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ARTICLE INFO ABSTRACT

Keywords:
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Objective: To evaluate the prognostic value of the extracellular volume fraction (fECV) derived from contrast-
enhanced computed tomography (CE-CT) for recurrence-free survival (RFS) and overall survival (OS) rates
after pancreatic ductal adenocarcinoma (PDAC) surgery.

Methods: This retrospective study evaluated 71 patients diagnosed with PDAC postsurgery who underwent CE-CT
with precontrast and equilibrium phases before neoadjuvant chemotherapy (35 males, 36 females; mean age,
70.3 years; 95 % CI, 68.1-72.6; SD, 9.8; range, 45-89 years), were enrolled. Noncancerous pancreatic paren-
chyma and pancreatic tumors were automatically segmented from nonenhanced and equilibrium-phase images,
excluding focal lesions, major-vessel, and ducts. Uni- and multivariate analyses (Cox proportional hazards
model) were performed to evaluate fECV [=(100 — hematocrit) x (APancreas/AAorta] in the nonaffected
pancreas and tumor, with age, sex, chemotherapeutic scheme, tumor marker/location/size, stage, histological
type, RFS, and OS as factors. Time-dependent receiver-operating characteristic curves showed the optimal fECV
cutoff values for predicting RFS and OS.

Results: Adjuvant chemotherapy regimen, histological type, and fECV of noncancerous pancreatic parenchyma
were independent prognostic factors of OS (p < 0.001, 0.049, and 0.018, respectively), and TNM stage (IB) was
an independent predictor of RFS (p = 0.025). RFS and OS were worse in patients with noncancerous pancreatic
tissue with higher fECV than in those with lower fECV (optimal cutoffs: 40.32 % for RFS, p = 0.036; 43.65 % for
0S, p < 0.001).

Conclusion: The fECV of noncancerous pancreatic parenchyma from CE-CT was a significant predictor of survival
outcomes in PDAC.

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is an oncological disease
with high mortality and poor prognosis, although there have been ad-
vances in diagnostic imaging and therapeutic strategies [1,2]. Accurate
prognostication of postoperative outcomes is crucial for optimizing pa-
tient care and treatment planning [3-9]. Currently, prognostic

prediction in PDAC heavily relies on clinicopathological parameters,
such as tumor stage, grade, and markers [1,2,10]. However, these fac-
tors alone may not fully capture the heterogeneity of PDAC and the
complex tumor-microenvironment interplay [8,11].

In recent years, quantitative imaging features derived from contrast-
enhanced computed tomography (CE-CT) have shown promise in pre-
dicting survival outcomes in PDAC [3-9,11-18]. Specifically, the
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extracellular volume fraction (fECV), calculated from dynamic CE-CT,
has emerged as an imaging parameter potentially useful for predicting
PDAC [14-17,19]. The fECV reflects the extracellular space, which is
influenced by factors, such as vascularity, cellularity, and fibrosis
[11,20-22]. Previous studies have demonstrated associations between
fECV and overall survival (OS) in patients undergoing chemotherapy for
unresectable stage IV PDAC [14,15,19]. Most studies have predomi-
nantly focused on unresectable or metastatic pancreatic cancer. Never-
theless, the fECV value for predicting recurrence-free survival (RFS) and
OS rates in postsurgical settings remains unclear. Additionally, optimal
cutoff values for fECV in predicting survival outcomes for patients who
underwent surgical resection have not been determined. Furthermore,
the relative prognostic significance of fECV in the context of other
clinicopathological factors in resected PDAC patients warrants further
investigation.

Recent evidence suggests that the tumor microenvironment in PDAC
extends beyond the tumor itself, particularly reaching the surrounding
pancreatic parenchyma. This has potential implications for disease
progression and patient outcomes. Pancreatic fibrosis is characterized
by excessive deposition of extracellular matrix mediated by activated
pancreatic stellate cells. This condition creates a microenvironment that
may influence cancer growth and invasion, as well as the therapeutic
response [23-26]. Chen et al. showed that fibrosis in the residual
pancreas after surgery was associated with poor prognosis in patients
with PDAC [27]. These finding indicate that the condition of noncan-
cerous pancreatic tissues can provide valuable prognostic information.
fECV reflects extracellular space, which is influenced by factors such as
fibrosis, vascularity, and cellularity [11,20-22]. Thus, we hypothesized
that fECV measurements in noncancerous pancreatic parenchyma may
capture important prognostic information not reflected by tumor-centric
parameters alone. Previous studies have primarily focused on tumor-
derived imaging biomarkers of PDAC [3,5-9,11-18,28]. However, the
potential prognostic significance of quantitative imaging parameters in
the noncancerous pancreatic parenchyma remains unexplored.

Therefore, the study aim of this retrospective study was to assess the
value of the fECV derived from CE-CT for predicting RFS and OS after
PDAC surgery. We investigated the associations between survival out-
comes and the factors of noncancerous pancreatic parenchyma and
tumor fECV values and then determined the optimal cutoff values for
fECV for evaluating RFS and OS. By assessing the prognostic significance
of fECV in the context of other clinicopathological factors, we hope to
provide insights into the potential utility of fECV as an imaging
parameter for risk stratification and prognostication in postoperative
patients with PDAC.

2. Materials and methods

This study was approved by the Institutional Review Board at Osaka
University Hospital (Approval Number: [20351]), and informed consent
was waived in accordance with ethical regulations for retrospective
studies, adhering to human rights declarations.

2.1. Patients

This retrospective study analyzed data from patients examined be-
tween January 2014 and February 2022. We evaluated 541 consecutive
patients, who underwent pancreatectomy between January 2014 and
February 2022 at our institution. Patients meeting the following criteria
were included in the analysis: (1) pathologically described as pancreatic
ductal adenocarcinoma, (2) had undergone preoperative CE-CT,
including unenhanced and equilibrium phases, and (3) had not
received preoperative therapy before CT. Among the 541 consecutive
patients who underwent pancreatectomy, 235 were diagnosed with
PDAC (criterion 1). Of them, 101 had available unenhanced and equi-
librium phase CT scan images (criterion 2), and 90 did not receive
preoperative therapy before CT scan (criterion 3). Among the remaining
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90 patients, 7 having severe pancreatic atrophy and ductal dilatation
that prevented reliable fECV measurements due to insufficient viable
pancreatic parenchyma and 9 with signs of acute pancreatitis on diag-
nostic CT imaging or laboratory tests were not included [29]. Three
patients with missing survival information were also excluded. Even-
tually, 71 consecutive patients (35 males and 36 females; mean + SD
age, 70.3 + 9.8 years; 95 % CI, 68.1-72.6; age range, 45-89 years) were
enrolled (Fig. 1). Among them, 34 and 37 underwent pan-
creaticoduodenectomy and distal pancreatectomy, respectively. The
median interval between the procedure and CT imaging was 93 days
(interquartile range [IQR, 69-115] range, 5-281).

2.2. CT imaging

CT imaging was performed on a 320-channel (Aquilion One Genesis
Edition; Canon Medical Systems, Otawara, Japan), 160-channel (Aqui-
lion Precision; Canon Medical Systems), or 64-channel (Discovery CT
750 HD or Discovery CT 750 HD Freedom Edition; GE Healthcare) in-
strument. The following scanning conditions were used: collimation:
0.625 x 64 or 0.5 x 80 mmz; pitch: 1.375 or 0.813 mm/rotation;
rotation time: 0.4 or 0.5 s/rotation; exposure parameters: 120 kV with
autoexposure monitoring, a noise index standard deviation of 13.8 or
15, and a field of view of 345 mm. Image conversion was performed with
a slice thickness of 5 mm and either an FCO3 or GE standard kernel. We
used the CTDIvol to evaluate patient radiation exposure, and the median
value was 8.66 mGy. Early arterial phases were received 8 s after
achieving 100-HU attenuation of the descending aorta (bolus-tracking
method) after obtaining a precontrast scan. Late arterial phases were
processed 7 s after the early phase or 20 s after achieving 100-HU
attenuation of the descending aorta (with the bolus-tracking method).
The portal and equilibrium phases were received 30 s after the late
arterial phase and 120 s after the portal phase. Contrast iodine of 600 mg
I/kg body weight was administered intravenously at 30 s. Unenhanced
and dynamic contrast-enhanced images were acquired, but only the
former and equilibrium-phase images were processed. A nonlinear
nonrigid registration protocol (SURE SUBTRACTION Iodine Mapping,
Canon Medical Systems, Tokyo, Japan: SSIM) was used to produce
subtraction images [30].

2.3. Quantitative image evaluation

The fECV evaluations were conducted on an image workstation
(SYNAPSE VINCENT; FUJIFILM Medical Co., Ltd., Tokyo, Japan), which
uses FUJIFILM’s deep learning-based medical Al technology “REiLL”
This system was specifically developed to overcome the challenges of
pancreatic segmentation through a combination of traditional machine
learning methods and specialized deep learning algorithms. The
noncancerous pancreatic parenchyma and pancreatic tumors were
automatically segmented on these subtraction images derived from
nonenhanced and equilibrium-phase images by a workstation applica-
tion. To ensure an accurate delineation of relevant structures, all auto-
mated segmentations were reviewed and, if necessary, manually
corrected by a board-certified radiologist (H.F.) with 14 years of expe-
rience in abdominal radiology. The segmentation process separately
identified and delineated the noncancerous pancreatic parenchyma and
the pancreatic tumors. The segmentation excluded focal lesions, major
vessels, and ducts. To measure the noncancerous pancreatic paren-
chyma, only the contralateral portion of the tumor, separated by an
estimated transection line, was included in the analysis to prevent any
potential influence from peritumoral changes. For ambiguous regions,
the correlation with other imaging phases was used to facilitate an ac-
curate differentiation. Tumor fECV and noncancerous pancreatic pa-
renchyma fECV were calculated independently using their respective
segmentations. Pancreatic fatty infiltration could affect the fECV; thus, a
low threshold was set to eliminate it to the maximum extent, with the
preservation of pancreatic parenchymal tissue to decrease the potential
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Patients underwent pancreatectomy between January 2014 and February 2022 at our institution
(n =541)

Inclusion criteria:

1. Pathologically described as pancreatic ductal adenocarcinoma
2. Underwent preoperative contrast-enhanced CT, including unenhanced and equilibrium phase
3. Had not received preoperative therapy before CT

Pd

Met criteria 1
(n=235)

(n=11)

\ 4 P

Remaining patients
(n=190)

(n=7)

(n=3)

I\ i - Patients without preoperative unenhanced and equilibrium
1 contrast-enhanced CT imaging

- Patients with CT images indicating pancreatic atrophy !
accompanied by extensive pancreatic ductal dilation !
1

, - Patients with evidence of acute pancreatitis on diagnostic
| imaging or laboratory tests
1
1

- Patients with missing survival information

N

1 Did not meet criteria 1
3 (n = 306)

Finally, evaluated patients
(n=71)
(35 males, 36 females, mean age: 70.3 years)

Fig. 1. Flowchart of patient inclusion.

influence of fatty infiltration on fECV evaluations [31]. The mean
enhancement degree (in HU) of the noncancerous pancreatic paren-
chyma and pancreatic tumors (APancreas and ATumor) were deter-
mined. Regions of interest were outlined as large as possible in the
lumen of the aorta and portal vein, not including the vessel wall, to
assess the enhancement degree of the aorta (AAorta) and portal vein
(APortal). AAorta and APortal (more than +10 HU) with significant
differences were regarded as outliers and were not included [32]. The
noncancerous pancreatic parenchyma and pancreatic tumors fECV were
determined with the following equation: fECV [%] = (100 — hematocrit
[%]) * APancreas (or ATumor)/AAorta [30,33] (Fig. 2). The hematocrit
levels nearest to the CT exam date were used for analysis. On average,
these measurements were taken 2.87 days from the CT exam (95 % CI:
1.74-4.0 days; SD: 4.81 days; range: —14 to 17 days).

2.4. Statistical analysis

The Shapiro-Wilk test was performed to test for normality of the data
distribution. Univariate and multivariate analyses using the Cox pro-
portional hazards model were performed to investigate the influence of
various factors (including age; sex; neoadjuvant and adjuvant thera-
peutic regimens; serum CEA, CA19-9, and Duke-pancreatic-monoclonal-
antigen type 2 (DUPAN-2) levels; and tumor characteristics, such as
location, size, TNM stage, histological type, and tumor and noncan-
cerous pancreatic parenchyma; fECV) on RFS and OS rates. [14,15]. For
factors with three or more levels, the Wald test was performed to
calculate the p value for the entire factor. To determine the optimal
cutoff values for the tumor fECV and noncancerous pancreatic paren-
chyma fECV in predicting RFS and OS, time-dependent receiver-

Fig. 2. Images from a 64-year-old male patient with PDAC who underwent distal pancreatectomy: The green areas on the subtraction preoperative CT images, taken
between the unenhanced and equilibrium phases, indicate the segmentation of the pancreatic parenchyma in noncancerous areas on the side opposite to the PDAC
extending from the estimated transection line (a—c) as well as the PDAC itself (d-f). The three-dimensional volumes are shown (g, h). CT histogram showing the CT
value of the green area and its distribution percentage (i, j). PDAC: Pancreatic ductal adenocarcinoma, CT: Computed tomography. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.)
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operating characteristic (ROC) curves were constructed, and the cutoff
values were determined by maximizing the Youden index. To evaluate
the additive value of fECV in predicting OS, we constructed two pre-
diction models. The first model included significant traditional markers,
whereas the second model additionally incorporated noncancerous
pancreatic parenchymal fECV. Risk scores for each patient were deter-
mined using the coefficients from the Cox proportional hazard models.
We then performed time-dependent ROC analysis to compare the pre-
dictive performance of these models. Furthermore, the comparison of
AUCs between models was conducted using the compare C package in R
software. The Kaplan-Meier analysis with the log-rank test were per-
formed to compare the RFS and OS between patients with fECV values
above and below the optimal ROC-derived cutoff points for tumor and
noncancerous pancreatic parenchyma. EZR version 1.50 software (Sai-
tama Medical Center, Jichi Medical University) was used to analyze the
data statistically, and values of p < 0.05 were accepted as indicating
statistical significance.

3. Results

This study evaluated 71 patients (35 men and 36 women; mean age:
70.3 + 9.8 [range: 45-89] years) with pathologically confirmed PDAC
who underwent surgical resection. Table 1 shows the characteristics of
the patients.

We conducted univariate and multivariate Cox hazard analyses to
evaluate the predictive role of various factors, including the fractional
extracellular volume (fECV) of the tumor and pancreatic parenchyma in
noncancerous areas, for assessing OS and RFS rates in patients with
pancreatic cancer. Of the 71 patients, 43 (60.6 %) died, and 47 (66.2 %)
exhibited recurrence during the follow-up period. In our patient cohort,

Table 1
Baseline characteristics of the patients with pancreatic ductal adenocarcinoma.

Characteristics of the patients Value*

Age (years) 70.3 + 9.8 (45-89)

Sex

Male 35 (49.3 %)
Female 36 (50.7 %)
Tumor location

Head 30 (42.3 %)
Body 24 (33.8 %)
Tail 17 (23.9 %)
TNM stage

1A 25 (35.2 %)
1B 38 (53.5 %)
I 2 (2.8 %)
i 6 (8.5 %)

Histological type

Well-differentiated adenocarcinoma
Moderately differentiated adenocarcinoma
Poorly differentiated adenocarcinoma
Surgical procedure
Pancreaticoduodenectomy

Distal pancreatectomy

Neoadjuvant therapy

35 (49.3 %)
29 (40.8 %)
7 (9.9 %)

34 (47.9 %)
37 (52.1 %)

None 18 (25.4 %)
GS 20 (28.2 %)
GN 17 (23.9 %)
GS-RT 11 (15.5 %)
GN-RT 3 (4.2 %)
GEM-RT 2 (2.8 %)
Adjuvant therapy

None 16 (22.5 %)
S-1 50 (70.4 %)
GEM 5 (7.0 %)

*Values were presented as the mean =+ standard deviation (range) or the number
(percentage) as appropriate.

Abbreviations: TNM, tumor-node-metastasis; GS, gemcitabine and S-1 combi-
nation therapy; GN, gemcitabine and nab-paclitaxel combination therapy; RT,
radiation therapy; GEM, gemcitabine.
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the median OS was 26 (range: 9.1-89.7) months, with RFS having a
median of 16 (range: 1.8-89.7) months. Time-dependent ROC curve
analyses were performed to determine the optimal cutoff values of
noncancerous pancreatic parenchymal fECV and tumor fECV for pre-
dicting OS and RFS. For noncancerous pancreatic parenchymal fECV,
the areas under the ROC curve (AUCs) were 0.687 for OS and 0.672 for
RFS. The optimal cutoff values were 43.65 % for OS (sensitivity: 0.677,
specificity: 0.758) and 40.32 % for RFS (sensitivity: 0.818, specificity:
0.571). For tumor fECV, the AUCs were 0.598 for OS and 0.590 for RFS,
with optimal cutoff values of 47.45 % (sensitivity: 0.531, specificity:
0.711) and 38.00 % (sensitivity: 0.864, specificity: 0.367), respectively.
The noncancerous pancreatic parenchymal fECV (>43.65 %) was found
to be a significant independent prognostic factor of OS in multivariate
(hazard ratio: 2.52, 95 % CI: 1.17-5.44, p = 0.018) analyses. Higher
fECV values in the noncancerous pancreatic parenchyma were indica-
tive of higher risks of mortality. However, tumor fECV was not an effi-
cient predictor of either OS or RFS rates in our study. Adjuvant therapy
was identified as a significant predictor of OS in multivariate (p < 0.001)
analyses. Patients who received gemcitabine as adjuvant therapy had a
significantly higher mortality risk than those not subjected to any
adjuvant therapy (hazard ratio: 11.87, 95 % CI: 3.18-44.25, p < 0.001).
However, there were no significant differences in the risk of mortality
between the patients who underwent S-1 as adjuvant therapy and those
who did not receive any adjuvant therapy (hazard ratio: 1.45, 95 % CI:
0.67-3.14, p = 0.346). The histological type was indicative of a higher
risk for mortality (p = 0.049). In the multivariate analysis, the risk of
recurrence was only significantly higher for TNM stage IB disease than
for stage IA disease (hazard ratio: 2.31, 95 % CI: 1.11-4.81, p = 0.025).
The risk of recurrence was not significantly different for Stages II and III
than for stage IA in the multivariate analysis. Other parameters,
including age, sex, neoadjuvant therapy, tumor location, and serum
levels of CEA, CA 19-9, and DUPAN-2, did not show significant asso-
ciations with OS or RFS in the and multivariate analyses (Tables 2 and
3).

To further evaluate the contribution of fECV measurements to sur-
vival prediction, further time-dependent ROC analyses comparing
multiple predictive models were performed. For OS prediction, the
following three models were compared: model 1, which incorporated
traditional OS predictors only (histological type and adjuvant therapy;
AUC = 67.71 %); model 2, which additionally included noncancerous
pancreatic parenchymal fECV (AUC = 81.33 %); and model 3, which
comprised both noncancerous pancreatic parenchymal fECV and tumor
fECV (AUC = 84.61 %). Based on a statistical comparison, a significant
improvement was observed in model 2 versus model 1 (p = 0.040) and
model 3 versus model 1 (p = 0.036). However, model 3 and model 2 did
not significantly differ (p = 0.455).

Similarly, for RFS prediction, the following were compared: model 1
with TNM stage only (AUC = 55.93 %); model 2 with TNM stage and
noncancerous pancreatic parenchymal fECV (AUC = 68.42 %); and
model 3 with TNM stage and noncancerous pancreatic parenchymal
fECV and tumor fECV (AUC = 69.19 %). Both model 2 and model 3
exhibited significant improvement compared with model 1 (p < 0.001
for both). Meanwhile, model 3 and model 2 did not significantly differ
(p = 0.655).

In the Kaplan-Meier analysis with log-rank tests (Fig. 3), patients
with fECV values of the pancreatic parenchyma in noncancerous areas
above the optimal ROC-derived cutoff (43.65 % for OS and 40.32 % for
RFS) had significantly lower median OS and RFS times than those of
patients with fECV values below the cutoffs (OS: 19.2 vs. 39.7 months, p
< 0.001; RFS: 8.8 vs. 21.5 months, p = 0.036). In contrast, tumor fECV
values above and below the optimal ROC-derived cutoffs (47.45 % for
OS and 38.00 % for RFS) did not show statistically significant differences
in either OS (p = 0.1) or RFS (p = 0.8) between the two groups.

Patients with tumors in the pancreatic head exhibited significantly
higher fECV values in noncancerous pancreatic parenchyma than those
with tumors in the pancreatic body/tail (median: 44.32 % vs. 40.01 %, p
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Table 2
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Uni- and multivariate Cox hazard analyses for RFS in patients with pancreatic cancer.

Variable Patients ~ Univariate analysis Multivariate analysis
Hazard 95 % confidence P Hazard 95 % confidence P
ratio intervals value ratio intervals value
Age (years) 0.98 0.95-1.01 0.282
Sex 0.825
Female 36 1
Male 35 1.06 0.60-1.87
Neoadjuvant therapy 0.266
None 18 1
GS 20 0.43 0.19-0.99 0.048
GN 17 0.53 0.24-1.15 0.109
GS-RT 11 0.81 0.34-1.92 0.633
GN-RT 3 0.75 0.17-3.29 0.701
GEM-RT 2 1.71 0.38-7.62 0.482
Adjuvant therapy 0.068 0.233
None 16 1
S-1 50 0.99 0.47-2.09 0.954 1.1 0.53-2.29 0.797
GEM 5 3.1 1.02-9.46 0.047 2.65 0.80-8.78 0.111
CEA (ng/mL) 1.01 0.96-1.06 0.77
CA 19-9 (U/mL) 1 1.00-1.00 0.729
DUPAN-2 (U/mL) 1 1.00-1.00 0.209
Tumor location 0.604
Head 30 1
Body 24 0.71 0.36-1.39 0.316
Tail 17 0.89 0.43-1.84 0.752
TNM stage 0.06 0.162
1A 25 1
IB 38 2.6 1.15-4.96 0.007 2.31 1.11-4.81 0.025
I 2 2.83 0.11-7.00 0.18 2.80 0.49-16.03 0.248
I 6 1.9 0.65-5.45 0.24 1.82 0.61-5.46 0.283
Histological type 0.24
Well-differentiated adenocarcinoma 35 1
Moderately differentiated adenocarcinoma 29 1.61 0.88-2.96 0.123
Poorly differentiated adenocarcinoma 7 1.73 0.65-4.59 0.27
Tumor size 0.99 0.94-1.04 0.65
Tumor fECV (>38.00 %) 50 1.08 0.58-2.02 0.841 1.191 0.59-2.39 0.624
fECV of pancreatic parenchyma in noncancerous areas 39 1.86 1.03-3.34 0.039 1.72 0.91-3.27 0.097

(>40.32 %)

RFS: Recurrence-free survival, GS: Gemcitabine and S-1 combination therapy, GN: Gemcitabine and nab-paclitaxel combination therapy, RT: Radiation therapy, GEM:
Gemcitabine, CEA: Carcinoembryonic antigen, CA19-9: Carbohydrate antigen 19-9, DUPAN-2: Duke-pancreatic-monoclonal-antigen type 2, TNM: Tumor-

-node-metastasis, fECV: Fractional extracellular volume.
*Data in parentheses are the medians and ranges.

= 0.014) (Fig. 4). In patients with pancreatic head tumors (n = 30),
those with high fECV (>43.65 %) showed significantly worse OS than
patients with low fECV (median survival: 19.2 vs. 38.7 months, p <
0.001). Similarly, in patients with pancreatic body/tail tumors (n = 41),
high fECV was associated with significantly worse OS (median survival:
17.4 vs. 29.2 months, p = 0.028) (Fig. 5A, 5B). For pancreatic head
tumors, the difference in the RFS between patients with a high
noncancerous pancreatic parenchymal fECV (>40.32 %) and a low fECV
did not reach statistical significance (median RFS: 7.6 vs 15.1 months, p
= 0.324). Similarly, for pancreatic body/tail tumors, a significant dif-
ference was not observed in terms of RFS between the high and low fECV
groups (median RFS: 5.2 vs 13.9 months, p = 0.089) (Fig. 5C, 5D).

4. Discussion

In this study, we assessed the predictive value of fECV in tumor and
pancreatic parenchyma in noncancerous areas for OS and RFS in pa-
tients with PDAC. Our results showed that the fECV of the pancreatic
parenchyma in noncancerous areas was a significant independent pre-
dictor of OS; however, tumor fECV was not significantly associated with
either OS or RFS.

The univariate and multivariate Cox hazard analyses showed that
higher fECV values in noncancerous pancreatic parenchyma were
associated with a higher risk of mortality. This finding suggests that the
microenvironment of the noncancerous pancreatic parenchyma has a
role in the progression and prognosis of PDAC. Our findings are in

accordance with those of Chen et al., which showed that fibrosis in the
residual pancreas was correlated with poor prognosis [27]. The bio-
logical basis for this correlation can be explained via several key
mechanisms: First, activated pancreatic stellate cells in the fibrotic pa-
renchyma produce extracellular matrix proteins and growth factors that
create a microenvironment favorable for cancer progression. Second,
parenchymal fibrosis impairs drug delivery by increasing interstitial
fluid pressure and reducing functional vasculature, thereby compro-
mising treatment efficacy. Third, inflammation in noncancerous tissues
leads to the production of pro-inflammatory cytokines that promote
cancer cell survival, invasion, and metastatic potential [23,24]. These
pathophysiological processes can extend their influence beyond the
primary tumor site, which affects the whole pancreatic tissue and, ul-
timately, patient outcomes. The high fECV values observed likely re-
flected a more extensive fibrosis in the pancreatic microenvironment.
Thus, fECV can be a noninvasive imaging biomarker for quantifying this
clinically relevant feature. Fibrosis tends to be a primary contributor to
elevated fECV. However, fECV may also reflect other biological pro-
cesses including altered vascularity, inflammatory changes, and modi-
fied interstitial fluid dynamics in the pancreatic microenvironment
[23,24]. These combined mechanisms could enhance tumor progression
via impaired drug delivery, hypoxia, pro-inflammatory signaling, and
altered mechanical forces, potentially explaining the observed correla-
tion between higher fECV values and poor prognosis.

A novel aspect of our study is that it specifically investigated the
prognostic value of fECV after surgery for PDAC patients, particularly
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Table 3
Uni- and multivariate Cox hazard analyses for OS in patients with pancreatic cancer.

Variable Patients ~ Univariate analysis Multivariate analysis

Hazard 95 % confidence pvalue  Hazard 95 % confidence p value

ratio intervals ratio intervals
Age (years) 0.99 0.95-1.02 0.348
Sex 0.825
Female 36 1
Male 35 1.07 0.59-1.95
Neoadjuvant therapy 0.248
None 18 1
GS 20 0.75 0.32-1.76 0.515
GN 17 0.51 0.21-1.21 0.125
GS-RT 11 0.94 0.40-2.26 0.898
GN-RT 3 1.77 0.40-7.93 0.454
GEM-RT 2 2.98 0.66-13.55 0.157
Adjuvant therapy 0.032 <0.001
None 16 1
S-1 50 0.99 0.47-2.09 0.974 1.45 0.67-3.14 0.346
GEM 5 3.53 1.16-10.70 0.026  11.87 3.18-44.25 <0.001
CEA (ng/mL) 0.98 0.92-1.04 0.495
CA 19-9 (U/mL) 1 1.00-1.00 0.765
DUPAN-2 (U/mL) 1 1.00-1.00 0.302
Tumor location 0.671
Head 30 1
Body 24 0.79 0.39-1.61 0.522
Tail 17 0.73 0.34-1.56 0.421
TNM stage 0.112 0.328
1A 25 1
1B 38 2.39 1.15-4.96 0.020 1.88 0.79-4.48 0.155
I 2 0.89 0.11-7.00 0.913 0.46 0.05-4.64 0.510
I 6 1.91 0.60-6.16 0.277 1.79 0.50-6.41 0.370
Histological type 0.075 0.049
Well-differentiated adenocarcinoma 35 1
Moderately differentiated adenocarcinoma 29 2.02 1.06-3.86 0.032 2.14 1.06-4.32 0.034
Poorly differentiated adenocarcinoma 7 2.12 0.77-5.80 0.143 2.77 0.96-7.97 0.059
Tumor size 0.99 0.92-1.05 0.675
Tumor fECV (>47.45 %) 26 1.61 0.85-3.05 0.147 2.11 0.95-4.67 0.066
fECV of Pancreatic parenchyma in noncancerous areas 27 3.21 1.71-6.02 <0.001 2.52 1.17-5.44 0.018

(>43.65 %)

OS: Overall survival, GS: Gemcitabine and S-1 combination therapy, GN: Gemcitabine and nab-paclitaxel combination therapy, RT: Radiation therapy, GEM: Gem-
citabine, CEA: Carcinoembryonic antigen, CA19-9: Carbohydrate antigen 19-9, DUPAN-2: Duke-pancreatic-monoclonal-antigen type 2, TNM: Tumor—node-meta-

stasis, fetch: Fractional extracellular volume.
*Data in parentheses are the medians and ranges.

a Recurrence-free survival curves b Overall survival curves
1.0 fECV of pancreatic parenchyma 1.01 fECV of pancreatic parenchyma
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Fig. 3. Patients with a higher fECV in pancreatic parenchyma in noncancerous areas had RFS and OS inferior to those of patients with lower fECV levels, as
determined from the optimal fECV cutoffs of 40.32 % for RFS and 43.65 % for OS (RFS, p = 0.036; OS, p < 0.001) (a, b). No statistically significant differences in RFS
and OS, determined from the optimal tumor fECV cutoffs of 38.00 % for RFS and 47.45 % for OS, were observed (c, d). fECV: Fractional extracellular volume, RFS:

Recurrence-free survival, OS: Overall survival.

focusing on the noncancerous pancreatic parenchyma, which has not
been well-studied before. Although previous studies have examined the
relationship between various tumor-derived CT parameters and the
prognosis of patients with PDAC [3,5-9,11-18,28], we are not aware of
any study that has evaluated the prognostic significance of fECV in
noncancerous pancreatic parenchyma. Some strengths of our study are
the comprehensive assessment of fECV in the tumor and noncancerous

pancreatic parenchyma as well as the determination of optimal cutoff
values for predicting survival outcomes from time-dependent ROC curve
analyses showing cutoff values for fECV with better discriminatory
ability for the fECV of the pancreatic parenchyma in noncancerous areas
than for the fECV of tumors. For OS and RFS prediction, models incor-
porating noncancerous pancreatic parenchymal fECV exhibited signifi-
cant improvement compared with traditional markers alone, with
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Fig. 4. Comparison of fECV in noncancerous pancreatic parenchyma between
tumor locations Box plots showing the distribution of fECV values in noncan-
cerous pancreatic parenchyma for tumors located in the pancreatic head versus
body/tail. Patients with tumors in the pancreatic head showed significantly
higher fECV values (median: 44.32 %) than those with tumors in the pancreatic
body/tail (median: 40.01 %; p = 0.014). fECV: Fractional extracellular volume.

substantial increases in AUC (from 67.71 % to 81.33 % for OS and from
55.93 % to 68.42 % for RFS). Notably, the addition of tumor fECV to
models already containing noncancerous pancreatic parenchymal fECV
resulted in slight numerical increases in predictive accuracy. However,
these increments were not statistically significant, underscoring that the
prognostic information is primarily derived from measurements in
noncancerous tissues.

Interestingly, tumor fECV was not found to be an important param-
eter in either OS or RFS in our study. This finding contrasts with those of
some former studies [14,15,17,19]. The lack of a significant association
between tumor fECV and survival outcomes in our study that focused on
resectable PDAC may be due to the relatively small size of the tumors
and limited presence of internal necrosis. As demonstrated by Gao et al.
[6], larger pancreatic tumors are more prone to necrosis, which can lead
to weaker CT enhancement. The tumor relative enhancement ratio was
found to be significantly and negatively correlated with tumor size.

The Kaplan-Meier analysis with log-rank tests further confirmed the

European Journal of Radiology 190 (2025) 112246

prognostic significance of the fECV in the pancreatic parenchyma of
noncancerous areas. Patients with fECV values greater than the optimal
ROC-derived cutoffs had significantly shorter median OS and RFS times
than those of patients with fECV values less than the cutoffs. These re-
sults highlight the potential utility of the fECV in the pancreatic pa-
renchyma of noncancerous areas as a prognostic marker for risk
stratification and personalized treatment strategies in PDAC patients.

Notably, in our study, the association between noncancerous
pancreatic parenchymal fECV and OS was stronger than that with RFS.
The univariate analysis and log-rank tests showed significant associa-
tions between fECV and RFS. However, this correlation eventually had
borderline significance (p = 0.097) in the multivariate analysis. This
discrepancy can be primarily attributed to statistical factors. The hazard
ratio for OS was significantly higher (HR: 2.52-3.21) than that for RFS
(HR: 1.72-1.86), thereby indicating a stronger effect size for OS that
remained significant across different analytical approaches. In the
multivariate analysis of RFS, TNM stage emerged as a stronger predictor
(particularly stage IB: HR = 2.31, p = 0.025), potentially diminishing
the relative contribution of fECV. These findings suggest that although
noncancerous pancreatic parenchymal fECV has prognostic value for
both OS and RFS, its independent contribution to RFS prediction is
relatively lower compared with that of established clinicopathological
factors such as TNM stage.

Our analyses comparing pancreatic head versus body/tail tumors can
provide essential insights into the biological basis of the prognostic
value of fECV. Notably, patients with pancreatic head tumors had
significantly higher noncancerous pancreatic parenchymal fECV than
those with body/tail tumors, potentially reflecting the greater me-
chanical ductal obstruction that typically occurs with head tumors.
Interestingly, in the overall cohort, fECV was significantly associated
with both OS and RFS. However, when stratified by tumor location
(head vs. body/tail), only the association between fECV and OS main-
tained its statistical significance in both subgroups. Based on this
finding, the correlation between fECV and OS is more robust. This may
partly reflect reduced statistical power in the subgroup analyses but may
also suggest that fibrosis in noncancerous pancreatic tissues has a
stronger impact on long-term survival than on immediate tumor recur-
rence. Nevertheless, the prognostic significance of fECV for OS persisted
regardless of tumor location, thereby suggesting that its clinical utility
extends across different anatomical presentations of PDAC, particularly
for predicting overall survival outcomes. Thus, additional studies with
larger sample sizes should be conducted to validate these findings for
RFS in location-stratified subgroups.

This study had some limitations. First, our retrospective, single-
center study with 71 patients requires validation in larger, multicenter
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Fig. 5. Kaplan-Meier survival curves stratified by fECV in noncancerous pancreatic parenchyma for different tumor locations. (a) OS in patients with pancreatic head
tumors (n = 30). Patients with a high fECV (>43.65 %) had a significantly worse OS than those with a low fECV (< 43.65 %) (median survival: 19.2 vs. 38.7 months,
p < 0.001). (b) OS in patients with pancreatic body/tail tumors (n = 41). Similarly, patients with a high fECV (>43.65 %) exhibited a significantly worse OS than
those with a low fECV (<43.65 %) (median survival: 17.4 vs. 29.2 months, p = 0.028). (c) RFS in patients with pancreatic head tumors (n = 30). The difference in
RFS between patients with a high fECV (> 40.32 %) and those with a low fECV (<40.32 %) did not reach statistical significance (median RFS: 7.6 vs 15.1 months, p
= 0.324). (d) RFS in patients with pancreatic body/tail tumors (n = 41). Similarly, the difference in RFS between patients with a high fECV (>40.32 %) and those
with a low fECV (<40.32 %) did not reach statistical significance (median RFS: 5.2 vs 13.9 months, p = 0.089). fECV: Fractional extracellular volume, OS: Overall

survival, RFS: Recurrence-free survival.
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cohorts. Second, a substantial number of patients (134 [57 %] of 235
patients with PDAC) were excluded due to the absence of both unen-
hanced and equilibrium phase CT scan images. This high exclusion rate
could have potentially introduced selection bias. However, the avail-
ability of equilibrium phase imaging was primarily determined by the
development of our institutional imaging protocols over time rather
than by patient-specific clinical factors. Nevertheless, this limitation
may affect the generalizability of our findings and emphasize the need to
conduct prospective studies with standardized imaging protocols. Third,
in some cases, blood sampling was not performed on the day as CT scans
were performed. Although recent studies have demonstrated no signif-
icant differences between the fECV derived from hematocrit values ob-
tained on the same day of imaging and on different days [34], there still
might be a minor difference in the results. Fourth, the 5-mm slice
thickness used for the fECV evaluations may not be the best for diagnosis
of pancreatic fibrosis. Although our threshold-based approach helped
minimize the impact of fatty infiltration, complete elimination of partial
volume effects was not possible at this slice thickness. However, as this
limitation was consistent across all subjects and our analysis focused on
comparative differences between patients, we believe the impact on our
primary findings was limited. Fifth, the timing of the equilibrium phase
in our study may not have provided enough time for the contrast agent
to equilibrate fully. However, Yoon et al. [26] demonstrated that an
equilibrium phase of 180 s after contrast injection, as used in this study,
provided a good balance between clinical and technical characteristics.
Sixth, histological evaluation of fibrosis was not performed on surgical
specimens because many patients received neoadjuvant therapy be-
tween the initial CT imaging and surgery. This treatment-induced
fibrosis would have altered the tissue characteristics from their state
at the time of fECV measurement. Finally, although we applied a
thresholding process to the CT images to decrease the potential influ-
ence of pancreatic steatosis on fECV measurements, other factors, such
as diabetes, were not included in the analysis and may have affected the
results. In addition, future studies with larger cohorts must be carried
out to investigate potential interactions between fECV values and
chemotherapy efficacy, as pancreatic fibrosis may influence drug de-
livery and treatment response. Such analyses can contribute to devel-
oping individualized treatment strategies based on baseline pancreatic
parenchymal characteristics.

In conclusion, our study demonstrated the significant prognostic
value of fECV in the pancreatic parenchyma of noncancerous areas for
OS in patients with PDAC. Further research is warranted to validate
these findings in larger cohorts and assess the influence of additional
factors on the prognostic value of fECV in PDAC.
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Glossary

Extracellular volume fraction (fECV):: A quantitative imaging parameter derived from
contrast-enhanced computed tomography that reflects the proportion of tissue volume
that is extracellular space, influenced by factors such as vascularity, cellularity, and
fibrosis.

Pancreatic ductal adenocarcinoma (PDAC):: The most common type of pancreatic cancer
that originates in the cells lining the ducts that carry pancreatic digestive enzymes.

Recurrence-free survival (RFS):: The length of time after primary treatment for a cancer ends
that the patient survives without any signs or symptoms of that cancer.

Overall survival (0S):: The length of time from either the date of diagnosis or the start of
treatment for a disease that patients diagnosed with the disease are still alive.

Contrast-enhanced computed tomography (CE-CT):: An imaging technique that uses X-rays to
create detailed images of the inside of the body after administration of a contrast
agent.

TNM staging:: A classification system used to describe the stage of a cancer based on the size
and extent of the primary tumor (T), involvement of regional lymph nodes (N), and the
presence or absence of distant metastases (M).

Neoadjuvant therapy:: Treatment given as a first step to shrink a tumor before the main
treatment, usually surgery, is given.

Adjuvant therapy:: Additional treatment given after the primary treatment to lower the risk
of cancer recurrence.
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