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Abstract

Background: Retrospective analysis to investigate the relationship between the flow-metabolic

phenotype and overall survival (OS) of pancreatic ductal adenocarcinoma (PDAC) and its potential

clinical utility.

Methods: Patients with histopathologically proven PDAC between 2005 and 2014 using tumor atten-

uation on routine pre-operative CECT as a surrogate for the vascularity and [18F]FDG-uptake as a sur-

rogate for metabolic activity on [18F]FDG-PET.

Results: In total, 93 patients (50 male, 43 female, median age 63) were included. Hypoattenuating

PDAC with high [18F]FDG-uptake has the poorest prognosis (median OS 7 ± 1 months), compared to

hypoattenuating PDAC with low [18F]FDG-uptake (median OS 11 ± 3 months; p = 0.176), iso- or

hyperattenuating PDAC with high [18F]FDG-uptake (median OS 15 ± 5 months; p = 0.004) and iso- or

hyperattenuating PDAC with low [18F]FDG-uptake (median OS 23 ± 4 months; p = 0.035). In multivariate

analysis, surgery combined with tumor differentiation, tumor stage, systemic therapy and flow metabolic

phenotype remained independent predictors for overall survival.

Discussion: The novel qualitative flow-metabolic phenotype of PDAC using a combination of CECT

and [18F]FDG-PET features, predicted significantly worse survival for hypoattenuating-high uptake

pancreatic cancers compared to the other phenotypes.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) has a dismal prog-
nosis which has gradually improved in the past 20 years.1 The
A conference abstract was published in Pancreatology (https://doi.org/10.

1016/j.pan.2018.05.405) following the presentation of preliminary results

of this paper.
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incidence for PDAC has been estimated to increase by 66% be-
tween 2020 and 2040 and it is predicted to be the second cause of
cancer related death in 2026.2 Only 15–20% of the patients
diagnosed with PDAC are considered for resection as the
remainder of the patients present with locally advanced and/or
metastatic disease and curative surgical treatment is no longer
possible.1 The 5-year survival rate is only 9%3 up to 16.5% for
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resected patients.1 Traditional prognostic factors associated with
poorer survival include larger tumor size, major blood vessel
invasion, the presence of nodal or distant metastasis, the presence
of residual disease after resection, high histologic grade, and poor
performance status. New therapeutic approaches such as
FOLFIRINOX in the neoadjuvant or palliative setting are under
investigation.4–8 Accurate patient stratification prior to treat-
ment is crucial to benefit from these new strategies. Thus, the
demand for non-invasive imaging biomarkers that better
correlate with tumor biology, as opposed to conventional
anatomic-morphologic approaches, is evident.
Previous CT studies have suggested that the physiological

vascular information from dynamic contrast-enhanced imaging
can have a role in diagnosis, grading and response assessment.9

The presence of dense desmoplastic stroma, a hallmark of
PDAC, leads to a substantial interstitial pressure resulting in
vascular collapse and tumor hypoperfusion, which limits oxygen
and nutrient availability10–12 and hinders drug delivery to cancer
cells.13 Tumors that are hypoattenuating on the portal-venous
phase on CT scan are more aggressive with poor tumor differ-
entiation, more lymph node metastases, and shorter disease-free
survival.14 Conversely, visually isoattenuating tumors have a
better survival after surgery with curative intent.15 Although
[18F]FDG-PET is not able to accurately define tumor extent
relative to the surrounding tissues, it has proved useful in
modifying the staging of PDAC for 10% of cases, changing the
decision making in about 50% of cases and sparing non-useful
surgery in 20% of cases, usually due to the detection of previ-
ously undetected metastases.16 Using the tumor glucose meta-
bolism [18F]FDG-PET can be useful to detect local recurrence,
assess therapeutic effects, and predict prognosis in PDAC pa-
tients.17–20 [18F]FDG-PET SUVmax was significantly associated
with the therapeutic response to chemoradiotherapy in PDAC
patients21 and in a subset of patients with interval metabolic
imaging after initial chemotherapy, complete metabolic response
highly correlated with major pathologic response.22,23 Addi-
tionally, tumors with higher rates of glycolysis but lower
cholesterol synthesis are known to be more aggressive and less
sensitive to chemotherapy than tumors with a more choles-
terogenic phenotype.24,25

Until recently, perfusion and metabolism have mostly been
used separately. The balance between tumor vascularity and
glucose metabolism offers complementary information
concerning tumor adaption to the microenvironment. Matched
high glucose metabolism with increased vascularity represents a
different biologic status compared to mismatched high meta-
bolism with lower vascularity, with the latter indicating adapta-
tion to hypoxia.26 Long term adaptation to hypoxic conditions,
may facilitate cancer progression and treatment resistance.27

However, a flow-metabolic phenotype has not been defined for
PDAC.
The purpose of this study is to investigate the relationship

between the qualitative flow-metabolic phenotype and overall
HPB 2024, 26, 389–399 © 2023 The Author(s). Published by Elsevier Ltd on
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survival of PDAC and its potential clinical utility, using tumor
attenuation on routine contrast-enhanced CT (CECT) as a sur-
rogate for the vascularity and [18F]FDG uptake as a surrogate for
metabolic activity on [18F]FDG-PET.
Methods

Study design and outcome measures
All adult patients with histopathologically proven PDAC who
received both a CECT and a [18F]FDG-PET scan in accordance
with prevailing guidelines between 2005 and 2014 were eligible
for inclusion. Patients were identified in the electronic medical
records of our institution. CT scans and [18F]FDG-PET scans
were either performed in our university hospital or in commu-
nity hospitals. Exclusion criteria were pathological diagnosis
other than PDAC and a time interval between CECT and [18F]
FDG-PET of more than 60 days.
The primary outcome measure evaluated in this study was

overall survival. The institution’s electronic medical records and
the StatisticsNetherlands (CBS), until 31st of December 2021, were
used to establish the overall survival. Overall survivalwasmeasured
from the day of diagnosis until death. Censoring was performed for
loss to follow up or survival at 31st of December 2021.
Tumor characteristics such as tumor size and tumor grade

were obtained from the pathology report. Tumor size on CECT
in portal-venous phase was used in analyses in patients that did
not undergo curative resection. Tumor grade was coded well
differentiated, moderately differentiated and poorly differenti-
ated. Tumor stage was recorded according to the 8th edition of
the AJCC Staging Manual. For patients that did not undergo
resection pathological stage was supplemented with clinical
stage. Information on treatment (surgery, systemic therapy) was
obtained from the electronic medical records.

CT quantitative and qualitative analysis of flow
CTscans were reviewed by a single observer (JH) with 20 years of
experience in abdominal radiology. Qualitative and quantitative
assessment of attenuation has excellent interobserver agree-
ment,28 therefore single reader assessment of CT images suffices.
Image quality was deemed insufficient in case of severe motion
artefacts or low signal to noise ratio (SNR). For image analysis
images in the portal-venous phase were used, defined as
enhancement of both the portal vein and the hepatic veins, which
were extracted from either the CT pancreas protocol or routine
abdominal CT images in the absence of a multiphase pancreas
CT. The largest tumor diameter was measured in the axial plane,
and the images were evaluated in the portal-venous phase.
Tumor enhancement was used as a surrogate for the vascularity.
Hypoattenuation and isoattenuation qualitatively indicated a
state of low and normal blood flow respectively and hyper-
attenuation a state of increased flow. For quantitative analysis,
the Hounsfield unit (HU) value in the tumor was determined,
and if possible, the HU value upstream or downstream in the
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surrounding pancreas parenchyma. A circular region of interest
(ROI) with the largest possible diameter was placed in the tumor
and in the surrounding pancreas parenchyma of the pancreatic
head, body and tail. Isoattenuating PDAC was defined as a dif-
ference in attenuation value of less than 10 HU between sur-
rounding pancreas parenchyma (HUP) and pancreas tumor
(HUT): −10 � HUP – HUT � 10. Hypoattenuating PDAC was
defined as a difference in attenuation value of more than 10 HU
between surrounding pancreas parenchyma and tumor: HUP –

HUT > 10. Hyperattenuating PDAC was defined as a difference
in attenuation value of more than 10 HU in the tumor compared
to surrounding pancreas parenchyma: HUP – HUT < −10. If it
was impossible to measure the difference in HU between the
tumor and surrounding parenchyma, tumors were visually
evaluated. Isoattenuating PDAC was qualitatively defined as a
tumor visually not discernible from surrounding pancreas pa-
renchyma. Hypoattenuating PDAC was qualitatively defined as a
tumor darker than surrounding pancreas parenchyma, hyper-
attenuating PDAC was qualitatively defined as a tumor brighter
than surrounding parenchyma.

PET qualitative analysis of metabolism
[18F]FDG-PET images were obtained in our university hospital
using Siemens EXACT, Siemens Biograph2 and Siemens mCT40
or in community hospitals (n = 3; Philips Gemini GXL, Philips
unknown model, unknown vendor and model). The median
FDG dose was 236 megabecquerel (range 75–384). [18F]FDG-
PET images were reviewed and individually scored using Hermes
(Hermes P5 Gold, version 4.6-A) by two observers (MG and
LGO) with more than 25 years of experience. Image quality was
deemed insufficient in case of severe motion artefacts or low
SNR. After visual identification of the primary pancreatic lesion
Figure 1 [18F]FDG-uptake patterns

HPB 2024, 26, 389–399 © 2023 The Author(s). Published by Elsevier Ltd on
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with guidance of CT or MR images, a qualitative evaluation was
performed based on [18F]FDG uptake. The [18F]FDG uptake of
the tumor was defined low uptake or high uptake compared to
uptake of the liver. SUVmax was not measured, because EARL
reconstructions were not available for all patients. Discordant
results were solved by consensus reading. Different uptake pat-
terns were recorded: focal hotspot, multifocal hotspots, ring-
shaped, homogeneous low, homogeneous high, indeterminate,
no uptake. High uptake was defined as uptake pattern 1, 2, 3, 5
and low uptake was defined as uptake pattern 4 and 7. Indeter-
minate pattern contained both high uptake tumors (n = 15) and
low uptake tumors (n = 1). Heterogeneous uptake was defined as
uptake pattern 1, 2 and 3 (Fig. 1).

Statistics
SPSS (IBM SPSS Statistics for Windows, Armonk, NY: IBM
Corp.) was used for all statistical analysis. The summary statistics
are presented as the median (± SD and range) for continuous
variables, or frequency and percentage for categorical variables.
For between-group analyses student t-test was used for
comparing means and chi-square test was used for categorical
data. Kaplan–Meier curves for overall survival analysis were
generated and compared using the Mantel Cox log-rank test. Cox
regression survival analysis was performed on various factors to
examine possible confounding factors for survival. A statistically
significant result was defined as p < 0.05.
Results

Population
A total of 137 patients were retrieved from the hospitals’ elec-
tronic patient database with suspected PDAC who underwent
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both a CECT scan and a [18F]FDG-PET scan between January
2005 and December 2014 as primary diagnostic workup. After
2014 [18F]FDG-PET was not part of the diagnostic workup
anymore. Patients without a histopathological proof of PDAC
were excluded (n = 16), as were patients with a pathological
diagnosis other than PDAC; cholangiocarcinoma (n = 10),
ampulla of Vater carcinoma (n = 3), double tumor of the
pancreas (n = 2), duodenum tumor (n = 1), malignant intra-
ductal papillary mucinous neoplasm IPMN (n = 1) and
anaplastic carcinoma (n = 1). Three patients were excluded
because imaging quality was not sufficient, and seven patients
were excluded because the imaging interval was more than 2
months. Finally, 93 patients (50 male, median age 63 years)
were included (Table 1). PDAC mostly occurred in the
pancreatic head (86%). In 8 patients the tumor diameter could
Table 1 Demographic characteristics

All patients
(n [ 93)

Resectable
PDAC (n [ 39)

Age years
(median)

63
SD 10.3, range 30–80

64
SD 10.3, range 30–78

Gender

Male 50 (54%) 20 (51%)

Female 43 (46%) 19 (49%)

Tumor location

Head 80 (86%) 35 (90%)

Body–tail 13 (14%) 4 (10%)

Diameter mm
(median)

26 (n = 85)
SD 10.0, range 6–60

26
SD 9.9, range 6–60

Tumor grade

Well 3 (3%) 2(5%)

Moderate 16 (17%) 14 (36%)

Poor 21 (23%) 19 (49%)

Unknown 53 (57%) 4 (10%)

Tumor stage

I 10 (11%) 9 (23%)

II 17 (18%) 16 (41%)

III 31 (33%) 14 (36%)

IV 35 (38%) –

Curative surgery 39 (42%)

Systemic therapy

Yes 32 (34%) 19 (49%)

No 51 (55%) 17 (44%)

Unknown 10 (11%) 3 (8%)

Overall survival

Median 10 months 21.2 months

1 year survival 45% 79%

3 year survival 12% 28%

5 year survival 4% 10%

HPB 2024, 26, 389–399 © 2023 The Author(s). Published by Elsevier Ltd on
access article under t
not be reliably measured due to poor demarcation or ill-defined
tumor borders. The mean time interval between imaging was
13.2 days (SD 15.2). A curative resection was performed in 39
patients: pancreatoduodenectomy n = 33, distal pancreatectomy
n = 5 and subtotal pancreatectomy n = 1. In 30 patients
exploratory laparotomy or laparoscopy was performed with or
without surgical bypass. The other 24 patients did not undergo
surgery. In total, 32 patients received adjuvant and/or palliative
systemic therapy. One of these patients also received neoadju-
vant chemoradiotherapy, imaging included in this study was
performed before treatment. Most patients were too weak to
undergo systemic therapy (although performance status was not
registered in most patients), some patients choose quality of life
over systemic therapy, and in 10 patients data on systemic
therapy was missing. At the time of analysis, 89 patients had
died, with a median follow up of 9 months (range 1–94
months), with a loss to follow up of n = 4. The median overall
survival was 10 months.

CT patterns
Of the 93 patients, 65 patients had hypoattenuating tumors and
28 patients had iso- or hyperattenuating tumors (Table 2). In 22
patients the difference in HU value between tumor and sur-
rounding pancreatic tissue was not measurable due to upstream
atrophy, chronic pancreatitis or diffuse tumor infiltration. In
these patients, attenuation was graded visually. Most of these
tumors (n = 21) were located in the pancreatic head. There was a
statistically significant difference in OS between hypo- and iso-
or hyperattenuating tumors with a median OS of 8 ± 0.9 months
versus 20 ± 4.2 months (p = <0.001). Iso- or hyperattenuating
tumors were all located in the head of pancreas (p = 0.011), had
significantly lower tumor stage (p = 0.007) and underwent
curative resection more often (p < 0.001). There was no signif-
icant difference in overall survival between iso- or hyper-
attenuating tumors versus hypoattenuating tumors in stage I/II
(p = 0.444), stage III (p = 0.089) and stage IV (p = 0.182).

FDG patterns
There were 18 patients with low uptake and 75 patients with high
uptake (Table 3). Patients with high [18F]FDG-uptake (median
OS 9 ± 0.9 months) had a trend of a worse OS compared to
patients with low [18F]FDG-uptake (median OS 19 ± 6.3
months; p = 0.175). There was a significant difference in overall
survival between low [18F]FDG-uptake tumors versus high [18F]
FDG-uptake tumors in stage IV (p = 0.041).There was no sig-
nificant difference in stage I/II (p = 0.931) or stage III
(p = 0.378). There were several homogenous or heterogeneous
(i.e., uni- and multifocal hotspots, ring-shaped) uptake patterns
observed (Fig. 1). Patients with heterogeneous tumors (median
OS 8 ± 1.2 months) had a significant lower overall survival
compared to patients with homogeneous tumors (median OS
13 ± 2.1 months; p = 0.026).
behalf of International Hepato-Pancreato-Biliary Association Inc. This is an open
he CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://creativecommons.org/licenses/by-nc-nd/4.0/


Table 3 Demographic characteristics of patients with high versus

low [18F]FDG-U=uptake tumors

High (n [ 75) Low (n [ 18) p-value

Age years
(median)

63
SD 10.6,
range 30–79

63
SD 9.3,
range 44–80

0.467

Gender 0.486

Male 39 (52%) 11 (61%)

Female 36 (48%) 7 (39%)

Tumor location 0.714

Head 65 (87%) 15 (83%)

Body–tail 10 (13%) 3 (17%)

Diameter mm
(median)

27 (n = 69)
SD 10.4,
range 6–60

25 (n = 16)
SD 7.8,
range 12–39

0.105

Tumor grade 0.104

Well 1 (1%) 2 (11%)

Moderate 13 (17%) 3 (17%)

Poor 18 (24%) 3 (17%)

Unknown 43 (57%) 10 (56%)

Tumor stage 0.259

I 9 (12%) 1(5%)

II 13 (17%) 4 (22%)

III 22 (29%) 9 (50%)

IV 31 (41%) 4 (22%)

Curative surgery 30 (40%) 9 (50%) 0.440

Systemic therapy 26 (35%) 6 (33%) 0.607

Overall survival 0.175

Median 9 months 19 months

1 year survival 40% 67%

3 year survival 12% 11%

5 year survival 5% 0%

Table 2 Demographic characteristics of patients with iso- or

hyperattenuating versus hypoattenuating tumors

Iso- or
hyperattenuating
(n [ 28)

Hypoattenuating
(n [ 65)

p-value

Age years
(median)

64
SD 11.5,
range 30–80

63
SD 10.1,
range 35–79

0.394

Gender 0.182

Male 18 (64%) 32 (49%)

Female 10 (36%) 33 (51%)

Tumor location 0.011

Head 28 (100%) 52 (80%)

Body–tail – 13 (20%)

Diameter mm
(median)

25 (n = 23)
SD 10.2,
range 6–55

28 (n = 62)
SD 9.8,
range 14–60

0.055

Tumor grade 0.111

Well 3 (11%) –

Moderate 6 (21%) 10 (15%)

Poor 8 (29%) 13 (20%)

Unknown 11 (39%) 42 (65%)

Tumor stage 0.007

I 7 (25%) 3 (5%)

II 6 (21%) 11 (17%)

III 10 (36%) 21 (32%)

IV 5 (18%) 30 (46%)

Curative surgery 19 (68%) 20 (31%) <0.001

Systemic therapy 11 (39%) 21 (32%) 0.503

Overall survival

Median 20 months 8 months <0.001

1 year survival 75% 32%

3 year survival 29% 5%

5 year survival 7% 3%
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Qualitative flow-metabolic phenotype
When taking both CECT and PET features into consideration,
there were 55 patients with hypoattenuating tumors and high
[18F]FDG-uptake (Fig. 2), 20 patients with iso- or hyper-
attenuating tumors and high [18F]FDG-uptake (Fig. 3), 10 pa-
tients with hypoattenuating tumors and low [18F]FDG-uptake
(Fig. 4), and finally 8 patients with iso- or hyperattenuating
tumors and low [18F]FDG-uptake (Fig. 5). A cross correlation of
CECT attenuation and [18F]FDG-uptake pattern revealed that
hypoattenuating PDAC with high [18F]FDG-uptake has the
poorest prognosis (median OS 7 ± 0.9 months), compared to
hypoattenuating PDAC with low [18F]FDG-uptake (median OS
11 ± 2.6 months; p = 0.176), iso- or hyperattenuating PDAC with
high [18F]FDG-uptake (median OS 15 ± 4.5 months; p = 0.004)
and iso- or hyperattenuating PDAC with low [18F]FDG-uptake
HPB 2024, 26, 389–399 © 2023 The Author(s). Published by Elsevier Ltd on
access article under t
(median OS 23 ± 3.5 months; p = 0.035) (Fig. 6). There was no
significant difference in overall survival between the other
groups.
Hypoattenuating PDAC with high [18F]FDG-uptake has

significantly higher tumor stage (Stage I/II vs II-IVHR 2.846, 95%
CI 1.720–4.708, p < 0.001), lower curative resection rates (HR
3.996, 95% CI 2.420–6.597, p < 0.001) and worse overall survival
compared to the other flow-metabolic phenotypes (HR 2.042,
95% CI 1.324–3.150, p = 0.001). Surgery, systemic therapy and
tumor grade were found to be possible confounders. In multi-
variate Cox regression analysis surgery combined with tumor
differentiation (good-moderate diff HR 0.381, 95% CI
0.176–0.821, p = 0.014; poor diff HR 0.410, 95%CI 0.201–0.839,
p = 0.015), tumor stage (HR 2.074, 95% CI 1.019–4.222,
p = 0.044), systemic therapy (HR 0.562, 95% CI 0.332–0.952,
p = 0.032) and flow metabolic phenotype (HR 1.861, 95% CI
behalf of International Hepato-Pancreato-Biliary Association Inc. This is an open
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Figure 2 A 64-year-old male with stage 4 PDAC of the pancreatic head (42 mm) and an overall survival of 4 months. The tumor was hypo-

attenuating on CECT (a) and showed ring-shaped high [18F]FDG-uptake on PETCT (b)

Figure 3 A 77-year-old male with a small (25 mm) poorly differentiated T2N2 PDAC of the pancreatic head who underwent pancreatoduode-

nectomy with an overall survival of 6 months. The tumor was isoattenuating on CECT (a) and showed homogeneous high [18F]FDG-uptake on

PETCT (b)

Figure 4 A 56-year-old male with T2N1 PDAC of the pancreatic tail who underwent distal pancreatectomy with an overall survival of 6 months.

The tumor (25 mm) was hypoattenuating on CECT (a) and showed low [18F]FDG-uptake on PETCT (b)

394 HPB
1.131–3.060, p = 0.014) remained independent predictors for
overall survival. Tumor differentiation was combined with the
variable surgery to compensate for missing values in the non-
surgically treated patients (no resection was indicator
p = 0.017). Missing data occurred in 14 cases in multivariate
analysis.
There was no significant difference in overall survival between

hypoattenuating-high uptake flow-metabolic phenotype versus
other phenotype tumors in stage I/II (p = 0.750). There was a
HPB 2024, 26, 389–399 © 2023 The Author(s). Published by Elsevier Ltd on
access article under t
significant difference in overall survival between
hypoattenuating-high uptake flow-metabolic phenotype versus
other phenotype tumors in stage III (p = 0.028) and a near sig-
nificant difference in stage IV (p = 0.056). Additionally, treat-
ment-naïve patients with stage IV tumors had a tendency for a
worse prognosis if they had hypoattenuating-high uptake flow-
metabolic phenotype with a median overall survival of 4
months versus 6 months in the other phenotypes (p = 0.075).
Interestingly, there was no significant difference in overall survival
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Figure 5 A 44-year-old female with locally advanced PDAC of the pancreatic head who underwent pancreatoduodenectomy after neoadjuvant

chemotherapy with an overall survival of 25 months. The tumor was isoattenuating on CECT (a) and showed low [18F]FDG-uptake on PETCT (b)

Figure 6 Kaplan–Meier survival curve, with follow-up duration of 8 years after diagnosis of PDAC (total n = 93). Censored values (+) indicate the

last known follow-up time for subjects still alive after diagnosis or lost to follow up. Flow-metabolic phenotype, c2 12,694, p = 0.005). Median

survival iso-or hyperattenuating-low uptake tumors 23 months, 95% CI 16–30 months (blue), median survival iso-or hyperattenuating-high

uptake tumors 15 months, 95% CI 6–24 months (green), median survival hypoattenuating-low uptake tumors 11 months, 95% CI 6–16 months

(purple), median survival hypoattenuating-high uptake tumors 7 months, 95% CI 5–9 months (orange)

HPB 395
between patients with stage I/II hypoattenuating-high uptake
flow-metabolic phenotype and stage III/IV iso- or
hyperattenuating-high uptake flow-metabolic phenotype
(p = 0.470) or iso- or hyperattenuating-low uptake (p = 0.603).

Subgroup analysis
Only 15/55 (27%) of hypoattenuating-high uptake tumors un-
derwent curative resection versus 24/38 (63%) of the other
phenotypes, and 21/55 (38%) were unexpectedly advanced stage
at explorative laparotomy versus 9/38 (24%) of the other
HPB 2024, 26, 389–399 © 2023 The Author(s). Published by Elsevier Ltd on
access article under t
phenotypes (p = 0.002). Subgroup analysis of resected patients
showed age, gender, tumor location, stage, lymph node ratio,
grade and systemic therapy were all possible confounders for
overall survival but were not independent predictors in multi-
variate analysis. After curative resection there was no significant
difference in overall survival between hypoattenuating-high
uptake tumors versus other phenotypes, whether patients
received systemic therapy or not. Subgroup analysis of palliative
patients showed age, stage, tumor size and systemic therapy were
possible confounders. In multivariate Cox regression analysis
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tumor stage (HR 3.350, 95% CI 1.439–7.802, p = 0.005), sys-
temic therapy (HR 0.231, 95% CI 0.092–0.580, p = 0.002),
tumor size (HR 1.036, 95% CI 1.004–1.069, p = 0.026) and flow
metabolic phenotype (HR 4.333, 95% CI 1.525–12.309,
p = 0.006) remained independent predictors for overall survival.
Discussion

In this study, we demonstrated that the qualitative flow-
metabolic phenotype of PDAC using the combination of CECT
and [18F]FDG-PET features, predicted significantly worse sur-
vival for hypoattenuating-high uptake PDAC compared to the
other phenotypes. Hypoattenuating-high uptake tumors had a
median OS of 7 months compared to an OS of 23 months in
patients with iso- or hyperattenuating-low uptake tumors.
Hypoattenuating PDAC with high [18F]FDG-uptake has signifi-
cantly higher tumor stage and more advanced stage found at
exploratory laparotomy leading to lower curative resection rates.
In multivariate analysis surgery combined with tumor grade,
tumor stage, systemic therapy and flow metabolic phenotype
remained independent predictors for overall survival. Patients
with stage I/II hypoattenuating-high uptake flow-metabolic
phenotype did not show a significant difference in overall sur-
vival compared to those with stage III/IV iso- or
hyperattenuating-high uptake flow-metabolic phenotype. In
stage III, a significant difference in overall survival was observed
between hypoattenuating-high uptake flow-metabolic pheno-
type versus other phenotype tumors in stage III (p = 0.028). A
near-significant difference was observed in stage IV. Notably,
among patients with stage IV tumors who did not undergo
palliative systemic therapy, there was a trend towards a worse
prognosis in the hypoattenuating-high uptake flow-metabolic
phenotype. These findings support the hypothesis that the
combination of high tumor metabolism and low blood flow does
represent an aggressive PDAC tumor biology with unfavorable
prognostic characteristics. Above all, curative resection remains
the best chance of better overall survival. No significant differ-
ence in overall survival was observed between hypoattenuating-
high uptake flow-metabolic phenotype versus other phenotype
tumors in stage I/II.
In one previous study with a small number of patients with

pancreatic cancer, in which [15O]water was used to measure
blood flow, a high SUVmax/blood flow ratio was a strong pre-
dictor of poor survival.29 In this study tumor attenuation on
CECT was used as a surrogate for the vascularity, because it is
routinely available, in contrast to [15O]water.
[18F]FDG-PET is currently not routinely performed for

PDAC. However, it is increasingly being integrated into staging
algorithms. For instance, the NICE guidelines in the UK
recommend the use of [18F]FDG-PET for individuals with
localized disease on CECT who will undergo cancer treatment,
whether that involves surgery, radiotherapy or systemic therapy.
In combination with the discovery of novel molecular subtypes
HPB 2024, 26, 389–399 © 2023 The Author(s). Published by Elsevier Ltd on
access article under t
of PDAC, which use different metabolic pathways as their main
source of energy, it is not possible to omit the use of [18F]FDG-
PET in PDAC. The subtypes are largely divided into two broad
subtypes; the better prognostic classical/progenitor subtype and
the worse prognostic squamous/basal-like/quasi-mesenchymal
subtype30–32 characterized by a higher tumor grade, worse
overall survival, higher risk of metastasis33 and liver recurrence.34

Recent literature showed the worse prognostic squamous sub-
type is highly catabolic and utilizes glycolysis as their main source
of energy and is more sensitive to glycolysis inhibition, which is
used as a novel metabolic therapeutic agent.35 Although it is
known that [18F]FDG uptake might be absent in PDAC, it is
rarely emphasized in current literature. In this study low [18F]
FDG uptake tumors were present in 19% of patients, who
demonstrated a trend of better overall survival compared to high
[18F]FDG uptake. The squamous subtype is more likely to be
associated with body/tail pancreatic cancer,36 while the prog-
nostically favorable Bailey’s immunogenic subtype was almost
exclusively found in the pancreatic head tumors.37,38 Interest-
ingly, in agreement with the previous studies iso- and hyper-
attenuating tumors (n = 28) all presented in the pancreatic head,
had higher curative resection rates and a significant better overall
survival.39,40 This adds to the hypothesis that iso- and hyper-
attenuating tumors are not early PDAC, but might be different
molecular, genomic, metabolic or pathological entities compared
to hypoattenuating tumors.41 Molecular subtyping and infor-
mation on tumor biology, including tumor aggressiveness and
chemosensitivity, may aid in treatment planning and selection.
Stratifying tumors in hypoattenuating versus iso- and hyper-

attenuating and high versus low uptake does not take into ac-
count the heterogeneity of the tumor, which is a well-known
hallmark of PDAC42 and reflected in the macroscopically
different uptake patterns that we observed. The [18F]FDG uptake
in tumors is heterogeneous due to both neoplastic and non-
neoplastic components such as tumor cells, (activated) stromal
cells and necrosis and is related to the degree of vascularity,
hypoxia, metabolic reprogramming, and proliferative capacity.
Equally important, there is the intrinsic metabolic plasticity of
pancreatic cancer cells. Tumor cells in hypoxic regions, due to
poor perfusion caused by dense stroma, tend to undergo
epithelial–mesenchymal transition (EMT) and exhibit elevated
glycolysis compared to tumor cells in normoxic areas.43 EMT is
associated with features that negatively effects overall survival,
such as tumor invasion, metastases formation and treatment
resistance.44 Our study demonstrated that using both PET and
CT have an advantage compared to using either PETor CTalone
in predicting overall survival. When comparing the imaging
features, demographic and prognostic aspects, the
hypoattenuating-high uptake tumors could represent the
squamous/basal-like/quasi mesenchymal subtypes enriched with
mesenchymal signatures. This is clinically relevant, as chemo-
therapy responses may differ among the different subtypes. The
basal-like population is more sensitive to gemcitabine treatment
behalf of International Hepato-Pancreato-Biliary Association Inc. This is an open
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and less sensitive to modified-FOLFIRINOX (mFFX), while
there is a favorable impact of mFFX in classical PDAC.45–47

Unfortunately, due to the low number of patients who under-
went chemotherapy and the missing data on the specific
chemotherapeutic regimens, we were unable to assess the po-
tential of using the flow-metabolic phenotype to stratify patients
into therapy-resistant groups. Nonetheless, the limited number
of patients receiving chemotherapy is consistent with nationwide
numbers for the years of inclusion.1 In future studies, a more
comprehensive analysis of this aspect may be particularly rele-
vant in the context of the current era of (neo)adjuvant therapies.
The main limitation of this study is the heterogeneous study
population, which includes all tumor stages and different treat-
ment strategies, which influences overall survival data and
complicates interpretation of the results. Selection bias were
introduced in this study, as only patients who were potentially
eligible for resection on CECT received an [18F]FDG-PET scan
for the exclusion of distant metastasis. This is reflected in the
high percentage of resected tumors, 41.0%, whereas normally
only 15–20% of the patients undergo surgery. Isoattenuating
tumors were found in 28% of patients, which was somewhat
higher than the reported prevalence of 5%–23%.15,48–50 Both
may reflect a certain heterogeneity in the study population.
This study demonstrated promising results using routine

CECT and [18F]FDG-PET to define a novel qualitative flow-
metabolic phenotype that reflects perfusion and metabolism of
pancreatic ductal adenocarcinoma. Future integration of [18F]
FDG-PET and perfusion CT holds the potential to generate a
fully quantitative flow-metabolic phenotype. This approach can
be instrumental in facilitating tumor classification and advancing
precision medicine. Furthermore, if the flow-metabolic pheno-
type can effectively distinguish molecular subtypes, it can serve
as the foundation for more personalized treatment strategies.
Future research may explore the application of machine learning
or deep learning to analyze CT and [18F]FDG-PET, as there are
different contrast enhancement patterns and [18F]FDG-uptake
patterns. Texture analysis could offer a more comprehensive
evaluation, considering the typical tissue heterogeneity in PDAC.
Concluding, the qualitative flow-metabolic phenotype of

PDAC using the combination of CECT and [18F]FDG-PET fea-
tures, predicted significantly worse survival for hypoattenuating-
high uptake pancreatic cancers compared to the other pheno-
types. Hypoattenuating PDAC with high [18F]FDG-uptake has
significantly lower resection rates and represents an aggressive
tumor biology. This novel flow-metabolic phenotype of PDAC
might be useful as a prognostic biomarker.
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