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Abstract

Objective To assess the feasibility of a proposed pancreatic protocol CT generated from portal-venous phase (PVP) dual-energy

CT (DECT) acquisition and its impact on image quality, lesion conspicuity, and arterial visualization/involvement.

Methods We included 111 patients (mean age, 66.8 years) who underwent pancreatic protocol DECT (pancreatic phase, PP, and

PVP). The original DECT acquisition was used to create two data sets—standard protocol (50 keV PP/65 keV PVP) and

proposed protocol (40 keV/65 keV PVP). Three reviewers evaluated the two data sets for image quality, lesion conspicuity,

and arterial visualization/involvement using a 5-point scale. The signal-to-noise ratio (SNR) of pancreas and lesion-to-pancreas

contrast-to-noise ratio (CNR) was calculated. Qualitative scores, quantitative parameters, and dose-length product (DLP) were

compared between standard and proposed protocols.

Results The image quality, SNR of pancreas, and lesion-to-pancreas CNR of the standard and proposed protocol were compa-

rable (p = 0.11-1.00). Lesion conspicuity was comparable between the standard and proposed protocols for pancreatic ductal

adenocarcinoma (p = 0.55) and pancreatic cysts (p = 0.28). The visualization of larger arteries and arterial involvement were

comparable between the two protocols (p = 0.056—1.00) while the scores were higher for smaller vessels in the standard protocol

(p < 0.0001-0.0015). DLP of the proposed protocol (670.4 mGy-cm) showed a projected 42% reduction than the standard

protocol (1145.9 mGy-cm) (p < 0.0001).

Conclusion Pancreatic protocol CT generated from a single PVP DECT acquisition is feasible and could potentially be an

alternative to the standard pancreatic protocol with PP and PVP.

Key Points

* The lesion conspicuity for focal pancreatic lesions was comparable between the proposed protocol and standard dual-phase
pancreatic protocol CT.

* Qualitative and quantitative image assessments were almost comparable between two protocols.

* The radiation dose of a proposed protocol showed a projected 42% reduction from the conventional protocol.
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Introduction

Multi-phasic pancreatic protocol computed tomography (CT)
is considered the reference standard for initial evaluation of
focal pancreatic lesions such as pancreatic ductal adenocarci-
noma (PDAC) and pancreatic cystic lesions [1, 2]. This dy-
namic acquisition involves scanning in the pancreatic phase
(PP) and portal venous phase (PVP) [3]. The PP allows im-
proved evaluation of focal pancreatic lesions and also enables
assessment of visceral arterial anatomy and their involvement
by pancreatic pathologies [3, 4]. The PVP permits evaluation
of porto-mesenteric vasculature and detection of focal
hypodense liver lesions. In PDAC, multiphasic pancreatic
protocol CT has been considered the diagnostic standard for
local staging according to National Comprehensive Cancer
Network (NCCN) guidelines [5]. In patients with pancreatic
cysts, CT allows surveillance and assessment of internal
septations, presence of solid enhancing nodules, and evalua-
tion of main pancreatic duct. In addition, pancreatic protocol
CT is valuable in screening of patients at high risk for PDAC
[6]. Despite its benefits in imaging of the pancreas, one of the
main concerns related to CT remains the theoretical risks re-
lated to ionizing radiation exposure particularly in patients
without pancreatic malignancy and undergoing screening
and surveillance exams [7].

Dual-energy CT (DECT) scanner technology allows im-
proved tissue characterization based on their behavior at two
different energy dominant spectra. A single DECT acquisition
enables generation of multiple different image data sets such as
monoenergetic and material specific iodine images which allows
superior depiction of contrast enhancement and mitigates arti-
facts [8]. Low-energy monoenergetic images (40-55 keV) aug-
ment iodine density as they approximate the k-edge of iodine (33
keV) thereby allowing improved diagnosis of hypoattenuating
and iso-attenuating PDAC [9, 10]. At lower kilovoltage peak
(kVp) or kiloelectron volt (keV) settings, there is increased en-
hancement of pancreatic parenchyma and therefore higher
signal-to-noise ratios (SNRs) and tumor-to-pancreas contrast-
to-noise ratios (CNRs) can be obtained, compared to 6575
keV [9]. PP monoenergetic images at 45 keV and iodine maps
have been shown to improve tumor conspicuity with the opti-
mized viewing energy level for PDAC reported to be 51 keV
[11].

DECT examinations have been used to reduce radiation dose
by eliminating non-contrast CT from multiphasic examinations
[12]. Hybrid pancreatic protocol CT using split-bolus techniques
have been proposed for evaluation of focal pancreatic lesions [7,
13]. However, there are no reported studies on a hybrid pancre-
atic protocol CT exploiting the low keV monoenergetic images
generated from a DECT scan performed in the PVP. We hypoth-
esized that low-energy monoenergetic images generated from a
PVP DECT acquisition could be used to replace a conventional
PP acquisition thereby having the benefits of two phases for one

acquisition. With that goal in mind, our purpose was to study the
feasibility and diagnostic performance of a novel proposed pan-
creatic protocol CT generated from a single-phase portal venous
DECT acquisition.

Materials and methods
Patients

This retrospective study was approved by our institutional
review board and the requirement for written informed con-
sent was waived. We included 117 patients who underwent
multiphasic pancreatic protocol DECT for evaluation of pan-
creatic pathologies between April 2016 and December 2019.
Out of these 117 patients, 6 patients were excluded as they did
not have a standard pancreatic protocol DECT (PP and PVP).
The final cohort consisted of 111 patients (58 men and 53
women; mean age + standard deviation [SD], 66.8 + 13.1
years; range, 21-96 years) and included patients with PDAC
(n = 48), pancreatic cystic lesions (n = 32), both PDAC and
pancreatic cystic lesion (n = 5), and normal scans (n = 26)
(Fig. 1). None of patients with PDAC included in this study
had been treated with chemotherapy and/or radiation therapy.
Detailed patient information was recorded from the medical
records to document patient demographics, carbohydrate an-
tigen (CA) 19-9 level, treatment details, endoscopy, surgical,
and pathology reports.

Dual-energy CT technique

All the patients in this study underwent a pancreatic protocol
DECT on a rapid kV switching DECT scanner (Discovery
CT750 HD, GE Healthcare [z = 34], or Revolution CT, GE
Healthcare [n = 77]). The patients were administered 80—120
mL of iodinated contrast media (Isovue 370 mg/mL, Bracco
Diagnostics) at an injection rate of 3.5 mL/s followed by a
40-mL saline chaser. The PP was acquired after a fixed delay
of 45 s from the start of injection, and PVP was acquired 20 s
after PP acquisition. The CT imaging parameters are summa-
rized in Table 1.

Axial plane images were reconstructed for PP monoenergetic
images in 2.5-mm thickness at 50 keV and in PVP
monoenergetic images in 5-mm thickness at 40 keV and
65 keV by using projection-based material decomposition soft-
ware and a standard reconstruction kernel. These images were
transferred to Advanced Workstation server 3.2 (GE Healthcare)
and displayed with optimal window levels and widths (40 keV,
140 and 680 HU; 50 keV, 90 and 490 HU; and 65 keV, 40 and
350 HU) [14]. The dose-length product (DLP) from the dose
report was recorded for each phase.
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Fig. 1 Flow chart of included and
excluded patients

Patients underwent pancreatic protocol dual-energy CT for evaluation of
pancreatic pathologies (n = 117)

Excluded patients (n = 6)
v'"Non standard pancreatic protocol

Final population (n = 111)
58 men, 53 women, mean age, 66.8 + 13.1 years; age range, 21-96 years
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Qualitative image analysis

Three readers (Y.N., T.T., and AK.; 8, 12, and 15 years of
post-training experience in interpreting abdominal CT images,
respectively) reviewed the CT images, independently and then
in consensus, using a predefined template to evaluate—the
image quality, lesion conspicuity, visualization of
peripancreatic arteries, and degree of arterial invasion. The
image review consisted of separate sessions for the two image
protocols with a 2-week time interval. During the first session,
the reviewers evaluated the standard dual-phase protocol CT
images (i.e., PP at 50 keV and PVP at 65 keV). In the second
session, the reviewers reviewed the proposed protocol (PVP at
40 keV and PVP at 65 keV). The image quality evaluation
included assessment of image noise and diagnostic acceptabil-
ity using a 5-point scale: 5 = excellent; 4 = good; 3 = accept-
able; 2 = suboptimal; and 1 = unacceptable.

The conspicuity of focal pancreatic lesions was graded
with a 5-point scale [15]: 5 = definitely present; 4 = probably
present; 3 = equivocal; 2 = probably absent; and 1 = definitely

/

| | PDAC/cystic lesion | |

| (n=15) :
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Cystic lesion (n=37) |
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absent. A confidence score of 4 or 5 was considered definitive
for the presence of focal pancreatic lesion (PDAC or pancre-
atic cystic lesions). The visualization of celiac, superior mes-
enteric, splenic, common hepatic, gastroduodenal, first jejunal
arteries, and aorta, which are related to surgical resectability
based on the NCCN guidelines, was graded with a 5-point
scale [16]: 5 = all vascular segments from the trunk to the
subsegmental peripheral artery were clearly visualized; 4 =
intermediate between 5 and 3; 3 = nearly half of all vascular
segments were clearly visualized; 2 = intermediate between 3
and 1; and 1 = none of the vascular segments were clearly
visualized. Arterial involvement of aforementioned arteries
was graded with a 5-point scale [17, 18]: 5 = deformity; 4 =
encasement; 3 = abutment; 2 = hazy attenuation around the
arteries; and 1 = absence of tumor contact with arteries.

Quantitative image analysis

Quantitative determination of the pancreatic parenchymal
attenuation and PDAC was performed by placement of a

Table 1 Scan parameters
Parameters

Discovery CT750HD

Revolution CT

Pancreatic phase

@ Springer

Patient weight < 150 Ibs 151-250 Ibs Any

mA Fixed mA (640) Fixed mA (600) GSI assist
Rotation time 0.6 0.8 0.8

Pitch 1.375 1.375 0.992

Portal venous phase

Patient weight < 150 Ibs 151-250 Ibs Same as pancreatic phase
mA Fixed mA (375) Fixed mA (630)

Rotation time 0.7 0.5

Pitch 1.375 1.375

For both phases

Slice/detector 40 80

Kernel Standard

Reconstruction ASiR 50% ASIR-V 50%
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circular region-of interest (ROI) on PP monoenergetic
images at 50 keV and PVP monoenergetic images at
40 keV to measure the CT attenuation of pancreatic pa-
renchyma and PDAC, respectively. The estimation of
pancreatic parenchymal mean CT number was performed
by placing a circular ROI on the pancreatic segment
downstream from the PDAC, carefully avoiding the main
pancreatic duct, visible vessels, and artifacts. In those
situations where placement of ROI downstream from
PDAC was not possible in pancreatic head tumors, ROI
placement was done upstream from the PDAC. The
mean CT number of the PDAC was obtained by using
a circular ROI drawn to encompass as much of the
PDAC as possible on the monoenergetic images that
showed the maximum PDAC diameter, carefully
avoiding visible vessels and artifacts. For each
monoenergetic image, 1 SD of the CT number of the
homogeneous anterior abdominal wall fat tissue was de-
fined as the background noise. The SNR of the pancreas
was calculated by dividing the CT number of pancreatic
parenchyma by the background noise. The CNR was
calculated by the following equation: CNR =
(HUpancreas — HUppac)/background noise, where
HU pancreas represents the mean CT number of pancreatic
parenchyma and HUppac represents that of PDAC.

Statistical analysis

Statistical analyses were performed using the MedCalc
version 19.4.1 software program for Windows (MedCalc
Software). The Mann—Whitney U test was conducted to
evaluate differences in the confidence ratings for conspi-
cuity of focal pancreatic lesions, visualization of
peripancreatic arteries, degree of arterial invasion, and
DLP between standard dual-phase and proposed proto-
cols, and in the confidence ratings for image noise, diag-
nostic acceptability, CT numbers of pancreatic parenchy-
ma and PDAC, background noise, SNR of the pancreas,
and CNR between PP monoenergetic images at 50 keV
and PVP monoenergetic images at 40 keV. The McNemar
and Fisher’s exact tests were performed to evaluate the
differences in the sensitivity, specificity, positive predic-
tive value (PPV), negative predictive value (NPV), and
accuracy for detecting focal pancreatic lesions between
standard dual-phase and proposed protocols.
Interobserver variability in confidence ratings was
assessed by using the x statistics, which measure the de-
gree of agreement between three reviewers. A « value of <
0.20 was interpreted as slight agreement, 0.21-0.40 as fair
agreement, 0.41-0.60 as moderate agreement, 0.61-0.80
as substantial agreement, and > 0.81 as almost perfect
agreement. A p value < 0.05 was considered statistically
significant.

Results
Patient demographics and tumor characteristics

Patient demographics and lesion characteristics are summarized
in Table 2. Among the focal pancreatic lesions included in the
study, PDACs were located in pancreatic head (n = 37), body (n
=9), and tail (n = 7) and pancreatic cysts were located in pan-
creatic head (n = 18), body (rn = 5), and tail (n = 14). CA 19-9
level was 702.9 + 1064.5 U/mL. Twenty-nine patients
underwent surgical exploration for resection of PDAC
(pancreatoduodenectomy, n = 18; distal pancreatectomy, n = 6)
and RO resection was achieved in 23 patients (79.3%). In 5
patients, locally advanced unresectable tumor was encountered
during surgical exploration. Surgical resection was not performed
in 24 patients. Pathological (n = 24) or clinical (n = 29) T clas-
sification was la in 3 patients, 1b in 1 patient, 1¢ in 8 patients, 2
in 29 patients, 3 in 4 patients, and 4 in 8 patients. Pathological (n
= 24) or clinical (n = 29) N classification was 0 in 40 patients, 1
in 10 patients, and 2 in 3 patients. Perineural and arterial invasion
were observed in 17 and 0 patients, respectively. The mean tu-
mor size of PDAC was 29.4 + 13.3 mm and that of the pancreatic
cystic lesions was 7.0 + 1.8 mm. All pancreatic cystic lesions
included in the study had no worrisome features such as mural
nodules, thickened cyst wall, or dilated main pancreatic duct.

Qualitative image analysis
Image quality and lesion conspicuity

There was no significant different in image noise (p = 0.56) and
diagnostic acceptability (p = 0.13) scores in consensus between
PP monoenergetic images at 50 keV and PVP monoenergetic
images at 40 keV, except for the reviewer 3 during independent
review (who had higher diagnostic acceptability scores of PVP
monoenergetic images at 40 keV over PP monoenergetic images
at 50 keV, p = 0.020) (Table 3) (Fig. 2).

The qualitative lesion conspicuity based on a 5-point confi-
dence scale was comparable between the standard dual-phase
and proposed protocols for PDAC (p = 0.55) and pancreatic
cysts (p = 0.28) (Table 3). When the diagnostic performance
was analyzed using a confidence score of 4 or 5 as definitive
for the presence of focal pancreatic lesion, the difference be-
tween the two protocols was not statistically significant (p =
0.19-1.00). The sensitivity, specificity, PPV, NPV, and accura-
cy for detecting all pancreatic lesions was 94.4% (85/90), 100%
(26/26), 100% (85/85), 83.9% (26/31), and 95.7% (111/116) on
standard dual-phase protocol and 87.8% (79/90), 96.2% (25/26),
98.8% (79/80), 69.4% (25/36), and 89.7% (104/116) on the
proposed protocol, respectively. The sensitivity, specificity,
PPV, NPV, and accuracy for detecting PDAC was 94.3% (50/
53), 100% (58/58), 100% (50/50), 95.1% (58/61), and 97.3%
(108/111) on standard dual-phase protocol and 86.8% (46/53),
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Table 2  Patient demographics and lesion characteristics

Background factors

66.8 +13.1 (21-96)
58:53

70.3 +16.1 (41.3-112.9)
24.9 + 4.8 (16.9-45.5)

Age (year)
Male:female
Body weight (kg)
Body mass index

PDAC location (head:body:tail) 37:9:7

Pancreatic cystic lesion location 18:5:14
(head:body:tail)

CA19-9 (U/mL) 702.9 +1064.5 (1-3634.0)

Type of operation (PD:DP) 18:6

Surgical margin (RO:R1:R2)* 23:1:5

p/cT (la:1b:1c:2:3:4) 3:1:8:29:4:8

p/cN (0:1:2) 40:10:3

M (0:1) 35:18

Perineural invasion (—:+) 7:17

Arterial invasion (—:+) 24:0

Tumor size of PDAC (mm)

Size of pancreatic cystic lesion (mm)

29.4+ 133 (11.6-67.4)
7.0+ 1.8 (3.6-11.3)

CA19-9 carbohydrate antigen 19-9, PDAC pancreatic ductal adenocarci-
noma, PD pancreatoduodenectomy, DP distal pancreatectomy, p/cT
pathological/clinical T classification, p/cN pathological/clinical N
classification

Data are means + | standard deviation with ranges in parentheses

*In 5 patients tumors were categorically unresectable during surgical
exploration

98.3% (57/58), 97.9% (46/47), 89.1% (57/64), and 92.8% (103/
111) on the proposed protocol, respectively; however, the dif-
ferent was not statistically significant (p = 0.13—1.00) (Fig. 3).
The sensitivity, specificity, PPV, NPV, and accuracy for detect-
ing pancreatic cystic lesion were 94.6% (35/37), 100% (74/74),
100% (35/35), 97.4% (74/76), and 98.2% (109/111) on standard
dual-phase protocol and 89.2% (33/37), 100% (74/74), 100%
(33/33), 94.9% (74/78), and 96.4% (107/111) on the proposed
protocol, respectively; however, the difference was not statisti-
cally significant (p = 0.50-1.00) (Fig. 4).

Three PDACs (Tlc [n = 1; confidence rating, 3 in both
protocols] and T2 [n = 2; confidence ratings, 2 and 3 in both
protocols] tumors) had lower confidence score for tumor con-
spicuity on both standard dual-phase and the proposed proto-
cols. On the proposed protocol, four additional PDACs had a
confidence score of 3 (equivocal) for lesion conspicuity.
These tumors were iso-attenuating to the surrounding pancre-
atic parenchyma and on pathological correlation, they were
Tla (n = 1) and Tlc (n = 3) tumors measuring < 20 mm in
size. All these tumors demonstrated mild pancreatic ductal
dilatation with abrupt cutoff which resulted in them being
considered suspicious on the blinded review and therefore
were given a confidence score of 3. Only one case with con-
fidence rating of 3 in standard dual-phase protocol had no
PDAC but instead a pancreatic cystic lesion. Regarding

@ Springer

pancreatic cystic lesions, two pancreatic cystic lesions
(3.6 mm and 4.3 mm) were not detected in either standard
dual-phase or proposed protocols. Two additional lesions
(5.2 mm and 6.3 mm) were missed in the proposed protocol.

Arterial evaluation

The visualization of larger visceral arteries (celiac, superior
mesenteric, and splenic arteries) was comparable between
the two protocols (p = 0.056-0.56). The visualization scores
of common hepatic (p = 0.0015), gastroduodenal (p < 0.0001),
and first jejunal arteries (p < 0.0001) were significantly better
in standard dual-phase protocol than in proposed protocol.
The determination of arterial involvement scores was compa-
rable between the two protocols (p = 0.69—1.00). The confi-
dence scores of each reviewer and p values are shown in
Tables 4 and 5. The x value was ranged from 0.32 to 1.00,
indicating fair to almost perfect agreement between the three
reviewers.

Quantitative image analysis

CT numbers of the pancreas (232.3 = 47.4 HU [133.8-373.4
HU] vs. 263.9 +49.5 HU [116.9-416.9 HU]; p < 0.0001) and
PDAC (108.3 +45.7 HU [19.0-213.6 HU] vs. 166.2 + 63.2 HU
[48.7-270.4 HU]; p < 0.0001), and background noise (19.5+ 3.6
[11.9-30.6] vs. 23.3 + 8.0 [8.8-55.6]; p = 0.0010), were signif-
icantly greater in PVP monoenergetic images at 40 keV than in
PP monoenergetic images at 50 keV. No significant different
was detected in SNR of the pancreas (12.3 + 3.4 [5.6-23.5] vs.
12.3 £4.0 [3.4-25.6]; p = 0.84) and CNR (6.7 £ 3.6 [0.4-19.1]
vs. 5.8 £ 4.2 [0.2-25.6]; p = 0.11) between PP monoenergetic
images at 50 keV and PVP monoenergetic images at 40 keV.

Radiation exposure

The mean DLP in standard dual-phase protocol are the total of
those in PP and PVP. The projected mean DLP (670.4 +190.5
mGy-cm) in the proposed protocol were significantly lower
than those in standard dual-phase protocol (mean DLP,
1145.9 +£308.0 mGy-cm) (p < 0.0001). An average reduction
rate of mean DLP and case-based reduction rate of DLP were
41.5% and 41.2% (range, 28.6-71.5%), respectively.

Discussion

Multiphasic pancreatic protocol CT is the initial imaging modal-
ity of choice in the evaluation of patients with suspected focal
cystic or solid pancreatic lesions. While radiation dose reduction
is not a consideration in patients with malignancies such as
PDAC, a low-dose pancreatic protocol CT is desirable in pa-
tients without malignant pancreatic processes, for example, in
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Table 3  Image quality and tumor conspicuity in standard dual-phase and proposed protocols

Standard dual-phase protocol Proposed protocol p value (confidence rating)

(PP images at 50 keV)T (PVP images at 40 keV) f

Confidence rating x value Confidence rating & value
Image noise’ 39+04 (2-5) 39+04 (2-5) 0.56
Reader 1 3.9+04 (2-5) 0.69 (R1vs.R2) 3.9+04(2-5) 0.90 (R1vs.R2) 043
Reader 2 3.9+04 (2-5) 0.53 (R2vs.R3) 39+0.4(2-5) 0.51 (R2vs.R3) 0.71
Reader 3 3.9+0.5(2-5) 0.55 (R1vs.R3) 4.0+0.5(2-5) 0.49 (R1vs.R3) 0.10
Diagnostic acceptability” 4.0+0.3 (2-5) 3.9+0.3(2-35) 0.13
Reader 1 4.0+0.3 (2-5) 0.82 (R1vs.R2) 3.9+0.3(2-5) 0.95 (R1vs.R2) 0.20
Reader 2 4.0+0.3(3-5) 0.41 (R2vs.R3) 3.9+0.3(2-5) 0.30 (R2vs.R3) 0.13
Reader 3 4.0+0.5(2-5) 036 (R1vs.R3) 42+0.6(2-5) 0.29 (R1 vs. R3)  0.020%*
Conspicuity of PDAC 28+1.9 (1-5) 2.7+£1.8(1-5) 0.55
Reader 1 28+1.9 (1-5) 091 (R1vs.R2) 2.7+£1.8(1-5) 0.92 (R1vs.R2) 0.53
Reader 2 28+1.9 (1-5) 096 (R2vs.R3) 2.7+1.8(1-5) 0.90 (R2 vs. R3) 0.50
Reader 3 2.8+1.9 (1-5) 095 (R1vs.R3) 2.8+19(1-5) 0.88 (R1 vs. R3) 0.87
Conspicuity of pancreatic cystic lesion 2.4 + 1.7 (1-5) 2.1£1.6 (1-5) 0.28
Reader 1 23+1.7(1-5) 098 (R1vs.R2) 2.1+1.6(1-5) 0.99 (R1vs.R2) 041
Reader 2 23+ 1.7 (1-5) 0.83 (R2vs.R3) 2.1+1.6(1-5) 0.81 (R2 vs. R3) 0.40
Reader 3 23+ 1.8 (1-5) 0.86 (R1vs.R3) 2.3+1.8(1-5) 0.81 (R1vs.R3) 0.88

PP pancreatic phase, PVP portal venous phase, PDAC pancreatic ductal adenocarcinoma, N.A. not applicable

Data are means + | standard deviation with ranges in parentheses
*p < 0.05, significant difference

" Image quality was compared between PP monoenergetic images at 50 keV and PVP monoenergetic images at 40 keV

patients undergoing follow-up imaging surveillance for pancre-
atic cysts and in screening evaluation of patients at high risk for
PDAC such as those with new-onset diabetes mellitus. We in-
vestigated a novel pancreatic protocol CT with the PP generated
from a single PVP DECT acquisition and found that this pro-
posed protocol is feasible and could potentially be an alternative
to the standard dual-phase pancreatic protocol CT for routine
evaluation of focal pancreatic lesions with comparable diagnos-
tic performance. The elimination of the PP showed significant
projected radiation dose reduction of 44%.

Qualitative determination of lesion conspicuity on PVP
monoenergetic images at 40 keV for both solid and cystic

Fig. 2 a Axial pancreatic phase
monochromatic image at 50 keV
and (b) axial portal venous phase
monochromatic image at 40 keV
show comparable image quality.
Pancreatic ductal adenocarcinoma
(arrow) is also well visualized

pancreatic lesions was comparable to the PP monoenergetic
images at 50 keV. The pooled diagnostic performance for de-
tecting focal pancreatic lesions in our cohort which included 26
normal scans was comparable between the standard dual-phase
and proposed protocols. The lower sensitivity scores for diag-
nosis of focal pancreatic lesions is due to our strict criteria for
definitive lesion detection based on the confidence scores; i.e.,
we used only those lesions with a confidence score of 4 or 5 as
definitive for presence of a lesion. The four PDACs with lower
conspicuity scores on the PVP monoenergetic images at 40 keV
were tumors measuring < 20 mm and iso-attenuating to the
surrounding pancreatic parenchyma. However, presence of
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Fig. 3 A 68-year-old female with pancreatic ductal adenocarcinoma
(PDAC) in the pancreatic head. a Axial pancreatic phase (PP)
monochromatic image at 50 keV, (b) axial portal venous phase (PVP)
monochromatic image at 40 keV, and (¢) axial PVP monochromatic

additional features such as main pancreatic ductal dilatation and
abrupt duct-off allowed their identification and an equivocal
confidence score of 3 on the blinded review. The sensitivity of
CT for detecting PDAC has been reported to be 86-89% [19,
20] and the sensitivity falls to 70% for lesions < 20 mm in size
[19]. Based on prior published literature on detection of PDAC,
the sensitivity for detecting PDAC of our proposed protocol was
comparable despite the rigorous criteria (86.8%).

We found that the visualization of large arteries such as the
celiac, superior mesenteric, and splenic arteries, the degree of
arterial invasion, image quality, SNR of the pancreas, and
CNR were not significantly different between the standard
dual-phase and proposed protocols. On the other hand, the
visualization of small arteries including common hepatic, gas-
troduodenal, and first jejunal arteries was significantly better
in standard dual-phase protocol compared to the proposed
protocol. However, there was no significant difference in the
determination of arterial involvement between the two proto-
cols. Therefore, we believe that the proposed protocol main-
tains the ability of the reader to accurately evaluate arterial

image at 65 keV show hypovascular PDAC (arrow). The visualization
of PDAC is comparable between 50 keV PP (a) and 40 keV PVP (b)
monochromatic images

involvement on the PVP monoenergetic images at 40 keV
without affecting the assessment of tumor resectability.
Although image quality was comparable between PP
monoenergetic images at 50 keV and PVP monoenergetic im-
ages at 40 keV, the confidence score was slightly lower, and
background noise was significantly greater for PVP
monoenergetic images at 40 keV compared with PP
monoenergetic images at 50 keV. At lower energy levels,
monoenergetic image reconstruction is associated with increas-
ing beam-hardening artifacts, often leading to reduction in im-
age quality compared with conventional image reconstruction
[21]. Moreover, spatial resolution is also decreased in
monoenergetic images reconstruction at lower energy levels,
which affects the visualization of small arteries [22].
However, the newer generation rapid-kilovoltage-switching
DECT can reduce beam-hardening artifacts and improve spatial
resolution at lower energy levels [23]. Additionally, a new gen-
eration reconstruction technique, ASiR-V, has been applied for
several clinical settings which improves the objective and sub-
jective image quality compared with ASiR [24-27]. In our

Fig. 4 A 64-year-old female with pancreatic cystic lesion in the head. a
Axial pancreatic phase (PP) monochromatic image at 50 keV, (b) axial
portal venous phase (PVP) monochromatic image at 40 keV, and (c¢) axial

@ Springer

PVP monochromatic image at 65 keV show well-defined cystic lesion
(arrow). The visualization of pancreatic cystic lesion is comparable be-
tween 50 keV PP (a) and 40 keV PVP (b) monochromatic images
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Table 4  Arterial visualization in standard dual-phase and proposed protocols

Standard dual-phase protocol

Proposed protocol p value (confidence rating)

Confidence rating k value Confidence rating k value
Celiac artery 5.0(5) 49 +0.1 (4-5) 0.32
Reader 1 5.0 (5) 1.00 (R1 vs. R2) 49 +0.1 (4-5) 1.00 (R1 vs. R2) 0.32
Reader 2 5.0 (5) 1.00 (R2 vs. R3) 49+0.1 (4-5) 0.39 (R2 vs. R3) 0.32
Reader 3 5.0 (5 1.00 (R1 vs. R3) 49+04 (4-5) 0.39 (R1 vs. R3) 0.024*
Superior mesenteric artery 49+0.1 (4-5) 49+0.1 (4-5) 0.56
Reader 1 49 +0.1 (4-5) 1.00 (R1 vs. R2) 49+0.1 (4-5) 0.85 (R1 vs. R2) 0.56
Reader 2 49 +0.1 (4-5) 1.00 (R2 vs. R3) 49+0.2 (3-5) 0.39 (R2 vs. R3) 0.56
Reader 3 50 (5) 1.00 (R1 vs. R3) 49+0.4 (3-5) 0.32 (R1 vs. R3) 0.044%
Splenic artery 49 +0.2 (4-5) 48+0.5(2-5) 0.056
Reader 1 49 +0.2 (4-5) 0.65 (R1 vs. R2) 48+0.5(2-5) 0.96 (R1 vs. R2) 0.056
Reader 2 49 +0.2 (4-5) 0.79 (R2 vs. R3) 48+0.5(2-5) 0.51 (R2 vs. R3) 0.009*
Reader 3 49+0.2 (4-5) 0.56 (R1 vs. R3) 48 +0.7 (1-5) 0.51 (R1 vs. R3) 0.023*
Common hepatic artery 4.9+ 0.4 (1-5) 4.7 +0.7 (1-5) 0.0015%*
Reader 1 49 +0.4 (1-5) 0.85 (R1 vs. R2) 4.7+0.7 (1-5) 0.95 (R1 vs. R2) 0.0005%*
Reader 2 4.9 %04 (1-5) 0.66 (R2 vs. R3) 4.7+0.7 (1-5) 0.56 (R2 vs. R3) 0.0002%
Reader 3 49 +0.2 (4-5) 0.56 (R1 vs. R3) 4.7+0.8 (1-5) 0.63 (R1 vs. R3) < 0.0001*
Gastroduodenal artery 4.6 +1.0 (1-5) 41+1.1(1-5) < 0.0001*
Reader 1 4.6 +£0.9 (1-5) 0.99 (R1 vs. R2) 41+1.1(1-5) 0.96 (R1 vs. R2) <0.0001*
Reader 2 4.6+ 1.0 (1-5) 0.63 (R2 vs. R3) 4.0+ 1.1 (1-5) 0.66 (R2 vs. R3) < 0.0001*
Reader 3 4.7+0.8 (1-5) 0.65 (R1 vs. R3) 41+1.1(1-5) 0.60 (R1 vs. R3) < 0.0001*
First jejunal artery 4.7+0.7 (1-5) 42+ 1.1 (1-5) < 0.0001*
Reader 1 4.7 +0.7 (1-5) 0.97 (R1 vs. R2) 42+ 1.1 (1-5) 0.97 (R1 vs. R2) < 0.0001*
Reader 2 4.7+0.7 (1-5) 0.80 (R2 vs. R3) 4.1+ 1.1(1-5) 0.80 (R2 vs. R3) < 0.0001*
Reader 3 4.8+0.7 (1-5) 0.63 (R1 vs. R3) 44+1.0 (1-5) 0.63 (R1 vs. R3) 0.0002
Aorta 5(5) 5(5) 1.00
Reader 1 5(5) 1.00 (R1 vs. R2) 5(5) 1.00 (R1 vs. R2) 1.00
Reader 2 5(5) 1.00 (R2 vs. R3) 5(5) 1.00 (R2 vs. R3) 1.00
Reader 3 5(5) 1.00 (R1 vs. R3) 5() 1.00 (R1 vs. R3) 1.00

N.A. not applicable
Data are means + 1 standard deviation with ranges in parentheses
*p < 0.05, significant difference

study, approximately one-third of cases were scanned by
Discovery CT750HD, an earlier generation scanner compared
to Revolution CT, and we applied ASiR of 50% for all patients
scanned by Discovery CT750HD because of the retrospective
study design. Newer technological innovations potentially
could improve image quality and visualization of small arteries.

Diagnostic reference levels (DRLs) and achievable dose
(AD) are the performance parameters for radiation protection
and optimization of patient imaging [28]. DRLs and AD are
typically set to the 75th and 50th percentile of the dose distri-
bution based on a survey [29]. The developed DRLs and AD
for the abdomen and pelvis with contrast material were
15 mGy and 12 mGy in CTDIvol, and 755 mGy-cm and
608 mGy-cm in DLP [29]. AD was almost reached when
applying the proposed pancreatic protocol for patients with
PDAC.

Rising use of cross-section imaging has led to increasing
detection of pancreatic cysts and follow-up imaging with
contrast-enhanced pancreatic protocol CT or MRI is being
recommended by multiple organizations for surveillance of
pancreatic cysts to identify worrisome features or PDAC
[30]. Pancreatic surveillance or screening for PDAC is

recommended in select high-risk individuals with family his-
tory or genetic predisposition, or in those patients with new-
onset diabetes mellitus [31, 32]. While pancreatic protocol CT
and MRI are comparable for detecting worrisome features in
pancreatic cysts or diagnosis of PDAC, one of the limitations
of CT is the cumulative radiation exposure related to multiple
follow-up CT scans [30]. Previous studies have investigated
the efficacy of hybrid CT protocols such as split bolus tech-
niques which incorporate splitting of the contrast material in-
jection and obtaining multiple contrast phases in a single scan
[7, 13]. Split-bolus pancreatic protocol CT allows radiation
dose reduction while maintaining image quality and tumor
conspicuity but would require additional dose of contrast bo-
lus which is not desirable in patients with borderline renal
insufficiency [33]. Our proposed protocol allows creation of
a PP from a low keV PVP acquisition with similar diagnostic
performance to a dual-phase acquisition without additional
intravenous contrast dose. This novel technique would be a
valuable tool in pancreatic screening and surveillance of pa-
tients with pancreatic cysts.

Our study has several limitations. First, this was a ret-
rospective study with a small sample size which could
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Table 5 Arterial involvement in standard dual-phase and proposed protocols
Standard dual-phase protocol Proposed protocol p value (confidence rating)
Confidence rating k value Confidence rating k value

Celiac artery 1.2 +0.8 (1-5) 1.2+ 0.8 (1-5) 1.00
Reader 1 1.2+£0.8 (1-5) 0.99 (R1 vs. R2) 1.2+0.8 (1-5) 1.00 (R1 vs. R2) 0.81
Reader 2 1.2+0.8 (1-5) 0.96 (R2 vs. R3) 1.2+0.8 (1-5) 0.86 (R2 vs. R3) 0.99
Reader 3 1.2£0.9 (1-5) 0.95 (R1 vs. R3) 1.3£0.9 (1-5) 0.86 (R1 vs. R3) 0.63
Superior mesenteric artery 1.5+1.0 (1-5) 14 +£1.0 (1-5) 0.69
Reader 1 1.4+1.0(1-5) 0.98 (R1 vs. R2) 14+1.0(1-5) 0.99 (R1 vs. R2) 0.89
Reader 2 1.4 +£1.0 (1-5) 0.94 (R2 vs. R3) 1.4 £1.0 (1-5) 0.89 (R2 vs. R3) 0.72
Reader 3 1.4+ 1.0 (1-5) 0.93 (R1 vs. R3) 14+1.1(1-5) 0.91 (R1 vs. R3) 0.82
Splenic artery 14+£1.2 (-5 14+£1.2 (-5 1.00
Reader 1 14+1.2(1-5) 0.99 (R1 vs. R2) 14+12(1-5) 1.00 (R1 vs. R2) 1.00
Reader 2 14+1.1(1-5) 0.95 (R2 vs. R3) 14+12(1-5) 0.90 (R2 vs. R3) 0.99
Reader 3 1.5+1.2(1-5) 0.93 (R1 vs. R3) 1.5+£1.3(1-5) 0.90 (R1 vs. R3) 0.53
Common hepatic artery 1.3+0.9 (1-5) 1.3+0.9 (1-5) 1.00
Reader 1 1.3+£0.9 (1-5) 0.88 (R1 vs. R2) 1.3£0.9 (1-5) 0.95 (R1 vs. R2) 0.88
Reader 2 1.3+0.9 (1-5) 0.89 (R2 vs. R3) 1.3£0.9 (1-5) 0.79 (R2 vs. R3) 0.88
Reader 3 1.3+£0.9 (1-5) 0.90 (R1 vs. R3) 1.4 £1.0 (1-5) 0.83 (R1 vs. R3) 0.56
Gastroduodenal artery 1.8 £ 1.4 (1-5) 1.7+ 1.4 (1-5) 0.97
Reader 1 1.8+ 1.4 (1-5) 0.92 (R1 vs. R2) 1.7+ 1.4 (1-5) 0.96 (R1 vs. R2) 0.93
Reader 2 1.7+1.4(1-5) 0.89 (R2 vs. R3) 1.8+ 1.4 (1-5) 0.90 (R2 vs. R3) 091
Reader 3 1.8+ 1.5(1-5) 0.89 (R1 vs. R3) 1.8+ 1.4 (1-5) 0.89 (R1 vs. R3) 0.91
First jejunal artery 1.3+1.0(1-5) 1.3+1.0(1-5) 0.84
Reader 1 1.3+ 1.0 (1-5) 0.97 (R1 vs. R2) 1.3+ 1.0 (1-5) 1.00 (R1 vs. R2) 0.84
Reader 2 1.3+£0.9 (1-5) 0.93 (R2 vs. R3) 1.3+£1.0 (1-5) 0.82 (R2 vs. R3) 0.82
Reader 3 1.3+0.9 (1-5) 0.91 (R1 vs. R3) 14+1.1(1-5) 0.82 (R1 vs. R3) 0.66
Aorta 1.1+£0.4 (1-3) 1.1£04 (1-3) 1.00
Reader 1 1.1 £0.4 (1-3) 1.00 (R1 vs. R2) 1.1 £0.4 (1-3) 1.00 (R1 vs. R2) 1.00
Reader 2 1.1+0.4(1-3) 0.85 (R2 vs. R3) 1.1+£0.4(1-3) 0.74 (R2 vs. R3) 1.00
Reader 3 1.1 £0.3(1-3) 0.85 (R1 vs. R3) 1.1£04 (1-3) 0.74 (R1 vs. R3) 0.70

N.A. not applicable

Data are means + 1 standard deviation with ranges in parentheses

result in selection bias. A non-inferiority design comparing
the proposed protocol with the standard dual-phase pancre-
atic protocol could not be performed as a significantly
larger sample size would be needed to validate the results.
However, as our study reports the feasibility of using a
single PVP for creation of dual-phase pancreatic protocol
CT, future studies in larger cohorts could be performed.
Secondly, the slice thickness was different between PP
(2.5 mm) and PVP (5 mm) monoenergetic images. This
difference probably affects the slightly lower confidence
scores for conspicuity of focal pancreatic lesions, visuali-
zation of small arteries, and background noise. Third, pa-
tients scanned on two different rapid-kilovoltage-switching
DECT scanners were included in the study (Discovery
CT750 HD and Revolution CT, GE Healthcare). CT num-
bers of the liver (121.9 HU vs. 123.1 HU) and pancreas
(101.9 HU vs. 110.1 HU) in PVP were not so different
between Discovery CT750 HD and Revolution CT accord-
ing to previous reports [14, 34]. Given the similar DECT
technology, the variation of scanners would have had no
more than minimal impact on the study results. Finally, we
only used rapid-kilovoltage-switching DECT scanners

@ Springer

from a single vendor. Therefore, further clinical studies
with a larger sample size and unified slice thickness are
required to validate our results for other DECT scanners
such as dual-source or multi-layer spectral DECT.

In conclusion, a proposed pancreatic protocol CT gen-
erated from a single PVP DECT acquisition is feasible
and can potentially be an alternative to the standard
dual-phase acquisition. This proposed protocol has the
potential in patients with suspected pancreatic disease or
benign pancreatic processes or those patients undergoing
repeated imaging evaluation for screening of pancreatic
malignancy.
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