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Abstract

Objectives We investigated the value of CT texture analysis (CTTA) in predicting prognosis of unresectable pancreatic cancer.
Methods Sixty patients with unresectable pancreatic cancers at presentation were enrolled for post-processing with
CTTA using commercially available software (TexRAD Ltd, Cambridge, UK). The largest cross-section of the
tumour on axial CT was chosen to draw a region-of-interest. CTTA parameters (mean value of positive pixels
(MPP), kurtosis, entropy, skewness), arterial and venous invasion, metastatic disease and tumour size were correlated
with overall and progression-free survivals.

Results The median overall and progression-free survivals of cohort were 13.3 and 7.8 months, respectively. On multivariate Cox
proportional hazard regression analysis, presence of metastatic disease at presentation had the highest association with overall
survival (p = 0.003-0.05) and progression-free survival (p < 0.001 to p = 0.004). MPP at medium spatial filter was significantly
associated with poor overall survival (p = 0.04). On Kaplan—Meier survival analysis of CTTA parameters at medium spatial filter,
MPP of more than 31.625 and kurtosis of more than 0.565 had significantly worse overall survival (p = 0.036 and 0.028,
respectively).

Conclusions CTTA features were significantly associated with overall survival in pancreas cancer, particularly in patients with
non-metastatic, locally advanced disease.

Key Points

o CT texture analysis is easy to perform on contrast-enhanced CT.

o CT texture analysis can determine prognosis in patients with unresectable pancreas cancer:

o The best predictors of poor prognosis were high kurtosis and MPP.
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Abbreviations Introduction

CTTA  CT texture analysis

MPP Mean value of positive pixels Pancreatic cancer is the fourth leading cause of cancer-related
NCCN  National Comprehensive Cancer Network in USA deaths in men and women in the USA. Surgical resection with
SSF Spatial scaling factor negative margins (RO resection) is the only potentially cura-

tive therapy for pancreatic cancer. However, only 10—-15% of
patients will qualify for radical pancreatic resection. The rest
of the patients have locally advanced (unresectable) disease
(30—40%) or metastatic disease (50-60%) [1-3]. Survival in
pancreatic cancer is generally dismal. Those who undergo
curative resection and successful adjuvant chemotherapy have
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As we move towards an era of customised cancer care, the
more information we may obtain about a tumour, the better we
can tailor the therapy for the patient. Heterogeneity within a
tumour is one such piece of information. Tumour heterogene-
ity may be due to genomic variations and altered tumour mi-
croenvironment, resulting in regions of differential hypoxia,
cellular density and angiogenesis [7, 8]. Such heterogeneity is
associated with higher histological grades of malignancy, in-
creased metastatic potential and resistance to chemotherapy or
radiotherapy [9-15]. Filtration—histogram-based CT texture
analyses (CTTA) use spatial filters that select for imaging
features over larger scales (typically 1-6 mm) and
histogram-based quantification reflects different components
(object size, number, density) of tumour heterogeneity. This
technique of CTTA reduces the effect of photon noise while
enhancing biologic heterogeneity [16—18]. CTTA has been
able to predict prognosis or treatment response in lung, oe-
sophageal, colorectal and renal cancers as well as in sarcoma
[18-25]. There have been no prior publications regarding the
role of CTTA in predicting outcomes of unresectable pancre-
atic cancer. The aim of this study was to determine its value in
predicting the survival in patients with unresectable pancreatic
cancer.

Methods
Patients

This retrospective study was approved by the institutional
review board (IRB) with waiver of informed patient consent.
The study was Health and Insurance Portability
Accountability Act (HIPAA)-compliant. Review of the insti-
tutional radiology databases for the period January 2007 to
December 2014 revealed 126 patients with pancreatic cancer.
Patients with unresectable pancreatic cancer (cohort n = 60)
were selected. The exclusion criteria and derivation of the
study cohort are shown in Fig. 1. The patients’ therapy follow-
ed established NCCN protocols [6], with locally advanced
caners being treated with gemcitabine-based chemotherapy
and stereotactic body radiation therapy. Patients with metasta-
tic disease were primarily treated with FOLFIRINOX-based
chemotherapy. Additional chemotherapy agents were used in
patients with good ECOG (Eastern Cooperative Oncology
Group) status.

CT examination

All patients underwent standard diagnostic contrast-enhanced
CT examinations of the abdomen in venous phase only (n =
34) or late arterial (parenchymal) and venous phases (n = 26).
CT studies were performed with multislice CT scanner
(Phillips Healthcare, Best, Netherlands) using similar
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protocols: 120 kVp, 180—450 mA with tube current modula-
tion, matrix of 512, field of view of 380—500 mm, and 4- or 5-
mm reconstructed section thickness after intravenous injection
of 120 mL of 370 mg of iodine/mL of iopamidol (Isovue 370,
Bracco Healthcare, Princeton, NJ) at 3 mL/s. The late arterial
and portal venous phases were obtained 35 and 75 s after
commencement of contrast agent administration.

Image analysis

Analysis was performed using a commercially available
CTTA research software (TexRAD Ltd, Cambridge, UK),
for which dedicated training was provided to the study mem-
bers by the vendor. All data was controlled by the authors. An
abdominal radiologist with 5 years’ training (LY) selected the
axial image in the pretreatment venous phase that showed the
largest cross-section of the primary tumour. This radiologist
had used CTTA software for a prior study of 130 patients [26].
This image was anonymised for all patient data and labelled
with a random number. The single image for each patient was
uploaded to the server housing the software. The software
package was used to manually draw a polygon region of in-
terest (ROI) within the tumour (close to the tumour margin).
The software automatically applied a threshold to exclude
pixels with Hounsfield attenuation values less than -50, there-
by excluding gas or fat at the margins of the mass.

CTTA methodology using the filtration—histogram tech-
nique has been described elsewhere [18, 27-29]. Once ROIs
are obtained, the CTTA software modifies the pixel data using
several Laplacian spatial scaling factors (SSF), which extracts
and enhances features of different sizes (mm) ranging from no
filter (labelled SSF 0 which is nothing but the conventional
image), fine (SSF =2 mm), medium (SSF =4 mm) and coarse
(SSF = 6 mm) texture scales. The fine filter tends to enhance
tissue parenchymal features, while medium to coarse filters
enhanced vascular features [12]. The filtration step creates
derived filtered maps, which are quantified to yield four pa-
rameters from histogram and statistical analysis: mean value
of positive pixels (average brightness considering only the
positive pixel values), entropy (irregularity of pixel intensi-
ties), kurtosis (peakedness or sharpness of the pixel distribu-
tion) and skewness (asymmetry of pixel distribution). The
mathematical process of calculating these parameters has been
previously described [21, 24, 30].

Statistical analysis

Overall survival (time from diagnosis to death from any
cause) and progression-free survival were calculated. Two-
step multivariate Cox proportional hazards regression models
were fitted to examine the associations of the CTTA parame-
ters and survival. First, multivariate Cox proportional hazards
models were fitted in which the survival time was regressed
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Fig. 1 Flowchart of study

population. /V intravenous, PACS

picture archiving and
communication system

Inclusion criterion

¢ Adults with
unresectable
pancreatic ductal
adenocarcinoma

Patients found on database
search: January 2007 —

treated with chemo
radiotherapy

CcT

follow up
information

Exclusion criteria
» Lack of pretreatment
contrast-enhanced

» Did not finish
chemotherapy

* Treated surgically

* Lack of adequate

December 2014 * No pretreatment CT
n=126 n=17
* No IV enhanced CT:
n=4
Useable CT images available
on PACS
n=105

* Had surgical treatment:

1 20

X = * Did not complete
Did not have / finish chemo treatment: 13
chemotherapy

n=72

l ¢ Lost to follow-up: n=12

Adequate follow-up (>3
months) data available on

Hospital Information System
n=60

on the four texture parameters (entropy, kurtosis, MPP and
skewness). Next, the conventional imaging variables of arte-
rial invasion, venous invasion, metastases at presentation and
tumour size were included into the Cox models as covariates.
Texture parameters that were found to be significant (p < 0.05)
or trending to significance (0.05 < p < 0.10) in the Cox models
were dichotomised on the basis of median values. Although p
< 0.05 was considered to indicate a significant difference, a
stepwise Holm—Bonferroni procedure was used to reduce the
potential for type I errors arising from multiple comparisons
[31]. Log-rank tests were performed to compare the survival
times between the groups with above-median and below-
median values for the CTTA parameters. Kaplan—-Meier
graphs of the survival times were plotted. All analyses were
performed using SAS v9.4 (SAS Institute Inc., Cary, NC).

Results
Patients and tumours

The patients’ epidemiology and tumour characteristics are
shown in Table 1. Most patients (88%) had cancer in the head
of pancreas. Twenty-five patients had metastatic disease at
presentation, the clear majority of which were in the liver
(92%). Thirty-five patients had advanced vascular invasion.
Since the database search was for CT studies in which pancre-
atic cancer was reported, isodense tumours were excluded
from the cohort.

Survival data

The median overall survival and progression-free survival in
the cohort (n = 60) were 13.3 and 7.8 months, respectively.

Table 2 gives the mean and standard deviation of CTTA pa-
rameters at different spatial filters for patients with higher and
lower than median overall survival. Patients with worse prog-
nosis had lower entropy, higher mean positive pixel value
(MPP) and higher kurtosis.

Table 1 Patient and tumour characteristics

Characteristic Number of patients (n = 60)
Age (mean, range in years) 61.3 (40-81)
Gender

Male 37

Female 23
Tumour Location

Head 53

Body 4

Tail 3
Metastases at presentation

None 35

Liver 23

Lung 3

Adrenal

Others (kidney, omentum) 2
Veins involved

None 37

Portal vein 16

Superior mesenteric vein 16
Arteries invaded

None 38

Celiac artery 9

Superior mesenteric artery 17

Hepatic artery 8
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Table2 CTTA parameters and overall survival Table 3 Univariate Cox proportional hazard regression for survival
< Median OS > Median OS p Variables oS PFS
SSFO  Entropy 4.38 (0.21) 4.46 (0.17) 0.119 SSF  HR (95% CI) p HR (95% CI) p
MPP 58.07 (14.83) 56.72 (9.91) 0.266
Skewness 0.126 (0.323) 0.063 (0248)  0.403 Entropy 0 0.76 (0.20-2.96) 0.692 0.53 (0.15-1.92) 0.336
Kurtosis 0221 (0.426) 0.178 (0.445)  0.706 2 0.54 (0.25-1.17) 0.119 0.65(0.31-1.38) 0.263
SSF2  Entropy 469 (0.33) 4,88 (0.33) 0.084 4 1.55(0.71-3.38) 0.273 1.05(0.50-2.20) 0.900
MPP 38.15 (12.58) 37.69(1099)  0.616 6 1.24 (0.72-2.13) 0431 1.06 (0.63-1.79) 0.814
Skewness - 0.049 (0.388) 0050 (0355 0986 Kurtosis 0 1.24 (0.67-2.27) 0.496 1.69 (0.94-3.04) 0.082
Kurtosis 0.086 (0.648) 0,050 (0.605) 0407 2 1.08 (0.72-1.63) 0.706 1.25(0.86-1.82) 0.251
SSF4  Entropy 491 (0.43) 497 (031) 0,610 4 1.08 (1.00-1.16) 0.052 1.03 (0.96-1.11) 0.420
MPP 34.83 (14.38) 2877 (1046)  0.051 6 1.17 (0.98-1.40) 0.081 1.06 (0.90-1.25) 0.483
Skewness 20,620 (1.018) 0314(0.665)  0.174 MPP 0 1.00 (0.97-1.02) 0.836 1.00 (0.97-1.02) 0.711
Kurtosis 247 (4.43) 0.83 (1.53) 0.053 2 1.00 (0.98-1.02) 0.922 1.00 (0.98-1.02) 0.985
SSF6  Entropy 481 (0.73) 4.88 (0.45) 0.656 4 1.02 (1.00-1.04) 0.108 1.00 (0.98-1.03) 0.762
MPP 28.26 (17.90) 2798 (10.69) 0943 6 1.01 (0.99-1.03) 0.305 1.00(0.98-1.03) 0.648
Skewness  — 0397 (0.812) - 02217 (0.598) 0345 Skewness 0 1.45(0.53-3.92) 0.468 1.35(0.47-3.88) 0.574
Kurtosis 0.820 (2.031) 0.172 (0.983)  0.121 2 0.87(043-1.74) 0.688 1.39(0.68-2.86) 0.370
4 0.86 (0.63-1.17) 0.331 0.97(0.70-1.33) 0.836
Table shows mean (standard deviation) of CTTA parameters for patients 6 0.91 (0.61-1.35) 0.646 1.06 (0.72-1.56) 0.766
with less than (<) and higher than (>) median overall survival (OS) Vein invasion 177 (1.00-3.10) 0.048 1.14 (0.66-1.98) 0.627
SSF spatial scaling factors, SSF' 0 no filtration, SSF 2 fine filtration, SSF 4 Arterial invasion  0.85 (0.50-1.45) 0.549 0.73 (0.43-1.24) 0.248
medium filtration, SSF 6 coarse filtration Size of tumour 1.1 (0.94-129) 0235 1.02 (0.88-1.18) 0.814
MPP and Kurtosis at SS4 show significant differences in Overall Survival Metastases 193 (1.12-330) 0.017 232 (136-396) 0.002

(O

Table 3 gives the result of univariate Cox proportional hazard
regression analysis for overall and progression-free survivals. In
this analysis, the presence of metastases had the greatest associ-
ation with both overall and progression-free survivals (p = 0.017
and 0.002, respectively). Venous invasion had a significant asso-
ciation with overall survival (p = 0.048). The only CTTA param-
eter to have a substantial, but not significant, association with
overall survival was kurtosis at SSF 4 (p = 0.052).

Tables 4 and 5 give the results of multivariate Cox propor-
tional hazard regression analysis for overall and progression-
free survivals, respectively. The best associations with overall
survival were found with metastatic disease, venous invasion
and arterial invasion, in that order. Mean positive pixel value
(MPP) at SSF4 (medium texture) was also significantly asso-
ciated with overall survival (p = 0.042). The other CTTA
parameters and tumour size were not associated with overall
survival. Progression-free survival was only significantly as-
sociated with the presence of metastases. Vascular invasion,
tumour size and CTTA parameters were not significant indi-
cators of progression-free survival.

Figure 2a gives the Kaplan—-Meier survival curves for over-
all survival in patients with high and low MPP at medium
spatial filter. Those with MPP more than 31.625 had overall
survival below the median for the cohort. Similarly, patients
with high kurtosis at medium spatial filter also had poor over-
all survival (Fig. 2b). There was no significant difference
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OS overall survival, PFS progression-free survival, HR (95% CI) hazard
ratio (95% confidence interval), SSF spatial scaling factor (see text), MPP
mean positive pixel value

between MPP (p = 0.390) or kurtosis (p = 0.712) for patients
with and without metastatic disease.

Discussion

Heterogeneity within a tumour may be due to multiple factors,
including variable genomic expression and angiogenesis.
Heterogeneity in blood flow may result in foci of hypoxia
and micronecrosis, which have been shown to result in im-
paired response to chemotherapy and radiotherapy [7, 13].
Until recently imaging assessment of tumour texture has been
primarily qualitative and compounded by variation in photon
noise. CTTA was developed as a technique to give quantita-
tive parameters of tumour heterogeneity, without being affect-
ed by photon noise [16—18]. Several articles have previously
discussed the CTTA parameters [27, 28, 32]. Briefly, kurtosis
is related to the peakedness of the pixel distribution curve in
the region-of-interest. A positive or negative kurtosis indicates
a histogram that is either more or less peaked, respectively,
than a Gaussian distribution. Entropy is a measure of random
irregularity in the distribution of pixel densities. In general,
tumours with increased histological heterogeneity have CTTA
parameters of higher entropy, higher kurtosis and positive
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Table 4 Multivariate Cox proportional hazard regression for overall survival

Variables SSF 0 SSF 2 SSF 4 SSF 6

HR (95% CI) P HR (95% CI) p HR (95% CI) p HR (95% CI) p

Entropy 0.82 (0.19-3.55) 0.795 0.63 (0.26-1.49) 0.291 0.57 (0.16-2.02) 0.382 0.88 (0.41-1.86) 0.730
Kurtosis 1.05 (0.53-2.09) 0.886 0.93 (0.58-1.50) 0.759 1.13 (0.96-1.33) 0.134 1.17 (0.88-1.55) 0.282
MPP 1.00 (0.97-1.02) 0.831 1.00 (0.97-1.03) 0.845 1.04 (1.00-1.08) 0.042 1.02 (0.99-1.06) 0.143
Skewness 1.52 (0.49-4.73) 0.471 1.18 (0.50-2.77) 0.708 1.22 (0.68-2.19) 0.504 1.21 (0.71-2.03) 0.483
Vein invasion 322 (1.45-7.14) 0.004 2.91 (1.33-6.39) 0.008 2.53 (1.14-5.59) 0.022 2.6 (1.16-5.82) 0.020
Arterial invasion 1.40 (1.18-1.89) 0.025 1.44 (1.20-1.97) 0.041 1.58 (0.26-2.28) 0.177 1.50 (0.23-2.11) 0.088
Size of tumour 1.13 (0.95-1.35) 0.172 1.13 (0.95-1.34) 0.154 1.07 (0.88-1.29) 0.497 1.09 (0.89-1.33) 0418
Metastases 1.77 (1.00-3.13) 0.050 1.83 (1.00-3.34) 0.051 2.5 (1.37-4.56) 0.003 2.35(1.28-4.31) 0.006

HR (95% CI) hazard ratio (95% confidence interval), SSF spatial scaling factor (see text), MPP mean positive pixel value

skewness. The spatial scaling factor (SSF) values used in this
study were 2 mm, 4 mm and 6 mm, highlighting fine, medium
and coarse filtrations, respectively. Unfiltered images (SSF 0)
corresponded to conventional CT images.

Prior studies have assessed the prediction of prognosis using
CTTA parameters in head and neck squamous [22], lung [20,
23], oesophageal [12, 21], colorectal [18, 33] cancers, sarcoma
[34] and melanoma [35]. Studies have found that high entropy,
suggesting increased tumour heterogeneity, is associated with
worse outcomes in oesophageal cancer [12, 21], metastatic co-
lorectal cancer [18, 33] and non-small cell lung cancer [23].
High mean value of positive pixels was found to be associated
with high tumour grade in colorectal cancer [33]. Positive
skewness was associated with adverse outcome in metastatic
colorectal cancer[18], head and neck cancer [22] and non-small
cell lung cancer [23]. High kurtosis was associated with worse
outcomes in soft tissue sarcoma [34]. In concordance with prior
studies, we found that higher mean positive pixel values and
kurtosis were seen in patients with poor overall survival.

Pancreatic cancer has a substantially worse prognosis than the
other cancers investigated with CTTA. We chose a relatively
homogenous group of inoperable pancreatic cancer patients for

investigation. We found that metastatic disease at presentation
had the most significant association with overall survival and
progression-free survival, on multivariate Cox proportional haz-
ard regression analysis. The next highest associations with sur-
vival were venous invasion and arterial invasion. This is in keep-
ing with mean survival of 6 and 11 months for pancreatic cancer
patients with metastatic disease and local vascular invasion, re-
spectively [4, 5]. Tumour size was not significantly correlated
with poor outcomes. The only CTTA parameter to show signif-
icance on multivariate Cox proportional hazard analysis was
MPP (p = 0.042). High MPP was associated with worse survival.
To our knowledge only one other paper has addressed the
role of CTTA in determining prognosis in pancreatic cancer
[36]. That paper reported that, in 30 patients with resectable
pancreatic cancer, CTTA features of entropy, uniformity
and mean intensity were significantly different between
the cancer and surrounding normal parenchyma.
However, the paper reported that CTTA features, such as
mean intensity and entropy, as well as tumour size, did not
predict overall survival. The discrepancy in results between
that paper and ours may be due to different patient popula-
tions that were studied (resectable pancreatic cancer versus

Table 5 Multivariate Cox proportional hazard regression for progression-free survival
Variables SSF 0 SSF 2 SSF 4 SSF 6
HR (95% CI) P HR (95% CI) P HR (95% CI) P HR (95% CI) p

Entropy 0.58 (0.14-2.37) 0.447 0.51 (0.23-1.10) 0.086 0.97 (0.21-4.56) 0.973 0.9 (0.40-2.03) 0.801
Kurtosis 1.69 (0.87-3.28) 0.123 1.53 (0.97-2.41) 0.066 1.12 (0.95-1.32) 0.174 1.21 (0.90-1.63) 0.205
MPP 0.99 (0.96-1.01) 0.355 1.01 (0.98-1.04) 0.566 1.01 (0.96-1.05) 0.755 1.02 (0.99-1.06) 0.215
Skewness 1.29 (0.42-4.01) 0.655 1.57 (0.71-3.49) 0.267 1.55 (0.81-2.96) 0.185 1.74 (0.94-3.22) 0.077
Vein invasion 2.03 (0.93-4.40) 0.074 1.88 (0.88-4.02) 0.105 1.54 (0.70-3.41) 0.282 1.49 (0.67-3.33) 0.333
Arterial invasion 0.47 (0.22-1.03) 0.061 0.5 (0.22-1.10) 0.084 0.61 (0.27-1.37) 0.228 0.56 (0.25-1.29) 0.174
Size of tumour 1.01 (0.85-1.19) 0.941 1.06 (0.91-1.23) 0437 1.03 (0.86-1.23) 0.766 1.07 (0.89-1.29) 0.455
Metastases 245 (1.39-4.31) 0.002 2.42 (1.32-4.43) 0.004 2.6 (1.45-4.66) 0.001 3.1 (1.66-5.79) <0.001

HR (95% CI) hazard ratio (95% confidence interval), SSF spatial scaling factor (see text), MPP mean positive pixel value
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Fig. 2 Kaplan—Meier survival a
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unresectable disease). There were also methodological dif-
ferences in texture analysis of the two papers.

Kaplan—Meier statistics showed that texture parameters
may be helpful in predicting prognosis in patients with pan-
creatic cancer. Patients with high MPP (of more than 31.6) and
high kurtosis (of more than 0.565) at medium spatial filter had
worse prognosis. Unlike prior studies, we did not find the
other CTTA parameters, particularly entropy, to be associated
with survival. These results may be explained by methodolog-
ical differences between our study and some of the previously
published studies. The prognosis of pancreatic cancer is abys-
mal, and instead of evaluating 3-year or 5-year survival, we
investigated overall survival. Treatment regimens in prior pa-
pers varied including surgery [34] or chemotherapy [18, 22,
23]. Our patients only had chemotherapy and radiotherapy.
We not only assessed texture parameters, but also convention-
al CT findings, such as tumour size, presence of metastatic
disease and local vascular invasion, which are known to affect
prognosis. Finally, it is possible that CTTA parameters of
squamous cancers in the head and neck and oesophagus
may be different from those of adenocarcinoma.

We are aware of some limitations to our study. The study is
retrospective, and the number of patients is small. Another
limitation is that we used the axial slice with maximum tu-
mour dimensions to perform analysis rather than analysing
multiple sections through the whole tumour. One study
showed that two-dimensional texture analysis gives adequate
results, though multislice volume analysis may be more rep-
resentative of tumour [14]. We believe that more standardised
methods of CT scanning and rigorous statistical analysis may
be required in the future if CT texture analysis is to find wide-
spread clinical use. It may be particularly useful to determine
which texture parameters and at which spatial filters should be
analysed for a particular tumour. We did not use MRI for
determination of liver metastases since this is not the
standard-of-care in the USA, and the NCCN considers
contrast-enhanced CT to be an acceptable staging modality
for pancreatic cancer [6]. It is possible that CT may have
missed some small liver metastases that may have been de-
tectable on MRI. We had only one CTTA reviewer in this
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Time(Morths)

Time(Months)

study. However, prior CTTA studies have shown good to ex-
cellent interobserver agreement [34, 35, 37-39].

In conclusion, metastatic disease at presentation has the
most significant effect on overall survival in unresectable pan-
creas cancer. However, texture features are important in
predicting outcomes in unresectable pancreas cancer. In par-
ticular, high mean positive pixel value and kurtosis at medium
spatial filter are associated with poor prognosis. CT texture
analysis may be a useful adjunct to contrast-enhanced CT in
stratifying prognosis in patients with pancreas cancer, espe-
cially in those without metastatic disease at presentation.
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