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Abstract
Objectives  To investigate the diagnostic performance and interobserver variability in the determination of arterial invasion 
in pancreatic ductal adenocarcinoma (PDAC) and determine the best CT imaging criterion.
Methods  We retrospectively evaluated 128 patients with PDAC (73 men and 55 women) who underwent preoperative contrast-
enhanced CT. Five board-certified radiologists (expert) and four fellows (non-expert]) independently assessed the arterial invasion 
(celiac, superior mesenteric, splenic, and common hepatic arteries) using a 6-point score: 1, no tumor contact; 2, hazy attenua-
tion ≤ 180°; 3, hazy attenuation > 180°; 4, solid soft tissue contact ≤ 180°; 5, solid soft tissue contact > 180°; and 6, contour irregu-
larity. ROC analysis was performed to evaluate the diagnostic performance and determine the best diagnostic criterion for arterial 
invasion, with pathological or surgical findings as references. Interobserver variability was assessed using Fleiss’s ĸ statistics.
Results  Among the 128 patients, 35.2% (n = 45/128) received neoadjuvant treatment (NTx). Solid soft tissue contact ≤ 180° 
was the best diagnostic criterion for arterial invasion as defined by the Youden Index both in patients who did and did not 
receive NTx (sensitivity, 100% vs. 100%; specificity, 90% vs. 93%; and AUC, 0.96 vs. 0.98, respectively). Interobserver 
variability among the non-expert was not inferior to that among the expert (ĸ = 0.61 vs 0.61; p = .39 and ĸ = 0.59 vs 0.51; 
p < .001 in patients treated with and without NTx, respectively).
Conclusions  Solid soft tissue contact ≤ 180° was the best diagnostic criterion for the determination of arterial invasion in 
PDAC. Considerable interobserver variability was seen among the radiologists.
Key Points 
• Solid soft tissue contact ≤ 180° was the best diagnostic criterion for the determination of arterial invasion in pancreatic  
   ductal adenocarcinoma.
• Interobserver agreement among non-expert radiologists was almost comparable to that among expert radiologists.

Keywords  Multidetector computed tomography · Pancreatic cancer · Observer variation

Abbreviations
NPV	� Negative predictive value
NTx	� Neoadjuvant treatment
PDAC	� Pancreatic ductal adenocarcinoma
PPV	� Positive predictive value

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the fourth lead-
ing cause of cancer-related death in both men and women 
[1]. The 5-year survival rate is only 10% for all stages and is 
the lowest among all cancers. Complete surgical resection 
(R0 resection) is the only curative treatment; however, only 

 *	 Yoshifumi Noda 
	 noda1031@gifu-u.ac.jp

1	 Department of Radiology, Gifu University, 1‑1 Yanagido, 
Gifu 501‑1194, Japan

2	 Innovative and Clinical Research Promotion Center, Gifu 
University Hospital, 1‑1 Yanagido, Gifu 501‑1194, Japan

3	 Institute for Advanced Study, Gifu University, 1‑1 Yanagido, 
Gifu 501‑1194, Japan

4	 Department of Radiology, Massachusetts General Hospital, 
Harvard Medical School, 55 Fruit Street, White 270, Boston, 
MA 02114, USA

/ Published online: 10 March 2023

European Radiology (2023) 33:3617–3626

http://crossmark.crossref.org/dialog/?doi=10.1007/s00330-023-09521-3&domain=pdf
http://orcid.org/0000-0003-3611-4790


1 3

15–20% of patients are eligible for curative surgery at the 
time of diagnosis [2]. Patients who have undergone surgical 
resection have a relatively high 5-year survival rate of 20%; 
in patients with R0 resection, the rate is as high as 32% [3].

Surgical resectability is determined on dynamic contrast-
enhanced pancreatic protocol computed tomography (CT) 
images according to the National Comprehensive Cancer Net-
work (NCCN) guidelines (Version 2. 2022). The presence and 
degree of solid soft tissue contact (≤ 180° or > 180°) between the 
tumor and vessel circumference determines the resectability sta-
tus as resectable, borderline resectable (BR), or locally advanced 
(LA) [4]. Cross-sectional imaging reveals arterial contact with 
the tumor, which can be seen as increased hazy attenuation, 
stranding, or solid soft tissue contact. Furthermore, analysis of 
the vessel caliber or contour irregularity should be noted and 
documented in sufficient detail in standardized reports [4, 5].

Neoadjuvant treatment (NTx) is being increasingly 
employed for the management of BR or LA tumors, to down-
stage them into resectable tumors [6]. In addition, a strategy of 
NTx followed by surgery is currently recommended for resect-
able tumors with high-risk features, such as highly elevated 
carbohydrate antigen (CA) 19 − 9 levels, large primary tumors 
or regional lymph nodes, excessive weight loss, and extreme 
pain [4]. Following NTx, the solid soft tissue may be replaced 
by hazy attenuation or stranding on CT images [4, 5]. To our 
knowledge, no study has evaluated the relationship between 
individual CT findings including increased hazy attenuation or 
stranding, solid soft tissue, contour irregularity, and its degree, 
and arterial invasion in patients treated with and without NTx. 
Therefore, the purpose of this study was to investigate the 
diagnostic performance of preoperative CT imaging findings 
for diagnosing arterial invasion in patients with PDAC and to 
determine the best imaging criterion. Additionally, we aimed 

to evaluate the interobserver variability of the assessment of 
the CT imaging findings and to determine if a radiologist’s 
experience level impacts evaluation.

Materials and Methods

Patients

Our institutional review board approved this retrospec-
tive study and written informed consent was waived. Data 
related to the study are available at Gifu University Hospi-
tal. Between January 2008 and July 2020, 238 consecutive 
patients with pathologically proven PDAC who had under-
gone pancreatic protocol dynamic contrast-enhanced CT, 
regardless of the resectability status and NTx administra-
tion, were identified. Patients who had metastatic disease 
and/or LA tumors and had not yet undergone surgery were 
excluded (Fig. 1).

CT Protocols and contrast material injection

We used a 256-, 64-, or 16-detector CT scanner (Revolution 
CT [n = 35], Discovery CT750 HD [n = 58], or Light Speed 
Ultra 16 [n = 24] from GE Healthcare or Brilliance CT 64 
[n = 11] from Philips Healthcare) with an automatic tube 
current modulation program. CT imaging parameters are 
summarized in Table 1.

The contrast material, 350-mg iomeprol per milliliter, 
was intravenously injected over 30 s. In all patients, 600 mg 
of iodine per kilogram of body weight was administered. 
A 15–20 mm-diameter circle was placed on the abdominal 
aorta at the level of the first lumbar vertebral body, as a 

Fig. 1   Flowchart showing 
the number of included and 
excluded patients. Among the 
enrolled patients, 45 patients 
received neoadjuvant treatment 
and 83 patients underwent 
surgery first
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region-of-interest. Real-time fluoroscopic monitoring scans 
(120 kVp, 10 mA) were initiated 10 s after the start of the 
injection of contrast material. The diagnostic CT scanning 
was started with an additional delay of 20 and 60 s for the 
pancreatic and portal venous phases after the abdominal 
aorta enhancement had reached 100 HU threshold on a 
bolus-tracking program (Smart-Prep from GE Healthcare 
or Bolus tracking from Philips Healthcare). The raw CT data 
at 1.25 mm section thickness with 50% overlap was recon-
structed using a filtered back projection or hybrid iterative 
reconstruction algorithm (adaptive statistical iterative recon-
struction [ASiR]-Veo 40%, ASiR 40% from GE Healthcare, 
or iDose3 from Philips Healthcare). Reconstructed images 
at 2.5 mm thickness in the coronal plane were also available.

Image analysis

The CT images of each patient were independently analyzed 
by nine radiologists, of whom five were board-certified radi-
ologists (N.M., Y.N., N.K., T.A., and M.K., with 7–13 years 
of experience [expert]) and four were fellows (S.N., K.F., 
F.N., and T.K., 3–5 years of experience [non-expert]). CT 
images analyzed in this study were those obtained before 
surgery, even in patients treated with NTx. The radiologists 
were aware that all patients had PDAC; however, they were 
blinded to the treatment received and the intraoperative 
or pathological findings. the preset window setting for the 
axial and coronal CT images was fixed at 350-HU width 
and 40-HU level. The radiologists were allowed to adjust 
the window settings at their own discretion during analysis, 
which consisted of two separate reading sessions with a two-
week interval in between to minimize recall bias.

During the first reading session, all radiologists inde-
pendently evaluated the presence of arterial invasion using 
a 2-point scale: 0, absence; and 1, presence. The arterial 
invasion was assessed for the celiac, superior mesenteric, 
splenic, and common hepatic arteries, respectively. In the 

second reading session, all radiologists independently eval-
uated the CT findings for the aforementioned four arter-
ies using a 6-point scale (Fig. 2): 1, no tumor contact; 2, 
increased hazy attenuation/stranding ≤ 180°; 3, increased 
hazy attenuation/stranding > 180°; 4, solid soft tissue con-
tact ≤ 180°; 5, solid soft tissue contact > 180°; and 6, contour 
irregularity based on the NCCN guidelines [4, 6].

Reference standard

The interval between the preoperative contrast-enhanced 
CT and pancreatectomy ranged from 1 to 84 days, with a 
median of 21 days. Surgical resection was performed by 
an experienced team of pancreaticobiliary surgeons at our 
institution. Histopathological findings (n = 107) or surgical 
records (n = 21) were the reference standard for confirma-
tion of arterial invasion. Unresectability (n = 21) was con-
firmed based on intraoperative findings; R2 resection was 
performed due to marked infiltration of the PDAC. In these 
patients, the final diagnoses for the arterial invasion were 
obtained from their surgical records. In the remaining 107 
patients, the arterial invasion was histopathologically evalu-
ated and confirmed using hematoxylin–eosin-stained speci-
mens obtained during resection. Experienced pathologists 
examined the specimens for arterial invasion, and made a 
diagnosis based on tumor infiltration into the layers beyond 
the adventitia.

Statistical analysis

The sample size required for this study was calculated based 
on a sufficient number of arterial invasion cases required 
for Clopper-Pearson’s exact lower confidence limit for 
sensitivity to be > 60%. Thus, assuming a sensitivity of 
90%, the number of pathologically proven arterial invasion 
cases required would be ≥ 12. For the without NTx group, 
assuming an arterial invasion prevalence of 4–5% and an 

Table 1   CT imaging parameters

Note.– kVp kilovolt peak, HU Hounsfield unit, ASiR-V adaptive statistical iterative reconstruction-Veo, ASiR adaptive statistical iterative recon-
struction, FBP filtered back projection

Parameter Revolution CT Discovery CT750HD Light Speed Ultra 16 Brilliance CT 64

Tube voltage 120 kVp 120 kVp 120 kVp 120 kVp
mA modulation Auto mA & Smart mA Auto mA & Smart mA Auto mA & Smart mA ACS & Z-DOM
Tube current settings 7.0 HU (at 5-mm slice thick-

ness and ASiR-V 40%)
10.0 HU (at 5-mm slice 

thickness and FBP)
12.0 HU (at 5-mm slice 

thickness and FBP)
10.0 HU (at 5-mm 

slice thickness and 
FBP)

Detector configuration 0.625 mm × 128 0.625 mm × 64 0.625 mm × 16 0.625 mm × 64
Slice thickness/interval 1.25 mm/1.25 mm 1.25 mm/1.25 mm 1.25 mm/1.25 mm 1.0 mm/1.0 mm
Helical pitch 0.508:1 0.516:1 1.375:1 0.921:1
Rotation time 0.35 s/rot 0.4 s/rot 0.5 s/rot 0.5 s/rot
Reconstruction ASiR-V 40% ASiR 40% FBP iDose 3
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independent assessment of four arteries from a patient, the 
sample size was calculated as 75. For the with NTx group, 
assuming an arterial invasion prevalence of 7–8% and an 
independent assessment of four arteries from a patient, the 
sample size was calculated as 43. The actual number of 
patients collected was increased until 12 arterial invasions 
were observed in each group.

Patients’ demographics and tumor characteristics were 
summarized based on NTx status using mean ± standard 
deviation (SD) for continuous variables and frequencies and 
percentages for categorical variables. To evaluate the diag-
nostic performance for arterial invasion of the 6-point scale in 

the second reading session, receiver operating characteristic 
(ROC) curves and area under the ROC curves (AUCs) were 
calculated for patients who did and did not receive NTx, using 
the assessment data of all four arteries. The 6-point scale for 
the construction of the ROC curve was based on a consensus 
by the five board-certified radiologists. The sensitivity, speci-
ficity, positive predictive value (PPV), and negative predic-
tive value (NPV) were calculated using the cut-off points, 
Youden index, and the 6-point scale. The above parameters 
were also calculated during the first reading session.

The best statistical and clinical value of the 6-point scale 
was defined as the best cut-off point for predicting arterial 

Fig. 2   Confidence ratings for 
assessing arterial invasion. 
a 1, no tumor contact; b 2, 
increased hazy attenuation/
stranding ≤ 180°; c 3, increased 
hazy attenuation/strand-
ing > 180°; d 4, solid soft tissue 
contact ≤ 180°; e 5, solid soft 
tissue contact > 180°; and (f) 6, 
contour irregularity
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invasion for each patient group treated with and without NTx. 
Sensitivity, specificity, PPV, and NPV were also calculated 
for all the radiologists during the first reading session; binary 
evaluation using a 6-point scale was conducted at the second 
reading session. The diagnostic performance of the experts 
and non-experts, using the 6-point scale, was compared using 
the AUC of the MRMC ROC [7, 8]. To evaluate the interob-
server variability during the first and second reading sessions, 
Fleiss’s kappa coefficient was calculated for all radiologists, 
a group comprising between expert and non-expert radiolo-
gists. The coefficient for all the radiologists was 0.95. All 
statistical analyses were performed using R version 4.0.3 (R 
Foundation for Statistical Computing).

Results

Patients’ demographics and tumor characteristics

Of the 238 patients, 101 were excluded as were not ideal 
candidates for surgery, nine were excluded as surgical resec-
tion was not attempted because of patients not wishing to 
receive (n = 8) or lost to follow-up (n = 1) (Fig. 1). The final 
sample consisted of 128 patients (73 men and 55 women; 
mean age ± SD, 71 ± 9 years). Among them, 45 patients 
received NTx and the remaining 83 did not. The NTx 
options included 39.6 Gy administered in 22 fractions of 
external-beam radiation and gemcitabine plus S-1 (n = 15), 
gemcitabine plus albumin-bound paclitaxel (n = 11), gem-
citabine single agent (n = 9), modified FOLFIRINOX (fluo-
rouracil, leucovorin, irinotecan, and oxaliplatin) [9] (n = 7), 
and S-1 single agent (n = 3). Pancreaticoduodenectomy with 
pancreatojejunostomy reconstruction was performed in 79 

patients and distal pancreatectomy was performed in 49. The 
patients’ demographics and tumor characteristics are sum-
marized in Table 2.

Determination of the best imaging criterion 
for arterial invasion

The 6-point scale assigned to each artery, and its sensitivity, 
specificity, PPV, and NPV for diagnosing arterial invasion in 
patients treated with and without NTx are shown in Table 3. 
In the first reading session, the sensitivity, specificity, PPV, 
and NPV were 87% vs. 92%, 92% vs. 93%, 50% vs. 34%, 
and 99% vs. 99% in patients treated with and without NTx, 
respectively. In the second reading session, solid soft tissue 
contact ≤ 180° was the best diagnostic criterion for arterial 
invasion in patients treated with and without NTx, as defined 
by the Youden Index (sensitivity, 100% vs. 100%; specificity, 
90% vs. 93%; PPV, 48% vs. 36%; NPV, 100% vs. 100%; and 
AUC, 0.96 vs. 0.98) (Figs. 3 and 4).

The AUCs for diagnosing arterial invasion were 0.99 
(95% confidence interval [CI]: 0.99, 1.00), 0.99 (95% CI: 
0.98, 0.99), 0.88 (95% CI: 0.85, 0.91), and 0.92 (95% CI: 
0.88, 0.96) for the celiac, superior mesenteric, splenic, and 
common hepatic arteries, respectively.

Diagnostic performance of all radiologists

The sensitivity, specificity, PPV, and NPV for diagnosing 
arterial invasion during the first reading session and for solid 
soft tissue contact ≤ 180° and > 180° in the second reading 
session are shown in Table 4. In the first reading session, the 
sensitivity ranged from 42 to 100% in all radiologists, 42 to 

Table 2   Patients’ demographics and tumor characteristics

Note.– CA carbohydrate antigen, p/cT pathological or clinical T, pN pathological N, p/cM pathological or clinical M
Data are means ± 1 standard deviation with ranges in parentheses

Parameter All patients With neoadjuvant treatment Without neoadjuvant treatment

Patients’ demographics
Number of patients 128 45 83
Age (y) 71.0 ± 8.5 (49.0–86.0) 68.8 ± 8.4 (49.0–84.0) 72.2 ± 8.4 (56.0–86.0)
Men: Women 73:55 27:18 46:37
Body mass index (kg/m2) 20.3 ± 3.0 (14.2–32.0) 20.7 ± 2.7 (15.8–26.2) 20.0 ± 3.2 (14.2–32.0)
CA 19–9 (U/mL) 1039.2 ± 7744.7 (0.1–87522.5) 310.0 ± 878.1 (7.1–5317.3) 1434.6 ± 9593.4 (0.1–87522.5)

Tumor characteristics
Size (mm) 24.4 ± 9.3 (0.0–52.0) 24.6 ± 10.4 (0.0–50.0) 24.3 ± 8.7 (9.9–52.0)
Location (Head/Body/Tail) 79/25/24 30/10/5 49/15/19
R classification (0/1/2) 93/14/21 31/4/10 62/10/11
p/cT stage (0/1b/1c/2/3/4) 2/6/33/71/9/7 2/1/11/24/4/3 0/5/22/47/5/4
pN stage (X/0/1/2) 21/59/30/18 10/22/7/6 11/37/23/12
p/cM stage (0/1) 109/19 37/8 72/11
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100% in expert radiologists, and 58 to 83% in non-expert 
radiologists; the specificity ranged from 89 to 99% in all 
radiologists, 89 to 98% in expert radiologists, and 92 to 99% 
in non-expert radiologists. For the criterion of solid soft tis-
sue contact ≤ 180°, the sensitivity ranged from 58 to 100% in 
all radiologists, 58 to 100% in expert radiologists, and 67 to 
93% in non-expert radiologists; the specificity ranged from 
87 to 95% in all reviewers, 87 to 95% in expert radiologists, 
and 90 to 95% in non-expert radiologists. For the criterion of 
solid soft tissue contact > 180°, the sensitivity ranged from 
27 to 92% in all radiologists, 33 to 92% in expert radiolo-
gists, and 27 to 83% in non-expert radiologists; the specific-
ity ranged from 93 to 99% in all radiologists, 93 to 99% in 
expert radiologists, and 93 to 98% in non-expert radiologists.

Interobserver variability for the assessment 
of arterial nvasion

In the second reading session, the AUCs for diagnosing arte-
rial invasion in patients treated with NTx were 0.93 (95% CI: 
0.86, 1.00) and 0.89 (95% CI: 0.87, 0.92) among expert and 
non-expert radiologists, respectively; there was no signifi-
cant difference (p = 0.31). The AUC for diagnosing arterial 
invasion in patients treated without NTx were 0.95 (95% CI: 
0.88, 1.00) and 0.96 (95% CI: 0.90, 1.00) among expert and 
non-expert radiologists, respectively; there was no signifi-
cant difference (p = 0.84).

The interobserver variability for arterial invasion assess-
ment for all radiologists, expert, and non-expert radiolo-
gists is summarized in Table 5. In the first reading session, 
all radiologists showed moderate agreement when using 
the 2-point scale for patients treated with (ĸ = 0.71; 95% 
CI: 0.68, 0.73) and without NTx (ĸ = 0.66; 95% CI: 0.65, 
0.68). The expert radiologists showed a higher agreement 
than the non-expert radiologists in patients treated without 
NTx (ĸ = 0.70 vs 0.63, p = 0.005); however, there was no 
such difference in patients treated with NTx (ĸ = 0.71 vs 
0.75, p = 0.15). In the second reading session, all radiologists 
showed a fair to moderate agreement when using the 6-point 
scale for patients treated with (ĸ = 0.61; 95% CI: 0.60, 0.63) 
and without NTx (ĸ = 0.54; 95% CI: 0.53, 0.56). The non-
expert radiologists showed a higher agreement than the 
expert radiologists in patients treated without NTx (ĸ = 0.59 
vs 0.51, p < 0.001); however, there was no such difference in 
patients treated with NTx (ĸ = 0.61 vs 0.61, p = 0.39).

Discussion

The presence and degree of tumor contact with peripancre-
atic arteries are crucial in determining surgical resectability 
in patients with pancreatic ductal adenocarcinoma (PDAC). Ta
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According to the National Comprehensive Cancer Network 
(NCCN) guidelines, solid soft tissue contact of  > 180° with 
the celiac or superior mesenteric arteries denotes unresect-
ability. Our study revealed that the presence of solid soft 
tissue contact ≤ 180° showed the highest diagnostic per-
formance for arterial invasion in patients treated with and 
without neoadjuvant treatment (NTx). Contour deformity 
demonstrated the highest specificity; contour deformity is 
not a criterion for resectability in the NCCN guideline. Fur-
thermore, CT assessment of arterial invasion when using 
the 6-point scale provided fair to moderate interobserver 
agreement among nine radiologists; interobserver variabil-
ity among non-expert radiologists was not inferior to that 
among expert radiologists.

Vascular involvement of  > 180° is defined as LA tumors 
according to NCCN criteria [10]. The positive predictive 
value (PPV) of preoperative CT for predicting unresectabil-
ity was high (89–100%); however, the PPV for predicting 

resectability was low (45–79%) [11]. The imaging criterion 
for diagnosing vascular invasion gives importance to speci-
ficity over sensitivity to avoid denying curative surgery to 
patients with resectable tumors. The diagnostic performance 
of CT for detecting vascular invasion reportedly has a speci-
ficity of 82 to 100% and a sensitivity of 70 to 96% [12–16]. 
Two relatively recent meta-analyses showed a pooled sensi-
tivity of 65% and 85% [17, 18]. Although these studies were 
published about 10 years ago, the sensitivity and specificity 
were almost the same as our results in patients who did not 
receive NTx.

The treatment strategy for BR and LA PDACs has dra-
matically changed in recent years. The surgical resection 
rates have exceeded 60% after NTx with FOLFIRINOX and 
30% with gemcitabine plus albumin-bound paclitaxel [19]. 
Following NTx, solid soft tissue contact may be replaced by 
increased hazy attenuation/stranding; as a result, accurate 
assessment of arterial invasion and/or resectability on CT 

Fig. 3   Receiver operating characteristic (ROC) curves for diagnosing arterial invasion in patients treated with (a) and without (b) neoadjuvant 
treatment. Areas under the ROC curve were 0.96 and 0.98, respectively

Fig. 4   CT images of a 71-year-
old man with pancreatic ductal 
adenocarcinoma at the head. 
Axial (a) and coronal (b) refor-
matted CT image obtained after 
neoadjuvant chemoradiation 
therapy shows solid soft tissue 
contact of ≤ 180° to the superior 
mesenteric artery (arrow), 
resulting in R2 resection
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Table 4   Diagnostic performance for arterial invasion in all reviewers

Note.– PPV positive predictive value, NPV negative predictive value
The 2-point scale for the assessment of arterial invasion in the first reading session was defined as follows: 0, absence; and 1, presence. The 
6-point scale for the assessment of arterial invasion in the second reading session was defined as follows: 1, no tumor contact; 2, increased hazy 
attenuation/stranding ≤ 180°; 3, increased hazy attenuation/stranding > 180°; 4, solid soft tissue contact ≤ 180°; 5, solid soft tissue contact > 180°; 
and 6, contour irregularity

Reading session and cut-off scores With neoadjuvant treatment Without neoadjuvant treatment

Sensitivity Specificity PPV NPV Sensitivity Specificity PPV NPV

Expert radiologists
Radiologist 1

1st reading session 53% 97% 62% 96% 42% 98% 46% 98%
2nd reading session
 Solid soft tissue contact ≤ 180° 73% 93% 50% 98% 58% 95% 32% 98%
 Solid soft tissue contact > 180° 33% 98% 56% 94% 33% 99% 50% 98%

Radiologist 2
1st reading session 100% 89% 44% 100% 100% 92% 31% 100%
2nd reading session
 Solid soft tissue contact ≤ 180° 100% 90% 47% 100% 100% 93% 34% 100%
 Solid soft tissue contact > 180° 73% 97% 69% 98% 83% 98% 67% 99%

Radiologist 3
1st reading session 87% 92% 48% 99% 92% 94% 36% 100%
2nd reading session
 Solid soft tissue contact ≤ 180° 100% 87% 42% 100% 92% 93% 32% 100%
 Solid soft tissue contact > 180° 47% 95% 47% 95% 83% 96% 44% 99%

Radiologist 4
1st reading session 80% 90% 41% 98% 100% 93% 35% 100%
2nd reading session
 Solid soft tissue contact ≤ 180° 100% 92% 52% 100% 92% 93% 32% 100%
 Solid soft tissue contact > 180° 80% 97% 71% 98% 75% 97% 47% 99%

Radiologist 5
1st reading session 80% 90% 41% 98% 92% 94% 36% 100%
2nd reading session
 Solid soft tissue contact ≤ 180° 93% 91% 48% 99% 100% 95% 43% 100%
 Solid soft tissue contact > 180° 60% 93% 45% 96% 92% 97% 50% 100%

Non-expert radiologists
Radiologist 6

1st reading session 60% 95% 53% 96% 58% 99% 64% 98%
2nd reading session
 Solid soft tissue contact ≤ 180° 87% 90% 45% 99% 67% 95% 32% 99%
 Solid soft tissue contact > 180° 27% 96% 40% 94% 58% 98% 54% 98%

Radiologist 7
1st reading session 60% 93% 43% 96% 83% 96% 44% 99%
2nd reading session
 Solid soft tissue contact ≤ 180° 93% 90% 47% 99% 92% 93% 34% 100%
 Solid soft tissue contact > 180° 40% 95% 43% 95% 75% 98% 56% 99%

Radiologist 8
1st reading session 73% 92% 46% 97% 83% 94% 33% 99%
2nd reading session
 Solid soft tissue contact ≤ 180° 80% 90% 43% 98% 92% 94% 37% 100%
 Solid soft tissue contact > 180° 60% 93% 43% 96% 83% 98% 59% 99%

Radiologist 9
1st reading session 73% 95% 55% 98% 83% 96% 44% 99%
2nd reading session
 Solid soft tissue contact ≤ 180° 87% 92% 48% 99% 83% 95% 37% 99%
 Solid soft tissue contact > 180° 53% 97% 62% 96% 67% 98% 62% 99%
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images becomes a challenge due to the mixing of viable 
tumor and posttreatment fibrosis [20, 21]. By comparing the 
diagnostic performance for arterial invasion between solid 
soft tissue contact ≤ 180° and > 180°, a relatively huge dif-
ference in sensitivity was seen, especially in patients treated 
with NTx (100% vs 60%) in this study. Our results indi-
cate that a great number of patients with potentially resect-
able tumors based on post-NTx CT images may undergo 
incomplete resections (R1 or R2 resections). In fact, 22% of 
patients (n = 10/45) treated with NTx underwent R2 resec-
tions, which was higher than in those without NTx (13%, 
n = 11/83) in our study. To predict the presence of arterial 
invasion, solid soft tissue contact ≤ 180° might be more use-
ful than solid soft tissue contact > 180°.

The criterion of solid soft tissue contact ≤ 180° has 
a marginally lower specificity (90% vs. 93% in patients 
treated with vs. without NTx) than the criterion for solid 
soft tissue contact > 180° (97% vs. 97% in patients treated 
with vs. without NTx). However, we believe that a signifi-
cant difference in sensitivity has a higher clinical impact 
than a lesser difference in specificity. At present, there is 
no reliable criterion for evaluating the treatment response. 
Therefore, the following strategies are suggested in the 
event of downstaging or stable disease [22]: (a) reliance 
on clinical evaluation and CA 19 − 9 levels over time 
for making further treatment decisions; and (b) surgi-
cal assessment of resectability in patients with clinical 
improvement and decline in CA 19 − 9 levels to ≤ 200 U/
mL. Only 3 factors are independently associated with good 
prognosis: post-NTx CA 19 − 9 response, extended dura-
tion (≥ 6 cycles) of NTx, and pathologic response [23]. 
Only 28% of patients showed radiological downstaging; 
however, 64% of patients showed a decline of post-NTx 
CA 19 − 9 levels to normal limits. Although the optimal 
NTx duration remains controversial, continued NTx might 
be considered to lower the CA 19 − 9 levels when solid 

soft tissue contact ≤ 180° to a major branch is observed 
on preoperative CT images.

Our study had several limitations. First, the study popu-
lation was relatively small, and the investigation was con-
ducted at a single institution. Additionally, we only included 
patients who underwent surgery to confirm the pathologi-
cal findings. Therefore, the selection bias excludes patients 
with > 180° circumferential vessel involvement. Second, CT 
acquisition and image reconstruction protocols were het-
erogeneous because of the retrospective nature of the study 
with a long study period. Given the retrospective nature 
of the study, sagittal images were not available for all the 
cases during image analyses. The lack of sagittal images 
could potentially impact the accurate assessment of vascu-
lar involvement. Finally, we evaluated the CT diagnostic 
performance for arterial invasion in all four arteries com-
bined. Further studies with a homogeneous CT protocol are 
required to validate our results for each individual artery.

In conclusion, the presence of solid soft tissue con-
tact ≤ 180° was the best diagnostic criterion for arterial 
invasion in patients with pancreatic ductal adenocarci-
noma. Additionally, fair to moderate interobserver vari-
ability exists in the CT assessment of arterial invasion, 
even among non-expert radiologists.
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Table 5   Interobserver variability of image assessments

Note.– Data are Fleiss ĸ values; data in parentheses are 95% confidence intervals. The 2-point scale for the assessment of arterial invasion in the 
first reading session was defined as follows: 0, absence; and 1, presence. The 6-point scale for the assessment of arterial invasion in the second 
reading session was defined as follows: 1, no tumor contact; 2, increased hazy attenuation/stranding ≤ 180°; 3, increased hazy attenuation/strand-
ing > 180°; 4, solid soft tissue contact ≤ 180°; 5, solid soft tissue contact > 180°; and 6, contour irregularity
* p values were calculated by using z score

Reading session With neoadjuvant treatment Without neoadjuvant treatment

All radiologists
(n = 9)

Expert (n = 5) Non-expert 
(n = 4)

p value* All radiologists
(n = 9)

Expert (n = 5) Non-expert 
(n = 4)

p value*

1st reading session
2-point scale 0.71 (0.68, 

0.73)
0.71 (0.67, 

0.76)
0.75 (0.69, 

0.81)
.15 0.66 (0.65, 

0.68)
0.70 (0.67, 

0.73)
0.63 (0.58, 

0.67)
.005

2nd reading session
 6-point scale 0.61 (0.60, 

0.63)
0.61 (0.59, 

0.64)
0.61 (0.57, 

0.65)
.39 0.54 (0.53, 

0.56)
0.51 (0.49, 

0.54)
0.59 (0.57, 

0.62)
 < .001
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Statistics and biometry  No complex statistical methods were neces-
sary for this paper.

Informed consent  Written informed consent was waived because this 
is a retrospective study.

Ethical approval  Institutional Review Board approval was obtained.

Methodology   
• retrospective
• diagnostic or prognostic study
• performed at one institution
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