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Abstract

Introduction

Targeted therapy against tumor angiogenesis is widely used in clinical practice for patients
with colorectal liver metastases (CRLM). Possible predictive biomarkers for tumor angio-
genesis, such as, microvessel density (MVD), hypoxia and cell proliferation, can be deter-
mined using immunohistochemical staining. However, patients ineligible for surgical
treatment need to undergo invasive diagnostic interventions in order to determine these bio-
markers. CT perfusion (CTP) is an emerging functional imaging technique, which can non-
invasively determine vascular properties of solid tumors. The purpose of this study was to
evaluate CTP with histological biomarkers in CRLM.

Material and methods

Patients with CRLM underwent CTP one day before liver surgery. CTP analysis was per-
formed on the entire volume of the largest metastases in each patient. Dual-input maximum
slope analysis was used and data concerning arterial flow (AF), portal flow (PF) and perfu-
sion index (Pl) were recorded. Immunohistochemical staining with CD34, M75/CA-IX and
MIB-1 was performed on the rim in the midsection of the tumor to determine respectively
MVD, hypoxia and cell proliferation.

Results

Twenty CRLM in 20 patients were studied. Mean size of the largest CRLM was 37 mm (95%
Cl 21-54 mm). Mean AF and PF were respectively 64 ml/min/100ml (95% CI| 48—79) and 30
ml/min/100ml (95% CI 22—-38). Mean Pl was 68% (95% Cl 62—73). No significant correlation
was found between tumor growth patterns and CTP (p = 0.95). MVD did not significantly cor-
relate to AF (r=0.05; p=0.84), PF (r=0.17; p=0.47) and PI (r = -0.12; p = 0.63). Cell prolif-
eration also did not significantly correlate to AF (r=0.07; p=0.78), PF (r=-0.01; p = 0.95)
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and Pl (r=0.15; p = 0.52). Hypoxia did not significantly correlate to AF (r =-0.05; p = 0.83),
however, significantly to PF (r = 0.51; p = 0.02) and a trend to negative correlation with PF (r
=-0.43; p = 0.06). However, after controlling the false discovery rate, no significant correla-
tion between CTP and used immunohistochemical biomarkers was found.

Conclusion

In conclusion, this feasibility study found a trend to negative correlation between Pl and hyp-
oxia, CTP might therefore possibly evaluate this prognostic marker in CRLM non-invasively.
However, CTP is not an appropriate technique for the assessment of microvessels or cell
proliferation in CRLM.

Introduction

Liver metastases occur frequently in patients with colorectal cancer [1-3]. Growth and spread
of these metastases are greatly dependent on their ability to induce and maintain vascular per-
fusion and, for this reason, vascular perfusion is associated with a poor outcome in colorectal
cancer [4]. Targeted therapy against tumor angiogenesis has been developed in order to
improve survival in patients with colorectal cancer and is widely applied in clinical practice
[5]. Assessment of tumor behavior could therefore also play an important role in the clinical
management as it could potentially provide an estimation of patient’s prognosis [6]. However,
there is still a lack in studies on possible predictive biomarkers for adequate patient selection
[7]. Possible predictive biomarkers, for example, microvessel density (MVD), tumor hypoxia
and cell proliferation have been investigated, of which MVD is one of the most used tech-
niques in order to quantify tumor angiogenesis, as it is believed to summarize the effect of all
different angiogenic regulators [8]. MVD, tumor hypoxia and cell proliferation can be assessed
using different immunohistochemical stainings on resection specimens [9-11]. However, in
patients with CRLM that are not eligible for surgical treatment, additional invasive diagnostic
interventions are necessary to determine these possible predictive biomarkers.

An emerging functional imaging technique is CT perfusion (CTP). This CT technique mea-
sures the temporal changes in tissue and vascular enhancement after intravenous administra-
tion of contrast material, after which different mathematical models can be used,
compartmental or deconvolution, in order to quantify vascular parameters [12]. By acquiring
these parameters of studied tissue, CTP is able to provide additional information regarding
tumor vascularity beside the tumor morphology acquired in a normal/ standard CT. It remains
unclear whether these CTP parameters can reliably be used in the management of patients
with CRLM. For this purpose, CTP parameters can be compared to known predictive bio-
markers, such as MVD, hypoxia and cell proliferation and therefore possibly omit future
biopsy in these patients. However, in the current literature, no consensus exists concerning the
correlation between MVD and CTP. Goh et al. [13] reported a positive correlation between
CTP and MVD in primary colorectal cancer (CRC), however multiple other studies did not
find a correlation between CTP and MVD in these tumors [14-16]. Also, these studies used a
deconvolution analysis and were performed on primary CRC and not CRLM. To our knowl-
edge, the correlation between tumor hypoxia, cell proliferation and CTP parameters in CRLM
has not been studied in the literature. Because of the contradictory correlation between MVD
and CTP in primary CRC and the absence of studies comparing compartmental CTP to
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pathological markers in CRLM, this study aims to evaluate compartmental CTP parameters
with pathological biomarkers in CRLM.

Materials and methods
Patients

Consecutive patients with CRLM, who were scheduled for metastasectomy, were included
for this study. Patients were only included when 18 years or older and with a Karnofsky
score of 70. Patients were excluded if they presented with contra-indications for contrast
enhanced CT, e.g., when they were known with iodine allergy, pregnancy or renal disease
(Glomerular Filtration Rate < 60 ml/min/1.73m?) or received neoadjuvant chemotherapy
less than 6 weeks before operation. This study was approved by our Institutional Review
Board (CMO region Arnhem-Nijmegen; NL number 37784.091.11) and all patients gave
written informed consent.

CT imaging

All patients received CTP of the liver one day before initial planned liver surgery with the
use of a 320-slice CT scanner (Aquilion ONE, Canon Medical Systems). Dynamic imaging
was only performed within the 16 cm detector range of the scanner. A non-contrast helical
CT was performed of all patients in order to ensure the coverage of the metastases within
the 16 cm scan range for further dynamic imaging. A scanning protocol was chosen com-
bined with a diagnostic venous phase liver CT and perfusion imaging in one session, e.g.,
diagnostic images were acquired between the dynamic time points. The CT had an X-Ray
tube voltage of 100 kV. The milliampere-seconds was set at 50 mAs or Automatic Exposure
Control for respectively the dynamic and diagnostic imaging. Rotation time was 0.5 seconds
with a pitch of 0. Patients received 150 ml of iodine contrast at a concentration of 300 mg/
ml at an injection rate of 5 ml/s (Iomeron® Bracco UK Ltd.) followed by a saline flush
(Mallinckrodt /Covidien OptiVantage Power Injector). Imaging was performed during 110
seconds with 22 time points starting 7 seconds after contrast injection. Median DLP was
775 mGy.cm (range 347-1367).

Image analysis

CT images were transferred to a workstation, i.e., Vitrea® Advanced Visualization Soft-
ware (V7, Vital Images Inc. (a Canon group company), Minnetonka, MN, USA). This soft-
ware automatically registered the liver and corrected for respiratory motion changes.
Afterwards, the perfusion maps were calculated by a radiologist using a compartmental
algorithm, i.e., a dual input maximum slope model, after initial non-rigid registration by
the workstation. A circular region of interest (ROI) was placed inside the aorta, the portal
vein, the spleen and healthy liver tissue in order to compute the dual-input maximum slope
for each patient. After computing the model, the workstation provided mean arterial flow
(AF), portal flow (PF) and the perfusion index (PI), i.e., AF/(AF+PF)*100%, within specified
regions. The metastases were identified on CE-CT. Perfusion values of both the tumor and
normal liver tissue were measured by placing an ROI in the respective tissue at three differ-
ent locations in both the axial and coronal plane on the CE-CT images. Automatic values
concerning AF, PF and PI at these locations were calculated by the software. Mean values of
AF, PF, PI and total perfusion (AF+PF) of these six measurements were calculated for both
the tumor and normal tissue. The PI of the tumor was further categorized in four categories
(1: 0-25%, 2: 25-50%, 3: 50-75% and 4: 75-100%).
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Pathological analysis

After surgical resection the specimen was fixed with 10% formaldehyde and embedded in paraf-
fin. The tumor was analyzed by the pathology department for histologic grade (high, intermedi-
ate and low grade) and growth patterns (desmoplastic, pushing or replacement), see Fig 1.

For all cases formalin-fixed paraffin-embedded (FFPE) tumor tissue samples were available.
These samples were cut into 4pm thick sections for immunohistochemical slides. The slides
were processed on an automated immunostainer (Autostainer 360, Thermo Scientific, Wal-
tham, Massachusetts, USA; or Tissue-Tek Genie, Sakura Finetek USA Inc, Torrance, Califor-
nia, USA), in which the tissue sections were deparaffinized in xylene and then rehydrated with
ethanol. Antigen retrieval was done by boiling in ethylenediaminetetraacetic acid (EDTA)
buffer (pH 9.0) at 97°C. Markers CD34 (Tissue-Tek Genie®); Sakura Finetek, USA), M75/
CA-IX (Department of Urology, Radboudumc, Nijmegen, The Netherlands; clone M75; dilu-
tion 1:4000) and MIB-1 (DakoCytomation, Glostrup, Denmark; clone Ki-67; dilution 1:25)
were used to quantify respectively MVD, hypoxia and cell proliferation of sections of the
tumor at the rim of the midtumor region. Positive and negative controls were used in each
staining. The different immunohistochemical stainings are visualized in Fig 2.

For the quantitative analysis of CD34, hot spot analysis was used for microvessel counting
[17]. Low-power magnification (x 40) was used to examine the slides initially and to identify
areas with a high density of microvessels. Three area’s with the highest vascularization were
selected. Using a high-power magnification (x 200) field of each of these areas, the microvessels
were counted inside a 1 x 1 mm square, at 3 different location inside the area. The average of
these 9 different counts was recorded for each case and represented the MVD.

The fraction of highlighted tumor cells after immunohistochemical staining with M75/
CA-IX and MIB-1 were estimated using a high-power magnification (x200) field, representing
respectively hypoxia and cell proliferation. The immunostaining of M75/ CA-IX was addition-
ally semiquantitatively scored: 0 = no staining, 1 = weak staining, 2 = moderate staining and
3 = strong staining [18].

Statistical analysis

Continuous variables are expressed as means + Interquartile range. The Mann-Whitney U test
was used to calculate the differences in perfusion values between normal tissue and CRLM.
Q-Q plots were generated concerning perfusion parameters and immunohistochemical stain-
ing in order to test for normal distribution. The correlation between the continuous variables
of MVD, percentage of hypoxia, cell proliferation and the perfusion parameters, i.e., AF, PF
and PI, was analyzed using Pearson’s correlation analysis. The Benjamini & Hochberg method
was used on the p-values after the correlation analysis for controlling the false discovery rate.
The PI parameter was categorized in 4 groups (group 1: 0-25%, group 2: 25-50%, group 3: 50—
75% and group 4: 75-100%), after which the Chi squared test was used for the evaluation of
the histopathological differentiation grade, growth patterns and intensity of M75/ CA-IX
staining. Analysis was performed using the Statistical Package for the Social Sciences (SPSS,
version 20; SPSS, Chicago, IL, USA). A p-value smaller than 0.05 was considered significant.

Results
Patients

Twenty patients were included in this prospective study, of which 15 men and 5 women.
Twelve patients presented with a primary rectal cancer and 8 patients with colon cancer. Mean
age was 65 years (95% CI 61-70 years). Patients presented with 37 liver metastases with an
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Fig 1. Growth patterns. Growth patterns of CRLM in different patients. A-B: HE staining showing a desmoplastic growth pattern
with corresponding a CT in venous phase. On the pathology images fibrous tissue (red arrow) is visible between tumor (dashed
arrow) and normal liver tissue (black arrow). C-D: A pushing growth pattern is visible on the HE staining with its corresponding
venous phase CT. Between tumor (dashed arrow) and normal tissue (black arrow) compression is visible of normal cells (red arrow).
E-F: HE staining with corresponding CT in venous phase showing a replacement growth pattern. No clear border between tumor
(dashed arrow) and healthy tissue (black arrow) is visible. Tumor cells can be seen between normal tissue (red arrow).

https://doi.org/10.1371/journal.pone.0245764.g001

average diameter of 37 mm (95% CI 21-54 mm). For each patient, the largest tumor was evalu-
ated with CT perfusion and immunohistochemical stainings, meaning 20 tumors were ana-
lyzed. Patient demographics are summarized in Table 1.
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Fig 2. Immunohistochemical stainings. Inmunohisochemical stainings in one patient. Marker CD34 showing
microvessels in brown (A). Marker M75 showing the expression of CA-IX on cells which is associated with hypoxia.
Cells showing CA-IX on their membranes are depicted in brown (C). Staining with the marker MIB-1 which shows
cells in mitosis in brown (E). Example of perfusion values acquired with the arterial flow (B), portal flow (D) and
perfusion index (F). The tumor is highlighted with a red circle.

https://doi.org/10.1371/journal.pone.0245764.9002

CT perfusion

Normal liver tissue showed a mean AF and PF of respectively 71 ml/min/100 ml (95% CI 65—
77) and 134 ml/min/100 ml (95% CI 115-154). The mean PI of normal liver tissue was 36%
(95% CI 31-40) and mean total perfusion (AF+PF) was 205 ml/min/100 ml (95% CI 188-223).
The difference between the AF in tumor and healthy tissue was non-significant (p = 0.05).
However, the lower PF, higher PI and lower total perfusion of CRLM were statistically signifi-
cant compared to normal liver tissue (all with p = 0.001). Differences in perfusion values
between normal tissue an tumor are depicted in S1 Fig.
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Table 1. Patient demographics.
Included patients (n = 20)

Age (mean) 65 years (95% CI 61-70 years)
Gender (M:F) 15:5
ASA | Class 1 1 (10%)
Class 2 18 (90%)
Class 3 1 (10%)
BMI 28 kg/m* (95% CI 26-30)
Location primary (colon: rectum) 8:12
Number CRLM 37 metastases
Single metastasis: multiple metastases 12:8
Size largest CRLM 37 mm (95% CI 21-54 mm)
Neo-adjuvant chemotherapy 4 (20%)
Radicality of surgical resection (R0%) 19 (95%)

https://doi.org/10.1371/journal.pone.0245764.t001

The colorectal liver metastases showed a mean HU value of 81 (95% CI 69-94). Mean AF
and PF of the metastases were respectively 64 ml/min/100 ml (95% CI 48-79) and 30 ml/min/
100 ml (95% CI 22-38). Mean PI was 68% (95% CI 62-73). Three patients were included in PI
category 2, twelve patients in category 3 and five patients in category 4. No patients were
included in category 1. Mean total perfusion (AF+PF) was 94 ml/min/100 ml (95% CI 74-113)
in studied CRLM.

Immunohistochemical staining and pathological evaluation

Nineteen tumors were non-mucinous liver metastases and one tumor was mucinous. Thirteen
patients presented with well differentiated metastases, five patients with moderate differentia-
tion and two metastases showed poor differentiation. Twelve metastases showed a desmoplas-
tic growth pattern, 3 metastases a pushing growth pattern and a replacement growth pattern
was shown in 5 patients. Mean MVD was 65 (CD34; 95% CI 56-73). Mean fraction of the hyp-
oxia marker M75/ CA-IX and the proliferation marker MIB-1 was respectively 29% (95% CI
17-40) and 56% (95% CI 44-68). Four patients showed weak staining (score 1) of the hypoxia
marker M75/ CA-IX, eleven patients moderate staining (score 2) and four patients strong
staining (score 3). One patient showed no staining after application of M75/ CA-IX (score 0).

Correlation between CT perfusion and pathology in CRLM

Using Pearson’s correlation, the PI did not show a significant correlation with MVD (r =
-0.12; p = 0.63) and cell proliferation (r = 0.15; p = 0.52). A trend to statistical significance was
shown between PI and hypoxia (r = -0.43; p = 0.06). The AF did not show significant correla-
tion with the immunohistochemical staining (MVD r = 0.05; p = 0.84, hypoxia r = -0.05;

p = 0.83 and cell proliferation r = 0.07; p = 0.78). PF showed a significant correlation with the
hypoxia (r = 0.51, p = 0.02), however, no significant correlation with MVD (r = 0.17, p = 0.47)
and cell proliferation (r = -0.01; p = 0.95). After controlling the false discovery rate, no signifi-
cant correlation between CTP and used immunohistochemical stainings was found. Correla-
tion values are depicted in Fig 3.

The PI categories did not significantly differ in differentiation grade or growth pattern
(respectively p = 0.69 and p = p = 0.95). Intensity of M75/ CA-IX staining was not statistically
different between the PI categories (p = 0.21). Comparison between CT perfusion and these
pathological outcomes are shown in Table 2.
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Fig 3. Scatter plots between perfusion parameters and pathology markers. Scatter plots between Perfusion index and MVD (A);
Perfusion index and cell proliferation (B) and Portal flow/ Perfusion index and hypoxia (CD). The different plots show a large spread of
different points with a low magnitude in the regression line. However, a steep positive regression line was seen between portal flow and

hypoxia (C) and between perfusion index and hypoxia (D), corresponding to the respectively significant positive correlation and trend
to negative correlation between these parameters.

https://doi.org/10.1371/journal.pone.0245764.9003

Discussion

In the present study, the correlation between compartmental CTP and histologic parameters
in 20 patients with CRLM was analyzed. The dual input maximum slope CTP did not signifi-
cantly correlate with MVD or cell proliferation in CRLM. However, a trend to negative corre-
lation between the PI and the immunohistochemical marker for hypoxia was observed.
Dynamic contrast-enhanced (DCE) imaging techniques have been used for the evaluation
of the microvasculature and for determining the effect of anti-angiogenic treatments [19-21].
In both CTP and DCE-MRI the principle is similar. Depending on the size of the agent, the
distribution, which depends on agent size, into the interstitial space is observed. After mathe-
matical modeling the perfusion parameters are then acquired. However, differences between
the pharmacokinetic properties between CT and MRI contrast agents may affect the diffusion
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Table 2. Comparison perfusion index to pathology.

PI categories p-value
1(n=0) 2 (n=3) 3(n=12) 4 (n=5)
Differentiation | Well 0 (0%) 2 (67%) 8 (67%) 3 (60%) 0.69
Intermediate 0 (0%) 1 (33%) 2 (17%) 2 (40%)
Low 0 (0%) 0 (0%) 2 (17%) 0 (0%)
Growth pattern | Desmoplastic 0 (0%) 2 (67%) 7 (58%) 3 (60%) 0.95
Pushing 0 (0%) 0 (0%) 2 (17%) 1(20%)
Replacement 0 (0%) 1(33%) 3 (25%) 1 (20%)
Intensity M75/ CA-IX staining | Score 0 0 (0%) 0 (0%) 0 (0%) 1(20%) 0.21
Score 1 0 (0%) 0 (0%) 3 (25%) 1 (20%)
Score 2 0 (0%) 1 (33%) 7 (58%) 3 (60%)
Score 3 0 (0%) 2 (67%) 2 (17%) 0 (0%)

PI = perfusion index; M75 / CA-IX = hypoxia marker.

https://doi.org/10.1371/journal.pone.0245764.t002

behaviors during DCE imaging [22]. Also, signal intensity of DCE-MRI needs special conver-
sion in order to estimate the concentration of contrast agent and is highly dependent on acqui-
sition parameters and different MRI scanners, making the technique less reproducible
between different hospitals [19]. Because CT is generally more easily accessible compared to
MR, different studies have evaluated CTP compared to DCE-MRI for the evaluation of tissue
microvasculature [23, 24]. To our knowledge, no studies were performed evaluating the corre-
lation between CTP and MVD in CRLM. However, the correlation between CTP and MVD
was evaluated in primary CRC. Of the four different studies in current literature, only one [13]
found a positive correlation between CTP and MVD in primary CRC, suggesting that CTP is
an appropriate technique for the assessment of vascularity in CRC. However, the remaining
articles [14-16] did not find a correlation between these parameters in primary CRC. By using
a dual-input maximum slope analysis, our study shows a lower portal flow and general perfu-
sion in colorectal liver metastases compared to normal hepatic tissue, conform earlier studies
[25, 26]. However, no significant correlation was demonstrated between researched markers
and perfusion parameters, which is in line with the latter multiple studies regarding CTP in
primary CRC. In the analysis a high MVD was expected to show a high PI, which was shown
in our included patients, however, multiple patients also showed a high PI with a low number
of microvessels, mainly due to the abundance of large vessels in the tumor, thereby increasing
the perfusion values in the tumor. Probably for this reason, MVD did not show a significant
correlation with the CTP parameters.

In our study, a trend to negative correlation was demonstrated between PI and hypoxia (r =
-0.43; p = 0.06), which can also indirectly be used to assess tumor angiogenesis. No significant
correlation was found between AF and hypoxia (r = -0.05; p = 0.83) and a significant positive
correlation between PF and hypoxia (r = 0.51; p = 0.02) was observed. Perfusion in the liver is
a collaboration between both the arterial and portal flow. A lower PF was associated with
higher AF in evaluated patients. Because of the difference in correlation between AF and PF
with hypoxia we additionally controlled the false discovery rate using the Benjamini & Hoch-
berg method. Using this method, no statistical difference was shown between CTP and hyp-
oxia. In current literature, in multiple MRI oriented studies, MRI was able to adequately assess
the level of hypoxia in cholangiocarcinoma [27] and pancreatic [28] tumors. To our knowl-
edge, however, no study evaluated CTP and hypoxia in CRLM. The lack of significant correla-
tion between PI and the used hypoxia marker in the current study, could be explained by the
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number of included patients, possibly with a larger patient sample, this result could show sig-
nificance. Therefore, this CTP parameter could potentially be used for the assessment of hyp-
oxia. However, the lack of significant correlation between CTP and hypoxia could also partly
be explained by the Warburg effect [29], i.e., the process of glycolysis in the presence of oxy-
gen. Tumor cells often produce energy using aerobic glycolysis [30], causing increased produc-
tion of lactate, CO, and H'. Hypoxia marker M75/ CA-IX plays a crucial role in the pH
regulation and is expressed on cell membranes during glycolysis in order to prevent acidosis
[31]. This means that tumor cells can present M75/ CA-IX on their membranes despite ade-
quate perfusion.

This study did not show any significant correlation between CTP and cell proliferation. In
current literature, cell proliferation of different tumors is often evaluated in MRI studies. For
example, in breast cancer it can radiologically be assessed by measuring the choline peak inside
the tumor by using MR spectroscopy [32, 33]. Additionally, diffusion weighted imaging
(DWI) with the accompanying apparent diffusion coefficient (ADC) can be used to measure
restricted water diffusion and is inversely related to cell proliferation [32, 33]. However, CTP
determines the blood flow in the capillary networks of examined tissue and is therefore more
comparable to dynamic contrast enhanced MRI (DCE-MRI) [34]. No articles are currently
available in literature evaluating the correlation between cell proliferation and CTP or
DCE-MRI. Regarding the lack of correlation in this study and the absence of data in the litera-
ture, CTP is therefore deemed not suitable for evaluation of cell proliferation in CRLM.

The current study has some limitations, only a small number of patients could be analyzed,
especially when comparing the different PI categories. Also, it was impossible to provide a pre-
cise correlation between CTP and the pathologic specimen. The CTP evaluated the entirety of
the tumor, while only a smaller portion of the specimen was analyzed by the pathologist,
meaning sampling bias could play a role. The analysis can be improved by assessing the whole-
volume of the specimen, however, this can currently only be done manually and is therefore
very labor intensive and not feasible. Possibly, in the future, automatic software is available for
these assessments. Lastly, the current study only used dual-input maximum slope analysis as
the computer, on which the analysis was performed, was not able to perform a deconvolution
analysis for the liver.

In conclusion, this feasibility study found a trend to negative correlation between PI and
hypoxia, CTP might therefore possibly evaluate this prognostic marker in CRLM non-inva-
sively. However, CTP is not an appropriate technique for the assessment of microvessels or
cell proliferation in CRLM.

Supporting information

S1 Fig. Perfusion differences between tumor and normal liver tissue. Box plots showing dif-
ference in arterial flow (A), portal flow (B), perfusion index (C) and the total perfusion (D)
between tumor and normal hepatic tissue of studied patients. No significant difference was
shown in arterial flow. Perfusion values of the tumor showed significantly lower portal flow,
higher perfusion index and lower total perfusion compared to normal liver tissue.

(TIF)

S1 File.
(SAV)

Author Contributions

Conceptualization: M. J. van Amerongen, I. D. Nagtegaal, J. J. Fiitterer, J. ]. Hermans.

PLOS ONE | https://doi.org/10.1371/journal.pone.0245764  January 26, 2021 10/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0245764.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0245764.s002
https://doi.org/10.1371/journal.pone.0245764

PLOS ONE

Comparison between CT perfusion and pathology in colorectal liver metastases

Data curation: M. J. van Amerongen, A. M. Vos, W. van der Woude.
Formal analysis: M. J. van Amerongen, A. M. Vos.

Investigation: M. J. van Amerongen, A. M. Vos.

Methodology: M. J. van Amerongen, J. J. Fiitterer.

Software: W. van der Woude.

Supervision: J. H. W. de Wilt, J. J. Fiitterer, J. ]. Hermans.
Visualization: M. J. van Amerongen.

Writing - original draft: M. J. van Amerongen.

Writing - review & editing: A. M. Vos, I. D. Nagtegaal, ]. H. W. de Wilt, ]. J. Fiitterer, J. J.
Hermans.

References

1. vander Geest LG, Lam-Boer J, Koopman M, Verhoef C, Elferink MA, de Wilt JH. Nationwide trends in
incidence, treatment and survival of colorectal cancer patients with synchronous metastases. Clinical &
experimental metastasis. 2015; 32(5):457-65. Epub 2015/04/23. https://doi.org/10.1007/s10585-015-
9719-0 PMID: 25899064

2. Hugen N, van de Velde CJ, de Wilt JH, Nagtegaal ID. Metastatic pattern in colorectal cancer is strongly
influenced by histological subtype. Annals of oncology: official journal of the European Society for Medi-
cal Oncology / ESMO. 2014; 25(3):651-7. Epub 2014/02/08. https://doi.org/10.1093/annonc/mdt591
PMID: 24504447; PubMed Central PMCID: PMC4433523.

3. Elferink MA, de Jong KP, Klaase JM, Siemerink EJ, de Wilt JH. Metachronous metastases from colo-
rectal cancer: a population-based study in North-East Netherlands. Int J Colorectal Dis. 2015; 30
(2):205—12. Epub 2014/12/17. https://doi.org/10.1007/s00384-014-2085-6 PMID: 25503801.

4. LiC, Gardy R, Seon BK, Duff SE, Abdalla S, Renehan A, et al. Both high intratumoral microvessel den-
sity determined using CD105 antibody and elevated plasma levels of CD105 in colorectal cancer
patients correlate with poor prognosis. British journal of cancer. 2003; 88(9):1424—-31. Epub 2003/06/
05. https://doi.org/10.1038/s].bjc.6600874 PMID: 12778073; PubMed Central PMCID: PMC2741032.

5. Kirstein MM, Lange A, Prenzler A, Manns MP, Kubicka S, Vogel A. Targeted therapies in metastatic
colorectal cancer: a systematic review and assessment of currently available data. The oncologist.
2014; 19(11):1156-68. Epub 2014/10/19. https://doi.org/10.1634/theoncologist.2014-0032 PMID:
25326159; PubMed Central PMCID: PMC4221380.

6. Adam R, de Gramont A, Figueras J, Kokudo N, Kunstlinger F, Loyer E, et al. Managing synchronous
liver metastases from colorectal cancer: a multidisciplinary international consensus. Cancer treatment
reviews. 2015; 41(9):729-41. Epub 2015/09/30. https://doi.org/10.1016/j.ctrv.2015.06.006 PMID:
26417845.

7. Ulivi P, Marisi G, Passardi A. Relationship between hypoxia and response to antiangiogenic therapy in
metastatic colorectal cancer. Oncotarget. 2016; 7(29):46678—91. Epub 2016/04/16. https://doi.org/10.
18632/oncotarget.8712 PMID: 27081084; PubMed Central PMCID: PMC5216829.

8. Custodio A, Barriuso J, de Castro J, Martinez-Marin V, Moreno V, Rodriguez-Salas N, et al. Molecular
markers to predict outcome to antiangiogenic therapies in colorectal cancer: current evidence and
future perspectives. Cancer treatment reviews. 2013; 39(8):908—24. Epub 2013/03/21. https://doi.org/
10.1016/j.ctrv.2013.02.004 PMID: 23510598.

9. Takacova M, Pastorekova S. [Tumour Hypoxia—Molecular Mechanisms and Clinical Relevance]. Kli-
nicka onkologie: casopis Ceske a Slovenske onkologicke spolecnosti. 2015; 28(3):183—-90. Epub 2015/
06/13. https://doi.org/10.14735/amko2015183 PMID: 26062620.

10. PanDH, Wen DY, Luo YH, Chen G, Yang H, Chen JQ, et al. The diagnostic and prognostic values of
Ki-67/MIB-1 expression in thyroid cancer: a meta-analysis with 6,051 cases. OncoTargets and therapy.
2017;10:3261-76. Epub 2017/07/26. https://doi.org/10.2147/OTT.S135593 PMID: 28740401; PubMed
Central PMCID: PMC5505609.

11. Des Guetz G, Uzzan B, Nicolas P, Cucherat M, Morere JF, Benamouzig R, et al. Microvessel density
and VEGF expression are prognostic factors in colorectal cancer. Meta-analysis of the literature. British
journal of cancer. 2006; 94(12):1823—-32. Epub 2006/06/15. https://doi.org/10.1038/sj.bjc.6603176
PMID: 16773076; PubMed Central PMCID: PMC2361355.

PLOS ONE | https://doi.org/10.1371/journal.pone.0245764  January 26, 2021 11/13


https://doi.org/10.1007/s10585-015-9719-0
https://doi.org/10.1007/s10585-015-9719-0
http://www.ncbi.nlm.nih.gov/pubmed/25899064
https://doi.org/10.1093/annonc/mdt591
http://www.ncbi.nlm.nih.gov/pubmed/24504447
https://doi.org/10.1007/s00384-014-2085-6
http://www.ncbi.nlm.nih.gov/pubmed/25503801
https://doi.org/10.1038/sj.bjc.6600874
http://www.ncbi.nlm.nih.gov/pubmed/12778073
https://doi.org/10.1634/theoncologist.2014-0032
http://www.ncbi.nlm.nih.gov/pubmed/25326159
https://doi.org/10.1016/j.ctrv.2015.06.006
http://www.ncbi.nlm.nih.gov/pubmed/26417845
https://doi.org/10.18632/oncotarget.8712
https://doi.org/10.18632/oncotarget.8712
http://www.ncbi.nlm.nih.gov/pubmed/27081084
https://doi.org/10.1016/j.ctrv.2013.02.004
https://doi.org/10.1016/j.ctrv.2013.02.004
http://www.ncbi.nlm.nih.gov/pubmed/23510598
https://doi.org/10.14735/amko2015183
http://www.ncbi.nlm.nih.gov/pubmed/26062620
https://doi.org/10.2147/OTT.S135593
http://www.ncbi.nlm.nih.gov/pubmed/28740401
https://doi.org/10.1038/sj.bjc.6603176
http://www.ncbi.nlm.nih.gov/pubmed/16773076
https://doi.org/10.1371/journal.pone.0245764

PLOS ONE

Comparison between CT perfusion and pathology in colorectal liver metastases

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

Garcia-Figueiras R, Goh VJ, Padhani AR, Baleato-Gonzalez S, Garrido M, Leon L, et al. CT perfusion
in oncologic imaging: a useful tool? AJR American journal of roentgenology. 2013; 200(1):8—19. Epub
2012/12/21. https://doi.org/10.2214/AJR.11.8476 PMID: 23255736.

Goh V, Halligan S, Daley F, Wellsted DM, Guenther T, Bartram CI. Colorectal tumor vascularity: quanti-
tative assessment with multidetector CT—do tumor perfusion measurements reflect angiogenesis?
Radiology. 2008; 249(2):510-7. Epub 2008/09/25. https://doi.org/10.1148/radiol.2492071365 PMID:
18812560.

SunH, XuY, Yang Q, Wang W. Assessment of tumor grade and angiogenesis in colorectal cancer:
whole-volume perfusion CT. Academic radiology. 2014; 21(6):750—7. Epub 2014/05/09. https://doi.org/
10.1016/j.acra.2014.02.011 PMID: 24809317.

Kim JW, Jeong YY, Chang NK, Heo SH, Shin SS, Lee JH, et al. Perfusion CT in colorectal cancer: com-
parison of perfusion parameters with tumor grade and microvessel density. Korean journal of radiology.
2012; 13 Suppl 1:589-97. Epub 2012/05/09. https://doi.org/10.3348/kjr.2012.13.51.589 PMID:
22563293; PubMed Central PMCID: PMC3341466.

Li ZP, Meng QF, Sun CH, Xu DS, Fan M, Yang XF, et al. Tumor angiogenesis and dynamic CT in colo-
rectal carcinoma: radiologic-pathologic correlation. World journal of gastroenterology: WJG. 2005; 11
(9):1287-91. Epub 2005/03/12. https://doi.org/10.3748/wjg.v11.i9.1287 PMID: 15761965; PubMed
Central PMCID: PMC4250674.

Weidner N. Intratumor microvessel density as a prognostic factor in cancer. The American journal of
pathology. 1995; 147(1):9-19. Epub 1995/07/01. PMID: 7541613; PubMed Central PMCID:
PMC1869874.

Korkeila E, Talvinen K, Jaakkola PM, Minn H, Syrjanen K, Sundstrom J, et al. Expression of carbonic
anhydrase X suggests poor outcome in rectal cancer. British journal of cancer. 2009; 100(6):874—-80.
Epub 2009/02/26. https://doi.org/10.1038/sj.bjc.6604949 PMID: 19240720; PubMed Central PMCID:
PMC2661792.

Ammari S, Thiam R, Cuenod CA, Oudard S, Hernigou A, Grataloup C, et al. Radiological evaluation of
response to treatment: application to metastatic renal cancers receiving anti-angiogenic treatment.
Diagnostic and interventional imaging. 2014; 95(6):527—-39. Epub 2014/06/08. https://doi.org/10.1016/j.
diii.2013.01.019 PMID: 24906810.

Kekelidze M, D’Errico L, Pansini M, Tyndall A, Hohmann J. Colorectal cancer: current imaging methods
and future perspectives for the diagnosis, staging and therapeutic response evaluation. World journal of
gastroenterology: WJG. 2013; 19(46):8502—14. Epub 2014/01/01. https://doi.org/10.3748/wjg.v19.i46.
8502 PMID: 24379567; PubMed Central PMCID: PMC3870495.

Subashi E, Qi Y, Johnson GA. Dynamic contrast-enhanced MR microscopy identifies regions of thera-
peutic response in a preclinical model of colorectal adenocarcinoma. Medical physics. 2015; 42
(5):2482-8. Epub 2015/05/17. https://doi.org/10.1118/1.4917525 PMID: 2597904 1; PubMed Central
PMCID: PMC4409627.

Bisdas S, Medov L, Baghi M, Konstantinou GN, Wagenblast J, Thng CH, et al. A comparison of tumour
perfusion assessed by deconvolution-based analysis of dynamic contrast-enhanced CT and MR imag-
ing in patients with squamous cell carcinoma of the upper aerodigestive tract. European radiology.
2008; 18(4):843-50. Epub 2008/01/05. https://doi.org/10.1007/s00330-007-0827-3 PMID: 18175123.

Jia ZZ, Shi W, Shi JL, Shen DD, Gu HM, Zhou XJ. Comparison between perfusion computed tomogra-
phy and dynamic contrast-enhanced magnetic resonance imaging in assessing glioblastoma microvas-
culature. European journal of radiology. 2017; 87:120—4. Epub 2016/12/31. https://doi.org/10.1016/j.
ejrad.2016.12.016 PMID: 28034567.

Kierkels RG, Backes WH, Janssen MH, Buijsen J, Beets-Tan RG, Lambin P, et al. Comparison
between perfusion computed tomography and dynamic contrast-enhanced magnetic resonance imag-
ing in rectal cancer. International journal of radiation oncology, biology, physics. 2010; 77(2):400-8.
Epub 2009/09/08. https://doi.org/10.1016/}.ijrobp.2009.05.015 PMID: 19733445.

Kim SH, Kamaya A, Willmann JK. CT perfusion of the liver: principles and applications in oncology.
Radiology. 2014; 272(2):322—44. Epub 2014/07/25. https://doi.org/10.1148/radiol.14130091 PMID:
25058132; PubMed Central PMCID: PMC4263626.

Reiner CS, Goetti R, Burger IA, Fischer MA, Frauenfelder T, Knuth A, et al. Liver perfusion imaging in
patients with primary and metastatic liver malignancy: prospective comparison between 99mTc-MAA
spect and dynamic CT perfusion. Academic radiology. 2012; 19(5):613-21. Epub 2012/01/31. https:/
doi.org/10.1016/j.acra.2011.12.015 PMID: 22285400.

Yamada S, Morine Y, Imura S, lkemoto T, Arakawa Y, Saito Y, et al. Prognostic prediction of apparent
diffusion coefficient obtained by diffusion-weighted MRI in mass-forming intrahepatic cholangiocarci-
noma. Journal of hepato-biliary-pancreatic sciences. 2020. Epub 2020/03/13. https://doi.org/10.1002/
jhbp.732 PMID: 32162483.

PLOS ONE | https://doi.org/10.1371/journal.pone.0245764  January 26, 2021 12/13


https://doi.org/10.2214/AJR.11.8476
http://www.ncbi.nlm.nih.gov/pubmed/23255736
https://doi.org/10.1148/radiol.2492071365
http://www.ncbi.nlm.nih.gov/pubmed/18812560
https://doi.org/10.1016/j.acra.2014.02.011
https://doi.org/10.1016/j.acra.2014.02.011
http://www.ncbi.nlm.nih.gov/pubmed/24809317
https://doi.org/10.3348/kjr.2012.13.S1.S89
http://www.ncbi.nlm.nih.gov/pubmed/22563293
https://doi.org/10.3748/wjg.v11.i9.1287
http://www.ncbi.nlm.nih.gov/pubmed/15761965
http://www.ncbi.nlm.nih.gov/pubmed/7541613
https://doi.org/10.1038/sj.bjc.6604949
http://www.ncbi.nlm.nih.gov/pubmed/19240720
https://doi.org/10.1016/j.diii.2013.01.019
https://doi.org/10.1016/j.diii.2013.01.019
http://www.ncbi.nlm.nih.gov/pubmed/24906810
https://doi.org/10.3748/wjg.v19.i46.8502
https://doi.org/10.3748/wjg.v19.i46.8502
http://www.ncbi.nlm.nih.gov/pubmed/24379567
https://doi.org/10.1118/1.4917525
http://www.ncbi.nlm.nih.gov/pubmed/25979041
https://doi.org/10.1007/s00330-007-0827-3
http://www.ncbi.nlm.nih.gov/pubmed/18175123
https://doi.org/10.1016/j.ejrad.2016.12.016
https://doi.org/10.1016/j.ejrad.2016.12.016
http://www.ncbi.nlm.nih.gov/pubmed/28034567
https://doi.org/10.1016/j.ijrobp.2009.05.015
http://www.ncbi.nlm.nih.gov/pubmed/19733445
https://doi.org/10.1148/radiol.14130091
http://www.ncbi.nlm.nih.gov/pubmed/25058132
https://doi.org/10.1016/j.acra.2011.12.015
https://doi.org/10.1016/j.acra.2011.12.015
http://www.ncbi.nlm.nih.gov/pubmed/22285400
https://doi.org/10.1002/jhbp.732
https://doi.org/10.1002/jhbp.732
http://www.ncbi.nlm.nih.gov/pubmed/32162483
https://doi.org/10.1371/journal.pone.0245764

PLOS ONE

Comparison between CT perfusion and pathology in colorectal liver metastases

28.

29.

30.

31.

32.

33.

34.

Klaassen R, Steins A, Gurney-Champion OJ, Bijlsma MF, van Tienhoven G, Engelbrecht MRW, et al.
Pathological validation and prognostic potential of quantitative MRI in the characterization of pancreas
cancer: Preliminary experience. Molecular oncology. 2020. Epub 2020/04/15. https://doi.org/10.1002/
1878-0261.12688 PMID: 32285559.

Warburg O. On the origin of cancer cells. Science (New York, NY). 1956; 123(3191):309-14. Epub
1956/02/24. https://doi.org/10.1126/science.123.3191.309 PMID: 13298683.

Zam W, Ahmed |, Yousef H. Warburg effects on cancer cells survival: the role of sugar starvation in can-
cer therapy. Current clinical pharmacology. 2020. Epub 2020/04/14. https://doi.org/10.2174/
1574884715666200413121756 PMID: 32282309.

Ward C, Meehan J, Gray M, Kunkler IH, Langdon SP, Argyle DJ. Carbonic Anhydrase IX (CAIX), Can-
cer, and Radiation Responsiveness. Metabolites. 2018; 8(1). Epub 2018/02/15. https://doi.org/10.3390/
metabo8010013 PMID: 29439394; PubMed Central PMCID: PMC5874614.

Zaric O, Farr A, Poblador Rodriguez E, Mlynarik V, Bogner W, Gruber S, et al. 7T CEST MRI: A poten-
tial imaging tool for the assessment of tumor grade and cell proliferation in breast cancer. Magnetic res-
onance imaging. 2019; 59:77-87. Epub 2019/03/19. https://doi.org/10.1016/j.mri.2019.03.004 PMID:
30880110.

Bolan PJ, Nelson MT, Yee D, Garwood M. Imaging in breast cancer: Magnetic resonance spectros-
copy. Breast cancer research: BCR. 2005; 7(4):149-52. Epub 2005/07/01. https://doi.org/10.1186/
bcr1202 PMID: 15987466; PubMed Central PMCID: PMC1175074.

Cuenod CA, Balvay D. Perfusion and vascular permeability: basic concepts and measurement in DCE-
CT and DCE-MRI. Diagnostic and interventional imaging. 2013; 94(12):1187-204. Epub 2013/11/12.
https://doi.org/10.1016/j.diii.2013.10.010 PMID: 24211260.

PLOS ONE | https://doi.org/10.1371/journal.pone.0245764  January 26, 2021 13/13


https://doi.org/10.1002/1878-0261.12688
https://doi.org/10.1002/1878-0261.12688
http://www.ncbi.nlm.nih.gov/pubmed/32285559
https://doi.org/10.1126/science.123.3191.309
http://www.ncbi.nlm.nih.gov/pubmed/13298683
https://doi.org/10.2174/1574884715666200413121756
https://doi.org/10.2174/1574884715666200413121756
http://www.ncbi.nlm.nih.gov/pubmed/32282309
https://doi.org/10.3390/metabo8010013
https://doi.org/10.3390/metabo8010013
http://www.ncbi.nlm.nih.gov/pubmed/29439394
https://doi.org/10.1016/j.mri.2019.03.004
http://www.ncbi.nlm.nih.gov/pubmed/30880110
https://doi.org/10.1186/bcr1202
https://doi.org/10.1186/bcr1202
http://www.ncbi.nlm.nih.gov/pubmed/15987466
https://doi.org/10.1016/j.diii.2013.10.010
http://www.ncbi.nlm.nih.gov/pubmed/24211260
https://doi.org/10.1371/journal.pone.0245764

