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Abstract

Purpose To evaluate the utility of non-contrast-enhanced CT texture analysis (CTTA) for predicting the histopathological
differentiation of pancreatic ductal adenocarcinomas (PDAC) and to compare non-contrast-enhanced CTTA texture features
between primary PDAC and hepatic metastases of PDAC.

Methods This retrospective study included 120 patients with histopathologically confirmed PDAC. Sixty-five patients under-
went CT-guided biopsy of primary PDAC, while 55 patients underwent CT-guided biopsy of hepatic PDAC metastasis. All
lesions were segmented in non-contrast-enhanced CT scans for CTTA based on histogram analysis, co-occurrence matrix, and
run-length matrix. Statistical analysis was conducted for 372 texture features using Mann—Whitney U test, Bonferroni—-Holm
correction, and receiver operating characteristic (ROC) analysis. A p value <0.05 was considered statistically significant.
Results Three features were identified that differed significantly between histopathological G2 and G3 primary tumors. Of
these, “low gray-level zone emphasis” yielded the largest AUC (0.87 +0.04), reaching a sensitivity and specificity of 0.76
and 0.83, respectively, when a cut-off value of 0.482 was applied. Fifty-four features differed significantly between primary
and hepatic metastatic PDAC.

Conclusion Non-contrast-enhanced CTTA of PDAC identified differences in texture features between primary G2 and G3
tumors that could be used for non-invasive tumor assessment. Extensive differences between the features of primary and
metastatic PDAC on CTTA suggest differences in tumor microenvironment.
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Abbreviations
AUC Area under the curve
CT Computed tomography

CTTA Computed tomography texture analysis
GLCM  Gray-level co-occurrence matrix
GLSZM Gray-level size zone matrix

HU Hounsfield Units

LoG Laplacian of Gaussian

PACS Picture archiving and communication system
PDAC Pancreatic ductal adenocarcinoma

ROC Receiver operating characteristic

ROI Region of interest

Introduction

According to recent data, pancreatic ductal adenocarcinoma
(PDAC) is still the seventh leading cause of global cancer
deaths, mainly because patients remain free of symptoms for
a long time and the diagnosis is often made at an advanced
stage. The poor prognosis for PDAC is further worsened by
the presence of distant metastases, which are found in more
than 50% of patients at the time of diagnosis, most com-
monly in the liver [1].

Among local and distant extension, the histopathologi-
cal grade of differentiation of PDAC, which is described
by tumor architecture, cell morphology, mitotic activity,
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and cell nucleus polymorphisms, serves a major prog-
nostic factor [2]. While well-differentiated G1 tumors are
predominantly arranged in tubular structures and show
low mitotic activity and a low number of polymorphisms,
poorly differentiated G3 tumors are mainly configured in
solid areas and have high mitotic activity and a high number
of polymorphisms [3]. Poorly differentiated PDAC is more
aggressive and associated with shorter survival than well-
differentiated PDAC, and the risks associated with surgical
resection may outweigh the benefits of the procedure [4, 5].
In addition, neoadjuvant therapy may improve survival in
patients with poorly differentiated PDAC [6]. To estimate
patients’ survival and adapt treatment, a non-invasive tech-
nique for tumor assessment is of common interest. Previous
studies have shown that tumor heterogeneity is an important
biomarker for patient survival [7, 8]. It is determined by,
among other factors, cellular density, angiogenesis, and the
presence of micronecrosis and can be quantified noninva-
sively using CT texture analysis (CTTA) [9—-11]. A statisti-
cally significant correlation has been found between CTTA
of locally advanced, non-metastatic PDAC, and overall sur-
vival [12]. A recent study showed for the first time that the
histopathological grade of PDAC could be discriminated
using texture analysis and machine learning [13]. In that
study, contrast-enhanced CT was utilized with non-uniform
CT scan parameters [13]. However, it has been reported that
contrast media in CTTA may be a source of error due to
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variability among factors, such as contrast medium volume,
concentration, and injection rate, as well as patient’s allom-
etry and cardiac output [14, 15]. Therefore, the primary aim
of our study was to assess whether non-enhanced CTTA
of PDAC allows prediction of the histopathological grade
of differentiation. In addition, we aimed to assess whether
differences could be found on non-enhanced CTTA between
primary and metastatic PDAC, which could reflect different
histopathological characteristics.

Methods
Patient population

Our institutional review board approved this retrospective
study and waived the requirement for written informed
consent. A computer database search for the period from
March 2012 to November 2018 yielded 105 consecutive
patients, who underwent CT-guided biopsy of a pancreatic
tumor at our institution and received a histopathological
diagnosis of PDAC. Moreover 63 additional patients with a
pancreatic tumor and suspicious liver lesions underwent CT-
guided biopsy of the liver, resulting in a histopathological

Fig. 1 Flowchart of the study
population

diagnosis of adenocarcinoma consistent with PDAC metas-
tasis were included in our study. The indication for biopsy in
the former group of patients was previous imaging findings
suspicious for locally advanced PDAC, while in the latter
group of patients, it was previous imaging findings suspi-
cious for metastatic PDAC. Out of a total of 168 patients,
45 were excluded due to lack of a non-enhanced scan from
the CT-guided biopsy procedure. In addition, because only 3
patients had primary PDAC of histopathological G1, a valid
analysis of this subgroup was impossible, and these patients
had to be excluded as well. Thus, the final study population
consisted of 65 patients (28 females, 37 males) who under-
went CT-guided biopsy of the pancreas with histopatho-
logically confirmed PDAC and 55 patients (22 females, 33
males) who underwent CT-guided biopsy of the liver with
histopathologically confirmed PDAC metastasis. According
to the medical records, none of the patients received anti-
cancer therapy before biopsy. Figure 1 shows a flowchart of
the study population selection process.

At biopsy out of the 65 patients with primary PDAC
alone, 23 patients had histopathological G2 and 42 had his-
topathological G3 tumors.

Patients’ demographic details and tumor characteristics
are summarized in Table 1.

database search March 2012 - November 2018
n =168

e .

n =105

biopsy of pancreatic lesion biopsy of hepatic lesion

n=63

|

exclusion 1: lack of non-enhanced CT scans l

useable CT images

useable CT images

n=68 n=>55
} exclusion 2: histopathological subgroup G1 in primary PDAC J
final study population final study population
n=65 n=55
T?ble 1 Patiepts’ demographic, Tumor group Number of  Mean age + SD Gender (f/m) Tumor size (range) in mm
histopathological tumor grade, patients (range) in years
and tumor size data (n=120)
Primary PDAC 65 67+9 (41-86) 28/37 35+12 (19-89)
G2 23 67+7.5 (48-77) 13/10 32+11(19-76)
G3 42 67+10 (41-86) 15/27 39+ 14 (22-89)
Hepatic metastasis 55 66+ 11 (38-88) 22/33 31+18 (11-87)

SD standard deviation, PDAC pancreatic adenocarcinoma
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CT imaging

CT imaging was performed as part of CT-guided biopsy
of the pancreas or the liver. All CT-guided biopsies were
performed on a single-multislice CT scanner (Somatom
Definition AS +, Siemens Healthineers). Pre-interventional
non-enhanced CT scans were performed to localize the mass
and plan the upcoming procedure using scanning parameters
as follows: tube voltage, 120 kV; tube current, 100 mAs
with tube current modulation; collimation, 128 X 0.6 mm;
pitch, 1.2; reconstruction thickness, 5 mm; reconstruction
kernel and standard kernel using iterative reconstruction;
and increment, 3.0 mm.

Texture analysis

Texture analysis was performed with the latest open-source
3D Slicer software (4.10.2-2019-05-30, available at https://

www.slicer.org). CT images were extracted from the institu-
tion’s PACS data management system (PACSView, Medocs
3.00.123) in PACS format and transferred to 3D Slicer. The
slice with the largest lesion diameter was selected. A 2D
region of interest (ROI) was manually drawn by two radiolo-
gists, with 4 and 6 years of experience in abdominal radiol-
ogy, respectively, in consensus (Fig. 2). The observers were
blinded to histopathological grade. In difficult cases, when
the lesion could not be clearly defined from non-enhanced
images and to avoid incorrect inclusion of any adjacent ves-
sels or tissues, additionally contrast-enhanced CT images
also acquired for the CT-guided biopsy were used as a refer-
ence for placing 2D ROIs in the non-enhanced images.

3D Slicer software computed 372 features based on histo-
gram analysis, co-occurrence matrix, and run-length matrix.
Texture analysis was performed as a two-stage process. For
image filtration purposes, Laplace of Gaussian (LoG) filters
were applied, using sigma values of 0.5 (fine), 1.5 (medium),

Fig.2 a-d 2D segmentation of primary PDAC (a, ¢) and hepatic metastasis of PDAC (b, d) on axial, non-enhanced CT. To prevent inclusion of
any adjacent vessels or tissue, a small distance from the edge of the lesion was maintained
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and 2.5 (coarse), in addition to the original CT image as pre-
viously advised [16—18]. Subsequently, quantitative texture
analysis was performed. All texture features were extracted
for each ROL.

Statistical analysis

Differences in CTTA features between primary PDAC G2
and G3 tumors and between primary and metastatic PDAC
were tested using the Mann—Whitney U test. For multiple
testing a Bonferroni—-Holm correction was performed in
order to minimize Type I error. ROC analysis was performed
to calculate sensitivities and specificities for differentiation
between G2 and G3 tumors, whereas the Youden’s index
was used for calculation of the best fit cut-off value. Statis-
tical analysis was performed with commercially available
software (IBM SPSS Statistics, Version 26, SPSS Inc.). A p
value < 0.05 was considered statistically significant.

Results
Tumor size and density

The mean diameter of the ROIs in pancreatic lesions was
38 mm (range, 19-92 mm) with mean HU, . of 33 HU
(range, 13-54 HU), whereas the mean size of the ROIs in
liver lesions was 31 mm (range, 11-89 mm) with mean
HU, 1,0 Of 34 HU (range, 18-49 HU). No statistically signif-
icant differences in lesion size or mean density were detected
between G2 and G3 tumors.

CTTA of primary G2 versus G3 tumors

With the initially accepted significance level of p <0.05,
a total of 49 texture features were statistically signifi-
cantly different between primary G2 and G3 tumors using
Mann—Whitney U-Test. After Bonferroni—-Holm correction
for multiple testing, three texture features remained sig-
nificantly different; ROC analysis of these features yielded
AUCs between 0.766 and 0.866.

The feature “Low Gray-Level Zone Emphasis (LoG 0)”
had the largest AUC of 0.866. Using a cut-off value of 0.482
this resulted in a sensitivity, a specificity, and Youden’s
index of 0.76, 0.83, and 0.59, respectively (Fig. 3). On the
other hand “Cluster shade” (AUC of 0.840) and “High Gray-
Level Zone Emphasis” (AUC of 0.766) were also statisti-
cally significant. A detailed summary of the results is pro-
vided in Table 2.

“Low Gray-Level Zone Emphasis” and “High Gray-Level
Zone Emphasis” are specific features of a Gray-Level Size
Zone Matrix (GLSZM), which quantifies groups of voxels
of the same gray level that are connected with each other.
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Fig.3 Receiver operating characteristic (ROC) curve for the fea-
ture “low gray-level zone emphasis (LoG 0)” giving an AUC value
of 0.866 for the diagnosis of histopathological grade G3 in primary
PDAC with a sensitivity and a specificity of 0.76 and 0.83, respec-
tively, using 0.482 as a cut-off value

Cluster shade on the other hand is part of the Gray-Level
Co-occurrence Matrix (GLCM) which describes certain
combinations of gray-level intensity pairs within the region
of interest [19].

CTTA of primary PDAC versus hepatic metastasis

Mann—Whitney U test revealed 115 texture features that
were significantly different between primary pancreatic car-
cinomas and hepatic metastases, applying the initial signifi-
cance level of p <0.05. After Bonferroni-Holm correction
for multiple testing, 54 texture features remained statistically
significant. ROC analysis of these features yielded AUCs
between 0.710 and 0.879. The parameter “Low Gray-Level
Emphasis (LoG 2.5)” showed the largest AUC (0.929). Low
Gray-Level Emphasis belongs to the Gray-Level Depend-
ence Matrix (GLDM), which quantifies voxels of a certain
gray-level intensity in regard to a specific center voxel [19].

In total 3 first-order parameters were found statistically
significant applying two different LoG filters (1.5, 2.5).
Median as the median gray-level intensity found in the
region of interest had the highest AUC of all first-order
features. Several second- and higher-order parameters
belonging to Gray-Level Co-occurrence Matrix, Gray-Level
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Table 2 ROC analysis of
texture features with statistically
significant differences between

primary G2 and G3 pancreatic
adenocarcinomas after
Bonferroni—-Holm correction

Texture feature Feature class  LoG filter AUC SD CI95% p value
(mm)

Low gray-level zone emphasis GLSZM 0 0.866  0.04  0.781-0.952 <0.001

Cluster shade GLCM 0 0.840 0.05 0.734-0.945  <0.001

High gray-level zone emphasis ~ GLSZM 0 0.766  0.06  0.651-0.880  <0.001

LoG Laplace of Gaussian filter, AUC area under the curve, SD standard deviation, CI confidential interval
95%, GLSZM Gray-level size zone matrix features, GLCM Gray-level co-occurrence matrix features

Run-Length Matrix, and Gray-Level Dependence Matrix
were significantly different between primary PDAC and
hepatic lesions when using LoG filters of 1.5 and 2.5. The
most significant features with AUCs > 0.850 are listed in
Table 3.

Discussion

Tumor grading is an important prognostic marker for long-
term survival of patients with PDAC and may influence
the treatment selection [4, 5, 20]. We investigated whether
CTTA in non-enhanced CT images can be used to predict

the histopathological grade of differentiation of PDAC. Our
study provides evidence suggesting that non-contrast CTTA
has potential as a tool for non-invasive tumor grade predic-
tion, as we found that three features differed significantly
between G2 and G3 tumors. In addition, we detected highly
significant differences in texture features between primary
PDAC and liver metastases from PDAC.

As CTTA has already shown promising results in the
prediction of long-term survival, risk of potential relapse,
and response to therapy for different tumor entities in
several organs [21-26], ROC analysis of primary PDAC
revealed that the feature “low gray-level zone emphasis”
without utilizing a LoG filter had the largest AUC and the

Table 3 Texture features

Texture feature LoG filter AUC SD CI195% p value

tbat had .an.AUC >0.850 fpr (mm)

differentiation between primary

PDAC and hepatic PDAC First order

metastasis Median 2.5 0907 0028 0.853-0.962 <0.00015
Median 1.5 0.872 0.033 0.807-0.937 <0.00015
Mean 2.5 0.880 0.033 0.815-0.945 <0.00015
Mean 1.5 0.834 0.038 0.759-0.909 <0.00015
10 percentile 2.5 0.870 0.035 0.800-0.939 <0.00015
Gray-level co-occurrence matrix
Joint average 2.5 0.928 0.022 0.876-0.974 <0.00015
Joint average 1.5 0.866 0.034 0.800-0.931 <0.00015
Sum average 2.5 0.927 0.024 0.879-0.974 <0.00015
Sum average 1.5 0.864 0.035 0.799-0.930 <0.00015
Autocorrelation 2.5 0.924 0.025 0.876-0.972 <0.00015
Autocorrelation 1.5 0.862 0.034 0.796-0.929 <0.00015
Cluster shade 1.5 0.862 0.035 0.794-0.930 <0.00015
Gray-level run-length matrix
Low gray-level run emphasis 2.5 0.903 0.027 0.849-0.956 <0.00015
High gray-level run emphasis 25 0.885 0.030 0.826-0.944 <0.00015
Gray-level dependence matrix
Low gray-level emphasis 2.5 0.929 0.024 0.882-0.975 <0.00015
Low gray-level emphasis 1.5 0.873 0.033 0.809-0.937 <0.00015
High gray-level emphasis 2.5 0.926 0.024 0.879-0.937 <0.00015
High gray-level emphasis 1.5 0.870 0.033 0.805-0.935 <0.00015
Large dependence high gray-level 2.5 0.911 0.027 0.857-0.965 <0.00015

emphasis

LoG Laplace of Gaussian filter, AUC area under the ROC curve, SD standard deviation, CI confidence
interval 95%, p value after Bonferroni—-Holm correction
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best cut-off value. Our results also confirm that the feature
“Cluster Shade” performs well in distinguishing G2 from
G3 tumors, as previously reported in a study on contrast-
enhanced CTTA of PDAC [13]. Unlike that study, we used
non-enhanced CT scans for CTTA to eliminate a possible
source of error and to create a more standardized dataset.
As besides other factors, such as radiation dose and CT
reconstruction, variations in contrast-enhanced CT scans
are considered a major risk factor for low reproducibility
of radiomic features in pancreatic lesions, the quality of our
data may overcome this limitation [15, 27]. A recent analysis
revealed that only about 5% of all radiomic features met a
defined threshold for reproducibility (specifically, a concord-
ance correlation coefficient > 0.9) when contrast-enhanced
CT scans with different scan parameters, injection rates, and
protocols were used [15]. All patients included in our study
were examined with the same CT scanner and identical
scan parameters in order to gain a more standardized data-
set. However, since in non-enhanced scans the pancreatic
lesion was sometimes difficult to differentiate from normal
pancreatic parenchyma due to small differences in density,
we decided to rely on 2D segmentation on the slice with
the largest lesion diameter to avoid the inclusion of normal
parenchyma, calcifications, adjacent blood vessels, or parts
of the intestine. Whether 2D segmentation in CTTA is supe-
rior to 3D segmentation or vice versa is controversial. On the
one hand, 2D segmentation reduces the influence of motion
artifacts and breathing artifacts and ensures that no adjacent
structure is mistakenly included; on the other hand, 3D seg-
mentation depicts the tumor in its entirety and may therefore
more reliably reflect the tumor’s properties [28, 29]. Another
finding of our study was the substantial difference in CTTA
features between primary PDAC and hepatic metastasis of
PDAC. This may be explained by genetic mutations of tumor
cells in distant metastases, different levels of expression of
growth factors, and different degrees of angiogenesis and
micronecrosis, as has already been shown for other tumor
entities [30, 31]. Potentially these differences may be respon-
sible for the mixed response of tumor diseases to subsequent
treatment [32, 33]. It must be emphasized that due to the dif-
ferences in CTTA features between primary and metastatic
PDAC, CTTA may not be appropriate for characterizing
liver lesions in patients with PDAC. However, this should
be further investigated in comparison to other tumor entities.

Several limitations of our study need to be considered.
First, due to its retrospective design, selection bias cannot
be ruled out and may have influenced the results. Second,
since non-enhanced CT scans were used for CTTA, segmen-
tation may have been prone to errors due to reduced lesion
conspicuity. However, segmentation of contrast-enhanced
CT scans is believed to have a high risk of low reproducibil-
ity due to contrast medium-based variability. Third, deter-
mining the grading from biopsy material carries the risk

of sampling error, as the grading of pancreatic tumors is
usually supposed to be determined by the surgical specimen.
However, taking three punch cylinders in different angula-
tions as applied at our institution for image-guided biopsies
should reduce the probability of this error to a minimum. In
general due to limited spatial resolution a small lesion size
could potentially cause difficulties in a proper segmenta-
tion. As far as our study population is concerned all lesions
were greater than 1 cm, therefore an adequate quality of
segmentation could be preserved. On a further note, a large
number of CTTA features were examined in a low number
of patients, thus elevating the risk of obtaining false-positive
results. However, we tried to prevent this effect with Bonfer-
roni—Holm correction for multiple testing. Further prospec-
tive studies are necessary to validate the results on a large
scale, concentrating on few relevant CTTA features.

Conclusion

CTTA of PDAC identified differences in texture features
between primary G2 and G3 tumors that may be used in
future deep learning algorithms for non-invasive assessment
of PDAC. Furthermore, differences found in numerous tex-
ture features between primary and hepatic metastatic PDAC
imply that CTTA of a metastatic lesion may not be useful for
drawing conclusions about the histopathological character-
istics of a primary lesion or vice versa.
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