall survival in patients with PDAC [13–15]. 

The purpose of this study is to assess the correlation between CT-derived texture features of 

PDAC and histopathologic and biochemical markers of response to neoadjuvant treatment in 

patients with potentially resectable PDAC. Additionally, the role of texture analysis as a 

biomarker for disease-free survival was also investigated.

Subjects and Methods

Patient Cohort

The imaging component of this study was an adjunct of a prospective randomized study 

approved by the institutional review board of the University of Pittsburgh Cancer Institute 

that evaluated the efficacy of neoadjuvant therapy (gemcitabine and paclitaxel alone or in 

combination with the autophagy inhibitor hydroxychloroquine) in patients with resectable 

and borderline resectable, histologically proven PDAC. Detailed inclusion and exclusion 

criteria and the trial protocol are summarized in Appendix 1. Informed consent was 

obtained. Sixty-three patients completed the protocol between November 2013 and 

December 2016 and were evaluable for both primary and secondary endpoints. After CT 

examinations were reviewed, 24 patients were excluded from image analysis for various 

reasons: small (< 1 cm) size of tumor (n = 8), isoenhancement and inconspicuity of tumor (n 
= 1), predominantly cystic nature of tumor (n = 1), presence of concurrent pancreatic 

inflammation (n = 1), and poor image quality (n = 1). Patients who had their imaging studies 

performed at outside facilities with differing CT acquisition parameters were also excluded 

(n = 12). Thirty-nine patients were thus included in the final image analysis (Fig. 1). The 

patients’ age, sex, neoadjuvant chemotherapy regimen, tumor size at presentation, tumor 

location, histologic grade of tumor, tumor stage at presentation, genetic mutation, type of 

surgery, recurrence, and disease-free survival were recorded.

CT Imaging Technique

All studies were performed on a 64-MDCT scanner (VCT or Optima, GE Healthcare) using 

a triphasic pancreatic mass protocol. The CT examination consisted of an initial unenhanced 

helical acquisition through the abdomen (120 kVp; noise index, 37.59; acquisition thickness, 

0.625 × 0.625 mm; automatic tube current, 100–550 mA; pitch, 1.375; rotation time, 0.6 s; 

detector coverage, 40 mm). A dose of 100 mL, 125 mL, or 150 mL of IV iodinated contrast 

agent (iopamidol, 370 mg I/mL concentration, Bracco Diagnostics) was administered on the 

basis of the patient’s weight category (< 140 lb [63.5 kg], 140–240 lb [63.5–108.9 kg], > 

240 lb [108.9 kg]) at 5 mL/s rate using a power injector. Contrast-enhanced CT images were 

acquired during the late arterial (pancreatic) phase (120 kVp; noise index, 25; acquisition 

thickness, 0.625 × 0.625 mm; automatic tube current, 100–650 mA; pitch, 0.984; rotation 

time, 0.6 s; detector coverage, 40 mm) and venous phase (120 kVp; noise index, 25; 

acquisition thickness, 0.625 × 0.625 mm; automatic tube current, 100–650 mA; pitch, 1.375; 

rotation time, 0.6 s; detector coverage, 40 mm). SmartPrep software (version 15HW25.x, GE 
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Healthcare) was used to time the administration of contrast agent for the late hepatic arterial 

phase: imaging was initiated 20 seconds after a threshold enhancement of 100 HU was 

achieved in the suprarenal aorta. Venous phase images were then obtained 50 seconds after 

the acquisition of the late arterial phase images. Axial contrast-enhanced images were 

reconstructed at 2.5-mm thickness with 2.5-mm interval using a soft-tissue algorithm and 

with application of 30% adaptive statistical iterative reconstruction.

CT Image Analysis

The CT examinations were reviewed in retrospective fashion by a fellowship-trained 

abdominal radiologist with 6 years of experience in advanced pancreatic imaging. The 

studies were anonymized and exported to a dedicated research workstation. The reader was 

blinded to clinical, laboratory, and histopathologic data at the time of image analysis. All 

three phases of CT examinations were available and reviewed for better delineation of tumor 

from the adjacent structures. Late arterial (pancreatic) phase images were used for texture 

analysis: these images were used because of the typically greater contrast resolution and 

tumor conspicuity of PDAC during the late arterial phase. Images were viewed and analyzed 

on a commercially available research platform (TexRAD, version 3.9, Feedback Plc). The 

slice with largest cross section of tumor was chosen for image analysis. A free-hand 

polygonal ROI was drawn inside the pancreatic mass (Fig. 2). The pretreatment CT (baseline 

CT before initiation of neoadjuvant chemotherapy) and posttreatment CT (the study 

performed after completion of neoadjuvant chemotherapy and immediately before surgery) 

images were reviewed and analyzed sequentially so that the ROIs were similar in size and 

location.

Texture Analysis Technique

The research platform used for this study performs in-plane filtration of images using a 

Laplacian of gaussian spatial-band-pass filter to extract and enhance textural features at fine 

(2-mm spatial scale), medium (3- and 4-mm spatial scale), and coarse (5- and 6-mm spatial 

scale) levels, as previously described [16, 17]. For each ROI, first-order statistical features of 

the gray-level histograms of both filtered and unfiltered images were quantified. Mean, SD 

(degree of dispersion), mean positive pixel value (MPP), kurtosis (flatness), and skewness 

(asymmetry) of the pixel-distribution histogram were calculated for filtered and unfiltered 

images. MPP reflects the mean brightness of positive values after filtration, whereas kurtosis 

and skewness describe the shape of the histogram. In addition, entropy (which is an index of 

non-uniformity and heterogeneity) was calculated for each image (on the basis of the 

formula described in [16]). Textural parameters of filtered and unfiltered images were 

extracted from both pre- and posttreatment CT studies. The absolute difference (the 

difference between posttreatment value and pretreatment value) and percentage difference 

(the difference between posttreatment value and pretreatment value, divided by the 

pretreatment value) between texture parameters of pre- and posttreatment CT studies were 

also calculated.

Laboratory Analysis

All patients had a serial serum CA19–9 level measured before and after neoadjuvant 

chemotherapy. The blood assay was performed in the same laboratory using the same 
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reference standards. A threshold of 37 U/mL was used as the definition of an abnormal 

CA19–9 level.

Surgical Specimen

All patients underwent surgical resection for PDAC via pancreaticoduodenectomy, distal 

pancreatectomy, or Appleby procedure depending on the location of the tumor. On gross 

evaluation, the entire PDAC specimen was submitted for histopathologic evaluation. For 

cases in which a grossly identifiable mass was not present, the entire pancreas was submitted 

in a systematic fashion. H and E-stained slides were evaluated by a single expert 

pancreatobiliary pathologist who was not aware of an individual patient’s treatment arm. 

Treatment response was categorized using the Evans grading system (Table 1). In addition to 

Evans grade, additional pertinent pathologic assessments included histologic grade, margin 

status, stage, and lymph node status. Immunohistochemical evaluation of SMAD4 
expression was also performed. Staging was using the 7th edition of the American Joint 

Committee on Cancer (AJCC) manual [18].

Statistical Analysis

Continuous variables were summarized using mean, median, range, and SD; categoric 

variables were summarized using frequency and percentages. Chi-square analyses were used 

to compare categoric data, whereas continuous variables were analyzed using a Mann-

Whitney nonparametric U test. Evans grades I and IIA were considered as nonfavorable 

responses and grades IIB-IV were considered favorable treatment responses. A biochemical 

response was defined as greater than a 50% decrease in CA19–9 level after neoadjuvant 

chemotherapy in patients with abnormal initial CA19–9 level. Associations between textural 

features, treatment response (favorable vs nonfavorable), biochemical response, and genetic 

mutations were tested with a Mann-Whitney nonparametric U test. Multivariate logistic 

regression was performed to examine possible predictors of a favorable outcome. Factors 

that achieved a p value of less than 0.05 from the Mann-Whitney U tests were entered into 

the models. Textural parameters that were found to be highly correlated with each other (on 

the basis of Pearson correlation coefficient) were not entered into the models at the same 

time. Results were presented as odds ratios (OR) with 95% CIs. Finally, the association 

between textural features, biochemical response, histologic response, and disease-free 

survival were assessed using the Kaplan-Meier method (log-rank test) and Cox model (for 

binary and continuous variables, respectively).

A p value of less than 0.05 was considered statistically significant. Bonferroni correction 

was not applied for multiple comparisons given the small sample size. Statistical analysis 

was performed using statistical software (SPSS Statistics for Macintosh, version 25, IBM).

Results

Study Population

The final study population consisted of 39 patients (20 men, 19 women; median age, 67 

years) with 39 lesions (Table 2). Tumor distribution was pancreatic head (n = 32; 82%), 

body (n = 4; 10%), and tail (n = 3; 8%). Mean tumor size was 2.9 cm (range, 1–5 cm). Four 
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patients (10%) had cancer staged as AJCC stage IB, 10 (26%) as IIA, and 25 (64%) as IIB 

on the basis of imaging studies (CT and endoscopic ultrasound) at presentation. All patients 

received two cycles of neoadjuvant chemotherapy with gemcitabine and paclitaxel, with or 

without hydroxychloroquine. Seventeen patients (44%) also received hydroxychloroquine. 

None of the patients received preoperative radiation.

Resections performed included pancreaticoduodenectomy (n = 32; 82%), distal 

pancreatectomy (n = 5; 13%), and Appleby procedure (n = 2; 5%). In 28 patients (72%), a 

margin negative (R0) resection was achieved. Histologic grade was moderately differentiated 

(n = 30; 77%), poorly differentiated (n = 8; 21%), and undifferentiated (n = 1; 3%). Twenty-

two (56%) patients had loss of SMAD4 nuclear expression. Evans grading of pathologic 

response was categorized as grade I for 11 (28%) cases, IIa for 17 (44%), IIb for nine (23%), 

and III for two (5%) cases. CA19–9 was not a marker in nine (23%) patients. In patients in 

whom CA19–9 was a marker, mean pretreatment and posttreatment serum CA19–9 levels 

were 865.6 U/mL and 97.6 U/mL, respectively. Among the 30 patients who had an elevated 

CA19–9 level, 25 (83%) had a biochemical response. Twenty-five of the 39 patients (64%) 

had recurrence with mean time to recurrence of 10.5 months (range, 1–33 months), and 15 

patients (38%) died during the study period. One patient died during the immediate post-

operative period; the remainder of the deaths occurred as a result of disease recurrence. 

Mean disease-free survival by the time of completion of the study was 14.1 months (range, 

0–38 months). The association between patient characteristics and pathologic response is 

summarized in Table 2. Chemotherapy regimen (gemcitabine and paclitaxel vs gemcitabine 

and paclitaxel with hydroxychloroquine) was the only clinical parameter that correlated with 

pathologic response.

Texture Analysis

The median values of different textural features as well as results of nonparametric tests are 

summarized in Table 3. When Evans pathologic response was redefined as a dichotomous 

categoric variable (Evans grade I-IIA [nonfavorable] response vs Evans grade IIB-IV 

[favorable] response), pretreatment tumor MPP at fine- and medium-level filtration (MPP-2 

and MPP-4), pretreatment kurtosis at medium-level filtration (Kurtosis-3), changes between 

tumor kurtosis before and after treatment on unfiltered images (Dkurtosis), and pretreatment 

tumor SD (SD-2) showed statistically significant differences between the two groups (p = 

0.009, 0.021, 0.034, 0.032, 0.049, respectively).

Changes between tumor skewness and kurtosis before and after treatment at medium-level 

filtration (Dskewness-4 and Dkurtosis-4) were significantly correlated with biochemical 

response (p = 0.007, Mann-Whitney U = 6; p = 0.01, Mann-Whitney U = 7; respectively) 

(Fig. 3). No significant association between textural features, tumor grade, and genetic 

mutation (loss of SMAD4) was observed.

Logistic Regression Analysis

On the basis of the univariate analyses, the variables found to be associated with a favorable 

outcome included chemotherapy regimen, MPP-2, MPP-4, Kurtosis-3, and SD-2. Because of 

the high correlation between MPP-2 with MPP-4 and SD-2 (r = 0.43, p = 0.006; r = 0.49, p = 
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0.001; respectively), those variables were not entered into the model at the same time. 

Results from the multivariable models are presented in Table 4. Multivariate analysis 

showed that those receiving the chemotherapy regimen with gemcitabine and paclitaxel with 

hydroxychloroquine were 11.3 (95% CI, 1.98–63.95) times more likely to have a favorable 

outcome than those on just gemcitabine and paclitaxel. Higher MPP-4 (OR, 1.06; 95% CI, 

1.002–1.11) and MPP-2 (OR, 1.10; 95% CI, 1.02–1.21) were also found to be significant 

predictors. After adjusting for chemotherapy regimen, those with a higher MPP-4 were 1.06 

(95% CI, 1.002–1.12) times more likely to have a favorable outcome.

Disease-Free Survival

Kaplan-Meier method with log-rank test showed a statistically significant difference in 

disease-free survival on the basis of biochemical response (χ2 = 5.429, p = 0.02) and 

pathologic response (χ2 = 3.945, p = 0.047) (Fig. 4).

The Cox model was used to assess the association between the selected textural features (the 

ones that showed best correlation with the response on nonparametric tests, i.e., pretreatment 

MPP-2, MPP-4, and Kurtosis-3) and disease-free survival. The model based on Cox model 

was statistically significant (χ2 = 17.065, p = 0.001) and demonstrated a statistically 

significant hazard ratio of 1.099 (95% CI, 1.037–1.165; p = 0.002) for Kurtosis-3.

Discussion

Results of our study suggest that CT-derived tumor textural features may have a relationship 

with tumor response to neoadjuvant chemotherapy. Assessment of pancreatic tumor response 

to chemotherapy using conventional imaging methods remains challenging [19]. Several 

studies have found that size of the primary pancreatic tumor cannot be used as a reliable 

imaging marker of potential treatment response [4, 20]. Despite significant treatment 

response at the histologic level, there might be no appreciable change in size of PDAC and 

the degree of vascular involvement (Fig. 2). CA19–9 is the only serum tumor marker 

currently used for assessment of response in these patients that lacks sensitivity. In up to 

22% of patients, however, CA19–9 level is not elevated [6], so this antigen cannot be used as 

a marker in this subset of patients.

Recent meta-analyses and small prospective trials have shown that patients who receive 

neoadjuvant chemotherapy have an overall higher R0 resection rate, fewer positive lymph 

nodes, and higher disease-free survival [21–23]. Repeat imaging and CA19–9 assay after 

completion of neoadjuvant chemotherapy serve as guides for risk stratification and patient 

selection for curative surgery. Our study suggests that quantitative parameters of tumor 

heterogeneity on CT can be used as imaging biomarkers of tumor response to chemotherapy. 

Changes in tumor kurtosis between pre- and posttreatment CT studies correlated with 

pathologic response and likely reflected treatment-related changes in tumor histology. 

Moreover, MPP on the baseline pretreatment CT study alone also correlated with pathologic 

response. We hypothesize that the baseline texture profile of pancreatic tumor reflects the 

stromal-tumor interactions and the tumor microenvironment beyond tumor grade. These 

factors, such as tumor vascularity and oxygenation, could in turn affect the delivery and 

efficacy of chemotherapeutic agents to tumoral cells and have an impact on neoadjuvant 
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response. A correlation between tumor heterogeneity and tumor angiogenesis has been 

shown in other tumors [8]. MPP best predicted neoadjuvant response in our study; it is 

affected by the number of enhancing pixels and hence is a product of tumor vascularity. 

Patients with favorable responses in our study had higher MPP values, denoting more 

vascularity. Two recent studies of patients with PDAC also showed that lower attenuation of 

tumors at baseline venous phase CT were associated with a worse prognosis and earlier 

recurrence [14, 24], perhaps because of poor delivery of chemotherapeutic agents to tumor 

cells. Notably, the mean attenuation of the tumor in our study was not different between 

responders and nonresponders. This could be because we used late-arterial phase imaging 

for analysis rather than venous phase.

Patients in our cohort were randomized into two treatment arms: gemcitabine and paclitaxel 

with or without hydroxychloroquine. The OR of pathologic response was higher in patients 

who received hydroxychloroquine. The baseline CT textural features, however, were found 

to be predictors of pathologic response independent of treatment. The textural features at 

baseline CT also performed well for predicting disease-free survival, a finding confirming 

observations reported by other groups [14, 15, 25].

Our study differs from published reports exploring heterogeneity of PDAC [13–15, 25]. To 

our knowledge, ours is the only study that uses pathologic response as the primary clinical 

endpoint. Although overall survival and disease-free survival are affected by many patient- 

and treatment-related factors, pathologic response reflects the direct interaction between 

tumor and chemotherapeutic agents. Histologic grading of residual carcinoma following 

treatment (such as Evans grading of tumor response) has been found to predict patient 

outcome [26]. Our cohort consisted of a relatively homogeneous group of patients with 

resectable and borderline resectable lesions with similar treatment regimens and controlled 

surgical and pathologic approaches. Unlike previous studies, we used late-arterial 

(pancreatic) phase CT for better delineation and more accurate segmentation of the lesion. 

Our computerized texture analysis method was also different from those used by the other 

groups, yielding different parameters and allowing different filtration levels.

Recent studies have proposed other promising imaging biomarkers for assessment of 

response and survival in PDAC. Wang et al. [27] on patients with advanced PDAC found 

that apparent diffusion coefficient and FDG PET-derived metabolic indexes can be used to 

predict response to chemotherapy and the overall survival. The study by Garces-Descovich 

et al. [28] on patients with different stages of PDAC found that patients with metastatic 

disease had significantly lower mean apparent diffusion coefficient values. Further studies 

are required to confirm these results and show the role of these markers for assessment of 

response to neoadjuvant chemotherapy.

We recognize several limitations of our study. The main limitation is the unavoidable risk of 

data overfitting due to the small sample size and numerous extracted texture parameters. 

Cross validation, splitting of data into training and testing sets, and Bonferroni correction 

were not attempted given the small sample size and preliminary nature of the study. This 

study is designed to serve as a proof of concept for future large-cohort validation studies.
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A second limitation is that the largest cross section of the tumor was used for texture 

analysis rather than analyzing the entire tumor volume. Although volumetric assessment of 

the entire tumor may provide more information, some studies showed similar results can be 

obtained when the largest cross-sectional area is used [29]. We were not technically able to 

perform 3D texture analysis with our platform and method. Additionally, given the inherent 

infiltrative nature of the tumor, confident segmentation of the entire volume of the lesion 

would not have been possible in many cases. We believe that tumor texture on the largest 

cross section is a realistic estimate of the entire tumor texture because coarse heterogeneity 

is uncommon with pancreatic adenocarcinoma.

A third limitation is that extracted textural features are affected by CT acquisition 

techniques, phase of enhancement, and the texture analysis method [30]. All the patients in 

our cohort had similar imaging protocols with identical acquisition parameters. The texture 

analysis software used for this study is commercially available, and the method is 

reproducible. The results of this study, however, might not be applicable to other cohorts 

with different phases of contrast enhancement or with drastically different scan parameters.

Finally, assessment of the Evans grade of pathologic response as a surrogate endpoint is 

subjective and imprecise, which may result in interobserver variability. All pancreatectomy 

specimens were reviewed by a single expert pancreatic pathologist. Additionally, to 

minimize subjective variability in pathologic assessment, we redefined the Evans ordinal 

grades as a binary categoric variables. We defined Evans grades IIb-IV (i.e., > 50% tumoral 

cell destruction) as a favorable response to mirror what is considered a response in other 

solid tumor-response evaluation systems.

The results of this study suggest that textural features extracted from baseline late-arterial 

(pancreatic) phase CT imaging of patients with resectable and borderline resectable 

pancreatic adenocarcinoma and longitudinal changes in tumor heterogeneity can be used as 

imaging biomarkers for predicting pathologic response to neoadjuvant chemotherapy and 

disease-free survival. MPP values at baseline CT were features with the strongest 

correlation. These findings shed light on novel ways to gauge tumor response to 

chemotherapy and warrant further investigation.

Conclusion

Quantified parameters of tumor texture extracted from baseline late-arterial (pancreatic) 

phase CT images of patients with resectable and borderline resectable pancreatic 

adenocarcinoma as well as the longitudinal changes in tumor heterogeneity are promising 

imaging biomarkers for predicting pathologic response to neoadjuvant chemotherapy and 

predicting disease-free survival. These findings, however, need to be confirmed and 

validated in larger cohorts.
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APPENDIX 1:: Clinical Trial Protocol

The trial was approved by the University of Pittsburgh Cancer Institute protocol review 

committee and institutional review board and was registered with clinicaltrials.gov 

(clinicaltrials.gov/show/NCT01128296). Patients were considered eligible if they met 

National Comprehensive Cancer Network criteria for resectable or borderline resectable on 

contrast-enhanced CT of the chest, abdomen, and pelvis using a pancreas mass protocol. 

Endoscopic ultrasound biopsy and histologic confirmation of malignancy was required. 

Subjects could not have received any prior therapy for their cancer and had to have adequate 

hepatic, renal, cardiovascular, and pulmonary reserves to allow both chemotherapy and 

surgical extirpation. Subjects with porphyria, active psoriasis, or history of interstitial lung 

disease were also excluded. Patients were then randomized to receive two cycles of 

gemcitabine and nab-paclitaxel (1000 mg/m2 and 125 mg/m2, respectively, on days 1, 8, and 

15) with (PGH) or without (PG) hydroxychloroquine (600 mg twice daily) from day 1 

through the evening before planned surgical extirpation. Subjects were restaged with a 

helical CT scan 14 days after the last dose of chemotherapy and before surgery. Surgical 

exploration and pancreatectomy were then performed if technically feasible and all toxicities 

had resolved. Pathologic specimens were preserved, and the entire tumor was submitted for 

evaluation. Six to 10 weeks after successful surgical removal of their tumor, subjects were 

free to pursue standard-of-care adjuvant therapy options at the discretion of their treating 

physician. A subject was deemed evaluable if they had received at least one cycle of 

chemotherapy and at least 80% of the expected hydroxychloroquine doses and they 

underwent successful surgical extirpation of their disease. The racial, sex, and ethnic 

characteristics of the subject population reflect the demographics of Pittsburgh and the 

surrounding area. One hundred twenty subjects signed informed consent between November 

2014 and March 2017. There were 22 screen failures. Ninety-eight subjects were 

randomized to either the PGH or PG arms. Fifteen subjects (28%) in the PGH arm and 12 

(26%) in the PG arm did not complete the protocol requirements to be considered for the 

primary end point. Reasons for attrition were disease progression (5% PGH vs 8% PG), 

subject preference (10% PGH vs 7% PG), and regimen limiting adverse toxicity (13% PGH 

vs 11% PG). Sixty-three subjects completed the trial and were evaluable for the primary and 

secondary endpoints. Of the subjects who did not complete the protocol for reasons other 

than disease progression, all but six underwent surgical resection.
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Fig. 1- 
Flowchart shows patient selection and exclusion criteria.
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Fig. 2- 
Favorable response to neoadjuvant treatment in 53-year-old man.

A and B, Axial CT images through pancreatic head obtained during late arterial (pancreatic) 

phase before (A) and after (B) neoadjuvant chemotherapy. Polygonal ROI (outline) is placed 

inside largest cross section of tumor for image analysis. No appreciable change in size and 

degree of vascular involvement was noted on CT. Patient had Evans grade III pathologic 

response (> 90% tumoral cell destruction) and his cancer antigen 19–9 level had normalized 

after chemotherapy.
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Fig. 3- 
Box-and-whisker plot shows correlation between change in skewness (on medium-level 

filtration) and biochemical response (defined as > 50% drop in cancer antigen [CA] 19–9 

level after neoadjuvant chemotherapy) (p = 0.007). Upper and lower limits of whiskers 

represent 2nd and 98th percentiles; circles and asterisks indicate outliers with corresponding 

patient numbers.

Borhani et al. Page 15

AJR Am J Roentgenol. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4- 
Kaplan-Meier survival curves show significant difference in disease-free survival on basis of 

Evans category (A) and biochemical response (B).
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