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Abstract: Percutaneous CT-guided biopsy is a frequently performed procedure for the confirmation
and molecular workup of hepatic metastases of pancreatic ductal adenocarcinoma (PDAC). Tumor
necrosis of primary PDAC has shown a negative prognostic impact in recent studies. This study aims
to examine predictability in CT scans and the prognostic impact of necrosis in hepatic metastases
of PDAC. In this tertiary-center retrospective cohort study, we included 36 patients with hepatic
metastases of PDAC who underwent CT-guided hepatic biopsies. Normalized attenuation of the
biopsied metastasis was determined in venous phase contrast-enhanced planning scans obtained
prior to biopsy by automatic, threshold-based 3D segmentation and manual, blinded 2D segmentation.
A board-certified pathologist specialized in hepatic pathology histologically quantified the tumor
necrosis and cellularity of the biopsy cylinders. We found a significant inverse-linear correlation
between normalized attenuation and the fraction of necrosis (Pearson’s r = 0.51, p < 0.001 for automatic
3D segmentation or Pearson’s r = 0.52, p < 0.001 for manual 2D segmentation), whereas no correlation
was found with tumor cellularity. Additionally, we discovered that patients with a fraction of
necrosis > 20% in metastases had a significantly shorter overall survival (p < 0.035). In summary,
tumor necrosis of PDAC metastases can be estimated from contrast-enhanced CT scans, which could
help to improve biopsy sample pattern planning. In addition, liver metastatic necrosis may serve as a
prognostic biomarker in PDAC.
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1. Introduction

Despite extensive scientific effort during recent years, pancreatic ductal adenocarci-
noma (PDAC) remains one of the tumor entities with the poorest prognosis, with a 5-year
survival rate of less than 10% [1]. PDAC is by far the most common malignant primary
tumor of the pancreas and the second most frequent malignant tumor of the digestive
system [2]. Although resection can be attempted in the nonmetastatic stage, and neoadju-
vant systemic therapy can potentially precede surgery in borderline-resectable situations,
disease is usually not curable. In case of metastatic PDAC palliative chemotherapy is the
cornerstone of systemic therapy.

According to current German guidelines [3], prior to initiation of the palliative systemic
therapy of suspected metastatic PDAC, histopathologic confirmation should be pursued.
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Of the available options, endosonographic fine needle biopsy and percutaneous CT- or
ultrasound (US)-guided tru-cut biopsy, no procedure is preferred by the guidelines, but the
approach with the least risk and highest chance of success should be selected. Although
basically equally suitable, the decision between the different percutaneous methods (US-
or CT-guided) may vary between the centers and be driven by expertise and individual
preferences. In case of CT-guided liver biopsy, in many cases, more than one potential lesion
is technically accessible. For robust morphomolecular (e.g., cancer genome sequencing)
workup, biopsy material should be collected from vital tumor regions to avoid cellular
damage and supply a sufficient amount of material. Thus, to potentially improve sampling
patterns, determining whether cellularity and necrosis of metastases can be estimated via
CT imaging was a central motivation of this project.

Beyond this, tumor tissue composition and its representation in noninvasive imaging-
based tumor characterization has been the subject of intense research over recent years.
In a systematic review, the presence of tumor necrosis of solid tumors was reported for
several entities, including breast, renal cell, non-small cell lung, and colorectal cancer, as
a negative prognostic histopathological feature [4]. In the case of PDAC, a recent meta-
analysis identified the detrimental prognostic role of tumor necrosis of the primary tumor
in histopathology on overall survival (OS), recurrence-free survival, vascular and neural
invasion, T stage, M stage, and grading [5-8]. Another recent study described a significant
correlation of MRI-depicted tumor necrosis of PDAC to tumor size, nodal status, and
metastases [9], while another study reported higher tumor grading and higher cellularity
co-occurring with tumor necrosis determined by MRI [10]. However, the presence of tumor
necrosis in relation to PDAC metastases has not been reported on thus far.

Tumor cellularity was also shown to be characteristic of more aggressive subtypes of
PDAC in various studies [11-14], with patients containing high cellularity regions in the
primary tumor of PDAC experiencing a significantly shorter OS [14].

Thus, if predicted by imaging, necrosis and cellularity of PDAC metastases could
be valuable prognostic biomarkers. Previous studies have shown an inverse relationship
between the attenuation and tumor cellularity of primary PDAC in contrast-enhanced CT
scans [14].

This study aimed to correlate the attenuation of hepatic PDAC metastases in contrast-
enhanced CT scans acquired prior to percutaneous biopsies with the histological presence
of necrosis and cellularity. Furthermore, we aimed to validate tumor necrosis of metastases
as a negative prognostic biomarker in metastatic PDAC. Our findings could have important
implications for biopsy pattern planning and oncologic prognosis estimation.

2. Materials and Methods
2.1. Patient Inclusion

This study was designed as single-center, retrospective cohort study at our tertiary
institution. It was approved by the ethical review board of our institution (No. 180/17S)
and was performed in accordance with the Declaration of Helsinki. Informed consent was
waived according to the regulations of our institution for retrospective analyses. A Picture
Archiving and Communication System (PACS) query was performed via the following
search term strategy: ((‘pancreatic’ and (‘cancer” or ‘adenocarcinoma’ or ‘carcinoma’)) or
‘PDAC’) and ‘biopsy’. Subsequently, a stepwise exclusion approach was performed as
follows: (1) exclusion of all cases with nonhepatic biopsies, (2) exclusion of all cases with a
histopathological report not consistent with PDAC metastases, and (3) exclusion of all cases
with insufficient image quality (e.g., major motion artifacts/noncontrast-enhanced scans).

2.2. CT-Guided Biopsy Procedure

Image acquisition and biopsy were performed on a Philips IQon Spectral CT scanner
or a Philips Brilliance iCT 256 CT scanner (Philips Healthcare, Best, The Netherlands).
All included cases underwent a contrast-enhanced diagnostic CT scan. Weight-adapted
doses of lomeprol (Bracco S.p.A., Milan, Italy) followed by a saline chaser of 20 mL were
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administered as i.v. contrast agent 70 s before the diagnostic scan of the whole liver
volume in venous phase. All included biopsies were performed according to our standard
procedure: Biopsy planning was performed in the diagnostic scan. Stacks of three adjacent
axial images of 3 mm slice thickness were acquired throughout the procedure for manual
navigation of the needle tip until biopsies were retrieved at the target position with a
BARD magnum biopsy system (BD, Franklin Lakes, NJ, USA) at a penetration depth
of 22 mm with a 17/18 G coaxial needle system. Biopsy cylinders were immediately
fixated in 10% formaldehyde and transferred to the Institute of Pathology for further
histopathologic workup.

2.3. Automatic and Manual Image Segmentation

Retrospective image analysis was performed with the aim to determine the origin of
the biopsy cylinders. Automatic 3D segmentation of the biopsied metastasis was performed
using ITK-SNAP [15] in axial slices (slice thickness 0.9 mm, isotropic voxels; see Figure 1).
In detail, the last position of the needle immediately before biopsy was determined in
the planning scan by review of the pedal-acquired images. Nonpathologic liver tissue,
with metastases and blood vessels being avoided, was manually segmented in this slice to
determine the mean attenuation of normal liver tissue, which served as upper threshold for
automatic segmentation (shown in Figure 1C). The biopsied metastasis was presegmented
with a 3D bounding box with a safety margin around the lesion (demonstrated in Figure 1D)
prior to automatic segmentation. Automatic 3D segmentation was performed in the two-
sided threshold mode. The lower threshold was set to —20 HU. The upper threshold was
calculated as follows:

Upper threshold (in HU) = attenuation of non — pathologic liver tissue (in HU) — 10 HU.

One initializing bubble was placed centrally within the biopsied metastasis and au-
tosegmentation was run for 1000 iterations under the following parameters: region com-
petition force = 1.0, smoothing force = 0.2, speed-up factor 1.0, and step size = 1. This
resulted in a standardized, automatic 3D segmentation of the full volume of the metastasis
(Figure 1E). In a few cases, manual correction of the segmented volume had to be performed
in the case of autosegmentation of extrahepatic tissue. Surface meshes of the 3D-segmented
metastases were visualized via volume rendering in 3D Viewer “https://3dviewer.net
(accessed on 14 October 2022)” (Figure 1EG). Additionally, a polygonal, freehand ROI of
the whole metastasis was drawn manually in the single slice of the last needle position to
determine its attenuation, as this is the most feasible approach in clinical routine. Manual
segmentation was performed by a resident radiologist who was blinded to the remainder
of patient data. An additional circular ROI was drawn in the aorta on the same slice to
measure the attenuation of the contrast-enhanced blood pool in the aorta for normalization,
as described previously [14]. The corresponding attenuation of the (either automatic 3D
or manual 2D segmentation) metastasis was normalized to the attenuation of the aorta
as follows:

normalized attenuation = attenationpfetastasis / attenuationaoria

2.4. Histopathological Data

Histologic slices were retrieved from the biobank of the Institute of Pathology of our
tertiary center. Hematoxylin-and-eosin-stained slices of the biopsy cylinders processed in
routine histopathologic workup earlier were collected. One representative slide per patient
was scored quantitatively by a board-certified pathologist specialized in hepatic pathology.
The following items were scored: the percentage of malignant tissue of total tissue; the
percentage of necrotic tissue of total malignant tissue; the cellularity within the malignant,
nonnecrotic tissue (low: <33%; intermediate: 33-67%; high: >67%); and the number of
biopsy cylinders/fragments. The methodology regarding pathologic quantification was in
accordance with but more precise than that of the previous literature, in which necrosis was
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measured quantitatively in primary PDAC and defined as “confluent cell death in invasive
areas of primary cancers” [6-8]. In two studies, the classification was “absent/present” [7,8],
while in one study, subclassification was “large/small” [6]. Our study is the first to analyze
tumor necrosis of metastases in general with additional quantification in percentages.
The cellularity of primary PDAC has been measured in several previous preclinical and
clinical studies [12-14]. We scored tumor cellularity according to these studies, which
reported quantification by one or two experienced pathologists into two or three classes
(<30%/>30% [13], <30%, 30-70%, >70% [12,14]).

needle
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Figure 1. Automatic two-sided threshold-based 3D segmentation of biopsied metastasis. Diagnostic
CT scans (axial slices; slice thickness 0.9 mm; isotropic voxels) acquired in the venous phase (70 s
after i.v. injection of iodine-based contrast agent) were analyzed retrospectively. (A) The most recent
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position of the biopsy needle in the images before acquisition of biopsy cylinders was used as the
reference position for further analyses. (B) In the corresponding slice of the diagnostic CT scan,
the biopsied metastasis was identified, and the attenuation of contrast-enhanced aortic blood pool
was determined with a circular ROI. (C) Nonpathologic hepatic tissue was segmented, with vessels
and other metastases being avoided, to determine the average attenuation of normal liver tissue.
(D) Presegmentation of the metastasis was performed with a 3D bounding box. An initializing
bubble was positioned centrally. (E) Automatic 3D segmentation in the two-sided threshold mode
(upper threshold: attenuation of nonpathologic hepatic tissue—10 HU) resulted in a standardized
3D full-volume segmentation of the lesion. (F) 3D volume-rendered surface mesh of the exemplary
metastasis (from (A-E)) and two further exemplary patients (G) are visualized.

2.5. Survival Analyses

Kaplan—-Meier survival analysis was employed to estimate the OS probabilities for
three size-balanced metastasis tumor necrosis categories (high: >20% necrosis; interme-
diate: >5% to <20% necrosis; low: <5% necrosis). All patients that received any type of
systemic therapy prior to the included biopsy or that had metachronous metastases were
excluded, as OS timespan could not be determined, which led to the further exclusion of
5 patients. The log-rank test was used to assess the statistical significance of differences in
survival curves between these categories. Pairwise comparisons were performed between
the groups.

2.6. Statistics

All statistical analyses were performed using SPSS (Version 28, IBM, Armonk, NY,
USA). Data visualization was performed in GraphPad Prism (Version 9, GraphPad software
Inc., San Diego, CA, USA). Parametric data are presented as the mean =+ standard deviation.
Normal distribution was tested for with the Shapiro-Wilk test. Statistical differences
between normally distributed parametrical variables were determined using one-way
ANOVA. Pearson’s correlation was performed for the analysis of linear correlation between
parametric variables.

3. Results
3.1. Inclusion Process and Study Collective

Overall, 193 patients were identified with the PACS search query and screened for
eligibility. Of these 193 patients, 135 cases were excluded for having nonhepatic biopsies.
Another 13 patients were excluded for being diagnosed with entities other than metastatic
PDAC (e.g., primary liver tumors, metastasis of different primary tumors). An additional
nine patients were excluded for inappropriate image quality (e.g., noncontrast-enhanced
imaging) (Figure 2).

In total, 36 patients with CT-guided biopsies of histopathologically proven hepatic
metastases of PDAC between September 2009 and January 2021 were included and an-
alyzed in the study. These patients had a mean age of 65.5 4= 10.5 years. The enrolled
group consisted of 19 (53%) females and 17 (47%) males. In 4 of the 36 included cases, the
hepatic metastases were metachronous metastases after resection of the primary tumor. Of
these, two cases were resected without adjuvant chemotherapy prior to the biopsy. Only
two patients received systemic chemotherapy prior to the included CT scan (which ended
18 months and 6 years prior, respectively). The patient group had a mean normalized
attenuation of automatic 3D-segmented metastases of 0.45 £ 0.11, while that for manually
2D-segmented metastases was 0.46 &= 0.14. A summary of the clinical and histopathological
characteristics of all included patients is shown in Table 1.
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Figure 2. Patient inclusion flowchart. Eligible cases were identified via a PACS query. After multiple
exclusion steps, cases with CT-guided biopsies of proven hepatic metastases of PDAC were included

and analyzed in the study.

Table 1. Clinical characteristics and histopathological features of the included patients.

Variable Classes N (%)
s Male 17 (47%)
ex Female 19 (53%)

Mean (years) 65.5
A
8¢ SD (years) 10.5

G1 0 (0%)

. . G2 5 (14%)

Grading of Metastasis G3 3 (8%)
NA 28 (78%)

. . yes 4 (11%)
Resection of primary tumor no 32 (89%)
. . Synchronous 32 (89%)

Type of hepatic metastasis Metachronous 4 (11%)

1 3 (8%)

. . 2 7 (19%)

Number of biopsy cylinders 3 8 (23%)
>3 18 (50%)

Fract] " . Mean 11.9%

raction of necrosis SD 16.2%
Low (<33%) 6 (17%)
Tumor cellularity Intermediate (33-67%) 15 (42%)
High (>67%) 15 (42%)
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3.2. Pathologic Quantification of Necrosis and Cellularity of the Biopsy Cylinders

Different numbers of biopsy cylinders were available in the pathologic samples. In
50% (n = 18) of cases, three or more than three cylinders were available; in 22% (n = 8),
three cylinders were available; in 19% (n = 7), two cylinders were available; and in only 8%
(n = 3), one sample was available. The mean fraction of necrosis was 12%, ranging from 0%
to 65% (Table 1 and Figure 3). While six (17%) patients had a low cellularity of less than
33%, 15 patients (42%) had a cellularity of 33-67%, and 15 (42%) a high cellularity (>67%)
(Table 2 and Figure 3).

Table 2. The patient group divided into subgroups according to the tumor cellularity level (low: <33%;
medium: 33-67%; high: >67%).

Tumor Cellularity Low Medium High
p Value
Category (n=16) (n =15) (n =15)
Sex
Male 4 (67%) 6 (40%) 7 (47%) 0.54
Female 2 (33%) 9 (60%) 8 (53%) :
Age (in years) 68.2 + 6.7 64.4 +10.0 65.6 = 12.3 0.77
g 3D auto 0464+0.10  045+0.10  0.44+0.13 0.88
o=l segmentation
(o]
g 2D manual
g segmentation 0514010  043+012  046+0.17 0.49
<

3.3. Differences in Attenuation between the Metastases of Different Cellularity Levels

In automatic 3D segmentation, the group with low cellularity had a normalized
attenuation of 0.46 & 0.10, the group with intermediate cellularity had one of 0.45 + 0.10,
and the group with high cellularity had one of 0.44 £ 0.13 (Table 2). In 2D manual
segmentation, the low cellularity group had a normalized attenuation of 0.51 & 0.10, the
group with intermediate cellularity had one of 0.43 + 0.12, and the group with high
cellularity had one of 0.46 & 0.17. We could not detect significant differences in the
attenuation of the liver metastases between the groups with different cellularity levels,
either for 3D segmentation (p = 0.88; Figure 3D) or for 2D segmentation (p = 0.49; Figure 3E).

3.4. Correlation between Attenuation and Fraction of Necrotic Tissue

The normalized attenuation of the automatic 3D-segmented metastasis showed a
significant inverse-linear correlation with the fraction of necrotic tissue (Pearson’s r = 0.51,
p-value < 0.001; Figure 4D). Interestingly, we could also confirm a significant inverse-linear
correlation between the attenuation of the manual, single-slice, 2D-segmented metastasis
and the fraction of necrotic tissue (Pearson’s r = 0.52, p < 0.001, Figure 4E) at a similar
correlation coefficient.

3.5. Prognostic Impact of Tumor Necrosis of Hepatic Metastases

We performed Kaplan—-Meier analyses for OS for the three pathologically deter-
mined necrosis levels (low: <5%; intermediate: >5 to <20%; high: >20%). Patients with
metachronous metastases and systemic therapy prior to imaging (n = 5) were excluded.
Patients with high necrosis fraction in hepatic metastases had a significantly worse sur-
vival probability (p < 0.035) than did patients with medium (p < 0.037) or low (p < 0.033)
metastatic tumor necrosis (Figure 5).
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Figure 3. Correlation of attenuation with the cellularity of PDAC metastasis. Attenuation in
Hounsfield Units (HU) of the automatic 3D-segmented and the manual, single-slice, 2D-segmented
biopsied PDAC metastasis was measured. Exemplary histopathologic samples for the different tumor
cellularity categories of the biopsy cylinders determined quantitatively (high: >67% (A); intermediate:
34-66% (B); low: <33% (C)) by a board-certified pathologist specialized in hepatic pathology are
shown. (D) Attenuation in HU determined by automatic 3D segmentation of the biopsied metastasis
normalized to the attenuation of aorta in HU and cellularity levels of the biopsy cylinders are shown.
(E) Attenuation of the manual, single-slice, 2D-segmented metastasis normalized to the attenuation
of the aorta and cellularity levels are shown. Black squares represent for each included patient the
cellularity and normalized attenuation of the biopsied metastasis. No significant differences were
found in one-way ANOVA (p = 0.88 for (D); p = 0.49 for (E)).

A B § ¢

D 3D-auto segmentation E 2D-manual segmentation
1.0 1.0

0.8 Pearson's r = 0.52

0.8 Pearson's r = 0.51
p value < 0.001

p value < 0.001

0.67, :

Attenuation of metastasis
normalized to aorta

Attenuation of metastasis
normalized to aorta

“o 20 40 60 80 100 0 20 40 60 80 100
Necrotic tissue (in %) Necrotic tissue (in %)

Figure 4. Correlation of attenuation with the necrosis fraction of PDAC metastases. Attenuation
in Hounsfield Units of automatic 3D segmentation and manual 2D segmentation of the respective
PDAC metastasis was measured. Fraction of necrosis in percent was scored quantitatively by a
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board-certified pathologist specialized in hepatic pathology. Exemplary samples with (A) high
(> 20%), (B) intermediate (>5% to <20%), and (C) low (<5%) necrosis. (D,E) Black dots represent for
each included patient the fraction of necrosis and normalized attenuation of the biopsied metastasis.
Pearson’s correlation between fraction of necrosis and attenuation of metastasis normalized to the
aorta was performed for both segmentation modes.

1.0
T it =il I

0.8
'y
= }
o |
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o
a L
g 0.4 Necrosis
E = Tow (< 5%)
= ] = intermediate (5 % to < 20%)
0 02 —Mhigh (2 20%)
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——=intermediate (5 % to < 20%)-censorad
== high (= 20%)-censored

0.0
0.0 0.5 1.0 1.5 2.0 2.5

Time (years)

Figure 5. Prognostic impact of tumor necrosis fraction of hepatic metastases on the overall survival
(OS) of therapy-naive patients. Kaplan—-Meier survival analysis was performed for the OS of all
included patients (n = 31) without prior systemic therapy or metachronous appearance of metastases,
as in these patients, the OS timespan was biased. OS was significantly different overall between
the groups (p < 0.035) and in pairwise comparisons between the high- and medium-necrosis groups
(p < 0.037) and the high- and low-necrosis (p < 0.033) groups, while there was no difference between
the low and intermediate groups.

4. Discussion

In this study, we examined the correlation between the attenuation of hepatic metas-
tases of PDAC and their fraction of necrotic tissue and cellularity in venous-phase contrast-
enhanced CT scans. We found a significant inverse correlation between the necrosis and
attenuation of the metastases. In contrast, there was no correlation between the cellularity
and the normalized attenuation. Additionally, we demonstrated metastatic necrosis to be
negative prognostic biomarker in metastatic PDAC.

Identification of necrosis in hepatic metastases has clinical implications, as we found
high necrosis to be a negative prognostic biomarker for OS in our cohort. Recently, other
studies have focused on image-depicted tumor necrosis as a negative biomarker for re-
sectable PDAC. A well-designed retrospective study identified primary tumor necrosis
in CT imaging as an independent risk factor for recurrence or death in a risk model for
recurrence-free survival [16]. Other recent studies have described primary tumor necrosis
depicted by MR imaging as detrimental in terms of tumor size, nodal status and occurrence
of metastases [9], recurrence-free survival, and OS [10,17].
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Yet, our study is the first report of imaging used to identify necrosis in PDAC metas-
tases and its prognostic impact. We validated venous-phase CT scans in quantifying
metastatic necrosis via histopathologic comparison in patients without systemic therapy.
Although we observed a significant correlation (p < 0.001), the correlation coefficient was
only acceptable (Pearson’s r = 0.51), which may be explained by partial volume effects, as
we compared image features of the whole metastasis volume to only a small part of the
metastasis present in the biopsy cylinder.

An additional implication of findings may involve planning biopsy sampling patterns,
as samples with a low necrosis ratio are desired for proper pathological workup. We
demonstrated the potential of contrast-enhanced scans to identify vital lesions for biopsy
in metastatic pancreatic cancer, which are the highest attenuating lesions. The significant
correlation between attenuation and necrosis had an acceptable correlation coefficient if the
full volume of the metastasis was segmented, which was consistent for segmentation in
just a single slice (2D). This underlines the feasibility of this approach in clinical routine, as
2D segmentation is time- and resource-efficient.

We could not find a correlation between attenuation of the hepatic metastases of PDAC
and cellularity. In contrast, one prior study reported a significant correlation between the
attenuation of PDAC primary tumor and cellularity levels [14]. Likely, in the presence
of tumor necrosis, intravoxel partial volume effects may mask true cellularity in primary
tumors or metastases.

From our findings, one can expect that the presence of necrosis of hepatic metastases
may serve as a negative prognostic finding. However, this hypothesis must be examined in
further studies. In addition, normalized attenuation as a surrogate for tumor necrosis in
hepatic metastases of PDAC may also be a useful parameter for evaluating tumor regression
in systemic treatment approaches. Again, this hypothesis must be proven in further studies
and is beyond the scope of the current project.

Our study has important limitations that need to be discussed. In general, the limited
cohort size and the retrospective nature of our single-center study may reduce the gen-
eralizability of our results. Our study should be regarded as a proof-of-principle study
and requires prospective validation in a multicenter study. Only one CT scan, performed
on scanners of one manufacturer, was used in this study, which puts the external validity
of our study into doubt, although it can be expected that the attenuation ratio is robust
between different manufacturers.

In summary, the preliminary findings of our study may impact clinical case man-
agement, although prospective validation of the individual applications remains to be
performed. CT estimation of metastatic necrosis at baseline examination might serve as
prognostic biomarker in oncological risk models to influence therapy decisions. Further-
more, estimation of metastatic necrosis might serve as criterion for the radiologic evaluation
of oncologic remission under systemic chemotherapy. Lastly, it may be helpful in biopsy
pattern planning for CT-guided percutaneous biopsies.

5. Conclusions

We found a significant inverse correlation between the contrast-enhanced CT attenua-
tion of hepatic metastases of PDAC and pathologic tumor necrosis. Additionally, there was
a significantly shorter survival time in therapy-naive patients with high metastatic necrosis
levels. Pending prospective validation, our results could inform prognosis estimation,
biopsy pattern planning, and the radiologic evaluation of oncologic follow-up imaging.

Author Contributions: Conceptualization, S.R., A.PS., EK.L. and REB.; Data curation, S.R., S.Z. and
M.S.; Formal analysis, S.R., S.Z., M.G., M.S. and R.EB.; Funding acquisition, R.E.B.; Investigation,
S.R. and C.M.; Methodology, S.R., EK.L., C.M. and R.EB.; Project administration, R.E.B.; Resources,
M.R.M. and R.EB,; Software, S.R.; Supervision, R.E.B.; Validation, FK.L.; Visualization, S.R. and C.M.;
Writing—original draft, S.R. and S.Z.; Writing—review and editing, M.G., ].G., M.-C.W,, P-AN., CM.
and R.EB. All authors have read and agreed to the published version of the manuscript.



J. Clin. Med. 2023, 12, 7319 11 0f12

Funding: R.B. received funding from the German research foundation (DFG) within the priority
program SPP2177 (grant number BR3931/1-1).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of the Technical
University of Munich (protocol code 180/17S).

Informed Consent Statement: Patient consent was waived due to institutional regulations on retro-
spective analyses.

Data Availability Statement: The data presented in this study are available on reasonable request
from the corresponding author. The data are not publicly available due to regulations on data safety
of the Technical University of Munich.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

Burris, H.A., 3rd; Moore, M.].; Andersen, J.; Green, M.R.; Rothenberg, M.L.; Modiano, M.R.; Cripps, M.C.; Portenoy, R K.;
Storniolo, A.M.; Tarassoff, P,; et al. Improvements in Survival and Clinical Benefit with Gemcitabine as First-Line Therapy for
Patients with Advanced Pancreas Cancer: A Randomized Trial. . Clin. Oncol. 1997, 15, 2403-2413. [CrossRef] [PubMed]

Torre, L.A.; Bray, F,; Siegel, R.L.; Ferlay, J.; Lortet-Tieulent, J.; Jemal, A. Global Cancer Statistics, 2012. CA Cancer J. Clin. 2015, 65,
87-108. [CrossRef] [PubMed]

Seufferlein, T.; Mayerle, J.; Bock, S.; Brunner, T.; Ettrich, T.J.; Grenacher, L.; Gress, T.M.; Hackert, T.; Heinemann, V.; Kestler, A.; et al.
S3-Leitlinie zum exokrinen Pankreaskarzinom-Langversion 2.0-Dezember 2021-AWMF-Registernummer: 032/0100L. Z. Gas-
troenterol. 2022, 60, e812—€909. [PubMed]

Richards, C.H.; Mohammed, Z.; Qayyum, T.; Horgan, P.G.; McMillan, D.C. The Prognostic Value of Histological Tumor Necrosis
in Solid Organ Malignant Disease: A Systematic Review. Future Oncol. 2011, 7, 1223-1235. [CrossRef] [PubMed]

Yang, S.; Hu, H.; Hu, Y;; Dai, Y.; Zou, R.; Lv, T.; Li, F. Is Tumor Necrosis a Clinical Prognostic Factor in Hepato-Biliary-Pancreatic
Cancers? A Systematic Review and Meta-Analysis. Cancer Med. 2023, 12, 11166-11176. [CrossRef] [PubMed]

Kudo, M.; Kobayashi, T.; Gotohda, N.; Konishi, M.; Takahashi, S.; Kobayashi, S.; Sugimoto, M.; Okubo, S.; Martin, J;
Cabral, H.; et al. Clinical Utility of Histological and Radiological Evaluations of Tumor Necrosis for Predicting Prognosis
in Pancreatic Cancer. Pancreas 2020, 49, 634-641. [CrossRef] [PubMed]

Hiraoka, N.; Ino, Y.; Sekine, S.; Tsuda, H.; Shimada, K.; Kosuge, T.; Zavada, ]J.; Yoshida, M.; Yamada, K.; Koyama, T; et al.
Tumour Necrosis Is a Postoperative Prognostic Marker for Pancreatic Cancer Patients with a High Interobserver Reproducibility
in Histological Evaluation. Br. ]. Cancer 2010, 103, 1057-1065. [CrossRef] [PubMed]

Mitsunaga, S.; Hasebe, T.; Iwasaki, M.; Kinoshita, T.; Ochiai, A.; Shimizu, N. Important Prognostic Histological Parameters for
Patients with Invasive Ductal Carcinoma of the Pancreas. Cancer Sci. 2005, 96, 858-865. [CrossRef] [PubMed]

Anderson, M.A.; Knipp, D.E.; Noda, Y.; Kamran, S.C.; Baliyan, V.; Kordbacheh, H.; Hong, T.S.; Kambadakone, A. Mri-Based
Tumor Necrosis Depiction in Pancreatic Ductal Adenocarcinoma: Can It Predict Tumor Aggressiveness? Cancers 2023, 15, 2313.
[CrossRef] [PubMed]

Kim, H.; Kim, D.H.; Song, L.H.; Youn, S.Y,; Kim, B.; Oh, S.N.; Choi, ].I.; Rha, S.E. Identification of Intratumoral Fluid-Containing
Area by Magnetic Resonance Imaging to Predict Prognosis in Patients with Pancreatic Ductal Adenocarcinoma after Curative
Resection. Eur. Radiol. 2022, 32, 2518-2528. [CrossRef] [PubMed]

Rhim, A.D.; Oberstein, P.E.; Thomas, D.H.; Mirek, E.T.; Palermo, C.F,; Sastra, S.A.; Dekleva, E.N.; Saunders, T.; Becerra, C.P,;
Tattersall, LW.,; et al. Stanger. Stromal Elements Act to Restrain, Rather Than Support, Pancreatic Ductal Adenocarcinoma. Cancer
Cell 2014, 25, 735-747. [CrossRef] [PubMed]

Heid, I.; Steiger, K.; Trajkovic-Arsic, M.; Settles, M.; Esswein, M.R.; Erkan, M.; Kleeff, J.; Jager, C.; Friess, H.; Haller, B.; et al.
Co-Clinical Assessment of Tumor Cellularity in Pancreatic Cancer. Clin. Cancer Res. 2017, 23, 1461-1470. [CrossRef] [PubMed]
Cho, LK.; Kim, H.; Lee, J.C; Lee, J.; Kim, J.; Ahn, S.; Park, H.; Hwang, ]. H. Higher Tumor Cellularity in Resected Pancreatic Ductal
Adenocarcinoma Is a Negative Prognostic Indicator. Gut Liver 2020, 14, 521-528. [CrossRef] [PubMed]

Jungmann, F; Kaissis, G.A.; Ziegelmayer, S.; Harder, F; Schilling, C.; Yen, H.Y.; Steiger, K.; Weichert, W.; Schirren, R.;
Demir, L.E.; et al. Prediction of Tumor Cellularity in Resectable Pdac from Preoperative Computed Tomography Imaging.
Cancers 2021, 13, 2069. [CrossRef] [PubMed]

Yushkevich, P.A.; Piven, J.; Hazlett, H.C.; Smith, R.G.; Ho, S.; Gee, ].C.; Gerig, G. User-Guided 3d Active Contour Segmentation of
Anatomical Structures: Significantly Improved Efficiency and Reliability. Neuroimage 2006, 31, 1116-1128. [CrossRef]


https://doi.org/10.1200/JCO.1997.15.6.2403
https://www.ncbi.nlm.nih.gov/pubmed/9196156
https://doi.org/10.3322/caac.21262
https://www.ncbi.nlm.nih.gov/pubmed/25651787
https://www.ncbi.nlm.nih.gov/pubmed/36368658
https://doi.org/10.2217/fon.11.99
https://www.ncbi.nlm.nih.gov/pubmed/21992733
https://doi.org/10.1002/cam4.5742
https://www.ncbi.nlm.nih.gov/pubmed/36951535
https://doi.org/10.1097/MPA.0000000000001539
https://www.ncbi.nlm.nih.gov/pubmed/32433400
https://doi.org/10.1038/sj.bjc.6605854
https://www.ncbi.nlm.nih.gov/pubmed/20736942
https://doi.org/10.1111/j.1349-7006.2005.00128.x
https://www.ncbi.nlm.nih.gov/pubmed/16367904
https://doi.org/10.3390/cancers15082313
https://www.ncbi.nlm.nih.gov/pubmed/37190241
https://doi.org/10.1007/s00330-021-08328-4
https://www.ncbi.nlm.nih.gov/pubmed/34671833
https://doi.org/10.1016/j.ccr.2014.04.021
https://www.ncbi.nlm.nih.gov/pubmed/24856585
https://doi.org/10.1158/1078-0432.CCR-15-2432
https://www.ncbi.nlm.nih.gov/pubmed/27663591
https://doi.org/10.5009/gnl19180
https://www.ncbi.nlm.nih.gov/pubmed/31615191
https://doi.org/10.3390/cancers13092069
https://www.ncbi.nlm.nih.gov/pubmed/33922981
https://doi.org/10.1016/j.neuroimage.2006.01.015

J. Clin. Med. 2023, 12, 7319 12 0of 12

16. Kim, D.W,; Lee, S.S.; Kim, S.0.; Kim, ].H.; Kim, H.J.; Byun, ].H.; Yoo, C.; Kim, K.P; Song, K.B.; Kim, S.C. Estimating Recurrence
after Upfront Surgery in Patients with Resectable Pancreatic Ductal Adenocarcinoma by Using Pancreatic Ct: Development and
Validation of a Risk Score. Radiology 2020, 296, 541-551. [CrossRef] [PubMed]

17.  Kim, H.; Kim, D.H,; Song, LH.; Kim, B.; Oh, S.N.; Choi, ].L; Rha, S.E. Survival Prediction after Curative Resection of Pancreatic
Ductal Adenocarcinoma by Imaging-Based Intratumoral Necrosis. Cancers 2022, 14, 5671. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1148/radiol.2020200281
https://www.ncbi.nlm.nih.gov/pubmed/32662759
https://doi.org/10.3390/cancers14225671
https://www.ncbi.nlm.nih.gov/pubmed/36428764

	Introduction 
	Materials and Methods 
	Patient Inclusion 
	CT-Guided Biopsy Procedure 
	Automatic and Manual Image Segmentation 
	Histopathological Data 
	Survival Analyses 
	Statistics 

	Results 
	Inclusion Process and Study Collective 
	Pathologic Quantification of Necrosis and Cellularity of the Biopsy Cylinders 
	Differences in Attenuation between the Metastases of Different Cellularity Levels 
	Correlation between Attenuation and Fraction of Necrotic Tissue 
	Prognostic Impact of Tumor Necrosis of Hepatic Metastases 

	Discussion 
	Conclusions 
	References

