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ABSTRACT

Purpose: In patients with pancreatic ductal adenocar-
cinoma (PDAC) a low-tube-voltage, high-iodine-load
multidetector computed tomography (MDCT) proto-
col has been shown to increase tumour conspicuity
compared to normal-tube-voltage, normal-iodine-load
(standard) protocol. The aim of this study was to pro-
spectively compare a low-tube-voltage with high- or
normal-iodine-load MDCT protocol with a standard
protocol regarding vascular involvement in patients
with PDAC.

-

Nikolaos Kartalis

Material and Methods: Thirty consecutive patients
(16 women-14 men; mean age 67 and 65 years, respec-
tively) with PDAC, deemed primary resectable at the
multidisciplinary board, underwent twice preopera-
tive triple-phase MDCT according to: (i) 120-kV stand-
ard protocol (PS; 0.75g iodine (I)/kg body weight, n=30)
and (i) 80-kV protocol A (PA; 0.75g 1/kg, n=14) or pro-
tocol B (PB; 1g I/kg, n=16). Two independent readers
evaluated vascular involvement and accuracy per pro-
tocol was calculated. A third reader calculated the ves-
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sel-to-tumour contrast-to-noise ratio (CNR). Statisti-
cal analysis was performed with the Chi-square test.
Standard of reference was surgical and histopatholog-
ical findings.

Results: For readers 1/2, the accuracy of PS, PA, and
PB was 91/91,92/94, and 92/90%, respectively (P>0.05).
Compared to PS, PA and PB showed significantly high-
er artery-to-tumour CNR in the parenchymal phase
(P=0.015 and 0.0016, respectively) and vein-to-tumour
CNR in the portal-venous phase (both, P<0.001). PB had
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1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a disease
with dismal prognosis and an incidence that closely par-
allels the mortality rate [1]. Surgical removal of the tu-
mour is the only potential curative therapy [2]. Approx-
imately 15-20% of patients benefit from upfront surgery
[3] but the majority present with a non-resectable tu-
mour [4]. For a third group of patients, neoadjuvant ther-
apy increases the likelihood of surgical resection with
negative margins and offers upfront treatment of poten-
tially coexisting microscopic distant tumour spread. For
these reasons, and given the fact that pancreatic cancer
surgery bears a significant risk for severe postoperative
complications [5], it is of utmost importance to assign
each patient to the appropriate group [6].

A critical aspect in the evaluation of patients with PDAC
is the assessment of the local tumour extent. Many classifi-
cation systems have been introduced over the last two dec-
ades [7, 8]. The most important criterion is the description
of the interface between the tumour and the major per-
ipancreatic vessels. Lu et al. [9] were the first to describe
that a radiographic interface between the tumour and the
adjacent vessel measuring at least 180 degrees of the ves-
sel’s circumference is a specific indicator of vessel wall in-
filtration, which necessitates vascular resection in order to
remove the tumour without macroscopic residual disease.

The wide availability of multidetector computed tomog-
raphy (MDCT) and recent technical advances that permit
high spatial resolution, have made MDCT the preferred mo-
dality for the investigation of patients with a suspicion of
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significantly higher artery-to-tumour CNR compared
to PA in parenchymal phase (P=0.049).

Conclusions: In primary resectable PDAC, vascular in-
volvement was assessed with similarly high accuracy
with all protocols. Low-tube-voltage protocols, particu-
larly with high-iodine-load, increase the vessels-to-tu-
mour CNR compared to standard protocol and may
prove beneficial in patients with locally advanced tu-
mours where assessment of vascular invasion may be
challenging.

pancreatic neoplasm/ductal; tumour staging; multidetector CT/protocols;

PDAC [10, 11]. Accordingly, the International Study Group
of Pancreatic Surgery (ISGPS) suggests that the preoper-
ative evaluation of tumour resectability should be based
on MDCT [12]. The pancreatic parenchymal phase (PPP)
is the optimal phase for the detection of PDAC because of
the higher attenuation difference between the hypovascu-
lar tumour and the surrounding structures. Two parame-
ters that influence this difference are the dosage (g of io-
dine) of the intravenous injected contrast medium (CM)
and the scanner’s tube voltage. Since 1995 it has been es-
tablished that the dosage of the intravenously administered
CM should be at least 0.52 g iodine (1)/kg body weight for
optimal detection of hypovascular liver metastasis [13] and
that 0.75 gI/kgbody weight is superior to 0.6 gI/kg and 0.45
g1/kgbody weight for liver and pancreatic imaging, respec-
tively [14]. Tube voltage at 120 kV is considered standard in
abdominal imaging[15, 16]. By reducing the tube voltage to
80 kV, the mean photon energy of the X-ray beam lies clos-
er to the k-edge of iodine (33.2 keV), which leads to higher
attenuation of the iodine-containing structures [17].

The purpose of this prospective randomised study was
to compare a low-tube-voltage with high- or normal-io-
dine-load MDCT protocol with a normal-tube-voltage, nor-
mal-iodine-load (standard) protocol regarding vascular in-
volvement in patients with PDAC.

2. Materials and Methods

This prospective randomised study was fully approved by
the regional ethics review board and performed accord-
ing to the ethical standards as described by the Declaration
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Table 1. The three different MDCT examination protocols
Standard A B

Protocol

Oral contrast 1,000 ml tap water, 30 min prior to examination

Intravenous contrast iomeprol 400 mg/ml* or iodixanol 320 mg/ml**

Volume (g I/kg body weight) 0.75 0.75 1

Injection duration™*** (s) 25 25 25

Nacl flush 50 ml at 5 ml/s 50 ml at 5 ml/s 50 ml at 5 ml/s
Scan start & range

NCP Upper abdomen

PPP Upper abdomen; 20 s after bolus tracking reached 160 HU in the aorta

at the level of the first lumbar vertebra

PVP

Abdomen and pelvis; 25 s after the end of PPP

Scanning parameters PPP

Tube voltage (kV) 120 80 80
Tube current (mA) ATCM ATCM ATCM
Section collimation (mm) 64X 0.625 64 X 0.625 64 x0.625
Table feed (mm) 20 20 20
Rotation time (s) 0.6 0.6 0.6
Noise index 22 10 10
Scanning parameters PVP

Tube voltage (kV) 120 80 80
Tube current (mA) ATCM ATCM ATCM
Section collimation (mm) 64x0.625 64X 0.625 64x0.625
Table feed (mm) 39 39 39
Rotation time (s) 0.6 0.6 0.6
Noise index 40 10 10
Reconstructions Axial, coronal and sagittal

Slice thickness 5 mm (and 3 mm with narrower FOV focused on pancreas)
Interval 2.5 mm (and 1.5 mm with narrower FOV focused on pancreas)

* Jomeron-400, Bracco Imaging S.p.A, Milan, Italy
** Visipaque-320, GE Healthcare, Chalfont St. Giles, UK

*#* Given the body weight-adjusted volume and fixed injection duration, the iodine injection rate was variable
NCP non-contrast phase, PPP pancreatic parenchymal phase, PVP portal venous phase, ATCM automatic tube current modulation, FOV field of view

of Helsinki. All patients provided their written informed
consent.

Study population

Between February 2010 and September 2014, 235 consecu-
tive patients, who were referred to our institution’s week-
ly multidisciplinary tumour board (MTB) and diagnosed at
MDCT (performed at either our institution or outside cen-
tres) with a potentially resectable, hypovascular solid pan-
creatic tumour according to imaging criteria described else-
where [18], were invited to participate in the study. This is
the same study population as used previously [19]. Of these
patients, 30 (16 women and 14 men; mean age 67 and 65
years, respectively) were enrolled in the study. The tumour
was located in the pancreatic head in 25 patients and in the
body/tail in 5 patients.

Image acquisition

All patients included in the study were examined on a
64-channel MDCT scanner (LightSpeed VCT or LightSpeed
VCT XTE, GE Healthcare, Milwaukee, W1, USA). Following a
CT examination according to the institution’s standard CT
protocol (PS, n=30), patients were randomised to 2 groups:
protocol A (PA, n=14) and protocol B (PB, n=16). The mean
time interval between the CT examinations was 15 days
(range: 3-28).

Scanning protocols

Our institution’s standard protocol (PS) and the study pro-
tocols (PA and PB) are described in Table 1. Portal venous
phase (PVP) images from 6 patients (2 from PA and 4 from
PB) were excluded from the image analysis due to the fact
that, for technical reasons related to suboptimal compli-
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ance with the study protocol, the tube voltage of 80 kV was
not used. In 5 examinations from PA and 4 from PB, the ro-
tation time in PPP was set at 1 s. Data from these 9 patients
were included in all analyses.

Imaging assessment

Imaging assessment was performed using a picture ar-
chiving and communicating system workstation (Sectra,
Linkdping, Sweden). For the purpose of the study, all eval-
uations were performed after collection of all data. For the
clinical decision-making by the MTB, only the PS CT ex-
aminations were considered during the study period (i.e.
2010-2014) by several in-house specialists with experience
in pancreatic imaging.

Qualitative analysis

Two radiologists (with 15 and 6 years’ experience in abdom-
inal imaging, respectively), who were blinded to the exam-
ination protocols as well as to the surgical and histopatho-
logical findings, assessed all cases independently in random
order. This assessment was performed on a separate occa-
sion later than the MTB. Readers were allowed to adjust the
window level and width.

For each protocol, each reader rated the tumour involve-
ment of the major peripancreatic vessels (superior mesen-
tericoportal axis, SMV/PV; coeliac artery, CA; hepatic ar-
tery, HA; superior mesenteric artery, SMA) as well as of the
mesenteric venous or arterial branching in both imaging
phases. Based on the criteria defined by Lu et al. [9], if tu-
mour involvement of the vessel circumference was <180 de-
grees or >180 degrees, the vessel was classified as abutted
or encased, respectively. The results were correlated with
the surgical and histopathological findings. Sensitivity,
specificity, accuracy, positive and negative predictive val-
ues and the respective 95% confidence intervals (CI) were
calculated.

Quantitative analysis

A third radiologist (with 3 years’ experience in abdominal
imaging) measured the attenuation of the tumour, SMV and
SMA in both PPP and PVP by manually drawing in the axi-
al plane 3 circular regions of interest (ROIs) in each struc-
ture such that as much of the tumour and vessels as possi-
ble were included in the axial plane. Areas of necrosis and
cystic changes were avoided during measurements. For
each patient, measurements were performed simultane-
ously and at the same level during both protocols (i.e. PS
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and PA; PS and PB) and imaging phases to ensure consist-
ency. The 3 measurements of tumour and each vessel (i.e.
SMV/SMA) were averaged and the mean values were used
to calculate the signal-to-noise ratio (SNR) and the ves-
sel-to-tumour contrast-to-noise ratio (CNR) for each ves-
sel. For the calculation of the SNR, and CNR the following
formulas were used:

SNR=mean vessel attenuation /noise,

CNR=(mean vessel-mean tumour attenuation)/noise,

whereby noise represents the mean value of the stand-
ard deviation (SD) of the subcutaneous fat attenuation in
the anterior abdominal wall. This was obtained by manual-
ly drawing 3 circular ROIs in a homogeneous area of the an-
terior abdominal wall.

Surgical procedures

All patients underwent surgical exploration with cu-
rative intent. Experienced and fully trained pancreatic
surgeons familiar with the techniques of major vascular
resection and reconstruction performed all the opera-
tions: 23 pancreatoduodenectomies (of which 8 patients
underwent SMV/PV resection and 1 patient combined
SMV/PV and HA resection), 2 distal pancreatectomies
(of which 1 patient underwent SMV/PV resection and
en-bloc CA resection) and 5 palliative operations due to
the presence of occult liver metastases and/or perito-
neal carcinomatosis detected at surgery. The mean time
interval between MDCT examination and surgery was 19
days (SD=9).

Histopathological analysis

All the specimens were evaluated in a standardised man-
ner [20]. For the purpose of the study, the histopathological
reports were analysed; in cases where additional relevant
information for the assessment of vascular involvement
were required, an experienced pancreatic pathologist (CV)
re-evaluated the microscopic slides. Mean tumour size in
the axial plane was 3.6 cm (SD=1.6).

The resected vascular segments were evaluated for pres-
ence of wall infiltration. The vascular wall was shown to
be involved in 8 of 10 patients undergoing SMV/PV resec-
tion, in 1 patient undergoing HA and in 1 patient undergo-
ing CA resection (in both patients with arterial resections,
the SMV/PV was also resected and the wall of the venous
segments were shown to be infiltrated). As stated above,
detection of liver and/or peritoneal metastases during lap-
arotomy in 5 of 30 patients led to the intraoperative deci-
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Fig. 1. Axial (a, b) and coronal (c, d) MDCT images of a 63-year-
old patient with ductal adenocarcinoma (blue arrow) in the

ventral aspect of the pancreatic head during the pancreatic
parenchymal phase. Images (a) and (c) were obtained at 80-
kV (normal-iodine-load; protocol A), whereas (b) and (d) were
taken at 120-kV (standard protocol; PS). Both readers reported
hepatic artery (HA) (arrowhead) encasement by the tumour at
the origin of the gastroduodenal artery (black arrow) in both
the 80- and 120-kV examinations. During surgery, no signs of
infiltration of the HA were present, and arterial resection was
not performed, which indicates the radiological overestima-
tion of the HA engagement probably due to fibrotic and/or in-
flammatory changes [12]. Regarding venous engagement, both
readers identified superior mesenteric/portal vein encasement
(not shown), which was confirmed by histology

Fig. 2. Coronal MDCT images of a 54-year-old patient with a his-

tologically verified pancreatic adenocarcinoma in the body of the
pancreas (blue arrow) during the pancreatic parenchymal imag-
ing phase. Images (a) and (c) are obtained at 80-kV (normal io-
dine-load; protocol A) while (b) and (d) at 120-kV (standard pro-
tocol). Both readers reported encasement of the coeliac artery (CA;
open black arrowhead at a and b) and superior mesenteric artery
(SMA; open white arrowhead at a and b) at both the 80- and 120-
kv. During surgery, there was involvement of the CA but not the
SMA, which resulted in true positive findings for both readers re-
garding CA and false positive findings regarding SMA involve-
ment. Regarding the hepatic artery (HA; black arrow at c and d),
one of the readers reported encasement at 120-kV (d) but not at
80-kV (c), whereas the other reader did not report encasement
with either protocol. At surgery there were no signs of infiltration
around the HA, indicating a false positive result for one reader
at 120-kV. Superior contrast-enhancement of the non-tumorous
pancreatic parenchyma in the head (solid white arrow) with the
80-kV (a, c) compared to the 120-kV protocol (b, d) is also observed

sion not to resect the tumour. As the assessment of vascu-
lar wall involvement was not possible in these 5 patients,
their data were excluded from the qualitative analysis. The
resection was considered R1, if the microscopic distance of
the tumour to the circumferential resection margin in the
surgical specimen was smaller than 1 mm. In 20 out of the
25 patients whose tumours were surgically removed, the re-
section was deemed R1, and RO for the remaining 5 patients.
There were no R2-resections.

Statistical analysis
Multiple comparisons of continuous data were performed
by analysis of variance. If there was a statistically signifi-

cant result, statistical comparisons were made by using the
post-hoc test to control for multiplicity as proposed by Fish-
er [21]. Differences between two independent groups were
assessed by Student’s t-test for uncorrelated means, follow-
ing validation for normal distribution by use of the Shap-
iro-Wilk test. In order to evaluate hypotheses of variables
in contingency tables, the Chi-square test was used. Sensi-
tivity, specificity, accuracy, PPV and NPV were calculated
with corresponding 95% confidence intervals. In addition,
descriptive statistics were used to characterise the data. All
analyses were performed out by using SAS version 9.4 (SAS
Institute Inc., Cary, NC, USA). A P-value <0.05 was consid-
ered significant.
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3. Results

Qualitative analysis

The results of the assessment of the parameter “vascular in-
volvement” per protocol and reader, and correlation with
the surgical and histopathological findings are presented in
Table 2. Sensitivity, specificity, accuracy, PPV, and NPV and
their 95% CI per reader and protocol are shown in Table 3.
For Readers 1/2, the accuracy of PS, PA, and PB for vascular
assessment was 91/91 %, 92/94 %, and 92/90 %, respective-
ly (no statistically significant differences observed). There
was statistically significant difference in PPV of PB (vs. PA
and PS) for Reader 1 and in sensitivity of PA (vs. PB and PS)
for Reader 2.

All three protocols resulted in a slight overestimation
of HA involvement. In 4 patients (1 from reader 1, 2 from
reader 2 and 1 from both readers), the HA was assessed as
encased with PS. In only 1 patient, a short segment of HA
was resected and vascular involvement was observed mi-
croscopically. In 1 patient examined with PA (both read-
ers) and a further patient who underwent examination with
PB (reader 2), the HA was assessed as encased, but none of
these patients required a HA resection (Fig. 1).

In 6 patients (2 from reader 1 and 4 from reader 2), there
was disagreement in venous assessment between the pro-
tocols. More specifically, in these 6 patients, PS underes-
timated venous involvement in 3 and overestimated in 1,
whereas PB overestimated in 2 and underestimated in 1.
In 2 patients (2 from each reader), there was disagreement
in the HA assessment between the protocols: in both cas-
es, PS overestimated the HA involvement. In 2 patients (1
from each reader), both PA and PB overestimated the SMA
involvement. A further example of the assessment of local
vascular involvement is presented in Fig. 2.

32

VOLUME 2 | ISSUE 4

Fig. 3. Box plot representing the superior mesenteric vein
(SMV)-to-tumour contrast-to-noise ratio (CNR) in the portal
venous phase (PVP) and superior mesenteric artery (SMA)-
to-tumour CNR in the pancreatic parenchymal phase (PPP).
SMV-to-tumour CNR in PVP was significantly higher for PB
and PA compared to PS while SMA-to-tumour CNR in PPP
was significantly higher for PB compared to PA and PB. The
white round dots represent the mean values, the black round
dot an outlier

Quantitative analysis

The results concerning tumour, SMA and SMV mean atten-
uation as well as the mean vessel SNR and vessel-to-tumour
CNR are presented in Table 4. Box plots of SMV-to-tumour
CNR in PVP and SMA-to-tumour CNR in PPP are shown in
Fig. 3.

In the PPP, both PA and PB resulted in significantly high-
er SMA-attenuation/-SNR and SMA-to-tumour CNR com-
pared to the PS. In the PVP, both PA and PB protocols
showed significantly higher SMV-attenuation/-SNR and
SMV-to-tumour CNR compared to the PS. Furthermore, PB
was superior to PA regarding the SMA-attenuation and the
SMA-to-tumour CNR in the PPP. An imaging example of the
quantitative analysis in 2 patients is presented in Fig. 4.

4. Discussion

This prospective randomised study of 30 patients with a
preoperatively resectable PDAC revealed the superiority
of low-tube-voltage protocols regarding the opacification
of the main peripancreatic vessels and the vessel-to-tumour
CNR compared to the PS. More specifically, in the PPP both
low-tube-voltage protocols resulted in statistically signif-
icantly higher SMA-to-tumour CNR compared to the PS,
whereas in the PVP, both protocols showed significantly
higher SMV-to-tumour CNR compared to the PS. Further-
more, when the low-tube-voltage was combined with high-
iodine-load (PB) it was shown to be superior to normal-io-
dine-load (PA) regarding the SMA-to-tumour CNR in the
PPP.

The results of the qualitative analysis did not show any
statistically significant differences in the accuracy of the
three protocols regarding local vascular assessment. How-
ever, this is most probably due to the patient population
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Table 2. Assessment of the parameter “vascular involvement” per protocol and reader,
and correlation with the surgical and histopathological findings

Standard PA PB
Surgical and histopathological findings
No vasc. Vasc. Total No vasc. Vasc. Total Novasc. Vasc. Total
involve- involvement involve- involvement involve- in-
ment ment ment volve-
ment
Reader 1
Tumour
vessel con- 87 (TN) 5 (FN) 92 46 (TN) 1 (FN) 47 42 (TN) 4 (FN) 46
tact <180°
Tumour
vessel con- 4 (FP) 4 (TP) 8 3 (FP) 2(TP) 5 0 (FP) 2 (TP) 2
tact>180°
Total 91 9 100 3 52 42 6 48
Reader 2
Tumour
vessel con- 86 (TN) 4 (FN) 90 46 (TN) 0 (FN) 46 40 (TN) 3 (FN) 43
tact <180°
Tumour
vessel con- 5 (FP) 5 (TP) 10 3 (FP) 3 (TP) 6 2 (FP) 3 (TP) 5
tact>180°
Total 91 9 100 3 52 42 6 48

TP true positive, TN true negative, FP false positive, FN false negative

Vascular involvement was assessed for veins and arteries in both imaging phases, according to the criteria proposed by Lu et al. [9]

selected for this study. In order to have the most reliable
standard of reference for the assessment of vascular in-
volvement (i.e. the combination of surgical and histopatho-
logical findings), we selected patients with tumours that
were deemed at the MTB to be primary resectable, in whom
there is by definition no or very limited vascular engage-
ment. Hence, it is possible that for more locally advanced
tumours, i.e. tumours that engage the superior mesenter-
ic vessels and/or their branches as well as CA/HA, the re-
sults of a similar qualitatively analysis could have been in
favour of the low-tube-voltage protocols. The reason for
that is that the higher vessel opacification and, more im-
portantly, the consequent higher vessel-to-tumour CNR in
both the PPP (dedicated imaging phase for arterial assess-
ment) and PVP (dedicated imaging phase for venous assess-
ment), as observed in our study, may potentially allow a
more clear delineation of the tumour borders in relation to
the adjacent vessels and, therewith, facilitate the distinc-
tion between primary resectable and borderline/non-re-

sectable tumours in equivocal cases. Interestingly, by com-
bining low-tube-voltage with high-iodine-load in PB, the
artery-to-tumour CNR increased to an even greater extent,
which can potentially further improve the assessment of ar-
terial engagement. These, together with the observed high-
er tumour conspicuity in PB compared to PA or PS [19] indi-
cate that the low-tube-voltage high-iodine-load protocol is
the preferred option for the investigation of patients with
a suspicion of PDAC. Furthermore, it has been shown that
hypovascular liver metastases have similar [22] or higher
[23] CNR at low-tube-voltage protocols compared to nor-
mal-tube-voltage protocols, which implies that the former
allow at least a similar evaluation of the liver compared to
the latter. As described previously [19], the superior per-
formance of the low-tube-voltage protocols was combined
with significantly lower radiation exposure, which is an ad-
ditional factor in favour of the low-tube-voltage protocols.

As shown in Table 3, there were statistically significant
differences in PPV of PB vs. PA and PS (100% vs 40% and
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Fig. 4. Axial MDCT images of a 75-year-old (a, d) and 67-year-old (b, c, e, f) with histologically verified pancreatic adenocarcinomas in

the head of the pancreas (open white arrow) during the pancreatic parenchymal (a, b, c) and portal venous (d, e, ) imaging phases. Im-
ages (a) and (d) are obtained at 80-kV (normal iodine-load; protocol A), (b) and (e) at 80-kV (high iodine-load; protocol B) while (c) and (f)
at 120-kV (standard protocol; PS). The open white arrowheads point at the superior mesenteric artery (SMA) and the open black arrow-
heads at the superior mesenteric vein (SMV). For these two particular patients, the SMA-to-tumour contrast-to-noise (CNR) in (a), (b),
and (c) was 60, 75, and 47, respectively, while the SMV-to-tumour CNR in (d), (e), and (f) was 10.3, 10.8, and 9.1, respectively. For the whole
patient cohort, it was shown that SMA-to-tumour CNR in PPP was significantly higher for PB compared to PA and PS, whereas SMV-to-
tumour CNR in PVP was significantly higher for PB and PA compared to PS

50%) for Reader 1 and in sensitivity of PA vs. PB and PS (100%
vs. 50% and 56%) for Reader 2. With the above two excep-
tions, sensitivity and PPV values were rather low (33%-67%)
and their respective 95% CI very wide for both readers and
all protocols. Once again, this is the result of the chosen
study design, namely the selection of patients with primary
resectable tumours —and consequently the inclusion of rela-
tively few tumours with true vascular infiltration- in order
to obtain the most reliable standard of reference (combina-
tion of surgical and histopathological findings). Thus, as ob-
served in our study, misdiagnosis of even solitary vascular
segments may lead to significant differences in the respec-
tive comparisons. Values of specificity and NPV for both
readers and all protocols ranged from 93% to 100% and their
respective 95% CIs were very narrow, findings that confirm
the value of CT for the exclusion of vascular engagement.
For the sake of simplicity, the measurements for the

34

quantitative analysis were performed on one main peri-
pancreatic artery (SMA) and one vein (SMV). All the main
peripancreatic arteries (SMA, CA, HA) are branches of the
abdominal aorta and their opacification occurs simultane-
ously and to the same grade. Thus, the measurements of the
SMA can be safely extrapolated for the other peripancreatic
main arteries and their branches. Regarding the vein meas-
urements, we selected the SMV, which opacifies essential-
ly to the same grade as the PV during the PVP of pancreat-
ic imaging.

The definition of resectability of PDAC has changed in
recent decades [7, 24]. This is mainly due to the introduc-
tion of new, more aggressive surgical techniques allowing
vascular resection and reconstruction with survival rates
that are comparable to those of patients with tumours that
have no vascular engagement and do not require vascu-
lar resection. Potential strategies to increase the possibil-
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Table 3. Evaluation of sensitivity, specificity, accuracy, positive predictive values (PPV) and negative predictive

value (NPV) per protocol and reader

Standard PA PB
Reader 1
Sensitivity 44 (12-77) 67 (13-100) 33 (0-71)
Specificity 96 (91-100) 94 (87-100) 100
Accuracy 91 (85-97) 92 (85-100) 92 (84-99)
PPV 50 (15-85) 40 (0-83) 100
NPV 95 (90-99) 98 (94-100) 91 (83-99)
Reader 2
Sensitivity 56 (23-88) 100 50 (1-90)
Specificity 95 (90-99) 93 (87-100) 95 (89-100)
Accuracy 91 (85-97) 94 (88-100) 90 (81-98)
PPV 50 (19-81) 50 (1-90) 60 (17-100)
NPV 96 (91-100) 100 93 (85-100)

All presented values are percentages. The values within parentheses represent 95% confidence intervals.

Table 4. Comparison between the three protocols [standard, protocol A (PA) and protocol B (PB)] for the param-

”

eters “tumour attenuation”, “vessel attenuation”, “vessel SNR”, “vessel-to-tumour CNR” for SMA and

SMV in both PPP and PVP
Standard PA PB P-value
PSvs PA PSvs PB PA vs PB
PPP (SD)
Tumour (in HU) 90 (24) 125 (23) 140 (47) <0.0001 <0.0001 0.26
SMA (in HU) 259 (68) 448 (176) 620 (151) 0.0003 <0.0001 0.007
SMA SNR 34 (12) 45 (15) 61(27) 0.007 0.0018 0.06
SMA-tumour CNR 22(11) 32(14) 48 (26) 0.015 0.0016 0.049
SMV (in HU) 221 (49) 321 (141) 429 (83) 0.003 <0.0001 0.015
SMV SNR 28 (8) 34(17) 41 (10) 0.2 0.2 0.0001
SMV-tumour CNR 17 (8) 21(17) 27 (10) 0.33 0.0004 0.2
PVP (SD)
Tumour (in HU) 86 (18) 121 (38) 145 (40) 0.0002 <0.0001 0.14
SMA (in HU) 161 (15) 259 (49) 330 (34) <0.0001 <0.0001 0.0005
SMA SNR 14 (3) 18 (4) 21 (6) 0.0006 0.001 0.13
SMA-tumour CNR 7(2) 10 (4) 12 (5) 0.0005 0.0005 0.23
SMV (in HU) 182 (17) 289 (43) 357 (29) <0.0001 <0.0001 0.0002
SMV SNR 16 (3) 20 (4) 22 (6) 0.0006 0.0012 0.18
SMV-tumour CNR 8(2) 12 (4) 13 (5) 0.0003 0.0004 0.3

PS standard protocol, PA protocol A, PB protocol B, SNR signal-to-noise ratio, CNR contrast-to-noise ratio, SMA superior mesenteric artery, SMV superior mes-
enteric vein, PPP pancreatic parenchymal phase, PVP portal venous phase, SD standard deviation, HU Hounsfield units
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ity of negative resection-margins include resection of the
superior mesentericoportal axis or of a short segment of
the HA for tumours in the pancreatic head, as well as CA re-
section in selected tumours of the pancreatic body or tail
[12]. However, the classification system proposed by Lu et
al. [9], which takes into consideration the circumference
of the vessel that is contiguous to the tumour, remains the
cornerstone of the most widely used and accepted classifi-
cation systems for the assessment of the main peripancreat-
ic vascular involvement[7, 25]. In our study, the assessment
of vascular involvement yielded comparable results across
the three protocols. An overestimation in the extent of ar-
terial involvement, predominantly of the HA, was observed,
a finding which is in agreement with the results from an-
other recent study [26]. For this reason, the ISGPS recom-
mends surgical exploration in cases where the HA appears
encased on preoperative imaging [12]. In our study the per-
centage of patients with RO-resection, as analysed by stand-
ardised histopathological analysis, is 20 % (5 out of 25 pa-
tients). This is consistent with other studies showing that
the proportion of R1-resections exceeds 75%, even in expe-
rienced centres [27, 28].

A potential limitation of our study is the risk of overesti-
mation of the accuracy of all three protocols regarding the
assessment of vascular involvement. The reason for this is
that all patients included in the study were deemed at the
MTB to be candidates for surgical treatment with curative
intent. Thus, the anticipated extent of the vascular involve-
ment in our series is much lower compared to the majori-
ty of patients with PDAC and, therefore, our results regard-
ing the absolute values of accuracy of the three protocols
in assessing vascular involvement must be interpreted with
caution. However, we consider this limitation to have a very
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low impact on the comparison of the protocols that were
tested. Furthermore, as previously observed [19], a techni-
cal limitation of the study is the inclusion in the analysis of
nine patients in whom the rotation time during the acqui-
sition of PPP at 80 kV was 1 s instead of the predetermined
level of 0.6 s. This could potentially increase the radiation
dose and consequently decrease the image noise, a factor
that could have been in favour of the low-tube-voltage pro-
tocols. However, during PPP the radiation dose levels at 80
kV never reached those of the 120 kV protocols and there-
fore there was no decrease in image noise at the low-tube-
voltage protocols despite the increase in the rotation time.
This indicates that this limitation had limited, if any, impact
on the comparison of the protocols.

In conclusion, in patients with primary resectable PDAC,
low-tube-voltage protocols, particularly with high-iodine-
load, increase significantly both the opacification of the
main peripancreatic vessels and the vessels-to-tumour
CNR compared to standard protocol. The accuracy in the
assessment of vascular involvement is similarly high across
the three protocols (90 %). Potentially, the increased ves-
sel opacification and vessel-to-tumour CNR observed with
low-tube-voltage protocols may prove beneficial in patients
with locally more advanced tumours. R
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