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Although nearly uniformly fatal, pancreatic ductal ad-
enocarcinoma (PDAC) is a heterogeneous disease with 

discrepant clinical presentations, genetics, and biologic ag-
gressiveness and measurable patient outcomes. Differences 
in survival length in this deadly disease could be related to 
biophysical properties of individual tumors. For example, 
PDAC exhibits several histopathologic and cellular features 
that can be considered physical barriers to effective drug 
delivery, including disorganized, leaky, and nonfunctional 
vasculature, as well as dense stroma and deregulated cel-
lular transport proteins (1). In a clinical trial published 
by Koay et al, differential tumor enhancement measured 
on conventional single-energy pancreatic protocol mul-
tidetector CT scans correlated with tumor stroma score 
and intratumoral gemcitabine DNA incorporation (2).

The same group also reported that PDAC tumors with a 
well-defined tumor-to-nontumoral interface at CT (called 
“high delta” tumors) are associated with these more ag-
gressive biologic features than tumors with an ill-defined 
interface (called “low delta” tumors) and that patients with 
high delta tumors at CT had significantly shorter time to 
distant metastasis and shorter overall survival (OS) (3). Be-
cause a considerable number of PDAC tumors are isoat-
tenuating or slightly hypodense to the normal pancreas at 
conventional CT, lesion border characterization can be dif-
ficult (4). To overcome this obstacle, dual-energy CT can 
improve PDAC visualization (5,6) by taking advantage of 
the increased attenuation of iodine at photon energy lev-
els closer to the iodine K edge (33 keV) or using material 
decomposition techniques that map the concentration of 
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Purpose:  To investigate the prognostic value of differential enhancement on baseline dual-energy CT images in patients with treat-
ment-naive pancreatic ductal adenocarcinoma (PDAC), with a focus on tumor-host interface characterization.

Materials and Methods:  This was a retrospective, institutional review board–approved, Health Insurance Portability and Accountability 
Act–compliant study of 158 consecutive adult patients (mean age, 68 years; age range, 40.9–88.9 years; 50% women) with histopatho-
logically proven, treatment-naive PDAC, who had undergone multiphasic pancreatic dual-energy CT from December 2011 to March 
2017. Regions of interest in tumor core, tumor border, pancreas border with tumor, nontumoral pancreas, and aorta were recorded on 
pancreatic parenchymal phase (PPP) dual-energy CT 70-keV, 52-keV, and iodine material density (MD) images, plus portal venous 
phase (PVP) conventional CT images. Enhancement gradient (delta) across the tumor-pancreas interface was calculated. Delta was 
evaluated combining the dual-energy CT values with the PVP values and as individual predictors. Receiver operating characteristic 
analysis with logistic regression was used to determine the optimal cut point for each dual-energy CT delta to predict disease outcome 
based on highest Youden index. Survival curves were generated using Kaplan-Meier method, and comparison between two indepen-
dent groups (high and low delta) was evaluated with log-rank test. Clinical outcomes included overall survival and distant metasta-
sis–free survival. Three independent blinded radiologists visually scored tumor conspicuity (subjective delta score) on a 1–5 scale, and 
agreement was evaluated with k statistic.

Results:  Ninety-three patients had advanced stage (50 locally advanced and 43 metastatic) and 65 had lower stage (48 resectable and 
17 borderline resectable) tumors. Patients with high delta tumors ( 40 HU) on either 70-keV PPP images or conventional PVP im-
ages had significantly shorter overall survival compared with those with low delta tumors (, 40 HU) in both early stage PDAC (13.5 
months vs 23.3 months; hazard ratio [HR], 1.87; 95% confidence interval [CI]: 1.01, 3.5; P = .04) and advanced stage PDAC (10.8 
months vs 18.0 months; HR, 2.1; 95% CI: 1.28, 3.6; P = .003). Qualitative visual scoring of tumor conspicuity also showed shorter 
overall survival in patients with more conspicuous tumors. Highest interreader agreement for subjective delta score was 0.73 and 0.60 
using iodine MD and 52-keV images, respectively.

Conclusion:  Increased quantitative and qualitative border conspicuity (high delta) is associated with shorter survival in patients with 
PDAC. Agreement on the subjective qualitative characterization of PDAC borders is best achieved using iodine MD and lower-energy 
simulated monoenergetic images at pancreatic protocol dual-energy CT.

Supplemental material is available for this article.
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metastatic disease. Sixty-five patients had early stage PDAC at 
presentation; 48 had resectable tumors and 17 had borderline 
resectable tumors. Of the 44 patients who underwent surgery, 
28 patients received neoadjuvant therapy. Patient demograph-
ics, treatment, and tumor characteristics recorded from retro-
spective chart review are summarized in Table 1.

Tumor Staging and Assessment of Distant Metastasis–free 
Survival and OS
National Comprehensive Cancer Network 2017 guidelines 
(8) were used for tumor staging for this study, with rereview 
of each individual patient’s scan for staging by consensus of 
two authors (A.M.A., D.E.M.), as the period of the retrospec-
tive radiology information system search used to generate the 
population spanned years prior to 2017. In patients with lo-
calized (nonmetastatic) PDAC, distant metastasis–free survival 
(DMFS) was defined as the time between histopathologic di-
agnosis of PDAC and development of distant metastasis. Pa-
tients who died without documented distant metastasis were 
censored. OS was defined as time from initial histopathologic 
diagnosis to the date of death or last contact. Patients who were 
alive at last contact were considered censored events.

CT Image Acquisition
Multiphasic pancreatic protocol dual-energy CT is routinely per-
formed for patients suspected of having pancreatic lesions at our 
institution (Table 2). The test consists of a dual-energy CT PPP 
acquisition 35 seconds after initiation of weight-based intravenous 
contrast material (42 g iodine per kilogram of body weight, io-
hexol [Omnipaque 350 mg/mL; GE Healthcare, Waukesha, Wis] 
injection at a rate of at least 3 mL/sec) and a conventional (defined 
as standard polychromatic beam of 120 kVp) PVP acquisition 65 
seconds after initiation. At the time of this retrospective study, our 
main outpatient imaging site was equipped with the first-gener-
ation rapid tube voltage–switching dual-energy CT technology 
(HD750; GE Healthcare). This type of scanner uses a rapidly 
switching single tube to acquire near-simultaneous 140- and 80-
kVp datasets. The raw image data are used to generate simulated 
monoenergetic images and material density (MD) images. Simu-
lated 70-keV, 52-keV, and iodine MD axial images generated from 
residual-energy CT raw data at 2.5 mm using 40% adaptive sta-
tistical iterative reconstruction are used for routine clinical inter-
pretation. The simulated 70-keV dual-energy CT images are clini-
cally comparable to conventional 120-kVp CT images and are 
used for routine diagnosis; thus, the 70-keV dual-energy CT PPP 
images and the conventional PVP images are equivalent in clinical 
practice to a conventional CT pancreatic protocol, and these im-
ages were used for the purposes of our validation aim. The lower-
energy 52-keV and iodine MD dual-energy CT images were used 
to investigate the dual-energy CT-specific study objectives.

Quantitative Dual-Energy CT Image Analysis and Delta 
Classification
All baseline PPP and PVP 2.5-mm axial images were loaded 
onto a dedicated dual-energy CT workstation (Advantage 
Workstation; GE Healthcare). After performing rigid im-

iodine to improve the conspicuity of enhancing structures (7) 
and soft-tissue tumors in the abdomen.

The purpose of our study was to use dual-energy CT to 
optimize visualization of the tumor interface in patients with 
PDAC to predict outcomes. The first objective was to exter-
nally validate the tumor conspicuity (delta score) as a predic-
tive and prognostic candidate biomarker using dual-energy CT 
simulated monoenergetic 70-keV pancreatic parenchymal phase 
(PPP) images combined with conventional portal venous phase 
(PVP) images. The second objective was to assess whether the 
observed quantitative enhancement patterns of PDAC tumors 
on the different dual-energy CT–specific image types predict tu-
mor biologic activity and clinical outcomes. The third objective 
was to evaluate interreader agreement on qualitative PDAC bor-
der characterization, “subjective delta score,” using the different 
dual-energy CT image types.

Materials and Methods

Study Design
This retrospective, single-center, institutional review board–
approved, Health Insurance Portability and Accountability 
Act–compliant study was performed with a waiver for in-
formed consent. We identified 174 consecutive patients with 
treatment-naive histopathologically proven PDAC who had 
undergone multiphasic pancreatic protocol dual-energy CT at 
baseline from December 2011 through March 2017. We ex-
cluded patients with clearly mistimed contrast material admin-
istration (n = 5), CT signs of acute pancreatitis (n = 2), image 
artifacts affecting region of interest (ROI) measurements (n = 
4), and patients with PDAC tumors arising within intraductal 
papillary mucinous neoplasms (n = 5), resulting in a total of 
158 patients. Ninety-three patients had advanced stage PDAC 
at presentation; 50 had locally advanced tumors and 43 had 

Abbreviations
CI = confidence interval, DMFS = distant metastasis–free survival, 
HR = hazard ratio, MD = material density, OS = overall survival, 
PDAC = pancreatic ductal adenocarcinoma, PPP = pancreatic 
parenchymal phase, PVP = portal venous phase, ROI = region of 
interest

Summary
Patients with pancreatic ductal adenocarcinoma tumors that dem-
onstrate high tumor-host enhancement gradient (delta) have poorer 
clinical outcomes, measured by overall survival and distant metasta-
sis–free survival, across different stages of pancreatic cancer.

Key Points
	n Well-defined tumor-host interface (delta) on dual-energy CT 

simulated monoenergetic 70-keV, 52-keV, and iodine material 
density images is a candidate imaging biomarker that is associated 
with poorer prognosis in patients with pancreatic ductal adenocar-
cinoma (PDAC).

	n Characterization of tumor-host interface is achievable with quanti-
tative and qualitative approaches.

	n Optimal prognostication of tumor-host interface for PDAC is 
produced by combining delta on dual-energy CT pancreatic pa-
renchymal and conventional venous phase images.
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age registration, a single operator manually 
placed freeform volumetric ROIs on the tu-
mor core, peripheral tumor, pancreas imme-
diately adjacent to the tumor border, and up-
stream or downstream “normal” pancreatic 
parenchyma, while avoiding pancreatic ducts, 
vessels, stents, and streak artifacts produced 
by stents. The ROIs were simultaneously and 
automatically populated to identical image 
locations on the 70-keV, 52-keV, iodine MD, 
and PVP images. The ROIs were drawn using 
visual borders, and the image that best de-
marcated the tumor borders or margins was 
used to draw the ROIs. The tumor core was 
defined as the center of the tumor, not within 
5 mm of the margin. The part of the tumor 
directly adjacent to the margin was called the 
tumor periphery and was approximately 5 mm 
thick (see Fig 1).

Eleven tumors were visually isoattenuating 
on 70-keV images, but in many instances the 
tumor margins were detectable on 52-keV or 
iodine MD images, which were used to draw 
the ROIs. When a lesion was isoattenuat-
ing on all dual-energy CT and single-energy 
CT image sets (two patients), the location of 
duct cutoff was used to estimate the margins; 
a 5-mm “tumor periphery” ROI was drawn 
immediately at the duct cutoff, with the core 
ROI drawn downstream after a gap of 5 mm. 
When there was very little measurable “normal 
parenchyma” upstream to the tumor because 
of duct dilatation and glandular atrophy, the 
ROI was tailored to fit the largest area of vis-
ible parenchyma.

We calculated the gradient of enhancement 
across tumor–normal pancreas interface on all 
image types as follows: delta = (attenuation of 
normal pancreas adjacent to tumor border – 
peripheral tumor attenuation) (Fig 1). Patients 
with a high delta on either the dual-energy CT 
PPP image or conventional PVP image were 
considered high delta, as originally described 
by Koay et al (3). We also explored associa-
tions of clinical outcomes with delta measured 
on each dual-energy CT image type without 
the PVP counterparts. For the purpose of vali-
dation of delta as a predictive and prognostic 
candidate biomarker, we used a cutoff point 
of 40 HU as previously determined using 
conventional single-energy CT by Koay et al. 
Patients who had a delta value greater than or 
equal to 40 HU on either 70-keV PPP or con-
ventional PVP images were considered as high 
delta, and those with a delta value measuring 
less than 40 HU on both PPP and conven-
tional PVP were classified as low delta (3).

Table 1: Patient Demographics, Tumor, and Treatment Characteristics

Variable Proportion (n = 158)

Median age (y)* 68.3 (60.6, 74.3) [40.9, 88.9]
Sex
  Male 79 (50)
  Female 79 (50)
Tumor clinical stage
  Resectable 48 (30)
  Borderline resectable 17 (11)
  Locally advanced 50 (32)
  Metastatic 43 (27)
Tumor location
  Head and uncinate process 98 (62)
  Neck 9 (6)
  Body 29 (18)
  Tail 22 (14)
Primary tumor resection
  Yes 44 (28)
  No 114 (72)
Neoadjuvant chemotherapy
  Yes 28 (18)
  No 130 (82)
Surgical pathologic characteristics (n = 44)
  Pathologic grade
    Well differentiated 4 (9)
    Moderately differentiated 26 (59)
    Moderately to poorly differentiated 10 (23)
    Poorly differentiated 4 (9)
  Pathologic stage
    pT1N0 5 (11)
    pT1N1 1 (2)
    pT2N0 2 (5)
    pT3N0 12 (27)
    pT3N1 24 (55)
  Resection margins status
    R0 42 (95)
    R1 2 (5)
Perineural invasion† 
  Yes 32 (89)
  No 6 (11)
Lymphovascular invasion†

  Yes 12 (32)
  No 26 (68)
Extrapancreatic spread‡ 

  Yes 34 (83)
  No 7 (17)

Note.—Except where otherwise noted, all values are numbers of patients, with percent-
ages in parentheses. Forty-four patients underwent surgical resection, and histopathologic 
findings are reported as available in the electronic medical record.
*Data in parentheses are first and third quartiles; data in brackets are minimum and 
maximum values.
† Data based on information available for 38 patients.
‡ Data based on information available for 41 patients.
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Statistical Analysis
Descriptive analysis was presented for all variables, including 
the mean, standard deviation, or median, with first and third 
quartiles and ranges for continuous variables and frequency 
count and percentage for categorical variables. Discrete and 
categorical variables were compared using x2 or Fisher exact 
test; differences between continuous variables were assessed 
using Mann-Whitney U test. Interreader agreement was de-
termined using Cohen k statistic. The nearest-neighbor es-
timation of the bivariate distribution for time-dependent 
receiver operating characteristic curves was used to find the 
cut point of interested imaging biomarkers that associated 
with patients’ cumulative incidence (yes or no = death or no 
death, distant metastasis or no distant metastasis) based on 
the highest Youden index (9). Survival curves were generated 
using the Kaplan-Meier method, and comparison between 
two independent groups (high and low delta) was evaluated 
with the log-rank test. Hazard ratio (HR) was estimated with 
Cox regression model for univariate and multivariable sur-
vival analysis. We considered a P value less than .05 to be 
significant. All statistical analyses were performed using JMP 
14 (SAS Institute, Cary, NC).

Conflicts of Interest
There was no funding for this study. Our institution re-
ceives research support in the form of equipment from GE 
Healthcare, who manufactures the CT scanner utilized in 
this study. One author (D.E.M.) has served in the past as 
a consultant for GE Healthcare for educational materials 
about pancreatic dual-energy CT and to assess an unrelated 
segmentation software. Those authors who are not em-
ployees of or consultants for GE Healthcare had control of 
inclusion of any data and information that might present 
a conflict of interest for those authors who have served as 
consultants.

Qualitative PDAC Tumor Interface Conspicuity Analysis
Subjective, qualitative visual tumor interface conspicuity 
was assessed independently by three radiologists (D.E.M., 
M.M.M., and C.M.B.) with 25, 14, and 4 years of experience, 
respectively, in abdominal imaging, using a clinical picture ar-
chiving and communication system (Philips iSite Intellispace; 
Philips Medical Systems, Best, the Netherlands). All readers 
reviewed the images using the same window and width values 
without alterations but were allowed to page through the im-
ages to compare the tumor margins. The readers were blinded to 
the clinical outcomes and objective delta determination. Each 
reader interpreted all dual-energy CT images of an individual 
image type (for example all 70-keV images in all patients) in 
a single session, with a minimum of 1-week interval between 
sessions to minimize recall bias. Each reader ranked the con-
spicuity of the PDAC tumor interface (“subjective delta”) on 
a 1-to-5 scale (Fig 2). Grade 1 was assigned to tumors that 
were homogeneously and completely isoattenuating to the sur-
rounding normal parenchyma. Grade 2 was assigned to poorly 
defined tumors with margins that were difficult to perceive. 
Grade 3 was assigned to tumors with visually appreciated bor-
ders with interdigitating surrounding pancreatic tissue at the 
tumor interface. Grade 4 was assigned to tumors with well-
defined borders that were better defined but not the highest 
conspicuity. Grade 5 was assigned to optimally visualized tu-
mors with strikingly well-defined interface. Prior to the initial 
session, each reader was individually coached on a set of images 
demonstrating the grades of delta described above; the coach 
was an investigator who did not perform the subjective delta 
analysis. The qualitative determination of border conspicuity 
was compared with OS. In cases where discrepancies between 
readers’ qualitative delta ratings occurred, for this comparison 
alone, the score was resolved by consensus. Tumors scored as 4 
or 5 were considered high delta, while tumors scored 1, 2, and 
3 were considered low delta.

Table 2: CT Technical Parameters

Parameter Dual-Energy CT Conventional Single-Energy CT 

Detector collimation (mm) 64 3 0.625 64 3 0.625
Tube voltage (kV) Rapid switching 80/140 120
Field of view (cm) 36–50 36–50
Tube current–time product (mAs) 275/370/640 Auto 100–625, 18 NI
Gantry revolution time (sec) 0.6 0.5
Acquisition mode Single-source, helical Helical
Pitch 1.375 0.984
Reconstruction section thickness (mm) 2.5 2.5
Reconstruction section interval (mm) 2.5 1.25
Matrix size 512 3 512 512 3 512
Reconstruction algorithm 40% ASiR blended with 60% FBP 40% ASiR blended with 60% FBP
Reconstruction kernel Standard, soft tissue Standard

Note.—ASiR = adaptive statistical iterative reconstruction, FBP = filtered back projection, NI = noise index.

https://pubs.rsna.org/journal/imaging-cancer
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above results, patients with 
high delta tumors on either 52-
keV PPP images ( 92 HU; 
Fig 4) or conventional PVP im-
ages with cut point of less than 
or equal to 40 HU or on either 
iodine MD PPP images ( 18 
mg/mL; Fig 5) or conventional 
PVP images (with cut point of 
 40 HU) had significantly 
shorter median OS in both 
early and late stage PDAC and 
had significantly shorter time 
to distant metastatic disease 
(Table 3). For all combinations 
of imaging reconstructions, 
similar findings were observed 
on multivariate Cox regression 
analysis after adjusting for age, 
sex, surgery status, and baseline 
tumor size (Table 4).

Evaluation of Delta Measured 
on Individual Dual-Energy CT 
Reconstructed PPP Images
The associations between sur-
vival outcomes and delta clas-
sification using individual 
imaging series rather than a 
combination of PPP and con-
ventional PVP are provided in 

Tables E1 and E2 (supplement). Generally, weaker associations 
with clinical outcomes were found. While delta measured on 
70-keV PPP or 52-keV PPP images alone was associated with 
OS in patients with advanced stage PDAC, delta on iodine 
MD PPP alone or conventional PVP alone did not show a sta-
tistically significant association with outcomes.

Association of Delta Measurement with Lymphovascular 
Invasion
In 38 patients with available surgical histopathologic findings 
on the resected primary PDAC, 26 patients (68%) had no 
lymphovascular invasion and 12 patients (32%) had docu-
mented lymphovascular invasion. Patients with no lympho-
vascular invasion were more likely to harbor low delta tumors 
(23 of 26, 88%) on both 52-keV PPP (P = .04) and iodine 
MD PPP images (P = .04) compared with patients with lym-
phovascular invasion. No statistically significant association 
was found using 70-keV PPP (P = .65) or conventional PVP 
images (P = .86) for delta in patients with versus those with-
out lymphovascular invasion.

Prevalence of High Delta Tumors in Patients with Metastatic 
PDAC
A total of 43 patients had metastatic PDAC at presentation. 
Thirty-four of 43 (79%) patients had high delta tumors on 

Results

Evaluation of Delta Measured on Dual-Energy CT PPP 
Combined with Conventional PVP Images as a Prognostic 
Biomarker in Patients with PDAC 
PDAC delta values were determined by calculating the differ-
ence in attenuation between normal pancreas adjacent to the 
tumor border and the peripheral tumor on CT images. Patients 
with high delta tumors ( 40 HU) on either 70-keV PPP im-
ages or conventional PVP images had significantly shorter OS 
compared with those with low delta tumors (, 40 HU) in both 
early stage PDAC (13.5 months vs 23.3 months; HR, 1.87; 
95% confidence interval [CI]: 1.01, 3.5; P = .04) and advanced 
stage PDAC (10.8 months vs 18.0 months; HR, 2.1; 95% CI: 
1.28, 3.6; P = .003) (Table 3, Fig 3). In patients who presented 
without metastases, high delta tumors had significantly shorter 
median time to distant metastasis than patients with low delta 
lesions (20.5 months vs median time to distant metastasis not 
reached; HR, 2.28; 95% CI: 1.04, 5.25; P = .03). Patients with 
high delta had significantly lower DMFS at 2 and 5 years (60% 
and 100%, respectively) than did patients with low delta (30% 
and 30%, respectively, P = .03) (Table 3, Fig 3).

The optimal tumor interface (delta) cut point for deter-
mining survival outcomes on 52-keV PPP images was 92 HU 
and on iodine MD PPP images was 18 mg/mL. Similar to the 

Figure 1:  Axial dual-energy CT scan in a 63-year-old man with histopathologically proven pancreatic ductal adeno-
carcinoma in the tail of pancreas. Regions of interest were drawn on the normal pancreas adjacent to tumor border (orange) 
and the tumor periphery (blue) on the 70-keV PPP image (top left) and were simultaneously populated to identical locations 
on other image types. DECT = dual-energy CT, MD = material density, PPP = pancreatic parenchymal phase, PVP = portal 
venous phase, SECT = single-energy CT.

https://pubs.rsna.org/journal/imaging-cancer
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70-keV PPP when combined with conventional PVP images 
(P = .003); 31 of 43 (72%) and 29 of 43 (67%) had high 
delta tumors on 52-keV PPP (P = .003) and iodine MD PPP 
images (P = .009), respectively, when combined with conven-
tional PVP images.

Correlation of Radiologists’ Visual Tumor Interface Scoring 
System with OS and DMFS
Patients with conspicuous tumors (high “visual” delta scores 
of 4 or 5) on iodine MD PPP combined with conventional 
PVP images were associated with shorter OS in both ad-
vanced stage PDAC (HR, 2.4; 95% CI: 1.5, 3.88; P = .0003) 
and lower stage PDAC (HR, 2.79; 95% CI: 1.38, 5.6; P = 
.003). Similarly, using 52-keV PPP and conventional PVP 
images, patients with high delta tumors demonstrated lower 
OS in both the advanced stage group (HR, 1.83; 95% CI: 
1.14, 2.93; P = .01) and lower stage group (HR, 2.75; 95% 
CI: 1.4, 5.41; P = .003). Finally, using 70-keV PPP and con-

ventional PVP images, patients with high delta tumors had 
significantly lower OS in the advanced PDAC group (HR, 
2.1; 95% CI: 1.29, 3.42; P = .002), and lower stage PDAC 
(HR, 3.11; 95% CI: 1.47, 6.57; P = .003). There was no 
statistically significant association with subjective delta scores 
and DMFS.

Assessment of Interobserver Agreement
For evaluation of qualitative tumor interface conspicuity 
or the “visual” delta score, agreement between the three 
readers was highest using dual-energy CT PPP iodine MD 
images (k of 0.70, 0.63, and 0.73 for reader 1 vs 2, 1 vs 3, 
2 vs 3, respectively) compared with 52-keV PPP images (k 
of 0.52, 0.60, and 0.45, same order reader comparisons), 
70-keV PPP images (k of 0.42, 0.43, and 0.53, same or-
der reader comparisons), and conventional PVP images (k 
of 0.50, 0.53, and 0.59, same order reader comparisons) 
images.

Figure 2:  Qualitative assessment of border conspicuity. The figure demonstrates examples of tumors visually scaled from 1 to 5 on 70-
keV, 52-keV, and iodine material density (MD) dual-energy CT images and conventional portal venous phase (PVP) images. Tumors scored 
as 4 or 5 were considered high delta, while tumors scored 1, 2, and 3 were considered low delta.

https://pubs.rsna.org/journal/imaging-cancer
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Table 3: Univariate Analysis of OS and DMFS

OS DMFS

Lower Stage (n = 65) Higher Stage (n = 93) Nonmetastatic (n = 43)

Imaging Delta
Median OS 
(mo) HR P Value

Median OS 
(mo) HR P Value

Median DMFS 
(mo) HR P Value

70-keV 
PPP 
and 
PVP

High 13.5 1.87 (1.01, 
3.5)

.04 10.8 2.1 (1.28, 
3.6)

.003 20.5 2.28 (1.04, 
5.25)

.03

Low 23.3 Reference 18.0 Reference Not reached Reference

52-keV 
PPP 
and 
PVP

High 13.5 2.47 (1.25, 
4.9)

.009 10.8 2.16 (1.3, 
3.6)

.001 20.0 2.39 (1.09, 
5.39)

.02

Low 23.3 Reference 18.1 Reference Not reached Reference

Iodine 
PPP 
and 
PVP

High 11.5 2.46 (1.25, 
4.8)

.009 10.8 1.96 
(1.22, 
3.2)

.004 NA 2.08 (0.95, 
4.62)

.06

Low 23.3 Reference 13.7 Reference NA Reference

Note.—Except where otherwise noted, data in parentheses are 95% confidence intervals. Delta classification was used as a combination of 
delta measured on pancreatic parenchymal phase (PPP) images at 70-keV, 52-keV, or on iodine material density images and on conven-
tional portal venous phase (PVP) images. DMFS = distant metastasis–free survival, HR = hazard ratio, NA = not available, OS = overall 
survival.

Figure 3:  Kaplan-Meier curves for overall survival stratified by 
quantitative delta measured on dual-energy CT 70-keV pancreatic 
parenchymal phase (PPP) and conventional portal venous phase 
(PVP) images in patients with (a) lower stage and (b) higher stage 
pancreatic ductal adenocarcinoma (PDAC). (c) Kaplan-Meier 
curve of distant metastasis–free survival stratified by delta mea-
sured on 70-keV PPP and PVP.

Discussion
The oncology community continues to lack a biologically 
and clinically relevant biomarker that can stratify patients 
with newly diagnosed PDAC into distinct prognostic groups 

(10). This study has identified dual-energy CT–based candi-
date imaging biomarkers that are associated with tumor histo-
pathologic features of biologic activity and clinical outcomes 
in patients with treatment-naive PDAC. These candidate bio-
markers are based on tumor border conspicuity, or differential 
tumor interface enhancement patterns, as measured quantita-
tively on the different dual-energy CT image types, with cut 
points determined by receiver operating characteristic analy-
sis. This stratification has consistently shown that conspicuous 
high delta PDAC is a more aggressive disease, with shorter OS 
and faster development of metastases than less conspicuous 
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Figure 4:  Kaplan-Meier curves for overall survival stratified 
by delta measured on dual-energy CT 52-keV pancreatic paren-
chymal phase (PPP) and conventional portal venous phase (PVP) 
images in patients with (a) lower stage and (b) higher stage pan-
creatic ductal adenocarcinoma (PDAC). (c) Kaplan-Meier curve 
of distant metastasis–free survival stratified by delta measured on 
52-keV PPP and PVP.

Figure 5:  Kaplan-Meier curves for overall survival stratified by 
delta measured on dual-energy CT iodine material density (MD), 
pancreatic parenchymal phase (PPP), and conventional portal ve-
nous phase (PVP) images in patients with (a) lower stage pancreatic 
ductal adenocarcinoma (PDAC) and (b) higher stage PDAC. (c) 
Kaplan-Meier curve of distant metastasis–free survival stratified by 
delta measured on iodine MD PPP and PVP images.
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low delta tumors. These noninvasive tumor imaging candidate 
biomarkers can be determined at the time of diagnosis, before 
treatment. Importantly, these dual-energy CT candidate bio-
markers demonstrated consistent results in patients with dif-
ferent stage PDAC tumors, including metastatic PDAC, at 
presentation.

The physics of mass transport within body compartments and 
across biologic barriers differentiate cancer from healthy tissue. 
This differential mass transport is the basic principle that allows 
radiologists to differentiate between normal and abnormal tis-
sues in the pancreas, based on iodinated contrast medium distri-
bution. The prognostication of the candidate imaging biomark-
ers in this study may be explained by pathologic observations in 
PDAC lesions that limit effective drug delivery, factors that can 
also affect distribution of iodinated contrast media. Neoplastic 
leaky vasculature can create high interstitial fluid pressure, pre-
venting the movement of chemotherapy from the vasculature to 
the extracellular compartment (11,12). Koay et al explored other 
pathologic, genetic, and cellular bases of pancreas-tumor inter-
face by imaging PDAC subtypes and found that high delta tu-
mors were more likely to carry several poor prognosis mutations 
in conjunction with KRAS such as SMAD4, p53, and PIK3CA. 
Additionally, high delta tumors showed lower numbers of stro-
mal cell infiltrates and higher numbers of immunosuppressive 
T-regulatory cells than low delta tumors (3). This work by Koay’s 
group utilized single-energy pancreatic protocol CT. In our study 

we have applied Koay’s work to pancreatic protocol dual-energy 
CT. Our group has previously shown that viewing lower-energy 
dual-energy CT images improves PDAC lesion conspicuity, 
with tumor-to-nontumoral HU quantitative differences that are 
double those seen on the 70-keV images that are used for routine 
clinical interpretation (5). This phenomenon explains the nearly 
double HU cutoff point for the 52-keV compared with the 70-
keV cutoff value and is related to the increased contribution of 
iodine to image contrast at lower-energy dual-energy CT recon-
structed images. Extravasation of iodinated contrast agent into 
the tumoral interstitial space reflects the status of tumor mass 
transport properties and tissue microcirculation (2,13,14). The 
less conspicuous margins in patients with lower delta tumors are 
likely the result of better iodine transport to the tumor periphery 
and core, and the improved overall outcome in these patients 
might similarly be due to increased transport of chemotherapeu-
tic agents to the tumor’s actively proliferating edge.

Previous investigations using dual-energy CT to detect 
small PDAC found that 52-keV images and iodine MD images 
were subjectively rated better than 70-keV images for lesion 
conspicuity and reader confidence that a lesion was present 
(6). Gupta et al showed that independent readers scored lesion 
conspicuity and edge sharpness higher on iodine maps com-
pared with polychromatic 140-kVp images (4). Our results 
confirmed that a qualitative or subjective delta characterization 
is achievable and yielded similar associations with outcomes, as 

Table 4: Multivariate Analysis for OS and DMFS in Patients with High Delta Tumors

OS DMFS

Lower Stage (n = 65) Advanced Stage (n = 93) Nonmetastatic (n = 43)

Variable HR P Value HR P Value HR P Value

Age (y) 1.03 (1, 1.07) .03 1.02 (1, 1.04) .04 1.01 (0.98, 1.04) .37
Sex
  Female 0.56 (0.26, 1.2) .14 1.07 (0.67, 1.7) .76 0.62 (0.33, 1.13) .12
  Male Reference Reference Reference
Surgery status
  Yes 0.75 (0.35, 1.57) .44 NA NA 1.02 (0.55, 1.88) .94
  No Reference NA Reference
Baseline tumor 

size (unit)
1.02 (0.95–1.06) .3 1.01 (0.98, 1.03) .23 1.01 (0.96, 1.05) .51

Imaging
  70-keV and 

conventional 
PVP 

0.51 (0.26, 0.98) .04 1.83 (1.08, 3.22) .02 2.03 (1.11, 3.7) .02

  52-keV and 
conventional 
PVP

2.01 (1.005, 4.1) .04 1.99 (1.19, 3.42) .009 2.2 (1.16, 4.1) .01

  Iodine MD 
and conven-
tional PVP

2.2 (1.08, 4.5) .02 1.79 (1.09, 2.99) .02 2.21 (1.2, 4.2) .01

Note.—Except where otherwise noted, data in parentheses are 95% confidence intervals. Patients with low delta tumors 
were used as reference. DMFS = distant metastasis–free survival, HR = hazard ratio, NA = not available, OS = overall sur-
vival, PVP = portal venous phase.
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did the quantitative delta measurements. Optimal interreader 
agreement was achieved using iodine MD and lower-keV dual-
energy CT images.

We found that the associations between survival outcomes 
and delta classification on individual PPP dual-energy images 
that is not combined with delta on conventional PVP had 
weaker associations with clinical outcomes. This phenomenon 
might be explained by variation in achievement of an optimal 
PPP timing, resulting in a lower gradient of enhancement across 
the pancreas tumor–normal pancreas interface in this retrospec-
tive study. The technical problem related to contrast timing can 
be overcome when combining the delta score measured on con-
ventional PVP with delta score measured on each dual-energy 
CT image type. This was also the method of Koay et al in their 
study (3). In our study, this combination of findings on PPP 
and PVP yielded more robust associations with OS and DMFS 
across the different PDAC stages and indicates that tumor delta 
should be evaluated using both.

We acknowledge that this study had limitations, one being 
that it represents a heterogeneous retrospective clinical data set. 
Some heterogeneity in contrast timing that was due to individ-
ual patient factors, such as diminished cardiac output, affected 
our ability to accurately observe delta, both quantitatively and 
qualitatively, on PPP images in some cases. It will be important 
for future investigators to verify the utility of PPP dual-energy 
CT reconstruction individual delta values in a prospective study 
with strict acquisition quality control to fully explore the poten-
tial of this technique. In addition, the population is relatively 
small, from a single center, and the dual-energy CT scan delta 
analysis is based on one type of dual-energy CT scanner. Given 
the differences in scan acquisition and postprocessing software 
among dual-energy CT manufacturers, it will be important for 
others to verify these findings with other types of scanners.

In summary, dual-energy CT–based imaging biomarkers 
can be developed to stratify patients with PDAC into distinct 
prognostic groups at baseline. The candidate delta biomarker 
in PDAC is most predictive when PPP dual-energy CT metrics 
are combined with conventional PVP CT measures. Our find-
ings indicate that patients with well-defined tumor borders have 
more aggressive disease and poorer clinical outcomes. Evaluation 
of border conspicuity can be achieved with quantitative meth-
ods, and also qualitatively, using subjective visual scoring, with 
highest interreader agreement using the dual-energy CT iodine 
MD and 52-keV images. These findings can potentially be used 
for rational patient stratification in ongoing and future clinical 
trials. Ultimately, this imaging candidate biomarker can help to 
provide a more personalized approach to patients with pancre-
atic cancer.
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