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Abstract

Angiogenesis is an important aspect in tumour growth. The effectiveness of antiangiogenic drugs in metastatic colorectal cancer implies importance of this hallmark in
the third most common cancer type worldwide. Exosomes, cell-secreted vesicles of
approximately 50-150 nm consisting of proteins and microRNAs that are known to
affect the behaviours of recipient cells, may be important for tumour cells modulating
their environment such as angiogenesis in response to hypoxia. In this study, FDG-PET,
CT perfusion and texture analysis performed on the FDG-PET/CT and CT perfusion
images were analysed in a cohort of prospectively-recruited colorectal cancer patients.
The predictive value of these image parameters on patients’ outcome was tested.
Correlation between image parameters and angiogenesis markers as demonstrated by
immunohistochemical staining on available surgical specimens was also sought. The
relationship between exosomal proteins related to hypoxia and proliferation isolated
from patient’s serum and these parameters was also put to the test.
364 patients were recruited into this ethically approved study from 2007 to mid2017. CT perfusion was successfully performed in 293 patients. Histology specimen
were collected in 153 patients. The follow-up time was 0.3-116 months (median: 33.4
months), during which time there were 96 deaths.
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CT perfusion parameters were not predictive of survival. On the FDG-PET/CT
images, those with higher TLG had worse survival in patients with colon cancer.
Kurtosis of the finely and intermediately-filtered CT images were stable
prognosticators in addition to stage when dividing the patients into testing and
validating groups in a 2:1 ratio.
On the histology specimens, CD105 was positively correlated with VEGF, while
negatively correlated with HIF-1α. VEGF expression was found to be positively
correlated with mean transit time and negatively correlated with mean slope of
increase from the CT perfusion scans.
We found P4HA1 in the exosomes increased after hypoxia treatment in cell lines.
In exosomes isolated from 54 colorectal cancer patients, we found patients with
higher P4HA1 had higher EGFR. The exosomal EGFR signal intensity was negatively
correlated with mean slope of increase from CT perfusion scans. However, no
difference was found between those with metastatic or localized disease, nor did the
exosomal protein expressions affect patient survival.
In summary, a prognosticator, kurtosis of CT images, was found in addition to the
clinical stage. Mean slope of increase from the CT perfusion was found to be
negatively correlated with VEGF expression on histology specimens and exosomal
EGFR intensity. Angiogenesis could be reflected on CT perfusion confirmed by relevant
protein expressions in the tumour tissue and exosomes, but not necessarily affect
patients’ outcome.
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Impact Statement

Angiogenesis is essential to tumour development. How it affects clinical images
and how it affects patient outcome are not clear. We analysed CT perfusion and FDGPET images and compared the parameters to proteins associated with angiogenesis
and hypoxia on patient tumour tissues and seral exosomes. We demonstrated a
method to investigate the protein contents of exosomes isolated from patients’ blood.
Mean slope of increase from the CT perfusion was found to be negatively correlated
with VEGF expression on histology specimens and exosomal EGFR intensity. We also
found a prognosticator from texture analysis of the clinical images in addition to
clinical stage. It seems angiogenesis could be reflected on CT perfusion scans as
confirmed by relevant protein expressions in the tumour tissue and exosomes, but not
necessarily affect patients’ outcome.
These data are being written for peer review publication
The method we used to analyse the exosome contents could be adopted by the
research community to look into many different research questions such as protein
interactions within the exosomes, whether certain proteins affect an outcome in a
certain group of patients. As exosomes are implicated in cancers, cardiac diseases,
neurodegenerative disorders, the potential application could be arched through
different specialities. Refinement of our methods on exosome works could lead to
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commercialization of blood tests that give hints to various disease status or prognosis
stratification.
From the perspective of clinical practice, we found a feature on CT perfusion scans
that could reflect angiogenesis. That is useful for monitoring the treatment of antiangiogenic therapies. Based on our findings, further trials on anti-angiogenic drugs
could be designed to incorporate the CT perfusion parameter that could reflect the
drugs’ effects on angiogenesis. The identified prognostic factor from further analysis of
a routine clinical image might help decision making such as whether to give adjuvant
treatment without exposing the patients to further radiation or additional time and
expense associated with another exam in the hospitals.
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1 Introduction
1.1

Angiogenesis and hypoxia
Angiogenesis – defined as the formation of new blood vessels by a process of

sprouting from pre-existing vessels – is a hallmark of malignant tumour progression [1].
It is an early step in tumourigenesis. Cells require oxygen and nutrients feeding from
the vessels. Tumours without vessel supply could not grow more than 2-3 mm [2].
Tumours of that size have less than 1 million cells [3]. Generally, tissues become more
hypoxic as further away they sit from the vessel [4]. Under hypoxic conditions, cells
have not enough oxygen to conduct oxidative phosphorylation to produce ATP.
Instead, they produce ATP in a less efficient way, glycolysis [5]. To match the energy
requirement, this consumption of much more glucose results in the accumulation of
intermediate products, which ultimately could be used to synthesize biomass such as
nucleotides, amino acids and lipids, via anabolic reactions [6]. Interestingly, the
accumulation of lactate, an end product of anaerobic glycolysis, increases angiogenesis
by promoting endothelial VEGF expression and cell migration [7]. Hypoxia also
upregulates pro-survival pathways. In a colorectal cancer cell line, treatment with 1%
oxygen upregulated Wnt/β-catenin pathway, as well as stem cell markers such as cMyc, SOX2, CD44 [8]. Hypoxia additionally drives the proliferation of a subpopulation
of cancer stem-cells, which is known be resistant to radiation and chemotherapy, as
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well as involving in metastases [9]. In this way, tumour cells revert the challenging
conditions triggered by hypoxia, utilising hypoxia-induced adaptive mechanisms that
facilitate tumour progression.
In the clinical practice of metastatic colorectal cancer, the effectiveness of antiangiogenic drugs such as bevacizumab and aflibercept illustrates the importance of
both angiogenesis and hypoxia as mechanisms driving cancer progression [10] [11].
Because angiogenesis and hypoxia are tightly linked, we can take advantage of this and
investigate the blood supply to tissues by CT perfusion. Increased glycolytic activity can
be demonstrated on fluorodeoxyglucose positron emission tomography (FDG-PET)
scans.
Interestingly as well, for our purposes in this PhD thesis, it has been observed that
under hypoxic conditions, there is increase in exosome release in certain tumour
models including breast cancer [12] and prostate cancer cell lines [13]. The role of
exosomes in cancer progression and signalling will be explained in detail further along.
Briefly here, exosomes are nanometric vesicles secreted by virtually all cell types,
which carry proteins, nucleic acids and are involved in inter-cellular signalling.
Exosomes therefore offer a prognostic value in liquid biopsies as they can be extracted
from sera and analysed [14].
In this study, we investigated whether angiogenesis affected patient outcome by
applying pertinent clinical images to a large prospectively recruited patient cohort. We
also collected exosomes from the sera of the patients recruited later in the cohort. We
linked the image parameters to protein expressions of tumour specimens and to
exosome profiling. In this way, we combined for the first time clinical imaging and
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exosome biopsies to fathom how underlying biologic processes cross-talk with other
pathways contributing to tumour proliferation and metastasis.

1.2

Colorectal cancer

1.2.1 Epidemiology
Worldwide, colorectal cancer is the third most common cancer in men and the
second in women [15]. In the UK, it is the fourth most common cancer (13% of all new
cases). The European Age-Standardised (AS) Incidence Rates is 47.0 per 100,000
population. The incidence rate is increasing since early 1990s. In 2015, there were
41804 new bowel cancer cases in the UK, approximately 110 new diagnosed each day
[16].

1.2.2 Diagnosis & staging
When colorectal malignancy is suspected, a colonoscopy should be performed
except for those patients with major comorbidity. It allows direct visualization of the
lesions, performing biopsy, tattooing and even polypectomy. Once colon cancer is
confirmed, computer tomography (CT) is the next staging tool to evaluate the disease
extension. After surgery, the T-staging and N-staging could be ascertained. For rectal
cancer, the modality of choice is magnetic resonance imaging (MRI) for T-staging and
N-staging. CT is used for M-staging [17]. FDG-PET is reserved for equivocal findings on
CT or MR, for those contraindicated for contrast medium injection or unable to
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tolerate MR, and to evaluate those with potentially resectable metastatic disease to
exclude other disease sites that might render surgery ineffective [18].

1.2.3 Treatment
Surgery is the curative method. For early colon cancers such as Tis or T1 disease,
endoscopic polypectomy could replace surgical resection in case of no lymphovascular
invasion and clear margins. For those with positive lymph nodes, adjuvant
chemotherapy is recommended. Adjuvant chemotherapy is additionally recommended
for those with stage III and high-risk stage II colon cancer patients.
For clinical T1-2 rectal cancers, trans-anal endoscopic microsurgery (TEM) could be
considered. Adjuvant chemo/chemoradiotherapy should be administered if there are
positive lymph nodes. For T3 and T4 disease and above, pre-operative radiotherapy or
chemoradiotherapy is given before surgery. Adjuvant chemotherapy might be needed
[17].
For distant metastasis, systemic treatment is the standard. The possibility of local
ablative therapies could be evaluated after 6-8 weeks of systemic therapies. For liver
metastasis, complete resection should be attempted. It could be treated by upfront
surgical resection and adjuvant chemotherapy for 6 months; another option is threemonth chemotherapy followed by surgery and three-month adjuvant chemotherapy.
The systemic therapy is usually fluoropyrimidine-based plus oxaliplatin (FOLFOX)
or irinotecan (FOLFIRI). Anti-epidermal growth factor receptor antibodies such as
cetuximab and panitumumab are used in patients with RAS wild-type diseases. In
patients with RAS mutation, anti-angiogenic drugs could be used [19].
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Bevacizumab, a monocloncal antibody against vascular endothelial growth factor
(VEGF) has been used in combination with standard chemotherapy regimens [11].
Another anti-angiogenic drug, aflibercept, was also shown to increase overall survival
when combined with FOLFIRI [10].

1.2.4 Prognosis
The prognosis of colorectal cancer patients is determined by the stage. In England,
24% of colorectal cancer patients were diagnosed at stage 4 in 2015. The 1-year
survival rate for stage 1-3 patients is around 90%; it is around 40% for stage 4 patient.
The overall 5-year survival is around 60% for patients diagnosed between 2011 to
2015 and followed up to 2016 [20].

1.2.5 Molecular subtypes
The traditional view of the pathogenesis of colorectal cancer is accumulation of
mutations transforming the epithelial cells into benign polyps before progressing to
full-blown malignancy [21].
It is estimated that 3-5% of colorectal cancer are hereditary [17]. The most
common form is hereditary non-polylposis colorectal cancer (HNPCC) or Lynch
syndrome, which is caused by defects in DNA mismatch repair (MMR) genes including
MLH1, MSH2, MSH6, and PMS2. Familial adenomatous polyposis (FAP) results from
the mutation of adenomatous polyposis coli (APC) gene.
In 2015, Guinney et al. [22] defined four consensus molecular subtypes based on
gene expression. “CMS1 (microsatellite instability immune 14%), hypermutated,
microsatellite unstable, and strong immune activation”. They had lower chromosomal
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instability as compared to other subtypes. They had less DNA methylation. BRAF
mutation is more frequent in this subtype. They are more often right-sided. Once
relapsed, the survival is dismal. They do not respond well to anti-EGFR therapies [23] .
“CMS2 (Canonical 37%), epithelial, chromosomally unstable, with marked WNT and
MYC signalling activation”. They tend to have higher copy number gains of oncogens,
and copy number losses of tumour suppressor genes. miR-17-92 cluster, a MYC target,
is upregulated. They are often left-sided. Even after relapse, they tend to have good
survival rate. They had good responses to anti-EGFR therapies [23]. “CMS3 (Metabolic
13%), epithelial, with evident metabolic dysregulation”. They have intermediate level
of somatic copy number alterations and DNA methylation. KRAS mutation is more
common in this subtype than others. They show lower let-7 miR family expression.
“CMS4 (Mesenchymal 23%), prominent TGF-β activation, stromal invasion and
angiogenesis”. Their survival is the worst amongst the 4 subtypes. Irinotecan-based
chemotherapy had better responses than oxaliplatin-based in this subtype [23].
Microsatellite instability arises from defective DNA mismatch repair. Germline
mutation of the MMR genes results in Lynch syndrome. While some cases are sporadic.
The sporadic cases are often resulted from methylation of MLH1 gene, associated with
serrated polyps and BRAF V600E mutation [21]. Patients with microsatellite instability
have better response to immune check-point therapy pembrolizumab [24].
Another mechanism of tumourigenesis is epigenetic instability, demonstrated as
hypermethylation of CpG islands and global hypomethylation. These could be caused
by overexpression of DNA methyltransferases DNMT3B or DNMT1, as well as genes
relating to chromatin remodeling such as CHD8 [21]

27
Chromosomal instability resulted in aneuploidy or polyploidy, recognizable by
changes in chromosome numbers or structural aberrations [21].

1.3

Selected proteins involved in tumourigenesis

1.3.1 ErbB family
This family includes EGFR, HER2, HER3, and HER4. They form dimers with each
other and their resultant phosphorylation transmit signals to downstream RAS-RAFMEK-ERK-MAPK and PI3K-AKT-mTOR pathways promoting cell survival and
proliferation [25].
As the EGFR antibodies cetuximab and panitumumab improved progression-free
survival of metastatic colorectal patients, the importance of this pathway is beyond
doubt [26, 27].
Kountourakis et al. reported membranous/cytoplasmic expression of EGFR in
47/30%, membranous/cytoplasmic expression of HER2 in (6/17%), positive HER3
(membranous, cytoplasmic: 17%, 28%) and HER4 (19%, 30%) of colorectal patients.
HER4 positivity is correlated with lymph node metastasis [28, 29]. The expression of
EGFR or HER2 did not correlate with clinical outcomes [28, 30].
Sun et al. meta-analysed 30 studies comprising 4942 patients. They found HER2
was increased in CRC patients, more common in Duke C/D than A/B, and higher in
those with lymph node metastasis than without [31].
Richman et al. analysed 1914 patients from the QUASAR stage II-III trial and 1342
patients from stage IV trials (FOCUS and PICCOLO). They found only 1.3% & 2.2%
patients harbouring HER2 overexpression. It was more common in KRAS/BRAF wild
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type patients than in KRAS/BRAF mutated patients. HER2 overexpression was not
associated with survival or 5-FU/LV responses [32].
Loree et al. retrospectively analysed the tissues of 1038 CRC patients for HER2 &
HER3 mutation; additional circulating tumour DNA from 1623 patients were analysed
for HER2 mutation. They found HER2 and HER3 mutation in 4.1-5.8% and 5.7% of
patients. Both mutations were associated with microsatellite instability and CMS1
subtype. They were not associated with TP53, APC, KRAS, NRAS, BRAF mutations, but
ERBB2 mutation was associated with PIK3CA mutation. HER2 mutation was associated
with worse survival, while HER3 was not [33].
Jeong et al. retrospectively investigated HER2 amplification and outcome in 142
metastatic colorectal patients with wild-type KRAS, NRAS and BRAF treated with
cetuximab. 7 patients harboured HER2 amplification and their progression-free
survival was worse [34]. Similarly, Sawada et al. retrospectively analysed 359 patients
with metastatic colorectal cancer and primary tumour resection. Only 15 patients with
HER2 amplification, 11 of which harboured wild-type RAS and BRAF. The overall
survival was worse in these patients compared to those with wild-type RAS/BRAF
without HER2 amplification. When given anti-EGFR treatment, the progression-free
survival was also shorter [35].
HER3 was overexpressed in 69% of patients from a retrospective study of 364
patients by Seo et al.[36] Ledel et al. reported high HER3 expression in 80% of patients.
HER3 expression correlated with lymph node and liver metastasis [37]. The same
group found it is more commonly associated with distal colon cancer and low-grade
tumour. In distal colon cancer patients, the upregulation of HER3 is associated with
shorter disease-free survival [38]. Scartozzi et al. retrospectively analysed HER3
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expression in 84 KRAS wild-type patients treated with irinotecan and cetuximab. They
found 52% had HER3 overexpression, and these patients had worse survival than
HER3-negative patients [39].
Stahler et al. did not found survival difference among HER2 or HER3 expression
level in 208 CRC patients treated with first line chemotherapy (either 5-FU/LV +
irinotecan or irinotecan + oxaliplatin). However, those with low neuregulin expression
had better survival [40].
In summary, HER2 expression is less common in colorectal cancers than HER1 and
HER3. Some reports suggested the expression of HER2 or HER3 is associated with
metastasis and sometimes indicated worse outcome.

1.3.2 cMET
c-MET is a tyrosine kinase surface receptor activated by hepatocyte growth factor
(HGF). On binding of HGF, c-MET dimerizes and activates downstream signals through
RAS-MAPK and PI3K/AKT pathways among others [41].
In colorectal cancer, Raghav et al. found only 1-2% cMET amplification in 4 cohorts
patients (n=795). However, in one cohort (Cohort 4), the amplification rate reached
22.6% in EGFR target therapy refractory patients [42].
Gayyed et al. found c-MET was over-expressed in 66.7% of their 102 primary CRC
tumours. There was positive correlation between c-MET expression and higher TNM
staging. The expression of c-MET is higher in metastatic tissues than in primary
tumours [43].
c-MET expression is associated with poor overall and progression-free survival.
Lee et al. retrospectively studied 255 stage IV CRC patients. C-MET overexpression was
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found in 15.3% of their patients. Although c-MET overexpression did not correlate with
primary site, differentiation or metastatic sites, it denoted worse overall survival and
progression-free survival for bevacizumab treatment [44]. Shoji et al. reported higher
c-MET expression in primary CRC conferred a shorter relapse-free survival after liver
metastectomy [45]. Al-Maghrabi et al. reported high c-MET expression is associated
with larger tumour and left-sided tumour; also conferring higher local recurrence rate
[46].
Senetta et al. in 81 rectal cancer patients treated with neoadjuvant CCRT found
the expression of c-MET and YKL-40 predicted higher risk of non-complete response
[47]. Schweiger et al. found overexpression of c-MET or phosphorylated signal
transducer and activator of transcription 3 (pSTAT3) worsened survival after lung
metastectomy from CRC [48].
c-MET activation is involved in the resistance to anti-EGFR therapy. KRAS wild-type
cells could resist anti-EGFR therapy by c-MET activation [49]. Takahashi et al. found
KRAS wild-type colorectal patients treated with anti-EGFR antibody had shorter
survival time if they had elevated serum level of the ligand of c-MET, HGF [50].
The c-MET pathway is also involved in angiogenesis. After anti-angiogenic therapy,
HGF promoted GLUT1 for glycolysis and autophagy, thus evading CRC cell death,
suggesting additional resistance mechanisms driven by c-MET [51]. The ligand of cMET, HGF, could induce HIF-1α mRNA expression and VEGF expression in a different
model [52]. Jia et al. found that inhibition of c-MET by shRNA in SW620 cells increased
apoptosis and decreased HIF-1α expression after exposure to irradiation [53].
Cancer-associated fibroblasts secrete HGF to enhance the proliferation and
invasiveness of colonic epithelial cancer cells by activation of PKC-cMET-ERK1/2-COX-2
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signalling [54]. These findings illustrate the relevance of the HGF/c-MET axis in driving
tumorigenesis and resistance to chemotherapy/radiotherapy.

1.3.3 HIF-1α
Hypoxia in tumours leads to HIF-1α stabilization and allows dimerization with HIF1β to bind to hypoxia response elements (HRE) on the target genes. This induces
epithelial-mesenchymal transition via loss of E-cadherin, increase of vimentin and
transcription suppressors of E-cadherin including SNAIL and TWIST. Matrix
metallopeptidases (MMP) 2 and 9 were also regulated by HIF-1α and HIF-2α, allowing
tumour cells to cross basement membrane for invasion and metastasis [55]. Other
targets of HIF include VEGF, carbonic anhydrase IX (CA-IX), glucose transporters
(GLUTs), hexokinases (HKs), transforming growth factor (TGF), C-MYC, amongst others.
Thus HIF-1 impacts on a wide range of pro-tumorigenic responses involving
angiogenesis, glucose metabolism, cell proliferation, invasion and metastasis [56]. The
hypoxia status of tissues can be interrogated by positron emission tracers, such as
fluoromisonidazole (F-MISO). It is a nitroimidazole compound that can be reduced by
tissue reductase and covalently binds to thiol groups of intracellular proteins, thus
being trapped inside hypoxic cells [57].
Cao et al. retrospectively reviewed the parafilm-embedded samples of 71 resected
colorectal cancers. They found expression of HIF-1α and VEGF in 54.9% and 56.3%
patients. Their expressions were correlated and associated with tumour stage and
overall survival of these patients [58]. Rasheed et al. found that in 90 rectal cancer
patients treated with surgery, HIF-1α, but not HIF-2α correlated with staging, vascular
invasion, recurrence and survival [59]. Shiyoma et al. in 50 rectal cancer patients
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treated with hyperthermo-chemoradiotherapy followed by surgery, found those with
positive HIF-1α expression had worse survival than negative ones [60]. Shimomura et
al. also found high HIF-1α expression was a risk factor for tumour recurrence after liver
metastases from colorectal cancers treated with liver transplant [61].
One retrospective study by Saka et al. consisting of 186 CRC patients found 94.0%
and 15.6% of the cases were positive for HIF-1α and CA-IX staining. There was no
correlation between HIF-1α or CA-IX staining intensity and patients’ survival or
clinicopathologic features [62].
Kaidi et al. found that in the CRC cell line HT-29 HIF-1α bound to the promoter of
cyclooxygenase-2 (COX-2). Thus in hypoxic conditions, COX-2 upregulation increased
prostaglandin E2 (PGE2), which induced ERK phosphorylation of the MAPK pathway
leading to cell proliferation. Activation of the MAPK pathway also increased HIF-1α
transcription, forming a positive feedback loop [63].
Ahn et al. showed HIF-1α, not HIF-2α, promoted VEGF and S100/A8 expression in
monocytes; these two proteins cooperatively enhanced neovascularization [64].
Utilizing siRNA of HIF-1α and HIF-2α, Imamura et al. showed in SW480 cell line,
HIF-1α promoted tumour growth and migration, while HIF-2α restrained growth [65].

1.3.4 Collagen prolyl-4-hydroxylase (P4HA)
(2S,4R)-4-hydroxyproline is required for stabilization of the collagen triple helix
structure at physiologic temperature. Proline on procollagen is hydroxylated by prolyl4-hydroxylase. Prolyl-4-hydroxylase is a α2β2 tetramer. Its α subunit (P4Hα) weighs
59-kDa, consisting of a peptide-substrate binding site and an enzymatic site. There are
three isoforms of the P4Hα subunit in vertebrates, α(I) being the most prevalent. The β
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subunit is 55-kDa, functioning independently as protein disulfide isomerase (PDI). It
helps retain the α subunit in a soluble active form in the endoplasmic reticulum [66].
Under hypoxia, HIF-1 induces expression of collagen prolyl (P4HA1 and P4HA2)
and lysyl (PLOD2) hydroxylases in fibroblasts, mediating ECM remodeling, promoting
breast cancer invasion and metastasis [67, 68].
The increase of type I collagen prolyl-4-hydroxylase also leads to prolylhydroxylation of Argonaute2 (Ago2), which inhibits Ago2 degradation as well as
increases the association of Ago2 with heat shock protein 90 (Hsp90), leading to the
loading of microRNAs (miRNAs) into the RNA-induced silencing complex (RISC), and
translocation to stress granules. This leads to increase of miRNA production [69]. On
the other hand, hypoxia could potentiate the association between EGFR and Ago2
leading to the phosphorylation of Ago2 at Tyr 393 which inhibits miRNA processing
from precursor miRNAs to mature miRNAs by reduces the binding of Dicer to AGO2
[70].

1.3.5 S100A8/9
The heterodimer S100A8/9 is a ligand for the receptor for advanced glycation end
products (RAGE) and for Toll-like receptor 4 (TLR4). They are found to be abundant in
places rich in myeloid-derived suppressor cells (MDSC), which provide environment for
cancer cell growth in the pre-metastatic niches [71].
Burke et al. showed exosomes released from myeloid-derived suppressor cells
contain S100A8/9. They can induce a macrophage switch into the M2 type (protumorigenic) and are also chemotactic for myeloid-derived suppressor cells [72].
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S100A8 and S100A9 are controlled by HIF-1. HRE was identified on promoters of
S100A8 and S100A9. Grebhardt et al. found HIF-1α increased the expression of
S100A8/A9 in prostate epithelial cell line BPH-1. They also found in 165 prostate
cancer samples that HIF-1α expression was correlated with both S100A8 and S100A9
[73]. Using mice deficient for VHL (thus stabilizing HIF-1), Ahn et al. found increased
angiogenesis mediated by increased VEGF and S100A8 production from monocytes
through HIF-1α, not HIF-2α [64].
Bassorgun et al. found higher S100A8/9 positive inflammatory cells in the
colorectal tumours or peritumour regions correlated with higher tumour grade and
presence of metastasis [74]. S100A8/9 could promote colorectal cell line survival and
migration via β–catenin and its downstream targets c-Myc and MMP7 [75]. S100A8
and S100A9 were increased in exosomes from SW620 as compared to SW480. SW620
is derived from the lymph node metastasis of the SW480 primary tumour. These
results suggested the importance of S100A8/9 in CRC metastasis [76].

1.3.6 VEGF
The vascular endothelial growth factor family consists of VEGF-A, VEGF-B, VEGF-C,
VEGF-D and placental growth factor. There are three main receptors, VEGFR-1-3. VEGF
signalling is augmented by hypoxia, promoting endothelial proliferation, as well as
monocyte and macrophage migration. Bevacizumab, an antibody against VEGF-A, and
aflibercept, binding to VEGF-A, VEGF-B and PIGF, have been approved for the
treatment of metastatic colorectal cancer [77].
As a first-line treatment of metastatic colorectal cancer, the addition of
bevacizumab to oxaliplatin-based treatment (capecitabine + oxaliplatin (XELOX) or
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fluorouracil + leucovorin + oxaliplatin (FOLFOX)) prolonged the progression-free
survival by 3.1 months (17.9 vs 14.6 months, p = 0.008) [78]. In another trial as a
second-line treatment, the addition of bevacizumab to FOLFOX significantly improved
the response rate from 8.6% to 22.7% [79].
In metastatic colorectal cancer patients previously treated with oxaliplatin, the
addition of aflibercept to FOLFIRI (fluorouracil + leucovorin + irinotecan) prolonged
overall survival (median 13.50 vs 12.06 months) and progression-free survival (6.9 vs
4.67 months) [10].
VEGF expression in the CRC tissue sample was correlated with outcome as shown
by Cao et al., who retrospectively reviewed the parafilm-embedded samples of 71
resected colorectal cancers and found the expressions of VEGF and HIF-1α were
correlated and were associated with tumour stage and overall survival of these
patients. The expression of HIF-1α and VEGF were shown in 54.9% and 56.3% patients
[58].
Anti-VEGF treatment can increase EGFR activities as well as result in hypoxia.
Mesange et al. found that bevacizumab treatment increased EGFR activities in CRC cell
lines, which could be blocked by erlotinib regardless of the RAS status [80]. Rahbari et
al. found anti-VEGF treatment resulted in hypoxia and leading to increased expression
of hyaluronic acid (HA) sulfated glycosaminoglycans (sGAGs) in the extracellular matrix
of the tumour, which prevented entry of chemotherapy. Decreased microvascular
density could be found after 3 days of bevacizumab. The area of increased hyaluronic
acid deposition corresponded to areas of hypoxia [81].
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1.3.7 CA-IX
Carbonic anhydrase IX converts carbonic dioxide and water to bicarbonate and
proton. It is activated by HIF-1, along with MCT4 (monocarboxylate transporter 4)
which transports lactate out of cells, and NHE1 (sodium-hydrogen exchanger 1) which
take sodium into the cell in exchange of proton [82]. These proteins maintain an
intracellular alkaline pH while increasing the acidity of the extracellular space. This
acid-resistant phenotype was associated with tumour invasiveness [83].

1.4

Exosome
Exosomes are extracellular vesicles enclosed by lipid-bilayers. They are nanometric,

of approximately 50-150 nm in diameter, produced by most cell types and released
into various body fluids such as serum, saliva, urine, cerebrospinal fluid amongst
others. The contents of exosomes include lipids, nucleic acids and proteins [84]. They
were first described in 1984 by Harding et al. as they found that rat reticulocytes were
able to endocytose gold-labelled transferrin (Tf) receptors and accumulate them inside
a pre-lysosomal endosome containing multiple vesicles (MVE, from multivesicular
endosomes). After the endocytosis of Tf receptors and their incorporation into the
limiting membrane of inclusion vesicles inside the MVE, these vesicles were discharged
by MVE exocytosis [85].
It is now widely accepted that MVE fuse with the plasma membrane to release
exosomes to the extracellular space [86]. The contents of exosomes include some
common proteins, such as chaperones (Hsp70 and Hsp90), proteins associated with
the endosomal complex required for transport (ESCRT) pathway (TSG 101, ALIX),
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proteins involved in transport and fusion (Rab proteins, annexins), and the classic
exosomal markers that span the lipid bilayers four times, hence called tetraspanins
(CD9, CD63, CD81, CD82) [87, 88]. Other proteins are cell-type specific. Exosomes can
transfer their contents from parental cells to specific targets via tetraspanin–integrin
complex [89]. They have been implicated in cell proliferation, metastases,
angiogenesis and immunosuppression [14]. Currently exosomes are viewed and
accepted as a type of inter-cellular communication.
Exosomes differ from other types of extracellular vesicles in their release
mechanism and also in their size. The larger cousins of exosomes are microvesicles
(MV), which range between 200-1000 nm in size. Unlike exosomes, MVs are not
produced inside an organelle and they are not released in mass via MVE exocytosis.
Instead, MVs are produced by viable cells via budding and shedding off from the
plasma membrane. Therefore all MVs contain surface markers from their parental cells,
whereas in exosomes this is not the case, and thus their origin can be more difficult to
track [90]. For similar reasons, exosomes reflect more of a full intracellular profile
rather than a surface-restricted profile of their parental cells, and it is one of the
reasons why we are interested in them. Another type of extracellular vesicles are
apoptotic bodies, which are larger (1-2 µm) and are released by dying cells via
blebbing off from the plasma membrane.

1.4.1 As transporters of RNA, proteins
Chiba et al. found that exosomes from three colorectal cell lines HCT-15, SW480
and WiDr contained RNA and could be taken up into other cells including the
hepatocellular carcinoma cell ling HepG2 and the lung cancer cell line A549 [89].
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Demory Beckler et al. found exosomes from KRAS-mutant cell lines could transfer the
mutant KRAS to wild-type cell line and promoting its growth [91].
Cha et al. compared miRNA profiles of CRC cell lines different only in their KRAS
mutation status. While the whole-cell miRNA profiles were similar, the exosomal
miRNA profiles were different on principal component analysis. Exosomes from wildtype KRAS cells were enriched with miR-10b, while miR-100 was increased in the KRAS
mutant exosomes [92].
Soldevilla et al. found ΔNp73, a TP73 gene-derived isoform that lacks the amino
terminal transactivation domain, in exosomes from the colon cancer cell line HCT116.
Not all the cell lines tested could receive the ΔNp73 from exosomes. In the positive
recipient cell lines, the proliferation rate was increased after incubation with ΔNp73containing exosomes. The level of exosomal ΔNp73 in patient blood correlated with
serum CEA level [93].
Wang et al. found that exosomes from a colorectal cancer cell line (HT-29) with
high metastatic potential to the liver could increase the originally low metastatic
potential cell line, Caco-2 in mice, in both metastatic volume and distribution to the
liver [94].
Hu et al. reported that exosomes from fibroblasts could promote the growth of
cancer stem cells even when treated with 5-FU or oxaliplatin, and this effect was
mediated via Wnt pathway [95].
Wang et al. found CD44v6 (cancer initiating cell marker) cooperates with other CIC
marker such as Tspan8 to interact with integrins and proteases, promoting cell
invasion and metastases. In CD44v6 knock-out cells, these properties were suppressed,
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but could be partially rescued by transferring exosomes from the wild type CIC which
contains CD44v6 [96].
Lugini et al. found exosomes from CRC cells could induce phenotypic changes of
mesenchymal stromal cells into more proliferative, invasive cells. Their vacuolar H+ATPase expression was increased, promoting an acidic environment. CEA expression
was also increased [97].
Song et al. found after 2 Gy radiation, bronchial epithelial cells exported miR-7-5p
into their exosomes, which was able to induce autophagy through the
EGFR/AKT/mTOR pathway in recipient cells [98]. These findings illustrate how
exosomes can mediate the transfer of pro-tumorigenic functions from parental cells to
recipient cells via shuttling both RNA molecules and proteins.

1.4.2 As non-invasive markers of malignant diseases
In addition to carrying pro-tumorigenic molecules, the identification of certain
exosomal proteins and microRNAs derived from tumours has led insight into the
potential use of exosomes as biomarkers. This is particularly useful in liquid biopsies,
as blood from patients at different stages of disease/treatment allows the obtention of
serum, plasma and immune cells. Using serum exosomes or immune cells allows a
deeper layer for understanding patient phenotypes and possibly stratification.
Combining the exosomal information with the patients’ imaging data is one of the
main interests of our study. The following examples illustrate how exosome levels, or
the abundance of different molecules that have been identified in exosomes from
cancer patients, can correlate with patient outcomes.
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Silva et al. quantify the number of exosomes by cytometry in the plasma of 91
colorectal patients. They found high level of exosomes associated with
carcinoembryonic antigen level and poorly differentiated tumours [99].
In an exploratory study utilizing microfluid chips to isolate exosomes, Fang et al.
captured EpCAM-positive exosomes from the blood and found that 6 patients with
breast cancer had more of these EpCAM-postivie exosomes than 3 control subjects
[100].
Menck et al. isolated exosomes from patients with various cancer. They noted
matrix metalloproteinase inducer EMMPRIN was increased throughout the cancer
types. Higher EMMPRIN expression correlated with worse survival. Other proteins
such as MUC1, EGFR and EpCAM were tumour type specific [101].
Matsumura et al. found elevated serum exosomal miR-19a in colorectal patients.
Those with higher serum exosomal miR-19a had worse survival than those with lower
level [102].
Ogata-Kawata et al. analysed the miRNA of serum exosomes from 88 colorectal
patients and 11 healthy controls. They found elevated level of 7 miRNA (let-7a, miR1229, miR-1246, miR-150, miR-21, miR-223, and miR-23a) in colorectal patients. The
level decreased with removal of primary surgery. This could be used as a non-invasive
diagnostic tool [103]. Similarly, Ostenfeld et al. look for EpiCAM positive extracellular
vesicles in the blood of CRC patients before and after surgery. They found (miR-16-5p,
miR-23a-3p, miR-23b-3p, miR-27a-3p, miR-27b-3p, miR-30b-5p, miR-30c-5p and miR222-3p) were increased as compared to healthy controls but decreased after surgery
[104].
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1.4.3 More than one type of exosomes could be released from
colorectal cells
Using immunoaffinity beads, Tauro et al. isolated A33 and EpCAM containing
exosomes from LIM1863 colorectal cancer cell lines. Analysis of the protein contents
by mass-spectroscopy found differential enrichment of proteins. Basolateral trafficking
molecules such as early endosome antigen 1, the Golgi membrane protein ADPribosylation factor, and clathrin were enriched in A33-containing exosomes. While
classic apical trafficking molecules such as CD63 (LAMP3), mucin 13, the apical
intestinal enzyme sucrase isomaltase, dipeptidyl peptidase IV and the apically
restricted pentaspan membrane glycoprotein prominin 1 were identified in EpCAMcontaining exosomes. Colocalization of EpCAM, claudin-7, and CD44 was also observed
[105].
Exosomes released from cell lines established from the primary tumour (SW480)
and metastatic site (SW620) of the same patient were also shown to be different in
their contents. Exosomes released from the metastatic cell line were proportionally
enriched with metastatic factors (MET, S100A8, S100A9, TNC), signal transduction
molecules (EFNB2, JAG1, SRC, TNIK), lipid raft and lipid raft-associated components
(CAV1, FLOT1, FLOT2, PROM1) [76].

1.4.4 Exosomes are also implicated in angiogenesis and metastasis
Hong et al. found that exosomes from colorectal cancer cell lines could increase
the proliferation capabilities of endothelial cells. mRNA associated with cell-cycle
related processes, especially M phase, were enriched in these exosomes. This implies
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that exosomes released from colorectal cancer cells might promote angiogenic
proliferation in neighbouring endothelium [106].
Yoon et al. also found that exosomes from the SW480 cell line promoted
endothelial cell proliferation and migration. This action was blocked by siRNAmediated silencing of early growth response-1 (Egr-1), as well as by inhibition of
ERK1/2 (by PD98059) and JNK (by SP600125) [107].
Huang et al. found that exosomes secreted from hypoxic CRC cell lines were
enriched with Wnt4, which induced β-catenin translocation in endothelial cells. Wnt4β-catenin pathway promoted angiogenesis of the tumour [108].
In addition to angiogenesis, tumour-related exosomes also contribute to tumour
metastasis. Breast cancer cells could take up exosomes secreted by stromal fibroblast,
enhancing the WNT signalling for increased invasiveness and metastasis [109].
Exosomes from melanoma cells can promote vascular leakage at pre-metastatic sites
and promote bone-marrow progenitors to form the niche via MET expression [110].
Exosomes from renal cancer stem cells can activate endothelial cells to form capillarylike structures and promote the formation of a premetastatic niche via MMP2, MMP9
and VEGFR1 [111].

1.4.5 Exosomes as immunosuppression signals
Several immunomodulatory signals have been detected in exosomes including TNF
and PD-L1 [112]. Huber et al. found microvesicles released by human colorectal cancer
cells and those found in plasma of colorectal cancer patients contained Fas ligand (FasL)
and TNF-related apoptosis-inducing ligand (TRAIL), inducing dose-dependent apoptosis
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(annexin V/propidium iodide) in activated human T cells. The apoptosis could be
blocked by anti-Fas or TRAIL antibody and pan-caspase inhibitor [113].
Yamada et al. found extracellular vesicles from colorectal cells were rich in TGF-β
and were able to transform T-cells into T-reg to promote tumour growth by activating
TGF-β/Smad signalling and suppressing SAPK signalling [114].
Recently, our group identified a correlation between ALIX and PD-L1 exposure,
spreading further the relationship between exosome production and the
immunogenicity of tumours [115].

1.4.6 Exosome contents change with pharmacologic treatment.
Ragusa et al. found exosome contents of Caco-2 (cetuximab-sensitive) and HCT116 (cetuximab-resistant) CRC cell lines changed after cetuximab treatment. The
changes in Caco-2 cells included those related to proliferation and inflammation; while
changes in HCT-116 cells related to cell to cell signalling. Adding exosomes from
cetuximab-treated Caco-2 into HCT-116 increased the viability of HCT-116, but not vice
versa [116].

1.5

Medical images as a source of biomarkers

1.5.1 FDG-PET
FDG is a glucose analogue. It can be transported into the cells by glucose
transporters and phosphorylated by hexokinase into FDG-6-phosphate. FDG-6phosphate cannot go further into the metabolic pathways and is trapped inside the
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cells unless dephosphorylated by phosphatases. Cancer cells often have high glycolysis
activities [117]. With increased glucose transporter and hexokinase, cancer cells
accumulate FDG-6-phosphate and can be visualized by the PET scanners. FDG-PET has
been therefore widely utilized for cancer detection. High FDG uptake often denotes
worse prognosis [118]. In addition, hypoxia was shown to increase FDG uptake
through an increase of glucose transporters [119].
In colorectal cancer staging, FDG-PET is used when there are uncertainties after CT
or MR, especially for suspicious liver lesions found on CT as FDG-PET has higher
sensitivity and specificity for hepatic lesions [120].
Lubezky et al. analyzed 27 patients for hepatectomy and 48 patients receiving
hepatectomy after neoadjuvant therapy. They found decreased sensitivity of both CT
and FDG in detecting metastatic lesions after neoadjuvant therapy. FDG was worse
than CT in the neoadjuvant setting, especially in those that received bevacizumab
therapy [121]. A similar report by Carnaghi et al. [122] evaluated 65 liver lesions in 19
patients who received pre-operative chemotherapy. The sensitivity of FDG-PET and CT
was 62% and 70% respectively. FDG performed better in lesions larger than 1 cm (74%
vs 18%). Metser et al. compared FDG-PET performance with CT for detection of other
metastasis before liver resection of metastatic CRC tumours. 50 patients received
chemotherapy within 90 days, and 37 were responders. They found that in those
patients who responded to chemotherapy, the FDG-PET and CT performance was
similar. However, in all other patients, FDG-PET found more extrahepatic disease (in
11.7%) or significantly more liver lesions (18.3%) than CT [123].

45

1.5.1.1 Association with gene expression or mutation
1.5.1.1.1 EGFR
Choi et al. reviewed the records of 132 patients who underwent FDG-PET before
surgical resection of the primary colorectal cancers. They found the SUVmax was
higher in EGFR-positive tumours (N=86, 65.2%) than negative ones (12.1±2.1 vs. 10.0 ±
4.2; p = 0.012) [124]

1.5.1.1.2 KRAS
Oner et al. reported that simple parameters such as SUVmax, or MTV could not
differentiate KRAS mutation status (of codon 12, 13) in a retrospective study consisting
of 55 CRC patients. There was no difference between 20 KRAS mutant and 35 KRAS
wild type patients in these FDG-PET parameters [125]. Similarly, Krikelis et al. failed to
found correlation between FDG uptake and KRAS codon 12, and 13 mutation status in
a retrospective study consisting of 44 metastatic colorectal cancer patients. The
SUVmax was not different in 27 KRAS mutant patients and 17 KRAS wild type patents
[126].
Kawada et al. found higher SUVmax in the primary tumour of KRAS/BRAF mutated
group in 51 patients. They noted GLUT-1 but not hexokinase II expression was
associated with FDG uptake [127]. In 55 metastatic lesions, they found higher SUVmax
in the KRAS mutated group only if lesions > 10mm was considered [128].
Chen et al. in 103 patients found TP53, KRAS, APC, PIK3CA, BRAF mutation in
41/103 (40%), 34/103 (33%), 27/103 (26%), 5/103, 4/103 patients. They found higher
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SUVmax in TP53 mutated tumours, as well as higher lesion glycolysis with a SUV40%
threshold in KRAS mutated tumours [129].
Another report by Cho et al. in 93 metastatic CRC patients found higher SUVmax,
SUVmean, TLG of the primary tumours in KRAS mutant cases. They also found lung
metastases were more frequent in patients with mutant KRAS while liver metastasis
were more frequent in patients with KRAS wild type [130]. Lovinfosse et al. genotyped
KRAS on codons 12, 13, 61, 117 and 146, NRAS on codons 12, 13 and 61 and BRAF on
codon 600 in 151 rectal cancer patients. They found 74 patients had a KRAS mutation,
9 NRAS, and none had BRAF mutation. Higher SUVmax (p-value = 0.002), SUVmean
were noted in RAS mutated group. There was significant difference between RAS
mutated and wild-type groups in skewness (p-value = 0.049), SUV standard deviation
(p-value = 0.001) and SUV coefficient of variation (SUVcov) (p-value = 0.001). No
correlation was found by metabolic tumour volume, total lesion glycolysis or other
local/regional texture parameters [131].
Lee et al. in 179 CRC patients treated with surgery found those with elevated creactive protein (CRP, > 6 mg/L) had higher tumour volume, SUVmax, SUVmean. In
those with normal CRP (< 6 mg/L, N=132), higher SUVmax was associated with KRAS
mutation [132].
Iwamoto et al. using cell line work found GLUT-1, HK-II were higher in KRAS
mutant cells. HIF-1α induction was higher in KRAS mutant cells, thus inducing higher
GLUT-1 expression. They found positive correlation between KRAS mutation, GLUT-1
and HIF-1α expression in clinical samples [133].
Miles et al. in 33 CRC patients treated with primary surgery found a decision-tree
consisting of SUVmax of FDG-PET, mean-positive-pixels from histogram analysis of the
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non-contrast CT images (MPP), and blood flow (BF) from perfusion CT determined the
KRAS mutation status with an accuracy of 90.1%. In addition, two distinct phenotypes
were found among KRAS mutant tumours; those with high SUVmax and low MPP
tended to be hypoxic (HIF-1 +), while those with low SUVmax, high MPP and high BF
tended to be proliferative (mcm2 +) [134].

1.5.1.1.3 VEGF
Kocael et al. in 63 CRC patients found higher serum VEGF and VEGFR in FDG-PET
positive than in FDG-PET negative patients. VEGF-D, VEGF-A, VEGF-C, VEGF-E, and
VEGFR-3 were higher in patients with metastasis than without [135].

These results are summarized in Table 1.
Table 1: Summaries of FDG-PET parameters and genetic associations
Gene

FDG-PET parameter

Finding

Reference

EGFR

SUVmax

Higher in EGFR(+) tumours

123

KRAS

SUVmax

not associated with KRAS mutation status

124, 125, 128

SUVmax

Higher in KRAS mutant tumours

126, 127, 129,
130

SUVmax

Higher in KRAS mutant tumours in patients
with normal CRP

131

Glycolysis

Higher in KRAS mutant tumours

128, 129

Glycolysis

not associated with KRAS mutation status

130

Positivity

Higher serum VEGF in FDG(+) patients

134

VEGF
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1.5.1.2 Correlation with patient outcome
Shi et al. reviewed 107 prospectively-recruited CRC patients treated with surgery.
Univaraite analysis found prognosticators including tumour size, TNM stage, nodal
metastasis, the ratio of metastasized nodes to retrieved nodes, cyclin D1
immunostaining and SUVmax. In multianalysis, only TNM stage and SUVmax remained
prognosticators [136].
Ogawa et al. retrospectively compared the overall survival of 325 patients
undergoing surgery. They found MTV and TLG could differentiate the survival of these
patients. In multivariate regressions, high TLG, age ≥ 65 years old, rectal tumours and
positive lymph node metastases were independent poor prognosticators [137].
Lee et al. followed 163 surgical patients. They found SUVmax did not differ
between patients with recurrence and without. After dividing the patient group with
the median value of SUVmax, both groups did not show different disease-free survival
either [138].
In 73 rectal patients undergoing surgical resection, Jo et al. found advanced stage,
higher MTV, TLG, and positive surgical margins were associated with worse overall
survival. However, only surgical margin was the independent prognosticator in Cox
regression [139].
Nakajo et al. investigated the prognostic impact of clinicopathologic factors and
image parameters in 32 surgically-treated CRC patients. They found those with high
stage (p = 0.004), high 18F-FDG-intensity variability [IV] (p = 0.015), high 18F-FDG- sizezone variability (p = 0.013) and high 18F-FLT-entropy (p = 0.015) had significantly worse
progression free survival by log rank test [140].
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Bone marrow SUV [141] and tumour-to-liver ratio [142] were claimed to be
prognosticator in CRC patients treated with surgery. Lee et al. reviewed 226 CRC
patients treated with surgery and found higher SUV of the bone marrow was
correlated with worse recurrence-free survival [141]. Hunag et al. found tumour-toliver ratio was a prognosticator independent of lymphovascular/neural invasion in 118
stage II CRC patients [142].
Bang et al. in 74 rectal cancer patients undergoing neoadjuvant
chemoradiotherapy followed by resection found higher metabolic tumour volume and
gradient-kurtosis were associated with worse 3-year disease free survival. Multivariate
analysis found gradient-kurtosis remained significant. No parameters were associated
with tumour regression grade (TRG) in the multivariate analysis [143]. Kim et al.
performed FDG-PET before and after 45 Gy of radiotherapy with concurrent oral
capecitabine chemotherapy in 64 rectal cancer and found high MTV of the first PET
and smaller changes of TLG were associated with worse outcome in multivariate Cox
regression [144].
In a prospective study, 27 metastatic CRC patients received cetuximab as third-line
therapy. After one week of therapy, the increase of metabolic activity denoted poor
progression-free survival and overall survival. At 4 weeks after therapy initiation, both
PERCIST 1.0 (PET response criteria in solid tumours) and change in metabolic activity
predicted survival [145].
In another prospective study, Lim et al. followed 40 patients treated with
regorafenib. They found those with higher TLG40% had worse overall survival. The
change of TLG40% after 2-weeks of treatment predicts both progression-free survival
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and overall survival, and could further stratify patients with stable disease on RECIST
1.1 [146].
In 105 biopsy-confirmed recurrent CRC patients, age, tumour grade, median TLG,
and median MTV were independently prognosticators in the multivariate Cox
regression analysis. Cut by median values, SUVmax, MTV, TLG were all significant on
Kaplan-Meier and Log Rank tests. Patients with higher values had worse prognosis
[147].
In 23 patients with multiple liver metastases treated with liver transplant, Grut et
al. found lower total MTV & TLG were associated with better overall survival &
disease-free survival while SUVmax, SUVmean, SUVpeak and tumour to back ground
ratio were not [148].
Samim et al. retrospectively reviewed 54 patients with CRC liver metastases
treated with thermal ablation. They found SUVpeak, SUVmean, SUVmax, partial
volume corrected SUVmean and total lesion glycolysis (TLG) were not associated with
local tumour recurrence time, but lower SUVpeak, SUVmean, SUVmax, partial volume
corrected SUVmean had better new intrahepatic recurrence free survival [149].

These results are summarized in Table 2.
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Table 2: Summaries of literatures on FDG-PET parameters and outcome
study
type

patient
number

Patient
population

treatment

FDG-PET parameter

Findings

Reference

P

107

CRC

OP

SUVmax

higher the value, worse the outcome

135

R

163

CRC

OP

SUVmax

not associated with survival

137

R

325

CRC

OP

TLG

higher the value, worse the outcome

136

R

73

rectal

OP

MTV, TLG

higher the value, worse the outcome, but not independent of surgical
margin

138

R

32

CRC

OP

intensity
variability, sizezone variability

associated with progression-free survival

139

R

226

CRC

OP

bone marrow SUV

higher the value, worse the recurrence-free survival

140

R

118

CRC, stage II

OP

tumour-to-liver ratio

higher the value, worse the outcome

141

R

74

rectal

neoadjuvant + OP

MTV, kurtosis

higher the value, worse the outcome. Only kurtosis was an
independent prognosticator to perineural invasion

142

R

64

rectal

neoadjuvant + OP

MTV

higher the value, worse the outcome

143

P

40

mCRC

regorafenib

TLG

higher the value, worse the outcome

145

R

105

recurrent CRC

various

MTV, TLG

higher the value, worse the outcome. Independent to age and tumour
grade.

146

R

23

CRC liver mets

liver transplant

MTV, TLG

higher the value, worse the outcome.

147

R

54

CRC liver mets

thermal ablation

SUVmax, SUVmean,
SUVpeak, TLG

not associated with local recurrence-free survival, but except TLG,
lower values correlated with longer time to develop new lesions

148

CRC = colorectal cancer, mCRC = metastatic colorectal cancer, mets = metastases, MTV = metabolic tumour volume, OP = operation, P = prospective, R =
retrospective, SUV = standard uptake value, TLG = total lesion glycolysis
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1.5.1.3 Predicting treatment response
Skougaard et al. conducted a prospective study treating metastatic CRC patients
with irinotecan and cetuximab. FDG-PET/CT was done every fourth cycle until
progression. There were 61 patients for response evaluation. There was poor
correlation between CT and PET response evaluation. That is, many patients deemed
with stable disease by CT RECIST had partial metabolic response (PMR) by PET
evaluation. By RECIST, those with progressive disease had worse overall survival than
those with partial response or stable disease. By PET evaluation, those with PMR had
better overall survival than those with either progressive metabolic disease or stable
metabolic disease [150].
In a prospective setting in which 64 high-risk rectal cancer treated with
neoadjuvant chemoradiotherapy followed by surgery, Li et al. found difference in pretreatment MTV, both pre-treat & post-treat CEA as well as CEA reduction in pathologic
complete response and non-CR patients [151].
Kawai analyzed 148 rectal cancer patients treated with neoadjuvant
chemoradiotherapy followed by surgery and found post-treatment SUVmax, but not
pre-treatment SUVmax, correlated with pathologic response. Furthermore, the PET
performed later than 7 weeks after chemoradiotherapy had better accuracy in
predicting pathologic response than those performed early (area under curve: 0.879 vs
0.669) [152].
Goshen et al. studied 7 patients with 20 liver lesions treated with neoadjuvant
bevacizumab. FDG-PET was done after 4 cycles (before surgery). There were 17 lesions
with pathologic results. FDG-PET predicted necrosis in 70% of the lesions, while CT
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only predicted 35%. It seemed FDG-PET is a better evaluation tool for bevacizumab
treatment response [153].
De Bruyne et al. evaluated 19 patients who received neoadjuvant FOLFOX/FOLFIRI
with bevacizumab before hepatectomy in a prospective trial. DCE-MRI and FDG were
done at baseline and after 5 cycles. They found a larger decrease in Ktrans, low pre-OP
SUVmax and low microvascular density were good prognostic factors [154]. The same
group found low pre-surgical SUVmax, low standardized total lesion glycolysis (sTLG,
defined as lesion TLG minus background activity), and large decrease in sTLG were
good prognosticators [155].
Despite the inability to predict pathologic responses, Lastoria et al. evaluated 33
patients in a prospective study testing FOLFIRI + bevacizumab before CRC liver
metastasis resection, FDG-PET was performed at baseline and after 1 cycle of
treatment (7 days). RECIST was assessed with CT after three months of treatment.
They found metabolic response as defined by more than 50% reduction of SUVmax or
more than 50% reduction of TLG predicted better overall survival and progression-free
survival after surgery, while RECIST did not. In multivariate analysis, the addition of
PET parameters to either RECIST or pathologic responses after surgery increased the
predictive power of the models [156].
Bystrom et al. evaluated 51 patients treated with irinotecan-based chemotherapy
in a prospective trial. FDG was performed after 2 cycles. They found baseline SUV was
higher in radiologic non-responders than responders. Metabolic response as
qualitatively evaluated by the NM physician was correlated with subjective response,
but not with survival [157].
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Maisonobe et al. evaluated 40 patients with FDG at 14-day after chemotherapy
and compared with RECIST by CT 6 - 8weeks after. They found SUV parameters
without partial volume correction could be used to predict RECIST [158].
Similarly, Hendlisz et al. evaluated 41 metastatic CRC patients treated with
biweekly chemotherapy. FDG-PET was done at 2-wk (after 1 cycle). Metabolic nonresponder was defined as a decrease in SUVmax less than 15%. They found 100%
sensitivity and 57% specificity, 43% PPV and 100% NPV for metabolic response to
predict RECIST response. Thus a lack of FDG response after 1 cycle might denote
absence of response of that treatment [159]. Similar results were reported by Woff et
al. on sorafenib-capecitabine. The lack of response on early FDG-PET after one cycle of
treatment predicted subsequent treatment failure in 19 out of 20 patients [160].

1.5.2 Perfusion images
Quantitative perfusion images utilize dynamic images to assess various aspects of
the hemodynamic status of a given tissue via the use of an intravenous contrast agent.
The concentration of contrast agent in the tissue changes with time via the blood
supply and then diffusing into the extravascular space. The rate is determined by blood
flow and vascular leakiness. Different algorithms can be applied to model the
dynamics of the contrast medium. The derived parameters are different in each model.
Generally, blood flow and volume are correlated with microvascular density;
permeability surface area product or flow extraction product are representative of
vascular leakage [161, 162].
The technique could be performed by positron emission tomography, computer
tomography or magnetic resonance images. PET uses intravenous radioactive tracers.
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CT perfusion study utilizes iodinated intravenous contrast medium. Dynamic contrast
MRI utilizes intravenous gadolinium chelated contrast medium. Gadolinium shortens
the longitudinal relaxation time of the tissues, and thus causing increased signal in T1weighted images [163].
As for CT perfusion studies, quantitative measures such as blood volume (BV),
blood flow (BF), mean transit time (MTT) and permeability surface area product (PS)
are stable against different amount of contrast medium injected. However, semiquantitative measurements such as peak enhancement and time to peak
enhancement are higher in response to increased injected volume [164]. As for timing,
45-seconds is long enough for the calculation of blood flow, blood volume, mean
transit time, but inadequate to calculate permeability [165].
Previous studies of CT perfusion on colorectal cancer revealed acceptable
repeatability of the technique [166, 167]. Increase of z-axis coverage did not improve
repeatability [168]. Of note, different software can produce different results, including
updates of the same software packages [169, 170]. Furthermore, lesion movement
such as originated by respiration or peristalsis poses difficulties that introduce
measurement errors and variability [171].
Attempts have been made to correlate CT perfusion parameters with angiogenesis
reflected by microvascular density, and compare CT perfusion parameters to tumour
grading. Dighe et al. put two small ROIs in each tumour (invasive & luminal) in 29 CRC
patients. No correlation was found between CT perfusion parameters and
microvascular density (MVD) by CD105 or factor VIII (von Willebrand factor, vWF)
[172]. Although their method of putting two small ROIs might be challenged by the
results of Goh et al., who reported that larger ROI outlining the whole tumour were
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more reproducible [173]. Using the ROIs contouring the whole tumour, Goh et al. in 23
patients [174] revealing moderate correlation between blood volume (r = 0.59, P =
0.002), permeability surface-area product (r = 0.46, P = 0.03) and CD34. No correlation
between CD34, and blood flow (r = 0.27, P = 0.22) or transit time (r = -0.18, P = 0.44)
was found. In 35 patients, they found mild correlation between blood flow and CD105;
no correlation was found between SUVmax or SUVmean and CD105 [175]. In this
patient cohort, SUVmax and blood flow were correlated in later stage (III/IV, r = 0.47, p
= 0.03) but not in early stage (I/II, r = 0.09, p = 0.65) tumours. The ratio BF/SUVmax
was lower in patients with high VEGF and HIF-1 expression (3.65 vs. 5.98; P = 0.01 for
VEGF) (3.63 vs. 5.48; P = 0.04 for HIF-1α) [176]. Taxier et al. found a positive
correlation between blood flow from CT perfusion and PET parameters such as
metabolic active tumour volume (MATV), intensity variability (IV) and local
homogeneity in 13 stage III/IV patients, but none found in 17 stage I/II patients [177].
Kim et al. in 27 CRC patients found no correlation between CT perfusion
parameters and CD34. They found higher BF, shorter MTT in moderately-differentiated
(MD) tumours (n=15) compared to well-differentiated (WD) (n=8) or poorlydifferentiated (PD) (n=4) tumours. CD34 was highest in the PD group [178]. Sun et al.
using the software from Philips (CT Perfusion; Philips Healthcare Systems, The
Netherlands) in 37 CRC patients found no correlation between CT perfusion
parameters and CD105. CD105 was not different in WD, MD, PD groups. BF, BV were
higher in the WD groups.; while time to peak (TTP) was longer in the PD group. [179].
Similarly, Xu et al. using the Philips software (CT Perfusion; Philips Healthcare
Systems, The Netherlands) in 53 CRC patients reported BF was higher in welldifferentiated tumours, and TTP was longer in PD cancers [180]. In 44 rectal patients
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treated with only surgery, Hayano et al. found higher BF in WD groups. Low BF showed
the tendency for lymphovascular invasion and metastases. Those with high blood flow
had better survival than these with low BF [181]. Goh et al. reported higher blood flow
in patients of disease-free status than those with subsequent metastasis after surgery
in 52 patients [182].
These reports indicated wide variation of correlation between CT perfusion
parameters and microvascular density. Different antibodies and quantifying methods
exist for indication of microvascular density. This might account for the discordancy
between the findings of different investigators. With respect to tumour grading, CT
perfusion seems to suggest well-differentiated tumours have higher blood flow. In
turn those tumours with higher blood flow might be indicative of better survival.
Qi et al. used a rat glioma model to demonstrate that BF and BV from the CT
perfusion images negatively correlated with hypoxia volume as calculated by
immunohistochemical staining with pimonidazole [183], a marker for tumour
hypoxia[184]. Another report by Spira et al. claimed no correlation between blood
volume, blood flow or Ktrans derived from the Patlak model on the CT perfusion
images and HIF-1/2 staining in 72 lung cancer patient samples. However, the
manuscript did not specify how the staining was performed or quantified, nor the
exact value of these correlations [185]. Perfusion images can also be used to monitor
the effectiveness of anti-angiogenic therapy in a patient. Monitoring the treatment
effect could be performed by perfusion imaging. Willett et al. demonstrated decrease
in tumour blood flow and blood volume after a single dose of bevacizumab in 6 rectal
cancer patients [186].
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1.5.3 Texture analysis
In addition to perfusion parameters and conventional measurements such as
extension of disease and changes in tumour size, additional image features can be
extracted from routine medical images. One such method is to perform textural
analysis. A simple method called a filtration-histogram method can be used to extract
texture parameters from the images. This method measures the value of each pixel in
a defined area of the image, and lists mean, standard deviation, kurtosis, and
skewness of the histogram. Image features of different sizes are enhanced by applying
filters of various sizes to the original images [187]. These additional features might be
able to provide useful information. For example, using portal-phase CT images from
colorectal patients without liver metastases, Ganeshan et al. showed entropy from the
hepatic region or normalized uniformity of the hepatic region at coarse filter was
correlated with patients’ survival [188, 189]. Ng et al. revealed the fine texture
parameters derived from CT images of primary colorectal cancer including entropy,
uniformity, kurtosis, skewness, and standard deviation were predictive of overall
survival [190]. Texture parameters also depicted underlying physiologic properties. As
Ganeshan et al. showed the mean correlated negatively with SUV from FDG-PET and
positively with hepatic blood flow [191]. Miles et al. showed texture parameter from
the primary colorectal patients in combination with FDG-PET scan and blood flow from
CT perfusion could predict the status of KRAS mutations [134].
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1.6

Summary
Colorectal cancer is an increasingly common cancer and represents a heavy

burden for health care systems. New drugs targeting the EGFR family and the process
of angiogenesis have been used against colorectal cancer, highlighting the importance
of both pathways in the tumorigenesis of colorectal cancer. Tumour cells can release
exosomes into their microenvironment for modulating different biological responses
such as immunosuppression, angiogenesis, and metastasis. Clinical imaging of patients
using CT perfusion investigates the perfusion status of tumours, and FDG-PET is linked
to their hypoxic status. Both image modalities provide prognostic values and are linked
to expression of proteins such as EGFR, KRAS, VEGF. Texture analysis of these clinical
images can provide additional information on patient survival and the underlying
biology processes involved in disease. However, at present there are no studies that
have conducted correlations between the exosomal profile of patients, with data
derived from the imaging of their tumours
Here we present a prospective cohort of colorectal cancer patients with clinical
images investigating angiogenesis and hypoxia. We investigated these images and
their extended features from texture analysis and associated them with the patients’
overall survival. We additionally performed studies on the underlying biology of
tumours by profiling exosomes from liquid biopsies. These correlations allowed us to
hypothesise biological association by combining imaging features to
immunohistochemical staining and proteins related to proliferation, angiogenesis and
hypoxia in the exosomes.
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Our hypotheses are that CT perfusion scans could visualize angiogenesis in vivo;
the image parameters acquired including those from texture analysis could provide
prognostic information for colorectal cancer patients; and there could be biologic
meanings in these image texture parameters.
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2 Materials & Methods
2.1

Cell Line Works

2.1.1 Hypoxia treatment
The colorectal cell line HCT-116 was maintained in our lab and was authenticated
yearly via external sequencing service (see Appendix 1 for authentication certificate). It
was cultured in McCoy's 5a Medium Modified supplemented with 10% fetal bovine
serum, 1% glycine and penicillin/streptomycin. The normoxic control was incubated at
37 °C in a 5% CO2 air atmosphere, while the hypoxia treated cells were incubated in a
hypoxic incubator with 5% CO2 and 1% O2 at 37 °C overnight.

2.1.2 Exosome isolation from culture media
Culture medium was collected in Falcon tubes and underwent centrifugation at
300 g for 10 min. The supernatant was transferred to Beckman Coulter capped
polycarbonate bottles (#3118-0050), and centrifuged at 12,200 g for 45 minutes using
a JA25.50 rotor in an Avanti J-26 XPI centrifuge. The supernatant was transferred to
Beckman Coulter thick wall ultracentrifuge tubes (#355631), topped with filtered-PBS
up to tube maximum capacity (i.e. 16.5 ml) and ultra-centrifuged at 100,000 g for 2
hours using a Beckman Coulter 70Ti Rotor in an Optima L-100 XP Ultracentrifuge. The
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supernatant was discarded, and the pellet was resuspended with 1.5 ml of 0.45 μmfiltered phosphate-buffered saline (PBS), and put into ultracentrifuge tubes (1,5 ml
capacity; Beckman Coulter No 357448) for ultracentrifugation for 90 min at 100,000 ×
g, 4 °C using a TIA 55 Rotor in an Optima MAX XP Ultracentrifuge. After discarding the
supernatant, the exosome pellets were resuspended in 200 μl of 0.45 μm-filtered PBS
and aliquoted to 20 ul replicates, and store at -80 °C [115].

2.1.3 Western blot
At the end of hypoxic treatments, adherent cells were washed with PBS and lysed
on ice using ice-cold lysis buffer (300 mM NaCl, 100 mM Tris, 0.5% NP40, proteinase
inhibitor cocktail (Complete-Mini, Roche #04693124001), phosphatase inhibitor
cocktail (PhosStop, Roche #04693124001), and adjusted to pH 7.4). After scrapping the
cells from the culture dish along with the lysis buffer, lysates were transferred to
Eppendorf tubes and kept on ice for 20 minutes with periodic agitation. After
centrifugation at 13000 g for 10 minutes, the supernatant was collected and either
stored at -20 °C or processed immediately for protein quantification.
Protein quantification was performed using Thermo Scientific Pierce BCA Protein
Assay Kit (#23225). 5 μl of samples were diluted 5 times by adding into 20 μl of lysis
buffer, and 5 μl of this were transferred to a 96-well plate. A serial of diluted bovine
serum albumin protein standards of 0, 0.5, 0.75, 1, 1.5, 2.0 mg/ml in concentration
were also pipetted to the microplate. Working solution (Kit reagent A and B in 50:1
ratio) was added into each well to a final volume of 200 μl. After shaking for 30
seconds, the microplate was incubated at 37 °C for 30 minutes, and then read in the
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Thermo Varioskan LUX reader at 562 nm. The protein concentration was calculated by
fitting the blank-subtracted absorbance to the standard concentration.
After quantification, protein concentrations were equalized with pure water and
added into 4x sample buffer (final concentration 2 % sodium dodecyl sulfate (SDS), 5 %
2-beta-mercaptoethanol, 10 % glycerol, 0.002 % bromophenol blue and 0.0625 M Tris
HCl, pH 6.8). After heating the samples for 10 minutes at 95 °C, 25 ug of protein were
loaded for electrophoresis onto 10 % NuPAGE Bis-Tris gels and run at 100 V for
approximately 2 hours in MOPS SDS running buffer. The proteins were then
transferred onto PVDF membranes (0.45 μm, Millipore) under 300 mA for 1 hour.
Membranes were then blocked with 5 % milk for 1 hour, followed by incubation with
primary antibodies overnight at 4 °C and secondary antibodies for 1 hour at room
temperature. Blots were imaged after incubation with ECL reagent using a digital
camera acquisition system (GE ImageQuant LAS 4000). Band intensities were
quantified using standard ImageJ protocols for densitometry.

2.1.3.1 Antibody list
HER1: rabbit IgG monoclonal, cell signaling #4267 (D38B1) (0.029 μg/ml)
HER2: rabbit IgG monoclonal, cell signaling #2165 (29D8) (0.25 μg/ml)
HER3: rabbit IgG monoclonal, cell signaling #12708 (D22C5) (0.059 μg/ml)
cMET: rabbit IgG monoclonal, cell signaling #8198 (D1C2) (1:1000)
ALIX: mouse IgG1 monoclonal, cell signaling #2171 (3A9) (0.05 μg/ml)
P4HA1: rabbit IgG polyclonal, protein tech 12658-1-AP (0.59 μg/ml)
S100A9: rabbit IgG polyclonal (MRP14;IV), provided by Prof. Thomas Vogl of
University of Muenster (0.55 μg/ml)
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2nd anti-rabbit: Dako polyclonal goat anti-rabbit immunoglobulins/HRP (P0448)
(0.0125 mg/L)
2nd anti-mouse: Dako polyclonal goat anti-mouse immunoglobulins/HRP (P0447)
(0.05 mg/L)

2.2

Recruitment of Patients
Patients with suspected colorectal cancer either by sigmoidoscopy, colonoscopy or

CT images were prospectively recruited into the study after informed consent under
The Tumour Angiogenesis:Radiology-Pathology and Prognostic Correlation project
approved by the research ethic committee (05/Q0505/34). Patients from several
hospitals in the London region were approached. These hospitals included UCLH,
Colchester, Broomfield, Barnet, Chase Farm, Queens, King George, Whipps Cross,
Welwyn Garden City and are members of the Molecular Imaging in Colorectal Cancer
(MiC) Consortium. Patients were offered FDG-PET, CT perfusion, and optional MR
images. After the scans, the patients were treated as decided by the local multidisciplinary team, and followed-up at the referring hospitals.

2.3

Patient exosome work

2.3.1 Exosome isolation from serum
Before the image scan, 10mls of blood was drawn into Yellow Top Vacutainer (SST
tubes). After standing at room temperature for 30 minutes, it was centrifuged for 10
minutes at 1,000 x g. The supernatant (serum) was aliquoted into cryovials, and stored
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in a -80 °C freezer until time of isolation. The storage time was between 18.8 to 34.7
months (median: 29.3 months).
The isolation began by defrosting 2mls of serum, and diluting the serum with
equal volume of PBS. After centrifuge for 45 minutes at 12,000 x g, 4 ◦C, the
supernatant was transferred to ultracentrifuge tubes (Beckman Coulter #357448) to
be centrifuged for 120 minutes at 100,000 × g, 4 ◦C using TIA 55 Rotor in Optima MAX
XP Ultracentrifuge. The supernatant was discarded, and the exosome pellets were
resuspended in 1.5ml PBS, and underwent another centrifuge for 60 minutes at
100,000 × g, 4 ◦C. After discarding the supernatant, the exosome pellets were
resuspended in 200 μl PBS and aliquoted into 10, 20, 50, 100 μl, stored at −80◦C [192].

2.3.2 Nanoparticle tracking analysis
10 µl of isolated exosomes in PBS was diluted with reverse osmosis water into 1
ml. The sample was run through Nanosight LM10 system (Malvern Panalytical,
Malvern, UK) with a speed of 50 by an automatic syringe pump. Five 30-second videos
were taken and the results were analysed by the NTA software (version 2.3). There
would be further dilution to keep the concentration around 108 particles/ml. The
camera level was set automatically, while the detection level was adjusted manually.

2.3.3 Dotblot
5 µl of exosomes in PBS was spotted onto the nitrocellulose membrane and airdried. Non-specific binding was blocked by 5% bovine serum albumin (BSA) in Trisbuffered saline with Tween (TBS-T: 0.02mM Tris, 0.05M NaCl, 0.01M KCl, 0.1% Tween20, pH 7.4) in room temperature for 1 hour. Then the membrane was incubated with
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primary antibody in TBS-T at 4◦C overnight. In the second day, after washing with TBST for 5 minutes 3 times, the membrane was incubated with secondary antibody for 1
hour at room temperature. The membrane was washed again with TBS-T for 5 minutes
3 times, and incubated with ECL reagent for 1 min. The signal intensities were
quantified with a digital imaging platform (GE ImageQuant LAS 4000), and were
normalized to the signal intensities of the ALIX protein.

2.4

CT Perfusion imaging
Perfusion CT was added to the FDG-PET/CT acquisition. After the PET acquisition,

50ml of intravenous iodinated contrast was given at a rate of 5 ml/sec (350 mg/mL
iodine Omnipaque, GE Healthcare; Chalfont St Giles, UK), followed by 50ml of saline
chaser also at a rate of 5 ml/sec. After a delay of 10 seconds, CT was acquired with a 2second interval for 20 frames, then 5-second interval for 22 frames. Total acquisition
time was 150 seconds. The images were acquired with rotation time of 1 seconds, 120
kVp, 60 mAs using 64 x 0.6mm detectors (4cm coverage). The slice thickness was 5mm,
scan field of view 50cm, matrix size 512 x 512.
The perfusion CT images were assessed using a commercial software based on a
distributed parameter analysis (Perfusion 4D; GE Healthcare, Chalfont St Giles, UK).
The processing threshold was set between 0 to 120HU. The arterial time-enhancement
curve was derived by placing a circular region of interest within the best-visualized
artery. Tumour region of interest (ROI) was defined by depicting the contour of
tumour in all images where the tumour was visible. “Base” was the average CT number
(Hounsfield Unit) of each pixels in the ROI at the baseline (i.e. before contrast medium
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injection); “Average” was the average of CT number of each pixels in the ROI across
the whole perfusion scan sequence. Tumour blood flow, blood volume, mean transit
time and permeability surface were derived from the generated parametric maps.
Time to peak and mean slope of increase were calculated from the time-density curve.
The mean values of these parameters were recorded.

Figure 1. The positions of aorta (arterial input, short arrow) and tumour (long arrow) were selected on
the CT images (A). The software would then calculate the CT perfusion parameters such as permeability
surface (B), blood volume (C), blood flow (D), time to peak (E), mean transit time (F) as shown here on
parametric maps. The average values of each pixel within the tumour were recorded.

2.5

FDG-PET/CT images
FDG-PET was performed on a PET/64-detector-CT (Discovery VCT, GE Healthcare,

Amersham, UK). Patients were requested to fast for at least 6 hours, and injected with
250±50 MBq of FDG. Scans began at 60 ± 7 min after injection. Attenuation CT was
acquired with 64x3.75mm detectors, a pitch of 1.5 and 5-mm collimation (140 kVp,
40mAs, in 0.8 sec). PET was acquired in 2D mode, with 3 minutes/bed position from
skull to upper thigh. Images were reconstructed using ordered subsets expectation
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maximization (OSEM) with two iterations and 28 subsets, with slice thickness of 3.27
mm. The reconstructed field of view was 50 cm, matrix size 128 x 128. The tracer
uptake was quantified using the standardized uptake value (SUV) calculated as tissue
concentration (Bq/g)/[injected dose (Bq)/body weight (g)]. The maximal SUV and mean
SUV within the volume of interest were calculated automatedly on the GE Advantage
Workstation (version 4.2, GE Healthcare, Amersham, UK) (Figure 2).

Figure 2. The PET/CT images were loaded onto the Advantage Workstation. The left was the PET image,
and the right was the fusion PET/CT image. After identifying the tumour location, the highest SUV and
average SUV within the volume of interest were calculated automatedly, as shown in numbers at the
right lower corners of each picture.

2.6

Texture analysis
Texture analysis was performed using a proprietary software package (TexRAD,

Feedback PLC, Cambridge, UK). A single slice with largest tumour dimension was
selected, and a region of interest (ROI) was drawn manually to contour the tumour.
Laplacian of gaussian spatial band-pass filters of different spatial scale filters were
applied to the ROI, to extract features of different sizes (from 2mm to 6mm in radius).
The histogram parameters including mean, standard-deviation, kurtosis, skewness and
mean positive pixels were then calculated.
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The textural analysis was performed on the images derived from FDG-PET, noncontrast CT, perfusion CT (at 80-second post injection, venous phase).

Figure 3. TexRAD analysis of the non-contrast CT image from one patient. The largest section of the
tumour was loaded into TexRAD, and the ROI was drawn on the tumour manually (left upper). The
software applied filters to extract features of different sizes (fine, medium, coarse as shown in the right
upper, left lower, right lower images). A histogram was formed in each filtered image, and the mean,
standard deviation, entropy, mean positive pixels, skewness, kurtosis were calculated from the
histogram [187].

2.7

Immunohistochemical staining

Formalin-fixed paraffin-embedded tumour samples were obtained from the
surgical specimens of those treatment-naïve patients who received primary surgery
(i.e. without neoadjuvant therapies) after the CT perfusion and FDG-PET scans. Some
of these patients also had their blood drawn for exosome isolation at the time of their
image scans.
The FFPE specimens were cut at a thickness of 4 um using Leica Microtome
RM2235. Slides were stained on the Leica Bond Max Auto-stainer using Bond Polymer
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Refine Detection Kit. Epitopes for CAIX were exposed by antigen retrieval solution ER1
(Leica) for 30 minutes. Epitopes for HIF1α and CD105 were exposed by antigen
retrieval solution ER2 (Leica) for 20 minutes. Epitopes for VEGF were exposed by
antigen retrieval solution ER2 for 20 minutes. GLUT1 did not require antigen retrieval.
Non-specific endogenous peroxidase activity was blocked by incubation with 3-4%
hydrogen peroxide included in the kit.
Following this, antibodies were diluted in Leica Bond Diluent. Staining protocol of
15 minutes primary antibody, 8 minutes post primary and 8 minutes polymer was used
for GLUT-1, VEGF, CD105 and CAIX. Staining protocol of 30 minutes primary antibody,
20 minutes post primary and 20 minutes polymer was used for HIF1α. Slides were
incubated for 10 minutes in substrate chromogen, 3,3’-Diaminobenzidine
tetrahydrochloride hydrate (DAB) and counterstained with haemotoxylin for 2
minutes.
Afterwards, slides were removed from the Bond-max and rehydrated by
immersion in increasing concentrations of ethanol (70%, 90% and 100%). Finally, slides
were immersed in xylene three times prior to cover-slipping.
CD105 was used to quantify microvascular density. Four most vascular areas each
patient sample were identified under low magnification of CD-105 stained sections.
The vessels were identified with a clearly defined lumen or with a well-defined linear
vessel shape that was not a single endothelial cell. Vessels were counted on a field of
0.62 mm2 (200x on an Olympus microscope) [193]. A high count of vessels is shown in
Figure 4A and a low count of vessels is shown in Figure 4B.
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Figure 4. After antigen retrieval by Leica antigen retrieval solution ER2 for 20 minutes, CD105 was
stained with Leica NCL-CD105 with the final concentration of 1 mg/ml for 15 minutes, followed by 8
minutes each post primary and polymer, before incubating in DAB for 10 minutes and counterstained
with haemotoxylin for 2 minutes. (A) showed a field of high microvascular density, in contrast with (B)
of low microvascular density.

Scores for other proteins were based on staining intensity and percentage of
positively-stained cells. The intensity was score from 0-3 (no
staining/weak/medium/strong), and the extent of staining was scored from 0-4
(<5%/5-25%/26-50%/51-75%/>75%) [176]. Figure 5A shows a sample with high
intensity and extent of CAIX staining whereas Figure 5B shows a sample negative for
CAIX.

Figure 5. After antigen retrieval by Leica antigen retrieval solution ER1 for 30 minutes, CA-IX was stained
with Leica NCL-L-CAIX with the final concentration of 1 mg/ml for 15 minutes, followed by 8 minutes
each post primary and polymer, before incubating in DAB for 10 minutes and counterstained with
haemotoxylin for 2 minutes. (A) showed a sample with high intensity and extent of CAIX staining
whereas (B) showed a sample negative for CAIX.

72

Antibody list:
CD105: Leica NCL-CD105 (1 mg/ml)
HIF-1α: Abcam AB51608 (1 mg/ml)
VEGF: Dako M7273 (1 mg/ml)
GLUT-1: Millipore 07-1401 (1 mg/ml)
CA-IX: Leica NCL-L-CAIX (1 mg/ml)

2.8

Statistical methods
The correlation between different parameters were calculated by Spearman’s

rank correlation coefficient. The distribution of parameters was compared by nonparametric Mann-Whitney U test. Parameters were dichotomized by the median value
and their effects on survival was tested by the log-rank test. P-value less than 0.05
were considered statistically significant. All the calculation was done in IBM SPSS
Statistics Version 22.0 (Armonk, NY: IBM Corps).
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3 Colorectal cancer imaging pertinent to
angiogenesis as sources of biomarkers: FDG-PET,
CT perfusion and texture analysis in predicting
outcome of colorectal cancer patients
In this chapter, the aim was to analyse a large cohort of patients that underwent
CT perfusion and texture analysis of the FDG-PET/CT to evaluate these modalities in
predicting patient outcome.

3.1

Methods
364 patients were recruited into the colorectal angiogenesis study from 2007 to

mid-2017. 20 patients were found later to be of benign pathology (N=6), malignancy
already removed during biopsy polypectomy (N=10), anal squamous cell carcinoma
(N=3), or neuroendocrine tumour (N=1), and were excluded from the analysis. Among
the remaining 344 patients, 335 patients underwent FDG-PET/CT scans and CT
perfusion was successfully performed in 293 patients. Texture analysis by histogram
method was done on the FDG-PET/CT images as well as the perfusion CT at 80-second
post injection (venous phase). The follow-up time was 0.3-116 months (median: 33.4
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months), during which there were 96 deaths. The patient demographics are listed in
Table 3 and Table 4.
Table 3: Patients' demographics

Sex

N

percentage

Male

224

65.1%

Female

120

34.9%

Caecum

33

9.5%

Ascending

26

7.6%

Transverse

26

7.6%

Descending

22

6.4%

Sigmoid

103

29.9%

Rectum

134

39.0%

Site

Overall Clinical Stage and primary treatment

OP

CRT

Palliation

Colonic
I

24

24

0

0

II

69

69

0

0

III

65

57

5

3

IV

52

28

7

17

I

18

10

6

2

II

21

11

10

0

III

69

13

52

4

1

11

14

Rectal

IV

26
CRT = chemoradiotherapy, OP = operation

Table 4: Distribution of the stage at subsites
Stage

Overall

Site

1

2

3

4

Caecum

4

14

6

9

33

A-colon

4

8

10

4

26

T-colon

0

12

10

4

26

75
D-colon

4

4

5

9

22

Sigmoid

12

31

34

26

103

Rectum

18

21

69

26

134

3.2

Results

3.2.1 Reproducibility of image parameters
The reproducibility of image parameters was tested by deriving the parameters
from 25 patients randomly picked from our cohort by another operator and compare
the results by intra-class correlation coefficient (ICC) for agreement using a two-way
random effect model [194]. Coefficient of variation was also listed in Table 5.
Table 5: Intra-class correlation coefficient (ICC) and coefficient of variation (CV) of image
parameters. *not reliable as some values were negative

parameters

ICC

95% confidence interval

CV (%)

CT sizes

0.677

0.577-0.756

26.55

SUVmax

0.997

0.993-0.999

2.94

SUVmean

0.833

0.668-0.920

20.89

TLG

0.968

0.939-0.983

25.78

Average

0.916

0.832-0.959

15.18

Base

0.862

0.739-0.929

19.92

Time to Peak

0.700

0.453-0.848

15.87

FDG-PET

CT Perfusion
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Mean slope of increase

0.728

0.478-0.868

22.82

Blood volume

0.794

0.647-0.885

27.43

Blood flow

0.933

0.860-0.969

15.35

Mean transit time

0.740

0.497-0.875

14.67

PS

0.893

0.784-0.948

18.77

Mean

0.845

0.793-0.885

30.43

SD

0.709

0.621-0.780

12.83

MPP

0.887

0.849-0.917

15.71

Skewness

0.709

0.621-0.780

36.73*

Entropy

0.753

0.676-0.813

6.53

Kurtosis

0.739

0.657-0.803

223.40*

Mean

0.867

0.780-0.916

23.01

SD

0.798

0.719-0.855

7.23

MPP

0.963

0.947-0.974

5.09

Skewness

0.759

0.647-0.834

111.24*

Entropy

0.897

0.774-0.944

1.99

Kurtosis

0.757

0.669-0.824

148.92*

PET Texture analysis

CT Texture analysis

The results confirmed moderate to good reproducibility with different observers.
SUVmax from the FDG-PET images was the most reproducible in keeping with the
results of Goh et al.[167]
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3.2.2 Image parameters as prognosticators
Within the entire cohort, older patients and patients with lymph node or distant
metastases had the worse survival. CT perfusion parameters were not predictive of
survival. On the FDG-PET/CT images, those with higher glycolysis, MTV, TLG, CT size
had worse survival. Using the median value as cut-off, unfiltered mean and skewness
of the PET, standard deviation and mean-positive-pixels of intermediately-filtered CT
image, as well as kurtosis of the CT images were all prognosticators. Standard
deviation, mean-positive pixels, and kurtosis of the coarsely-filtered contrastenhanced CT images were also prognosticators (Table 6).
After calculating the results from the whole cohort, two third of the patients were
chosen randomly as Random Group-1 while maintaining the same proportion of
survival events, while the other one thirds were Random Group-2.
Within Random Group-1, patients with lymph node or distant metastases had
worse survival. Permeability surface area product from the perfusion images,
unfiltered mean of the PET, kurtosis of the CT, skewness of the contrast-enhanced CT
were prognosticators. However, compared to the whole cohort, only mean of the
unfiltered PET images and kurtosis of the CT images remained significant in both (Table
6).
Within Random Group-2, those with older age, lymph node or distant metastases,
higher MTV, glycolysis, TLG, CT size on the FDG-PET/CT images had worse survival.
Kurtosis of the unfiltered PET images, SD & MPP of the intermediately-filtered CT
images, as well as kurtosis of the CT images were prognosticators. Compared to the
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whole cohort, glycolysis, TLG, CT size on the FDG-PET/CT images, SD and MPP of the
intermediately-filtered CT images, kurtosis of the CT images, standard deviation,
mean-positive pixels, and kurtosis of the coarsely-filtered contrast-enhanced CT
images remained significant (Table 6). The complete list of parameters can be found in
the table in the Appendix.
Thus, across the whole cohort, Random Group-1 and Random Group-2, only stage
and the kurtosis of the finely and intermediately-filtered CT images were the stable
prognosticator. The importance of kurtosis of CT images could be further confirmed in
the Cox regression analysis showing both parameters significantly affected patients’
survival independently (Table 7).
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Table 6: Significant prognosticators from the Kaplan-Meier estimator & Log-Rank test. The texture parameters were listed as “texture parameter_filter level_image modality”.
For example, skewness_6_VE meant the skewness calculated from the venous phase of contrast-enhanced CT after filtration with the 6-mm spatial scale filter.
The Whole Cohort

Random Group-1

Random Group-2

Parameter

Mean survival of
patients with
parameter >
median (mean ±
SE)

Mean survival
of patients with
parameter ≤
median (mean
± SE)

p-value
(Log
Rank
test)

Mean survival
of patients with
parameter >
median (mean
± SE)

Mean survival
of patients with
parameter ≤
median (mean
± SE)

p-value
(Log
Rank
test)

Mean survival
of patients with
parameter >
median (mean
± SE)

Mean survival
of patients with
parameter ≤
median (mean
± SE)

p-value
(Log
Rank
test)

Age

73.46 ± 4.25

89.05 ± 3.83

0.025

81.40 ± 6.78

73.39 ± 6.12

0.905

64.39 ± 4.62

93.31 ± 4.37

0.004

Stage (3,4 vs 1,2)

65.94 ± 4.00

98.94 ± 4.27

< 0.001

62.79 ± 5.77

100.33 ± 6.26

< 0.001

65.45 ± 4.89

98.41 ± 5.76

< 0.001

PS

72.58 ± 5.15

81.45 ± 4.91

0.265

68.62 ± 8.24

84.29 ± 5.49

0.043

68.96 ± 5.61

76.67 ± 6.21

0.735

MTV

75.51 ± 4.56

82.49 ± 4.06

0.018

73.20 ± 5.97

79.31 ± 7.55

0.786

71.13 ± 6.55

84.78 ± 4.82

0.006

Glycolysis

75.93 ± 4.46

82.08 ± 4.18

0.021

82.76 ± 6.90

71.35 ± 6.19

0.861

73.06 ± 6.03

83.70 ± 4.99

0.014

TLG

71.85 ± 4.76

85.48 ± 3.93

0.001

78.45 ± 7.18

74.64 ± 6.09

0.425

67.39 ± 6.11

88.17 ± 4.82

0.001

CT size

75.24 ± 4.62

82.84 ± 4.19

0.026

79.64 ± 6.99

74.76 ± 6.22

0.481

69.89 ± 6.26

86.08 ± 4.89

0.006

Mean_0_PET

68.16 ± 4.85

88.82 ± 3.96

0.011

63.86 ± 6.99

90.28 ± 6.65

0.038

69.84 ± 5.85

87.14 ± 4.77

0.182

Mpp_0_PET

68.16 ± 4.85

88.82 ± 3.96

0.011

63.86 ± 6.99

90.28 ± 6.65

0.038

69.84 ± 5.85

87.14 ± 4.77

0.182

Skewness_0_PET

86.90 ± 4.10

67.37 ± 4.23

0.039

86.87 ± 6.83

67.31 ± 6.66

0.241

86.18 ± 5.16

67.65 ± 5.17

0.109

Skewness_2_PET

86.33 ± 4.23

67.20 ± 3.76

0.026

83.31 ± 6.88

70.40 ± 6.43

0.766

85.06 ± 5.37

65.36 ± 4.42

0.071

Kurtosis_0_PET

85.45 ± 4.14

72.83 ± 5.21

0.062

73.24 ± 6.25

80.63 ± 7.30

0.852

90.39 ± 4.56

62.56 ± 5.32

0.015

SD_3_CT

80.21 ± 3.53

72.61 ± 4.79

0.040

78.08 ± 5.57

75.35 ± 7.66

0.509

80.65 ± 4.41

70.51 ± 6.23

0.039

Mpp_3_CT

80.85 ± 3.32

72.90 ± 4.69

0.044

79.92 ± 5.44

74.07 ± 5.46

0.277

81.16 ± 4.12

70.28 ± 6.09

0.042

Kurtosis_0_CT

74.32 ± 4.49

79.37 ± 3.77

0.021

75.90 ± 7.32

77.97 ± 5.84

0.175

73.97 ± 5.43

79.18 ± 5.00

0.059

Kurtosis_2_CT

71.08 ± 4.50

88.42 ± 4.49

0.001

61.68 ± 6.43

93.78 ± 6.81

0.005

72.06 ± 5.53

76.88 ± 4.16

0.015

Kurtosis_3_CT

70.53 ± 4.56

82.96 ± 3.53

0.001

72.59 ± 7.84

79.71 ± 5.73

0.107

68.84 ± 5.70

83.81 ± 4.39

0.003
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Kurtosis_4_CT

71.82 ± 4.65

81.56 ± 3.50

0.004

73.66 ± 7.13

80.36 ± 5.78

0.028

69.14 ± 5.94

83.15 ± 3.91

0.014

Kurtosis_5_CT

73.29 ± 4.55

80.66 ± 3.57

0.022

70.95 ± 7.28

82.24 ± 5.89

0.019

73.46 ± 5.84

79.70 ± 4.18

0.191

Kurtosis_6_CT

74.71 ± 4.55

79.22 ± 3.71

0.038

79.24 ± 7.10

74.53 ± 6.43

0.664

70.96 ± 6.00

81.11 ± 4.38

0.019

SD_4_VE

82.31 ± 5.13

72.51 ± 4.93

0.122

61.03 ± 4.28

78.08 ± 7.64

0.424

86.64 ± 5.26

60.08 ± 5.40

0.047

SD_5_VE

83.36 ± 4.85

70.93 ± 5.13

0.078

66.17 ± 6.92

83.96 ± 7.60

0.741

86.74 ± 5.21

59.04 ± 5.43

0.029

SD_6_VE

85.27 ± 4.69

68.92 ± 5.17

0.024

70.64 ± 6.90

78.55 ± 7.91

0.445

86.20 ± 5.17

59.41 ± 5.47

0.047

Mpp_4_VE

80.73 ± 5.23

73.78 ± 4.88

0.207

66.50 ± 7.38

84.87 ± 7.44

0.700

85.01 ± 5.64

60.02 ± 5.43

0.046

Mpp_5_VE

85.39 ± 4.66

68.00 ± 5.41

0.012

72.64 ± 6.63

81.30 ± 7.81

0.707

90.21 ± 5.19

54.24 ± 5.08

0.001

Mpp_6_VE

85.10 ± 4.59

68.16 ± 5.44

0.025

72.62 ± 6.70

81.61 ± 7.69

0.758

89.36 ± 5.06

54.77 ± 5.09

0.004

Skewness_6_VE

74.05 ± 5.32

80.01 ± 4.77

0.375

53.10 ± 5.05

94.72 ± 6.19

0.026

77.23 ± 6.40

68.26 ± 5.47

0.961

Kurtosis_3_VE

74.00 ± 4.91

75.09 ± 4.39

0.213

86.54 ± 7.30

54.87 ± 4.96

0.249

67.76 ± 6.41

76.61 ± 5.34

0.040

Kurtosis_4_VE

71.74 ± 4.86

76.94 ± 4.35

0.010

85.19 ± 7.66

68.47 ± 6.96

0.630

65.30 ± 6.07

79.15 ± 5.57

0.001

Kurtosis_5_VE

71.47 ± 5.10

77.94 ± 4.09

0.008

86.54 ± 7.85

70.26 ± 6.25

0.740

65.17 ± 6.67

80.18 ± 5.21

0.002

Kurtosis_6_VE

68.29 ± 5.54

78.49 ± 3.92

0.039

82.25 ± 8.04

73.96 ± 6.11

0.529

61.60 ± 6.28

81.54 ± 4.71

0.037
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Table 7: Cox regression analysis examined the interaction between stage and CT kurtosis. Both
parameters were significantly influence patients’ survival.

Parameter

Hazard Ratio (HR)

95% confidence interval of
HR
Upper

Lower

p-value

Stage

2.835

2.138

3.759

< 0.001

CT Kurtosis

0.603

0.392

0.927

0.021

3.2.3 Subgroup analysis by site
Of the 210 colon cancer patients, 58 died during follow-up. Significant
prognosticators were listed in Table 8. After Benjamin-Hochberg procedure to control
the false discovery rate at 0.05, stage, TLG, entropy of PET images, kurtosis of CT
images were likely factors influencing the overall survival of colon cancer patients.
Table 8: Significant prognosticators from Kaplan-Meier mean survival & Log-Rank test in colon
cancer patients

Parameter

Mean survival
of patients
with parameter
> median
(mean ± SE)

Mean survival
of patients
with
parameter ≤
median (mean
± SE)

p-value
(Log
Rank
test)

Stage (3,4 vs 1,2)

63.79 ± 5.30

103.41 ± 3.75

< 0.001

MTV

73.40 ± 5.95

89.15 ± 5.08

0.012

TLG

70.91 ± 5.91

89.62 ± 4.78

0.002

CT size

75.92 ± 5.59

87.17 ± 5.07

0.036

Mean_0_PET

55.50 ± 3.35

92.88 ± 4.47

0.012

Entropy_0_ET

71.29 ± 5.65

92.10 ± 4.87

< 0.001

Entropy_2_PET

70.57 ± 5.68

92.46 ± 4.81

< 0.001

Entropy_3_PET

70.57 ± 5.68

92.46 ± 4.81

< 0.001

Entropy_4_PET

70.57 ± 5.68

92.46 ± 4.81

< 0.001

Entropy_5_PET

70.57 ± 5.68

92.46 ± 4.81

< 0.001
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Entropy_6_PET

70.57 ± 5.68

92.46 ± 4.81

< 0.001

MPP_0_PET

55.50 ± 3.35

92.88 ± 4.47

0.012

Kurtosis_0_PET

92.48 ± 4.76

68.44 ± 7.17

0.006

SD_3_CT

91.90 ± 4.52

72.82 ± 5.90

0.034

Kurtosis_4_CT

71.34 ± 5.75

86.53 ± 3.99

0.001

Kurtosis_5_CT

71.89 ± 5.73

86.31 ± 3.86

0.005

Kurtosis_6_CT

74.39 ± 5.60

83.44 ± 4.49

0.018

Kurtosis_3_VE

70.15 ± 6.52

81.37 ± 5.24

0.020

Kurtosis_4_VE

68.47 ± 6.44

83.58 ± 5.06

0.004

Kurtosis_5_VE

69.86 ± 5.87

81.14 ± 5.10

0.012

Kurtosis_6_VE

65.63 ± 7.26

89.10 ± 5.48

0.037

38 deaths occurred during follow-up out of the 134 rectum cancer patients. Stage,
MTV, BF/SUVmax ratio, MPP of unfiltered CT images, kurtosis of CT images, SD and
skewness of contrast-enhanced CT images were prognosticators (Table 9). However,
none of these remained significant after Benjamini-Hochberg procedure to control for
multiple comparison at the false discovery rate of 0.05.
Table 9: Significant prognosticators from Kaplan-Meier mean survival & Log-Rank test in rectum
cancer patients

Parameter

Mean survival
of patients
with parameter
> median
(mean ± SE)

Mean survival
of patients
with
parameter ≤
median (mean
± SE)

p-value
(Log
Rank
test)

Stage (3,4 vs 1,2)

63.87 ± 5.11

83.16 ± 6.32

0.003

MTV

64.54 ± 6.43

73.53 ± 5.50

0.048

BF/SUVmax

83.82 ± 5.43

54.50 ± 4.84

0.016

MPP_0_CT

80.03 ± 5.45

55.05 ± 5.00

0.030

Kurtosis_2_CT

56.79 ± 5.39

82.78 ± 5.30

0.006

Kurtosis_3_CT

55.08 ± 5.27

85.38 ± 4.94

0.003

SD_6_VE

69.88 ± 5.12

58.69 ± 6.82

0.017

Skewness_0_VE

52.46 ± 7.17

75.55 ± 5.85

0.044
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3.2.4 Subgroup analysis by staging
Looking at the 266 patients with localized disease (stage 1-3), 48 deaths occurred
during the follow-up period. The significant prognosticators were age, MTV, TLG,
unfiltered skewness of the PET, mean-positive-pixels of intermediately-filtered CT
image and kurtosis of unfiltered and finely-filtered CT images (Table 10). None of these
remained significant after Benjamini-Hochberg procedure to control for multiple
comparison at the false discovery rate of 0.05. Though these parameters were
significant in the whole cohort.
Table 10: Significant prognosticators from Kaplan-Meier mean survival & Log-Rank test in patients
with localized diseases

Parameter

Mean survival
of patients
with parameter
> median
(mean ± SE)

Mean survival
of patients
with
parameter ≤
median (mean
± SE)

p-value
(Log
Rank
test)

Age

82.69 ± 4.52

103.51 ± 3.43

0.001

MTV

85.14 ± 5.19

94.01 ± 4.04

0.032

TLG

84.90 ± 4.98

94.55 ± 4.21

0.014

Skewness_0_PET

100.34 ± 3.87

73.37 ± 4.59

0.002

MPP_2_CT

89.45 ± 3.74

84.75 ± 5.05

0.034

MPP_3_CT

91.82 ± 3.41

82.43 ± 5.17

0.021

Kurtosis_0_CT

85.99 ± 4.93

88.33 ± 3.75

0.049

Kurtosis_2_CT

83.50 ± 4.83

89.32 ± 3.50

0.008

Kurtosis_3_CT

83.71 ± 5.12

90.10 ± 3.50

0.024

Among the 42 patients with stage 1 disease, only 3 died during the follow-up
period. Significant prognosticators were SD of the intermediately and coarsely-filtered
CT images, and MPP of the coarsely-filtered CT images (Table 11). None of these
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remained significant after Benjamini-Hochberg procedure to control for multiple
comparison at the false discovery rate of 0.05.

Table 11: Significant prognosticators in patients with stage 1 disease. No median survival was listed
as the three dead patients were distributed in the same side when dichotomized by the median value of
these parameters.

Parameter

p-value
(Log
Rank
test)

SD_3_CT

0.049

SD_4_CT

0.049

SD_5_CT

0.043

SD_6_CT

0.049

MPP_5_CT

0.049

13 out of 90 patients with stage 2 disease died during the follow-up period.
Significant prognosticators were skewness of intermediately filtered CT images and
kurtosis of unfiltered CT images (Table 12). None of these remained significant after
Benjamini-Hochberg procedure to control for multiple comparison at the false
discovery rate of 0.05.

Table 12: Significant prognosticators from Kaplan-Meier mean survival & Log-Rank test in patients
with stage 2 diseases

Parameter

Mean survival
of patients
with parameter
> median
(mean ± SE)

Mean survival
of patients
with
parameter ≤
median (mean
± SE)

p-value
(Log
Rank
test)

Skewness_3_CT

66.12 ± 5.75

101.91 ± 7.24

0.037

Kurtosis_0_CT

81.37 ± 9.34

90.31 ± 6.55

0.020

Among 134 patients with stage 3 disease, 32 died during the follow-up. Age, time
to peak from CT perfusion images, entropy, MPP and kurtosis of CT images were
prognosticators (Table 13).

None of these remained significant after Benjamini-
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Hochberg procedure to control for multiple comparison at the false discovery rate of
0.05.
Table 13: Significant prognosticators from Kaplan-Meier mean survival & Log-Rank test in patients
with stage 3 diseases

Parameter

Mean survival
of patients
with parameter
> median
(mean ± SE)

Mean survival
of patients
with
parameter ≤
median (mean
± SE)

p-value
(Log
Rank
test)

Age

65.55 ± 5.95

97.34 ± 5.04

0.002

Time to peak

60.33 ± 5.36

90.67 ± 5.01

0.002

Entropy_2_CT

90.32 ± 4.80

69.43 ± 6.79

0.014

MPP_0_CT

91.15 ± 4.55

67.48 ± 6.95

0.004

MPP_2_CT

90.00 ± 4.82

70.04 ± 6.80

0.008

MPP_3_CT

87.37 ± 5.00

70.43 ± 7.09

0.028

MPP_4_CT

87.49 ± 4.96

70.22 ± 7.11

0.026

Kurtosis_3_CT

72.48 ± 7.11

84.96 ± 5.81

0.017

Kurtosis_5_CT

72.38 ± 6.53

89.73 ± 4.69

0.029

As for the 78 patients with metastatic disease, 48 died during follow-up. The
significant prognosticators included time to peak from the CT perfusion images,
entropy of the PET images, SD and MPP of the contrast-enhanced CT. Among these,
time to peak, PET volume and entropy of the PET images were unique to these stage 4
patients (Table 14). Again, none of these remained significant after BenjaminiHochberg procedure to control for multiple comparison at the false discovery rate of
0.05.

Table 14: Significant prognosticators from Kaplan-Meier mean survival & Log-Rank test in patients
with metastatic diseases

Parameter

Mean survival
of patients
with parameter
> median
(mean ± SE)

Mean survival
of patients
with
parameter ≤
median (mean
± SE)

p-value
(Log
Rank
test)
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Time to Peak

20.23 ± 2.27

31.65 ± 2.95

0.005

Entropy_0_PET

30.64 ± 6.62

35.51 ± 3.25

0.008

Entropy_2_PET

30.64 ± 6.62

35.51 ± 3.25

0.008

Entropy_3_PET

30.64 ± 6.62

35.51 ± 3.25

0.008

Entropy_4_PET

30.64 ± 6.62

35.51 ± 3.25

0.008

Entropy_5_PET

30.64 ± 6.62

35.51 ± 3.25

0.008

Entropy_6_PET

30.64 ± 6.62

35.51 ± 3.25

0.008

SD_4_VE

30.87 ± 3.20

21.46 ± 2.51

0.021

SD_5_VE

31.57 ± 3.06

20.83 ± 2.55

0.010

SD_6_VE

31.28 ± 2.99

20.48 ± 2.49

0.013

MPP_3_VE

31.52 ± 3.38

21.51 ± 2.46

0.020

3.2.5 Subgroup analysis by treatment modalities

213 patients went straight to surgery after the imaging studies, 103 of whom went
on to have subsequent adjuvant chemotherapy, leaving 110 that had undergone
primary surgery alone. 91 received curative-intend chemoradiotherapy upfront while
40 had palliative therapies.

43 out of 213 patients who received primary surgeries died during follow-up.
Stage, MTV, glycolysis, TLG, CT size from FDG-PET/CT scans, mean and skewness of the
unfiltered PET images, entropy of the PET images, SD & kurtosis of CT images were all
prognosticators (Table 15). After Benjamini-Hochberg procedure to control the false
discovery rate at 0.05, stage was the only prognosticator.

Table 15: Significant prognosticators from Kaplan-Meier mean survival & Log-Rank test in patients
treated with primary surgery

Parameter

Mean survival
of patients
with parameter
> median
(mean ± SE)

Mean survival
of patients
with
parameter ≤
median (mean
± SE)

p-value
(Log
Rank
test)

Stage (3,4 vs 1,2)

74.44 ± 5.62

99.43 ± 4.66

< 0.001
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MTV

83.68 ± 5.62

93.36 ± 4.50

0.014

Glycolysis

86.42 ± 4.95

91.47 ± 4.82

0.010

TLG

83.48 ± 5.51

93.23 ± 4.73

0.003

CT size

84.12 ± 5.61

92.80 ± 4.76

0.045

Mean_0_PET

61.89 ± 3.50

102.04 ± 3.84

0.001

Entropy_0_PET

85.57 ± 5.14

94.54 ± 4.80

0.022

Entropy_2_PET

85.55 ± 5.14

94.49 ± 4.81

0.023

Entropy_3_PET

85.34 ± 5.17

94.69 ± 4.77

0.019

Entropy_4_PET

85.57 ± 5.14

94.54 ± 4.80

0.022

Entropy_5_PET

85.34 ± 5.17

94.69 ± 4.77

0.019

Entropy_6_PET

85.34 ± 5.17

94.69 ± 4.77

0.019

MPP_0_PET

61.89 ± 3.50

102.04 ± 3.84

0.001

Skewness_0_PET

97.89 ± 4.34

75.23 ± 5.64

0.028

SD_3_CT

90.71 ± 3.56

80.66 ± 5.71

0.044

Kurtosis_2_CT

82.59 ± 5.39

98.09 ± 4.98

0.003

Kurtosis_4_CT

81.81 ± 5.62

91.53 ± 3.64

0.008

Kurtosis_3_VE

75.59 ± 6.16

94.55 ± 3.76

0.001

Kurtosis_4_VE

79.66 ± 6.19

89.66 ± 4.58

0.004

Kurtosis_5_VE

80.67 ± 6.64

88.89 ± 4.42

0.009

Kurtosis_6_VE

78.23 ± 6.79

89.68 ± 4.34

0.013

Among those patients treated with primary surgery, 110 were treated with
surgery only without any adjuvant therapies. Of these, 17 died during the follow-up
period. Stage, age, SUVmean, MTV, lesion glycolysis, TLG, CT size, entropy from PET
images, skewness of PET and CT images as well as kurtosis of CT images were
prognosticators (Table 16). After Benjamini-Hochberg procedure to control the false
discovery rate at 0.05, stage, MTV, lesion glycolysis, TLG, kurtosis of CT images were
prognosticators.
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Table 16: Significant prognosticators from Kaplan-Meier mean survival & Log-Rank test in patients
treated with only primary surgery without adjuvant treatments

Parameter

Mean survival
of patients
with parameter
> median
(mean ± SE)

Mean survival
of patients
with
parameter ≤
median (mean
± SE)

p-value
(Log
Rank
test)

Stage (3,4 vs 1,2)

69.84 ± 10.32

106.77 ± 3.36

< 0.001

Age

90.59 ± 6.01

107.01 ± 4.33

0.025

SUVmean

88.67 ± 6.50

104.42 ± 4.04

0.017

MTV

87.18 ± 6.81

105.39 ± 3.57

0.002

Glycolysis

82.51 ± 6.91

110.89 ± 1.90

< 0.001

TLG

86.51 ± 6.69

106.95 ± 3.28

< 0.001

CT size

88.60 ± 6.52

106.69 ± 3.43

0.006

Entropy_0_PET

91.46 ± 6.19

104.44 ± 4.02

0.039

Entropy_2_PET

90.91 ± 6.30

104.62 ± 3.94

0.030

Entropy_3_PET

90.91 ± 6.30

104.62 ± 3.94

0.030

Entropy_4_PET

91.46 ± 6.19

104.44 ± 4.02

0.039

Entropy_5_PET

90.91 ± 6.30

104.62 ± 3.94

0.030

Entropy_6_PET

90.91 ± 6.30

104.62 ± 3.94

0.030

Skewness_0_PET

107.42 ± 4.14

68.83 ± 4.32

0.037

Skewness_3_CT

76.30 ± 5.45

108.22 ± 3.78

0.016

Kurtosis_2_CT

89.06 ± 6.75

94.71 ± 3.29

0.016

Kurtosis_3_VE

85.25 ± 7.81

91.86 ± 3.55

0.013

Kurtosis_4_VE

81.59 ± 8.01

110.73 ± 3.67

0.002

Kurtosis_5_VE

82.85 ± 7.88

96.94 ± 3.16

0.002

Kurtosis_6_VE

88.05 ± 7.54

92.37 ± 4.33

0.042

Of the 91 patients that received curative-intended chemoradiotherapy, 23 died
during the follow-up period. MPP of unfiltered CT images, kurtosis of finely-filtered CT
images, SD, MPP and entropy of coarsely filtered contrast-enhanced CT images were
prognosticators (Table 17). After Benjamini-Hochberg procedure to control for
multiple comparison at the false discovery rate of 0.05, none of these was significant.
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Table 17: Significant prognosticators from Kaplan-Meier mean survival & Log-Rank test in patients
treated with curative-intended chemoradiotherapy

Parameter

Mean survival
of patients
with parameter
> median
(mean ± SE)

Mean survival
of patients
with
parameter ≤
median (mean
± SE)

p-value
(Log
Rank
test)

MPP_0_CT

87.00 ± 6.44

56.27 ± 5.72

0.018

Kurtosis_2_CT

59.71 ± 6.38

85.15 ± 6.37

0.037

SD_6_VE

76.66 ± 5.45

54.85 ± 7.75

0.016

Entropy_5_VE

80.07 ± 5.40

55.16 ± 7.51

0.007

Entropy_6_VE

76.08 ± 5.60

55.76 ± 7.85

0.020

MPP_6_VE

76.97 ± 5.35

54.38 ± 7.81

0.011

In 40 patients receiving palliative treatments, SUVmax, kurtosis of finely-filtered
PET images, SD & entropy of coarsely-filtered contrast-enhanced CT were
prognosticators (Table 18). None of these remained significant after BenjaminiHochberg procedure to control the false discovery rate at 0.05.

Table 18: Significant prognosticators from Kaplan-Meier mean survival & Log-Rank test in patients
treated with palliation

Parameter

Medin survival
of patients
with parameter
> median
(mean ± SE)

Median
survival of
patients with
parameter ≤
median (mean
± SE)

p-value
(Log
Rank
test)

SUVmax

14.60 ± 2.67

23.64 ± 2.83

0.030

Kurtosis_2_PET

24.40 ± 3.42

14.04 ± 1.56

0.006

Kurtosis_3_PET

26.04 ± 4.01

14.60 ± 1.61

0.004

SD_4_VE

22.62 ± 3.30

12.99 ± 3.23

0.040

SD_5_VE

26.04 ± 3.73

12.99 ± 2.94

0.014

Entropy_4_VE

26.04 ± 3.28

14.60 ± 2.67

0.016

Entropy_5_VE

26.04 ± 3.65

12.99 ± 3.23

0.008
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3.3

Discussion
Angiogenesis is one of the corner stones of tumuor biology [1]. Neovasculatures in

tumours are immature, and prone to leakage compared to normal vessels. Perfusion
images utilize intravenous contrast medium to study vascular delivery and local
dispersion of the contrast medium, and reflect the transport capacity and leakiness of
the vessels. [195]. In colorectal cancers, CT perfusion studies had been shown to
correlate with tumour grading [178-181]. It seems well-differentiated tumours had
higher blood flow, and higher blood flow might be indicative of better survival. As for
direct comparison to microvascular density as shown by CD34 or CD105 staining, the
results were less definite. While Goh et al. found moderate correlation [174, 175],
others did not find this correlation [172, 178, 179].
In our whole cohort, we were unable to show that CT perfusion parameters
predicted patients’ survival. Previous reports by Hayano et al. [181] and Goh et al. [182]
suggested higher blood flow was associated with better outcome in surgical patients.
Compared to these reports, we had a considerably larger patient cohort and our
patients underwent various treatments as determined in the multidisciplinary team
discussion according to their respective clinical status. Therefore, CT perfusion
parameters are probably not associated with patients overall survival in such a
heterogeneous population. The relationship between the CT perfusion parameters and
angiogenesis as demonstrated by histopathologic results are discussed in Chapter 4.
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In patients with stage 3 and 4 disease we found those with shorter time-to-peak
had longer survival. Although this parameter did not pass high statistical vigour, it was
a recurrent feature that may suggest that it may be of true significance. Time to peak
was positively correlated with tumour stage and high-grade tumour in 53 patients as
reported by Xu et al.[180]. Sun et al. also reported poorly-differentiated tumour had a
longer time-to-peak from 37 CRC patients [179]. Fraioli et al. in nonresectable nonsmall cell lung cancer patients treated with carboplatin, paclitaxel and bevacizumab
revealed longer time to peak in non-responders [196]. Our results were compatible
with these reports, implying that quicker contrast-enhancement suggests less
aggressive tumours and better patient outcome.
FDG-PET was shown to predict survival in colorectal cancer patients. In surgical
patients, Shi et al. found SUVmax and staging were independent prognosticators.
Those with more advanced stage and higher SUVmax had shorter survival [136].
Ogawa et al. showed high total lesion glycolysis was a poor prognosis factor in rectal
cancer patients treated with surgery. [137]. In metastatic patients treated with
regorafenib, high pre-treatment total lesion glycolysis denoted worse survival [146].
In our entire cohort, total lesion glycolysis was a prognosticator in colorectal
cancer, but when the population was divided into separate colon and rectal cancer
patients, TLG was only prognostic in colon cancer patients. Colon cancer patients were
more often treated with primary surgery, while rectal cancer patients were prone to
have chemoradiotherapy upfront, which could have influenced the relationship
between tumour metabolism and prognosis. In support of this theory, in this cohort
higher TLG denoted a worse survival in patients treated with surgery, but not in
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patients treated with chemoradiotherapy. SUVmax was a prognosticator in patients
undergoing palliation. In the rectal group, those patients underwent heterogeneous
treatment, different combination of chemotherapy, target drugs, and some of these
has post therapy resection. These complicated and prolonged treatment courses might
diminish the impact of initial FDG-PET uptake on survival.
In addition to conventional staging, CT and PET parameters, additional parameters
such as textural analysis derived from both CT and PET were extracted. One can
construct a histogram from the pixel values in a region of interest, and analyse the
properties of the histogram such as mean, standard deviation, skewness, kurtosis. Ng
et al. demonstrated entropy, kurtosis, skewness, SD of the pixel distribution histogram
contrast-enhanced CT post fine filtration were predictive of the patient survival from
55 retrospectively collected patients. They used receiver operating characteristic (ROC)
curve optimized thresholds for each parameter, and found the survival of patients with
above and below the threshold had significantly different survival by Kaplan-Meier
plots. [190]. These results might be over-optimistic as threshold values were calculated
post hoc and whether these results could be applied to other patient cohorts is
doubtful.
In our cohort, we found kurtosis was a stable prognosticator across the whole
cohort after using both test and validation population analysis. Weiss et al. in 48 early
non-small cell lung cancer found lower kurtosis was associated with worse survival.
However, they sought the cut-off value by minimizing the p-value of the log-rank test,
introducing bias [197]. In 73 oesophageal squamous cell carcinoma patients, Liu et al.
found kurtosis of the non-contrast enhanced CT was correlated with T,N and overall
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stage [198]. Though these results were from another oesophageal cancer rather than
CRC, the findings were compatible i.e. higher kurtosis denoted a worse outcome.
Kurtosis was reported to be of good reproducibility on repeated scans of a phantom
[199] and on repeated scan of patients’ lesions [200, 201]. It describes the shape of the
histogram distribution by the width of distribution. A higher kurtosis indicates wider
“tails” of the histogram distribution. In TexRAD software, the kurtosis decreased with
the number of highlighted objects after filtering, and increased by the variation of
intensity in these highlighted objects [187]. In our cohort, patients whose tumours had
lower kurtosis had better survival. This might imply those tumours were more
homogenous (less variation in CT numbers).
In the metastatic group of our cohort, those primary tumours with quicker
contrast enhancement (shorter time to peak), higher SD & MPP of contrast-enhanced
CT, lower entropy on PET, had longer survival. Ganeshan et al. prospectively injected
14 non-small cell lung cancer patients with pimonidazole 24 hours before surgery to
compare the pimonidazole staining, a marker of hypoxia, from the surgical specimen
with texture analysis results from the pre-operative contrast CT. They found SD and
MPP of the contrast-enhanced CT were positively correlated with pimonidazole
staining, suggesting higher SD & MPP could imply hypoxia in the tumour [202]. Though
several groups reported hypoxic staining was associated with worse prognosis in
colorectal cancers [58-61], a larger cohort consisting of 186 patients found no such
correlation [62]. Whether high SD & MPP of contrast-enhanced CT reflected hypoxia in
the primary tumour, and why that was a good prognosticator needs further
investigation. Finally, entropy was shown to be one of the most stable parameters in
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PET texture analysis [203-205]. Our data indicated in patients with stage 4 disease or in
surgical patients, those with more homogenous primary tumours had better outcome.
For future work, the relationship between the texture parameters and underlying
patho-physiologic properties could be interesting. Miles et al. showed that the texture
parameter mean positive pixels from the primary colorectal patients in combination
with FDG-PET scan and blood flow from CT perfusion could predict the status of KRAS
mutation [134]. How kurtosis is related to the underlying genetic drive of the tumours
and oncogene expression remains to be seen. Some of these is explored in the latter
chapter.
In summary, out of the various parameters from FDG-PET and CT perfusion, it was
found that metabolic parameters may have a role in prognosis of colorectal carcinoma,
especially in colon cancer patients and probably in those treated with primary surgery.
It was shown that there is a stable CRC prognosticator using textural analysis of the
derived images. In the following chapters there will be examination of some of the
colorectal cancer histological correlates as well as serum derived exosome proteins
related with hypoxia that may give insight into the underlying mechanisms of how
tumour textural measurements relate to prognosis.
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4 What do these imaging parameters mean:
Correlation with immunohistochemical staining
results
This chapter investigates whether parameters derived from clinical images reflect
the status of angiogenesis and other related biomarkers in the surgically resected
colorectal tumours. The work was done with the kind assistance of Dr. Manuel
Rodriguez-Justo and Dr. Saif U Rehman Khan.

4.1

Results
Out of the 344 patients, 213 were treated with primary surgery with no other

therapy before resection. Histopathology specimens were obtained from 153 patients,
and stained with VEGF, CD105, CA-IX, GLUT-1, HIF-1α.
The significant findings are summarized in Table 19.
Table 19: Summary of significant correlations between IHC & image parameters

Parameters

Spearman’s correlation coefficient

p-value

CD105 & VEGF

0.535

< 0.001

CD105 & HIF-1α

-0.273

0.001

GLUT-1 & HIF-1α

-0.264

0.001
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VEGF & mean slope of increase

-0.365

< 0.001

VEGF & mean transit time

0.375

< 0.001

4.1.1 Associations between IHC parameters
Among these, CD105 was positively correlated with VEGF, while negatively
correlated with HIF-1α. HIF-1α was negatively correlated with GLUT-1 (Table 20).
Table 20: Spearman's correlation coefficient and p-values of the histopathologic staining. Bold font
denotes significant correlation after Bonferroni correction (p < 0.004).

ρ (p-value) VEGF

CA-IX

GLUT-1

HIF-1α

0.535 (<0.001) 0.177 (0.033) 0.099 (0.239) -0.273 (0.001)

CD105
VEGF

0.157 (0.053) 0.140 (0.086) -0.082 (0.311)

CA-IX

0.000 (0.999) -0.012 (0.885)
-0.264 (0.001)

GLUT-1
HIF-1α

36 patients died during follow-up. CD105 was found to be a prognosticator.
Patients with higher microvascular density as counted by CD105 had worse outcome
(Table 21)(Figure 6).
Table 21: Kaplan-Meier mean survival & Log-Rank test of the histopathologic staining results

Parameter

Mean survival
of patients
with
parameter >
median
(mean ± SE)

Mean
survival of
patients with
parameter <
median
(mean ± SE)

pvalue
(Log
Rank
test)

CD105

81.96 ± 5.34

64.33 ± 2.26

0.035

VEGF

83.29 ± 6.45

68.29 ± 3.99

0.377

CA-IX

87.36 ± 6.33

85.33 ± 5.51

0.631

GLUT-1

84.60 ± 5.52

86.05 ± 4.55

0.469
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HIF-1α

84.06 ± 8.16

82.42 ± 4.47

0.633

Figure 6. Kaplan-Meier survival curves comparing patients with high (1.0, lower curve) and
low (.0, higher curve) CD105. Patients with higher microvascular density as counted by CD105
had worse outcom (mean survival 81.96 ± 5.34 versus 64.33 ± 2.26 months, p = 0.035).

4.1.2 Associations between CT perfusion and IHC
The correlation between the IHC results and CT perfusion revealed VEGF was
negatively correlated with mean slope of contrast enhancement, and positively
correlated with mean transit time. The correlations of other pairs did not reach a
significance level after stringent correction for multiple-comparison. Thus the
following might be false positive: CD105 was negatively associated with mean slope of
increase, and positively with blood volume as well as mean transit time; VEGF
positively correlated with time to peak; CA-IX negatively correlates with mean slope of
increase and PS (Table 22).
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Table 22: Spearman's correlation coefficient and p-values of the histopathologic staining and CT
perfusion parameters. Bold font denotes significant correlation after Bonferroni correction (p < 0.00167).

ρ (pvalue)

Time to
Peak

Mean
slope of
increase

Blood
volume

Blood
flow

Mean
transit
time

PS

CD105

0.023
(0.807)

-0.207
(0.025)

0.221
(0.017)

0.129
(0.164)

0.218
(0.018)

0.011
(0.907)

VEGF

0.262
(0.003)

-0.365
(<0.001)

0.124
(0.173)

-0.073
(0.422)

0.375
(<0.001)

0.004
(0.968)

CA-IX

0.040
(0.661)

-0.186
(0.038)

-0.159
(0.079)

-0.103
(0.255)

-0.009
(0.925)

-0.239
(0.007)

GLUT-1

0.057
(0.530)

-0.055
(0.548)

-0.056
(0.540)

-0.020
(0.831)

0.086
(0.345)

0.000
(0.998)

HIF-1α

-0.071
(0.436)

0.025
(0.783)

0.024
(0.795)

0.018
(0.840)

-0.114
(0.209)

0.030
(0.742)

4.1.3 Associations between PET parameters and IHC
None of the FDG-PET parameters were significantly correlated with the IHC results
after Bonferroni correction for multiplicity. Disregarding the multiplicity, CD105 was
positively correlated with TLG, and VEGF was positively correlated with SUVmean
(Table 23).
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Table 23: Spearman's correlation coefficient and p-values of the histopathologic staining and FDG-PET
parameters. None had the significance level below 0.0025 (the significance level after Bonferroni
correction).

ρ

SUVmax

SUVmean

MTV

Lesion
glycolysis

TLG

CD105

0.081
(0.339)

0.066
(0.437)

0.162
(0.055)

0.164
(0.052)

0.201
(0.016)

VEGF

0.151
(0.066)

0.165
(0.044)

0.027
(0.743)

0.095
(0.252)

0.127
(0.124)

CA-IX

0.008
(0.925)

0.004
(0.963)

0.136
(0.097)

0.076
(0.357)

0.075
(0.366)

GLUT-1

0.036
(0.661)

0.062
(0.451)

-0.074
(0.3728)

-0.039
(0.639)

-0.032
(0.700)

HIF-1α

-0.047
(0.572)

-0.078
(0.345)

-0.062
(0.450)

-0.102
(0.215)

-0.138
(0.092)

(p-value)

4.1.4 Associations between textural parameters (CT and PET) and IHC
There was no significant correlation between texture parameters and the IHC
results after Bonferroni correction for multiplicity (p < 0.000278). Several pairs did
have p < 0.01: entropy of finely-filtered CT with VEGF, SD & MPP of finely-filtered
contrast-enhanced CT with CD105 (both negative), kurtosis and skewness of
intermediately-filtered PET image with CD105, skewness of coarsely-filtered PET with
VEGF, mean of filtered PET with VEGF (negative), SD of unfiltered PET with HIF-1α
(negative), kurtosis of unfiltered PET images with HIF-1α (Table 24). A complete list of
correlations is found in the Appendix.

Table 24: Correlations between texture parameters and IHC results with p-value less than 0.01

Parameters

Spearman’s correlation

p-value

100
coefficient
Entropy_2_CT & VEGF

0.221

0.007

SD_2_VE & CD105

-0.290

0.002

MPP_2_VE & CD105

-0.283

0.002

Kurtosis_3_PET & CD105

0.225

0.008

Kurtosis_4_PET & CD105

0.241

0.004

Kurtosis_5_PET & CD105

0.239

0.004

Skewness_4_PET & CD105

0.237

0.005

Skewness_5_PET & CD105

0.238

0.005

Skewness_4_PET & VEGF

0.222

0.007

Skewness_5_PET & VEGF

0.252

0.002

Skewness_6_PET & VEGF

0.243

0.003

Mean_2_PET & VEGF

-0.229

0.005

Mean_3_PET & VEGF

-0.228

0.006

Mean_4_PET & VEGF

-0.233

0.005

Mean_5_PET & VEGF

-0.223

0.007

SD_0_PET & HIF-1α

-0.257

0.002

Kurtosis_0_PET & HIF-1α

0.239

0.004

4.2

Discussion
Tumours require vessel formation to supply oxygen and nutrients. Cells distant to

the vascular supply may become hypoxic. Hypoxia stabilizes HIF-1α to dimerize with
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HIF-1β and bind to hypoxia response elements. The targets of HIF-1 include VEGF and
GLUT-1 are implicated in angiogenesis, glucose metabolism, cell proliferation, invasion
and metastasis [56]. Carbonic anhydrase IX (CA-IX) is also a target of HIF-1 pathway as
it has hypoxia response elements (HRE) in its promoter [206]. As angiogenesis and
hypoxia are closely linked, we calculated microvascular density and the expression of
related proteins in histopathologic specimens to represent angiogenesis, and
investigated if the parameters from clinical images could infer the tissue status.
Different antibodies were used to identify endothelium cells. Minhajat et al.
showed CD31 was a pan-endothelium marker that was expressed on endothelial cells
of both cancerous and non-cancerous regions, but CD105 was preferably expressed in
cancerous tissues [207]. CD105 is a receptor of TGF-β expressed on proliferating
endothelial cells. It is thus a marker for neovascularization [208]. In 150 resected CRC
specimens, Saad et al. found both CD31 and CD105 counts were correlated with lymph
node metastases, but only CD105 was correlated with liver metastases. CD31 but not
CD105 was correlated with tumour size [209]. In our patient samples, we used CD105
for microvascular density calculation.
In our cohort, microvascular density as counted by CD105 was positively
correlated with VEGF. This is compatible with the role of VEGF promoting angiogenesis.
CD105 was negatively correlated with HIF-1α. Goethals et al. showed MVD is
negatively correlated with pimonidazole staining in 20 CRC samples. They found
carbonic anhydrase IX colocalized with pimonidazole in 30% of cases, and there was no
correlation between pimonidazole staining and VEGF, EGFR [210].
In our cohort, HIF-1α was negatively correlated with GLUT-1. Lee-Kong et al.
investigated the biopsy samples of 85 rectal cancer patients before neoadjuvant
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chemoradiotherapy. They found though HIF-1α correlated with VEGF and GLUT-1, but
it did not correlate with patients’ outcome. Instead, high CA-IX expression was
associated with worse overall survival [211]. However, there were reports that hypoxia
and GLUT-1 were not related. In the report by Rajaganeshan et al. in 55 CRC patient
samples they had positive correlation between VEGF and HIF-1α but no correlation
between HIF-1α and GLUT-1 or CA-IX [212]. Verstraete et al. found no correlation
between pimonidazole staining and CA-IX or GLUT-1 expression in 20 CRC patients. In
their report, GLUT-1 expression was associated with advanced stages, and low CA-IX
expression with better disease-free survival [213]. Thus, there seemed no consensus
on the relationship between HIF-1α and GLUT-1 on the tissue IHC.
It was reported that angiogenesis as reflected by microvascular density is a
prognosticator in colorectal cancer. Higher MVD was predictive of poor recurrencefree survival and overall survival [214]. Similarly, VEGF expression was associated with
worse survival [214]. For example, in 127 surgical treated CRC patients, Choi et al.
demonstrated higher MVD as measured by factor VIII was associated with
lymphovascular invasion, lymph node metastases, and hematogenous metastases. It
was also an independent prognosticator in Cox multivariate analysis [215]. Another
report by Kaio et al. indicated that the presence of VEGF staining in the deepest
invasive margin of the surgical specimens was a bad prognosticator in 152 CRC
patients. The presence was associated with histologic grading, lymphovascular
invasion, lymph node and liver metastases. [216]. In our cohort, high CD105 expression
had worse survival compatible with the previous reports.
Various attempts to correlate with CT perfusion parameters and microvascular
density have been made. Goh et al. revealed moderate correlation between blood
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volume (r = 0.59, P = .002), permeability surface-area product (r = 0.46, P = .03) and
CD34 in 23 patients [174]. In another cohort, Goh et al. found mild correlation
between blood flow and CD105 (r = 0.33, p = 0.05) in 35 patients, while there was no
correlation between CD105 and FDG parameters (SUVmax or SUVmean) [175]. Kim et
al. found no correlation between CT perfusion parameters and CD34 in 27 CRC
patients [178]. In our cohort, which was substantially larger than these previous
reports, we found possible evidence that CD105 negatively correlated with mean slope
of increase and positively with mean transit time. This may suggest that the
intravenous contrast medium took longer to flow through the tissues with more
newly-formed vessels. This finding is compatible with Torri et al., who measured the
breast cancer cell line MDAMB231 in mice xenografts and found longer mean transit
time in tumour compared to normal tissue [217]. It implies less efficient transport
resulting from flow resistance of immature vessel architecture as well as increased
interstitial pressure from leaky vessels [218].
CD105 was positively correlated with TLG in our cohort. High TLG was shown to be
associated with worse survival [137] [139]. This result was compatible with a higher
MVD as a predictor of poor survival as discussed above.
Similar to CD105, VEGF was negatively associated with the mean slope of contrast
enhancement, positively with mean transit time and probably time to peak. This was
not unexpected as VEGF is implied in endothelial proliferation and thus the formation
of new vessels, which are often immature and leaky [77], resulting in increased mean
transit time as discussed above. Furthermore, VEGF correlated with SUVmean in our
cohort. VEGF is thought to be associated with migration and invasion of cancer cells.
Bhattacharya et al. found knocking VEGF out of CRC cell lines decreased their
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migration and invasion [219]. The serum level of VEGF was higher in patients with
positive FDG uptake [135]. Our finding that VEGF correlated with SUVmean is
compatible with these reports.
We found CA-IX was negatively correlated with mean slope of contrast
enhancement and PS. Carbonic anhydrase catalyzes the conversion of carbon dioxide
and water into bicarbonic acid, which dissociates into bicarbonate ions and protons. It
helps maintain the acid-base balance [220]. PS describes the speed of contrast
medium moving from capillary into the interstitium in a volume of tissue [221]. Our
results showed tumours with higher CA-IX expression had slower rate of contrast
enhancement and diffusion into the tissues. CA-IX expression has been shown to be
controlled by HIF-1 activity [206] and thus could be a marker of hypoxia. The result
confirmed that hypoxic tumours had inefficient transport from the vessels, including
the delivery of chemotherapy agents [222].
In the previous chapter, we showed in patients with metastatic diseases, those
that had higher SD & MPP of contrast-enhanced CT and lower entropy of the FDG-PET
images had shorter overall survival. SD & MPP of contrast-enhanced CT were
negatively correlated with CD-105 and CA-IX. This result is concordant with Ganeshan
et al., who found these two parameters were associated with hypoxia staining by
pimonidazole [202]. High microvascular density and CA-IX expression were poor
prognosticators as discussed above.
Although we found higher kurtosis of non-contrast CT images was associated with
worse overall survival in the whole cohort, we did not find definite correlation
between kurtosis and IHC results. There was mild correlation between kurtosis of
unfiltered CT image and CA-IX (ρ = 0.189, p = 0.035), kurtosis of intermediately-filtered
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contrast-enhanced CT images and CD105 (ρ = 0.215, p = 0.020), as well as negative
correlation between kurtosis of unfiltered non-contrast CT image and GLUT-1 (ρ = 0.181, p = 0.046). Although kurtosis of non-contrast CT was found to be a significant
prognosticator in our cohort, its biologic foundation was not clearly elucidated.
Unlike in the CT textural data, there was no correlation between entropy of FDGPET images and IHC findings. Perhaps the entropy of FDG PET images reflects glucose
metabolism per se rather than angiogenesis or hypoxia. Our prognostic findings
however indicate that tumours with a more heterogeneous distribution of glycolysis
had worse outcome.
In summary, we found tumours with slower contrast passage (mean transit time)
had higher microvascular density as calculated by CD105 and angiogenesis as reflected
by VEGF. The texture parameters SD and MPP of contrast-enhanced CT were mildly
related to CD105 expression. These two texture parameters were also found to be
prognosticators in patients with metastatic diseases. We revealed possible biologic
rationale of the CT perfusion and CT textural findings.
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5 What messages are there in seral exosomal
proteins
5.1

Introduction
Angiogenesis is a hallmark of cancer. As tumour grows away from the vessels, the

tissue becomes hypoxic [4]. Hypoxia activates hypoxia-inducible factor 1 (HIF-1), which
controls genes related to angiogenesis, metabolism, epithelial-to-mesenchymal
transition (EMT), proliferation, stemness, and often confers worse prognosis to
patients [223, 224]. Thus, angiogenesis and hypoxia are closely related. In colorectal
cancers, HIF-1α was shown to correlate with patients’ outcome [58-61]. It would be
desirable to investigate hypoxia by in vivo imaging to look into the prognostic
information.
The classic in vivo imaging agent for hypoxia is F-18 fluoromisonidazole (F-MISO).
In the absence of oxygen, the tracer is reduced and trapped within the cells by binding
to other intracellular macromolecules [225]. In clinical practice, the time required for
the tracer to be accumulated in areas of hypoxia takes more than two hours.
Furthermore, the physiologic uptake in the bowels precludes the effective use of FMISO on colorectal cancers [226]. Other radiotracers for hypoxia are developing, but
none reaches routine clinical use yet. Blood oxygenation level-dependent MR (BOLD)
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measures the proportion of oxyhemoglobin and deoxyhemoglobin to provide a
readout of tissue oxygenation. The bowel movement (motion artefact) and
intraluminal air (susceptibility artefact) make it difficult to apply to colorectal cancers
[227].
One way to overcome the cumbersome procedures and cost related to in vivo
imaging is liquid biopsy. Exosomes could be isolated from body fluids including the
blood. They are known to be involved in cell proliferation, metastases, angiogenesis
and immunosuppression [14]. The contents of exosomes change in response to cell
differentiation [228] and pharmacologic treatment [116]. Hypoxia has been shown to
increase exosome release in breast cancer [12] and prostate cancer cell lines [13].
Isolating exosomes from the blood might be able to reflect status of hypoxia of the
tumours.
Another way to investigate hypoxia might be achieved by radiomics. Radiomics
refers to extracting high-dimension image features from clinical images to infer
biologic information and to support clinical decision making [229]. For example,
Grossmann et al. showed some distinct image features correlated with immune
pathways [230]. Ganeshan et al. found standard deviation and mean positive pixels
from the histogram analysis of the contrast-enhanced CT images after Laplace of
Gaussian operation correlated with hypoxia staining by immunohistochemical staining
of the tumour tissues from non-small cell lung cancer [202]. We have assessed
applying the same texture analysis method to images of colorectal cancers would also
provide information on tumour hypoxia.
By investigating the exosomes from the serum of patients and image parameters
from the CT scans, we aim to shed light on the status of hypoxia and thus provide
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prognostic information that could ultimately be used for early diagnosis, patient
stratification, disease progression, and possible more clinically relevant parameters.

5.2

Results

5.2.1 Antibody specificity test
Dotblot is a biochemical technique useful to assess protein levels in a sample of
either denatured or native origin [115]. For our purposes of studying native exosomal
proteins, the dotblot technique offers a great advantage over conventional western
blot, which is due to the fact that western blot requires very large amounts of
exosomal lysates to be performed (minimal 10 µg), whereas the amount of samples
required for a dotblot is considerably minor (0.5-1 µg). Due to clinical patient serum
availability, using the minimum amounts of exosomes that would provide a good
biochemical readout is essential. However, because the whole sample is dotted on a
nitrocellulose membrane, there is a risk that the readout can be affected by
nonspecific binding of the antibodies, which in western blot is ruled out because of the
molecular weight separation rendered by electrophoresis. Therefore, specificity tests
must be conducted prior to the use of each antibody in the dotblot assessment of
proteins.

5.2.1.1 ALIX
The work was previously established in our Lab by Dr. James Monypenny of Pitmilly.
A stable ALIX knock-down HCC1954 cell line was generated by using short hairpin RNA
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(shRNA) with lentiviral transduction and clonal selection. The effectiveness of knockdown was demonstrated by western blot (Figure 7, left). Dotblot confirmed little signal
in the knock-down lysate, demonstrating that this antibody (due to lack of nonspecific
binding) can be used in dotblotting of exosomes.

Figure 7. This work was done by by Dr. James Monypenny of Pitmilly. Western blot of the cell lysates
of HCC1954 cells treated with control and ALIX shRNA respectively confirmed the knock-down of ALIX
(left, upper row); tubulin control confirmed equal protein loading (left, lower row). Dotblot of the
exosome confirmed there was little unspecific signals (right, upper row); despite equal protein
loading, EpCAM was also decreased in exosomes derived from HCC1954 cells treated with ALIX
shRNA as compared to those treated with control shRNA (right, lower row).

5.2.1.2 HER1
The work was done by Dr. James Monypenny of Pitmilly. EGFR knock-down H1975
cell line was established by using short hairpin RNA (shRNA). The bar chart at the right
of Figure 8 confirmed the shRNA knock-down around 60% of the EGFR protein
expression. On the left, EGFR in the exosomes isolated from the knock-down cell line
was almost invisible on the dotblot, while CD63 confirmed the presence of exosome
proteins.
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Figure 8. This work was done by Dr. James Monypenny of Pitmilly. Exosomes from the EGFR knock-down
H1975 cell line had little signals from the anti-EGFR antibody on the dotblot (left, upper row), while the
presence of exosome proteins was confirmed by CD63 staining (left, lower row). EGFR knock-down was
confirmed by western blot (not shown). Those cells treated with EGFR shRNA had around 60% of the
EGFR protein expression compared to those treated with control shRNA (right).

5.2.1.3 HER2
On the western blot (Figure 9, left), lysates from HER2 positive cell line HCC1954
bear a clear band at the expected length around 180 kDa. Tubulin staining confirmed
slightly more loading of the MCF7 lysates. On the dotblot (Figure 9, right), the MCF7
dot was not clear on the HER2 strip, while HCC1954 was positive. GADPH
demonstrated the loading of exosome proteins.

Figure 9. Western blots and dotblots of anti-HER2 antibody on the HER2 negative cell line MCF7 and
HER2 positive cell line HCC1954 confirmed the specificity of anti-HER2 antibody. The presence and
absence of HER2 proteins in HCC1954 and MCF7 cells were confirmed by western blot (left). On the
dotblot of the anti-HER2 antibody, the exosomes from MCF7 had no signals, while those from HCC1954
were positive. GADPH confirmed the loading of exosome proteins.
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5.2.1.4 HER3
Western blots by Dr. Myria Galazi confirmed absence of HER3 staining in the lowexpressing prostate cancer cell line PC3 (Figure 10, left). Dotblots confirmed visibility
of HER3 in the prostate cancer LNCaP cell line exosomes and no signal from the PC3
exosomes, in which GAPDH confirmed equal protein loading (Figure 10, right).

Figure 10. Western blot and dotblot of the anti-HER3 antibody on the HER3 negative cell line PC3 and
HER3 positive cell line LNCaP confirmed the specificity of anti-HER3 antibody. The western blot done by
Dr. Myria Galazi confirmed little HER3 expression in PC3 cells (left). Dotblot of the exosomes derived
from the PC3 revealed almost invisible signals, confirming good specificity of the anti-HER3 antibody.

5.2.1.5 cMET
The work was done by Dr. James Monypenny of Pitmilly. cMET knock-down H1975
cell line was established by using shRNA. The bar chart at the right of Figure 11
confirmed almost complete knock-down of the cMET expression by the shRNA. On the
left, cMET in the exosomes isolated from the knock-down cell line was invisible on the
dotblot, while tubulin confirmed the presence of exosome proteins.
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Figure 11. Exosomes from cMET knock-down H1975 cells had no visible signals from the anti-cMET
antibody on the dotblot, while the presence of exosome proteins was confirmed by tubulin staining.
The knock-down was confirmed by the western blot (not shown). The cells treated with cMET shRNA
had less than 10% of cMET protein expression compared to those treated with control shRNA (right).

5.2.1.6 S100A9
An expected band was visible on the lysate of leukemic THP1 cells above 10 kDa.
These cells express S100A9 at high levels, while the lung cancer cell line H1975 express
S100A9 poorly. While there was no signal on the H1975 lysate (Figure 12, left). On the
dotblot (Figure 12, right), a weak signal could be seen on the H1975 exsomes, which
might be explained by the enrichment of S100A9 in exosomes, also evident in THP1
exosomes.

Figure 12. Western blot and dotblots of the anti-S100A9 antibody on THP1 and H1975 lysates and
exosomes. Western blots revealed S100A9 signals in THP1 lysate, while little signals were detected in
the lysate of H1975 (left). The dotblots showed strong signals from THP1 exosomes, but weak signals
from H1975 exosomes were also detected (right). The weak signals might be the result of concentration
of S100A9 in the exosomes.
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5.2.1.7 P4HA1
The hepatocellular carcinoma HepG2 cell line was treated with 0.1 mM and 0.2
mM cobalt chloride overnight, which is known to induce chemical hypoxia. P4HA1
signal was very faint on control conditions, and visibly increased on those treated with
CoCl2 (Figure 13, left). Dotblot was performed on exosomes from SW48 cells treated
with and without 0.2 mM CoCl2. A clear P4HA1 signal was detected on the treated cells.
(Figure 13, right).

Figure 13. Western blot and dotblot of the anti-P4HA1 antibody. On the western blot, P4HA1 signals
increased with the concentration of treated cobalt chloride (left). The exosomes from 0.2 mM cobalt
chloride treated SW48 cells had a clear P4HA1 signals on the dotblot; while little signals were
detected from the exosomes of control SW48 cells (right).

5.2.2 Cell line results
As shown in the following figure, we observed that P4HA1 as well as HIF-1α
increased in a variety of colorectal cell lines (Figure 14) after subjecting the latter to
hypoxic conditions (1% oxygen) overnight. We harvested the exosomes from HCT-116
which showed the most striking response and confirmed that the exosomal protein
assay also reproduced what was found in tumour cell lysates i.e. P4HA1 upregulation
under hypoxia (Figure 18A).
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Figure 14. Several colorectal cell lines were cultured in McCoy's 5a Medium Modified supplemented
with 10% fetal bovine serum, 1% glycine and penicillin/streptomycin. The normoxic control cells (‘N’)
were incubated at 37 °C in a 5% CO2 air atmosphere, while the hypoxia treated cells (‘H’) were
incubated in a hypoxic incubator with 5% CO2 and 1% O2 at 37 °C overnight. Immunoblotting of cell
lysates was performed for the detection of HIF-1α and P4HA1, along with loading control (GAPDH).

5.2.3 Patient data
From May 2015 to Dec 2016, 54 patients recruited by the Institute of Nuclear
Medicine at UCLH had their blood samples taken. Their age was between 42-83 years
old (mean +- SD: 64.83 +- 11.19). There were 38 males, 16 females. 13 had metastatic
disease. They were followed for 0.5-30.6 months (median: 21.5 months). 6 died during
this period.

5.2.3.1 Patients Exosome results
Exosomes from the sera of these patients were purified and quantified by
nanoparticle tracking analysis. The result showed in average there were 9.9 x 1011
particles per millilitre of the samples. The particle size was in average 89 nm (Figure
15), which complies with literature standards of exosomal quality. The exosomes from
these patients were used for dotblot and probed with antibodies against ALIX, HER1,
HER2, HER3, cMET, S100A9 and P4HA1 (Figure 16). The signal intensities of each
protein were normalized by the signal intensity of the exosomal protein ALIX.
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Figure 15. A sample of the nanoparticle tracking analysis result, showing the majority of the isolated
particle was less than 100 nm in diameter.

Figure 16. Dotblots of patient serum exosomes. Isolated exosomes from a total of 54 patients were
stained with EGFR, HER2, HER3, cMET, Alix, S100A9 and P4HA1. Each dot contained 5 µl of
exosomes in PBS from a single patient. Every membrane was dotted in the same fashion, namely,
the same position representing the exosome from the same patient. The signal intensities were
quantified with a digital imaging platform (GE ImageQuant LAS 4000).

As shown in Figure 17, there was a positive correlation between HER1/HER3,
HER2/HER3, HER1/S100A9, HER2/cMET and HER3/cMet. P4HA1 is increased in hypoxia
as shown above (Figure 18A) and according to literature [67]. In addition, hypoxia
plays a key role in tumour progression. Therefore, we decided to dichotomise the data
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into two groups of low and high P4HA1 levels. When dichotomized by P4HA1 high and
low groups by the median value of the intensity of P4HA1 normalized by ALIX, those
patient samples with high P4HA1 also had higher normalized HER1 signals (Figure 18).

Figure 17. Separman correlation of the exosomal protein signals. The signals were normalized by
the intensity of ALIX, a protein involved in the exosome synthesis. The correlation coefficents were
listed above each bar. Significance level was adjusted by Bonferroni correction (p < 0.00333). There
was a positive correlation between HER1/HER3, HER2/HER3, HER1/S100A9, HER2/cMET and
HER3/cMet.
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Figure 18 (A). Exosomes were isolated from the colorectal cancer cell line HCT116. The upper row
showed the dotblots from the normoxic control exosomes. The lower row was from exosomes of
cells subjected to 1% oxygen in a hypoxic incubator for 16 hours. Immunoblot ting with antiCD63, an exosomal marker, revealed similar loading of exosomes in each condition. P4HA1 was
more than double (as indicated by the P4HA1/CD63 ratio) in exosomes after hypoxic treatment
(H = hypoxia, N = normoxia). (B-F) Serum exosomes were isolated from 54 pre-treatment
colorectal cancer patients (13 of whom were shown subsequently to have metastasis on staging
images). The boxplot shows the median (the middle thick line), interquartile range (IQR, the
difference between 75th and 25th percentile, the box), and 1.5x IQR above and below the box
(the T-bars). The difference in the amount of exosomal EGFR/HER1, HER2, HER3, c-Met and
S100A9 between patients whose exosomal marker for hypoxia (P4HA1) was > vs ≤ median, was
compared for each of the proteins. The significance level by Mann-Whitney U test is indicated.

To understand the relationship between protein expression in the exosome and
the tumour, tumour specimens were obtained in 18 patients. CD105, HIF-1α and
GLUT-1 were stained. Among these, GLUT-1 and HIF-1α were negatively correlated. No
correlation between the tumour protein expression and exosomal protein intensities
was found (Figure 19).
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Figure 19. Scatter plot of HIF-1α and GLUT-1 showed negative correlation between these two proteins
on tumour specimens (ρ = -0.710, p = 0.001). No correlation was found between HIF-1α on the tumour
specimen and P4HA1 intensity in the exosomes (ρ = 0.009, p = 0.973), nor between GLUT1 on the
tumour specimen and P4HA1 intensity in the exosomes (ρ = 0.348, p = 0.157).

5.2.3.2 Relationship between exosome, images and clinical status
Using the median value of each normalized protein signal intensities to group the
patients into high and low groups, there was no survival difference by log-rank test.
Namely, none of the exosomal proteins seemed to affect patients’ overall survival.
Normalized HER1 intensity was negatively correlated with mean slope of increase
from the CT perfusion study (ρ=-0.424, p= 0.002). There was no other correlation
between the protein signal intensities and parameters from patients’ images including
blood volume (BV), blood flow (BF), mean transit time (MTT), permeability-surface
area product (PS), time to peak, SUVmax, SUVmean, metabolic tumour volume (MTV),
or lesion glycolysis as contoured by 40% of the SUVmax (TLG).
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When dividing these patients into two groups by degrees of hypoxia using the
median value of P4HA1 signals normalized by ALIX signals as the cut-off, the more
hypoxic group (those with the signal > median) had a trend to have lower mean slope
of increase from the CT perfusion images (Mann-Whitney U test, p = 0.092). This group
also had higher EGFR signals in the exosomes (Mann-Whitney U test, p = 0.036) (Figure
20). A permutation test was performed to test the hypothesis that the mean-slope-ofincrease is negatively correlated with both P4HA1 and HER1, and that additionally
both P4HA1 and HER1 are positively correlated. The recorded values of these three
variables were randomly permuted 100,000 times. The proportion of permutations in
which a correlation equal or greater to the empirically observed correlations was used
as a p-value. There is a significant inverse correlation between perfusion in the tumour
and the exosomal hypoxia marker P4HA1 & EGFR (p = 0.006).

Figure 20. The boxplot shows the median (the middle thick line), interquartile range (IQR, the difference
between 75th and 25th percentile, the box), and 1.5x IQR above and below the box (the T-bars). The
difference in the CT perfusion parameter “mean slope of increase” between patients whose exosomal
markers for hypoxia (P4HA1) and HER1 was > vs ≤ median, was compared. The significance level by MannWhitney U test is indicated.
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The parameters derived from the texture analysis of clinical images including FDGPET, non-contrast and contrast-enhanced CT, were compared to the protein intensities
in the exosomes normalized by ALIX signals by Spearman’s correlation. Among these,
none were significant after Benferroni correction for multiplicity (Figure 16). However,
if we explore the data using a less rigid criteria risking to err on the side of false
positivity (p < 0.05), SD across various filter level of and MPP of intermediately-filtered
PET was positively correlated with P4HA1, mean, SD and MPP of unfiltered PET were
negatively correlated with S100A9, entropy of intermediately-filtered non-contrast CT
was negatively correlated with cMET. For detailed numbers, please see the Appendix.
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Figure 21. Heatmap of Spearman's correlation between image parameters and exosome protein intensities.
The correlation coefficients were denoted by the color key as shown on the left upper corner. None of these
were significant after Benferroni correction for multiplicity. The exact numbers are shown in the Appendix
(Table 27-32).
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13 out of these 54 patients had distant metastases. In those with localized disease
and with metastatic disease, there were no differences in the exosomal protein
quantities. On the clinical images, those with metastatic diseases had higher average
and baseline Hounsfield unit, metabolic tumour volume. Texture analysis was
performed on the FDG-PET, non-contrast CT and venous-phase of contrast-enhanced
CT. SD & MPP of non-contrast CT images, MPP and kurtosis of contrast-enhanced CT
images, as well as entropy of PET images were different in those with localized and
metastatic diseases (Table 25).

Table 25: Significant different parameters between localized and metastatic tumours and their p-value
by Mann-Whitney U test. Those with p-value < 0.05 were listed here.

parameter

p-value

Average

0.023

Base

0.039

MTV

0.016

SD_2_CT

0.040

SD_3_CT

0.022

SD_4_CT

0.034

Mpp_3_CT

0.036

MPP_0_VE

0.048

Kurtosis_0_VE

0.028

Kurtosis_4_VE

0.006

Kurtosis_5_VE

0.003

Kurtosis_6_VE

0.005

Entropy_0_PET

0.020

Entropy_2_PET

0.025
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Entropy_3_PET

0.022

Entropy_4_PET

0.021

Entropy_5_PET

0.019

Entropy_6_PET

0.021

From the image dataset, we had performed a Principal Component Analysis on a
total of 122 radiomic parameters, we were able to condense the number of
dimensionalities down to 10 principal components which explain approximately 80%
of the observed variability. Interestingly, PC1 was also able to distinguish metastatic
from non-metastatic patients (p = 0.041) (Figure 22).

Figure 22. Radiomic analysis of image parameters from patients. The histogram shows Principal
Component (PC)1 of 122 radiomic features. SD & MPP of CT, as well as entropy of PET were among the
most weighted parameters constituting PC1, which was able to distinguish metastatic from nonmetastatic patients (p = 0.041).
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5.3

Discussion
Western blot separates proteins by their size and electronic charges with sodium

dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE), then transfers the
protein onto a nitrocellulose or polyvinylidene difluoride (PVDF) membrane to be
detected by antibodies [231]. Dotblot omits the electrophoresis, probing the target
protein by the specificity of the recognized antigen [232]. It is quicker than the
Western blot, and suitable for testing a large batch of samples. Where as in western
blot the non-specific bands do not affect quantification, it is not possible to separate
these signals in dot blots. Thus it is desirable to use highly specific antibody to
minimize these unspecific bindings. We conducted a set of antibody validation
experiments to ensure that the data we were obtaining by dotblot was a reliable and
reproducible indication of exosomal protein quantities.
Through knock-out by shRNA and utilizing cell lines lacking the expression of the
target protein, we confirmed specificities of the antibodies used against ALIX, HER1,
HER2, HER3 and cMET. P4HA1 is induced by hypoxia through the hypoxia-response
element (HRE) present in its promoter [67]. It is also reportedly present in exosomes
[233]. We therefore chose to subject cells to hypoxic conditions and assess the P4HA1
signal. Our cell line work confirmed increased P4HA1 expression in hypoxic condition
in the cell lysates. Remarkably, the increase was also noted in the isolated exosomes.
This implies the P4HA1 signal in exosomes can reflect the hypoxic status of the cells.
The S100A9 antibody showed non-specific bands other than the expected one at
10 kDa when we conducted western blot tests. Accordingly, we observed a mild
background on the dotblots. However, the S100A9 signal was higher in exosomes from
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THP1 cells, which are high in S100A9 compared to those from H1975 cells, which are
low, showing that it responds to biological changes as we expected. Additionally,
exosomal quantities of S100A9 showed to be proportionally enriched in exosomes
compared to cell lysates, rendering the influence of nonspecific binding insignificant.
We conducted further tests using other S100A8 or S100A9 antibodies, however these
exhibited higher background signals. We concluded that the signal intensity on the
dotblot reliably reflects exosomal S100A9 expression.
We then moved on to apply this finding to patient samples. We isolated the
exosomes from patients’ sera by differential centrifugation followed by
ultracentrifugation [192] and analysed the exosome quality with nanoparticle tracking
analysis combined with biochemical tests [234]. Our isolates were mostly below 100
nm, and stained positive with ALIX, proving they contained exosomes by both optical
and biochemical techniques. Due to the paucity of the clinical samples, no
ultrastructural characterization by electronic microscopy was conducted. It is
somewhat assumed that some impurities such as other kinds of microvesicles, or
protein aggregates may contaminate the exosomal samples [235]. However, the
nanoparticle tracking analysis data showed that particles above the 200 nm limit
(microvesicles and other extracellular vesicles) were minimal from our exosomal
purifications. Based on this, we went ahead to explore the relationship of the protein
contents.
In our experiments, ALIX is used as a normalizer to compare the abundance of
other proteins across patients to account for the difference of exosome abundance.
ALIX is involved in the budding of membranes into endosome and exosomes. In
association with endosome sorting complex required for transport (ESCRT), it also
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helps sort proteins into the endosomes to be released as exosomes. It binds to
syntenin and syndecan to control the numbers of exosomes formed [86]. We were
unable to quantify the total protein amounts of the isolated exosomes, and the
amounts of isolated exosomes differed in each patient. An intrinsic exosomal protein
acting as a marker of the abundance of the exosomes served the purpose of
normalizer.
We found positive correlations between HER1/HER3, HER1/S100A9, HER2/HER3,
HER2/cMET, HER3/cMet in exosomes. The prognostic values of HER1, HER2, HER3
expressions in colorectal cancer are not well documented. Most reports did associate
c-MET expression with worse survival. HER2/HER3 dimerization was shown to increase
with cetuximab treatment [236]. C-MET activation was also shown to be conferring
resistance to cetuximab in KRAS wild-type cells [49]. Increased S100A9 positive
myeloid-derived suppressor cells in the blood of non-small cell lung cancer patients
with mutant EGFR treated with tyrosine kinase inhibitors was associated with shorter
progression-free survival [237]. Our results suggested these receptor tyrosine kinases
and S100A9 were related as reported by others.
Using P4HA1 as a hypoxia marker, we found those with high P4HA1 expression
also had higher EGFR expression. The increase of EGFR under hypoxic conditions was
demonstrated in both the A431 human epidermoid carcinoma cell line [238] and
breast cancer cell line [239]. The increase could be due to increased translation of
EGFR mRNA mediated via HIF-2α [240]. Another interaction between hypoxia and
EGFR is through prolyl hydroxylase 2 (PHD2) which marks HIF-1α for ubiquitination
under normoxic conditions. PHD2 bounds to EGFR and stabilizes it. [241]. In addition,
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hypoxia induces caveolin-1 expression as it has HRE in its promoter. The formation of
caveolae also leads to activation of EGFR by hetero-dimerization without ligands [242].
In another way, EGFR pathway can increase HIF-1. mTOR has been shown to
stabilize HIF-1α in the PC3 prostate cell line [243]. Zhong et al. also showed EGF
increased HIF-1α expression in DU145 and TSU prostate cell lines. The increase was
blocked by the inhibition of PI3K/mTOR pathway. Thus HIF-1α could be linked to EGFR
pathway via PI3K/AKT/mTOR [244]. Furthermore, HER2 was shown to increase HIF-1α
expression via PI3K/AKT/mTOR pathway [245].
In our samples, there was no direct correlation between the intensities of
exosomal proteins and protein expression on tumour specimens by IHC. Although
hypoxia increased exosome release [12, 13], the amount of tumour-secreted
exosomes might still constitute only a small proportion of the exosome in the sera,
which we isolated. The exosomal proteins we investigated could represent a snapshot
of the whole body status, but it might not be possible to reflect the exact status of the
primary tumour. Furthermore, the histology specimen was only a single slice cut out of
the whole tumour, which could be not representative as well.
We found normalized P4HA1 and EGFR intensities in exosomes were negatively
correlated with mean slope of increase from the CT perfusion study (rho=-0.424, p=
0.002). Previously we found that the mean slope of increase was negatively associated
with VEGF and CD105. Mean slope of increase is a semi-quantitative measurement
from CT perfusion scans. It measures the change of tissue density curve over time,
namely, the rate of contrast enhancement within the tumour during contrast medium
flowing into the tissue [221]. Lower slope means slower change. This could be due to
less efficient transport due to flow resistance of immature vessel architecture as well
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as increased interstitial pressure from leaky vessels [218]. P4HA1 was indicative of
hypoxia, which is a trigger for angiogenesis [56]. EGFR is also known to be involved in
angiogenesis. Inhibition of EGFR by cetuximab decreased HIF-1α expression and
angiogenesis [246]. When human bronchial epithelial cell line BEAS-2B treated with a
well-known carcinogen, hexavalent chromium, they promoted increased angiogenesis
of human umbilical vein endothelial cells via EGFR, HIF-1α and VEGF [247]. Our result
is comparable with these findings, in that higher P4HA1 and EGFR would reflect
angiogenesis, in which the newly-formed vessels are inefficient for transport and also
correlate with the lower mean slope of increase that we observed.
We tried to find a relationship between texture analysis of the primary tumour
and protein quantities in the exosomes. We found that SD across various filter level of
and MPP of intermediately-filtered PET is positively correlated with P4HA1. Mean, SD
and MPP of unfiltered PET were negatively correlated with S100A9. Entropy of
intermediately-filtered non-contrast CT was negatively correlated with cMET. These
correlations might be random as they disappeared after correction for multiplicity.
More sophisticated methods such as machine learning might be able to provide more
insights into whether additional information derived from routine clinical images could
provide clues to the protein contents in exosomes.
From the clinical images of the primary tumour, those with higher baseline and
average Hounsfield unit, metabolic tumour volume, entropy of PET images, kurtosis of
contrast enhanced CT and lower SD & MPP of CT images were more likely to have
metastatic diseases. The principal component analysis found a component consisted of
SD and MPP of the CT images among other radiomic features was able to differentiate
between metastatic and localized disease. As mentioned previously, SD & MPP were
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associated with hypoxia. Our results confirmed the importance of perfusion and
hypoxia in tumour metastasis.
It is difficult to directly visualize hypoxia by clinical images. In a glioma xenograft,
the distance between perfused vessels and hypoxic regions was found to be 138-199
um [248]. In a murine breast cancer model, the intensity of the hypoxic staining
plateau after 120-130 um. [249]. Current clinical PET/CT scanners with the pixel size
and slice thickness between 2-4 mm [250] would have difficulty trying to provide
reliable data with these subtle signals ten times below the scanner resolution. We
found some indirect parameters, such as mean slope of increase from CT perfusion, SD
& MPP of PET, might be suggestive of hypoxia of the tumour.
As hypoxia is also common in acute kidney injury and chronic kidney disease [251],
pulmonary hypertension [252], inflammatory bowel disease [253]. The exosomal
marker might also be of use to these benign diseases as well.
There were certain ways to improve our experiments. One area was the exosome
isolation methods. Differential ultracentrifugation could not eliminate other
extracellular vesicles of similar sizes to leave only exosomes [254]. Although methods
such as density gradient and immunoisolation could provide purer exosomes, the
reagents or antibodies involved in the isolation procedures might interfere with
subsequent analysis of exosome function or receptor dimerization. We chose to accept
a certain degree of impurities in our exosome preparation to enable the flexibility of
downstream analysis.
Another aspect to improve is the analysis method. Artificial intelligence (AI)
methods can handle not only the predefined features such as the histogram
parameters generated here in our study, but also deep learning about the underlying

130
image features that might be important in tumour metastasis and patient survival.
Furthermore, in addition to the image features, AI algorithms can combine data from
other sources to aid in the classification, such as patients demographics, blood test
results, as well as the exosome protein quantifications [255].
In summary, we found a protein, P4HA1, in the circulating exosomes that
increases with hypoxia. Those patients who had higher P4HA1 in their exosomes often
had higher exosomal EGFR. Both proteins were negatively correlated with the mean
slope of increase from our CT perfusion studies. SD & MPP from the texture analysis of
clinical images were shown to correlate with hypoxia, and these parameters, along
with components derived from the principal component analysis, were able to offer a
distinguishment between patients with metastatic and local diseases, emphasizing the
importance of hypoxia in cancer invasiveness and progression.
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6 Summary and Conclusion
The main findings of this study and possible clinical relevance are summarized
here.

6.1

FDG PET



TLG was a prognosticator in colon cancer patients.



MTV was higher in patients with metastatic diseases than those with localized
diseases.

In current clinical practice, FDG-PET is used in staging as a problem-solving tool
when CT or MR has equivocal findings. Our findings aid the interpretation of the FDGPET images when a tumour has a high MTV. The finding that FDG-PET is prognostic in
colon cancer patients might help in clinical decision making when patients and their
doctors are unsure whether to receive adjunctive treatments. The outcome TLG data
we show could be a potential factor to consider in the multidisciplinary team
discussion and meeting with patients and family. Though the influence of the FDG-PET
parameters did not apply to rectal cancer patients or patients already treated with
chemoradiotherapy.
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6.2

CT Perfusion



Time to peak is a possible prognosticator in stage 3-4 patients



The ratio of blood flow from CT perfusion scans and SUVmax of FDG-PET scans
has potential as a prognosticator in rectal cancers.



Mean slope of increase was negatively correlated with VEGF from the tissue
specimens, P4HA1 & EGFR in exosomes.



Mean transit time was positively correlated with VEGF from the tissue
specimens.

Although both time to peak in stage 3-4 patients and the ratio of blood flow to
SUVmax in rectal patients may be a type I statistical error as they did not pass
correction for multiple comparisons, further research could clarify this. The possible
usefulness of combination of the CT perfusion parameters with the metabolic marker
from FDG-PET suggests the potential of looking beyond angiogenesis and taking other
tumour features such as the metabolic flow relationship into consideration.
The mean slope of increase and mean transit time from the CT perfusion
examinations were related to angiogenesis as reflected by the VEGF expression from
tumour tissues. The finding could be used to monitor changes of vasculature post
therapy, such as the impact of anti-angiogenic and other treatments.

6.3


Texture
Kurtosis of non-contrast CT images was a stable prognosticator, along with
clinical stages.
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Entropy of PET images was a prognosticator in colon cancer patients.



SD, MPP of non-contrast CT images were lower in patients with metastatic
diseases.

These textural data could provide additional information not demonstrated by
conventional imaging metrics. However, the biologic meanings of such analysis need
to be elucidated. The statistical methods we used to link the image parameters and
biologic relevance were simple. More advanced modeling might be able to reveal
hidden factors which may enlighten the interaction of biologic pathways reflected by
the texture parameters. Furthermore, the use of modern methodologies such as
artificial intelligence might be able to derive more parameters from the images and
find better predictors of patient outcome by combining with the data from clinical
demographics.
Currently in stage 3 colon cancer, the standard adjuvant chemotherapy is 6-month
oxaliplatin-based regimens. Oxaliplatin exposure carries the risk of sensory neuropathy.
It is desirable to identify low-risk patients and decrease the length of adjuvant
chemotherapy to reduce the exposure to oxaliplatin and thus risk of sensory
neuropathy [256]. The prognosticator we found did separate a group of lower risk
patients within stage 3 colon cancer patients. Further research could test whether this
group of patients could sustain the treatment response with a shortened
chemotherapy course.

6.4


Exosomes
P4HA1 in exosomes was a marker of hypoxia.
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P4HA1 & EGFR in exosomes were negatively correlated with mean slope of
increase from CT perfusion scans.

Mean slope of increase from CT perfusion, in addition to indicating angiogenesis
as suggested by its negative correlation with VEGF expression on tumour tissues, also
hints at hypoxia and tumour proliferation as negatively correlated with P4HA1 and
EGFR in exosomes. This evidence further substantiates a potential close link between
hypoxia, angiogenesis and tumour proliferation.
Although no prognostic relationship was found between exosomal proteins in
colorectal cancer patients, there are some interesting pointers for future research, e.g.
the demonstration of a hypoxic marker from the sera exosomes. Going forward this
could be applied to the early detection of colorectal cancer. Currently stool-based
methods such as faecal occult blood test and colonoscopy are used for colon cancer
screening. Faecal occult blood test, despite having a sensitivity > 70% and a specificity
> 90%, requires the confirmation of colonoscopy for positive results. Colonoscopy is an
invasive procedure uncomfortable to patients that often requires sedation c It is
hoped that the addition of the blood exosome test to the screening could improve the
stratification of patients as risk. As it is shown hypoxia-specific image probes could
detect early tumours in mice [257], combining the ability to estimate degrees of
hypoxia and further analysis of clinical parameters, it may be possible to develop an
algorithm to predict patient outcome decreasing the necessity of follow-up
investigations and diminishing patient anxieties during these follow-up periods, as well
as potentially reducing the associated economical burdens to the health care system.
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6.5

Conclusion
In conclusion, we have shown that the measurements from in vivo CT perfusion

imaging of tumours from colorectal cancer patients is potentially associated with
underlying angiogenesis. Further analysis of the clinical images using metabolic and
textural parameters can be prognostic for colorectal cancer patients independent of
their clinical stages, which has the potential to stratify patients into less intense
treatment thus reducing side effects. In exosome proteins derived from the serum of
colorectal cancer patients we found a hypoxic marker. Combining the imaging
parameters and exosome analysis might pave the way for early tumour diagnosis and
outcome stratification in the future.
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Table 26: Mean survival from the Kaplan-Meier estimator & results of Log-Rank test. The texture parameters were listed as “texture parameter_filter level_image modality”. For
example, skewness_6_VE meant the skewness calculated from the venous phase of contrast-enhanced CT after filtration with the 6-mm spatial scale filter.
The Whole Cohort

Random Group-1

Random Group-2

Parameter

Mean survival of
patients with
parameter >
median (mean ±
SE)

Mean survival
of patients with
parameter ≤
median (mean
± SE)

p-value
(Log
Rank
test)

Mean survival
of patients with
parameter >
median (mean
± SE)

Mean survival
of patients with
parameter ≤
median (mean
± SE)

p-value
(Log
Rank
test)

Mean survival
of patients with
parameter >
median (mean
± SE)

Mean survival
of patients with
parameter ≤
median (mean
± SE)

p-value
(Log
Rank
test)

Age

73.46 ± 4.25

89.05 ± 3.83

0.025

81.40 ± 6.78

73.39 ± 6.12

0.905

64.39 ± 4.62

93.31 ± 4.37

0.004

Stage (3,4 vs 1,2)

65.94 ± 4.00

98.94 ± 4.27

< 0.001

62.79 ± 5.77

100.33 ± 6.26

< 0.001

65.45 ± 4.89

98.41 ± 5.76

< 0.001

Site (Right vs Left)

87.70 ± 5.27

77.37 ± 3.70

0.391

81.71 ± 7.52

77.94 ± 5.97

0.414

86.02 ± 6.58

71.84 ± 3.98

0.654

Average

75.54 ± 4.62

79.75 ± 5.58

0.320

75.30 ± 6.44

78.77 ± 8.16

0.788

71.87 ± 5.62

70.19 ± 4.92

0.203

Base

69.75 ± 3.82

81.76 ± 5.74

0.197

69.83 ± 6.65

87.00 ± 7.76

0.302

74.10 ± 5.39

63.37 ± 3.87

0.361

Time to Peak

74.74 ± 4.62

79.33 ± 5.56

0.105

71.37 ± 8.22

81.88 ± 6.06

0.076

65.36 ± 4.46

76.02 ± 7.68

0.310

Mean Slope Increase

75.11 ± 6.23

77.80 ± 4.42

0.917

71.03 ± 8.11

80.31 ± 7.57

0.957

71.92 ± 9.17

70.98 ± 4.63

0.991

Blood Volume

79.38 ± 4.78

67.20 ± 3.84

0.271

83.70 ± 7.57

67.52 ± 6.86

0.413

75.39 ± 6.11

68.17 ± 4.66

0.534

Blood Flow

79.14 ± 5.33

68.63 ± 3.77

0.551

81.82 ± 8.35

71.42 ± 6.41

0.756

77.54 ± 6.98

65.65 ± 4.36

0.573

Mean Transit Time

78.76 ± 4.38

67.36 ± 4.39

0.645

84.17 ± 7.35

66.87 ± 6.99

0.511

75.98 ± 5.37

50.36 ± 2.75

0.896

PS

72.58 ± 5.15

81.45 ± 4.91

0.265

68.62 ± 8.24

84.29 ± 5.49

0.043

68.96 ± 5.61

76.67 ± 6.21

0.735

SUVmax

78.59 ± 4.37

79.38 ± 4.42

0.464

83.63 ± 7.29

70.97 ± 5.72

0.662

76.86 ± 5.28

78.31 ± 6.20

0.190

SUVmean

78.48 ± 4.36

79.43 ± 4.44

0.520

76.69 ± 8.04

76.07 ± 5.48

0.728

77.49 ± 5.17

76.48 ± 6.71

0.299

MTV

75.51 ± 4.56

82.49 ± 4.06

0.018

73.20 ± 5.97

79.31 ± 7.55

0.786

71.13 ± 6.55

84.78 ± 4.82

0.006

Glycolysis

75.93 ± 4.46

82.08 ± 4.18

0.021

82.76 ± 6.90

71.35 ± 6.19

0.861

73.06 ± 6.03

83.70 ± 4.99

0.014

TLG

71.85 ± 4.76

85.48 ± 3.93

0.001

78.45 ± 7.18

74.64 ± 6.09

0.425

67.39 ± 6.11

88.17 ± 4.82

0.001

BF/SUVmax

74.59 ± 4.17

72.60 ± 4.84

0.094

73.84 ± 6.56

80.31 ± 8.32

0.957

71.40 ± 5.26

69.11 ± 5.81

0.057
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BF/SUVmean

72.99 ± 4.23

74.52 ± 4.80

0.394

72.76 ± 6.70

81.28 ± 8.23

0.860

69.43 ± 5.27

71.31 ± 5.83

0.241

CT size

75.24 ± 4.62

82.84 ± 4.19

0.026

79.64 ± 6.99

74.76 ± 6.22

0.481

69.89 ± 6.26

86.08 ± 4.89

0.006

Mean_0_PET

68.16 ± 4.85

88.82 ± 3.96

0.011

63.86 ± 6.99

90.28 ± 6.65

0.038

69.84 ± 5.85

87.14 ± 4.77

0.182

Mean_2_PET

78.33± 4.75

79.13 ± 4.35

0.572

69.36 ± 6.86

83.87 ± 6.84

0.572

79.96 ± 5.89

76.74 ± 5.53

0.296

Mean_3_PET

77.00 ± 4.95

80.15 ± 4.29

0.798

67.91 ± 6.85

85.75 ± 6.75

0.318

78.70 ± 6.40

77.20 ± 5.43

0.325

Mean_4_PET

77.91 ± 4.71

79.84 ± 4.34

0.745

68.23 ± 7.28

84.16 ± 6.78

0.517

80.00 ± 5.54

77.02 ± 5.69

0.412

Mean_5_PET

78.90 ± 4.71

78.91 ± 4.36

0.534

68.84 ± 7.27

83.69 ± 6.84

0.599

81.03 ± 5.56

75.96 ± 5.66

0.283

Mean_6_PET

78.97 ± 4.71

78.80 ± 4.36

0.523

68.84 ± 7.27

83.69 ± 6.84

0.599

81.06 ± 5.57

75.93 ± 5.66

0.295

SD_0_PET

81.67 ± 4.18

72.23 ± 4.15

0.963

83.29 ± 6.52

72.90 ± 6.28

0.876

80.23 ± 5.30

714.36 ± 5.2

0.926

SD_2_PET

81.44 ± 4.17

76.43 ± 4.70

0.392

76.79 ± 5.96

75.55 ± 7.86

0.469

81.40 ± 5.29

75.89 ± 5.84

0.385

SD_3_PET

80.75 ± 4.19

76.66 ± 4.81

0.571

74.59 ± 6.19

77.51 ± 7.86

0.826

79.47 ± 5.30

76.39 ± 6.12

0.744

SD_4_PET

80.31 ± 4.19

77.79 ± 4.72

0.700

74.64 ± 6.31

76.85 ± 7.91

0.745

79.57 ± 5.31

77.69 ± 5.87

0.803

SD_5_PET

81.24 ± 4.24

76.75 ± 4.62

0.433

73.84 ± 6.57

79.02 ± 7.33

0.881

81.26 ± 5.30

75.95 ± 5.83

0.430

SD_6_PET

79.33 ± 4.25

78.66 ± 4.65

0.887

71.46 ± 6.93

81.19 ± 7.16

0.735

80.20 ± 5.10

75.77 ± 6.47

0.584

Mpp_0_PET

68.16 ± 4.85

88.82 ± 3.96

0.011

63.86 ± 6.99

90.28 ± 6.65

0.038

69.84 ± 5.85

87.14 ± 4.77

0.182

Mpp_2_PET

77.40± 3.69

75.63 ± 4.80

0.288

77.95 ± 5.98

74.41 ± 7.77

0.319

76.91 ± 4.65

75.21 ± 6.04

0.379

Mpp_3_PET

76.34 ± 3.71

76.57 ± 4.82

0.500

74.97 ± 6.07

76.49 ± 7.96

0.731

76.38 ± 4.63

75.74 ± 6.09

0.471

Mpp_4_PET

81.26 ± 4.23

76.73 ± 4.64

0.337

77.34 ± 6.27

75.24 ± 7.41

0.285

79.81 ± 5.27

76.64 ± 6.14

0.650

Mpp_5_PET

81.13 ± 4.20

76.89 ± 4.68

0.229

74.94 ± 7.39

76.04 ± 7.31

0.275

81.15 ± 5.06

74.81 ± 6.48

0.306

Mpp_6_PET

78.26 ± 4.34

79.92 ± 4.58

0.970

68.70 ± 7.94

82.17 ± 7.16

0.803

80.45 ± 5.27

75.94 ± 6.13

0.404

Entropy_0_PET

76.39 ± 4.49

81.93 ± 4.31

0.085

79.33 ± 6.79

74.50 ± 6.60

0.413

74.35 ± 5.85

82.95 ± 5.14

0.122

Entropy_2_PET

76.77 ± 4.52

81.39 ± 4.30

0.102

79.33 ± 6.79

74.50 ± 6.60

0.413

74.35 ± 5.85

82.95 ± 5.14

0.122

Entropy_3_PET

76.39 ± 4.49

81.93 ± 4.31

0.085

79.33 ± 6.79

74.50 ± 6.60

0.413

74.35 ± 5.85

82.95 ± 5.14

0.122
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Entropy_4_PET

76.39 ± 4.49

81.93 ± 4.31

0.085

79.33 ± 6.79

74.50 ± 6.60

0.413

74.35 ± 5.85

82.95 ± 5.14

0.122

Entropy_5_PET

76.39 ± 4.49

81.93 ± 4.31

0.085

79.33 ± 6.79

74.50 ± 6.60

0.413

74.35 ± 5.85

82.95 ± 5.14

0.122

Entropy_6_PET

76.39 ± 4.49

81.93 ± 4.31

0.085

79.33 ± 6.79

74.50 ± 6.60

0.413

74.35 ± 5.85

82.95 ± 5.14

0.122

Skewness_0_PET

86.90 ± 4.10

67.37 ± 4.23

0.039

86.87 ± 6.83

67.31 ± 6.66

0.241

86.18 ± 5.16

67.65 ± 5.17

0.109

Skewness_2_PET

86.33 ± 4.23

67.20 ± 3.76

0.026

83.31 ± 6.88

70.40 ± 6.43

0.766

85.06 ± 5.37

65.36 ± 4.42

0.071

Skewness_3_PET

83.22 ± 4.30

71.61 ± 3.96

0.228

85.52 ± 6.70

68.70 ± 6.51

0.389

82.93 ± 5.41

67.30 ± 4.37

0.269

Skewness_4_PET

79.79 ± 4.49

74.55 ± 3.76

0.918

81.33 ± 6.95

72.01 ± 6.35

0.966

79.21 ± 5.98

73.94 ± 4.53

0.752

Skewness_5_PET

82.61 ± 4.38

72.16 ± 3.88

0.302

82.66 ± 6.95

70.33 ± 6.53

0.697

79.73 ± 5.63

73.83 ± 4.76

0.879

Skewness_6_PET

84.13 ± 4.37

70.52 ± 3.94

0.115

84.81 ± 7.00

68.54 ± 6.42

0.337

85.71 ± 5.31

68.74 ± 4.94

0.187

Kurtosis_0_PET

85.45 ± 4.14

72.83 ± 5.21

0.062

73.24 ± 6.25

80.63 ± 7.30

0.852

90.39 ± 4.56

62.56 ± 5.32

0.015

Kurtosis_2_PET

81.74 ± 4.20

70.66 ± 3.85

0.705

75.94 ± 7.10

78.29 ± 6.25

0.274

82.65 ± 5.39

67.94 ± 4.32

0.489

Kurtosis_3_PET

80.37 ± 4.37

72.22 ± 3.63

0.773

77.57 ± 7.01

75.49 ± 6.32

0.479

81.61 ± 5.53

68.46 ± 4.27

0.433

Kurtosis_4_PET

80.28 ± 4.38

72.06 ± 3.67

0.777

75.67 ± 7.27

76.66 ± 6.04

0.315

81.89 ± 5.53

68.00 ± 4.29

0.359

Kurtosis_5_PET

78.59 ± 4.48

73.47 ± 3.55

0.761

74.97 ± 7.66

76.15 ± 5.85

0.377

81.42 ± 5.40

68.32 ± 4.32

0.546

Kurtosis_6_PET

79.94 ± 4.40

72.05 ± 3.73

0.875

77.73 ± 7.30

74.69 ± 6.21

0.558

81.43 ± 5.34

68.11 ± 4.46

0.629

Mean_0_CT

83.91 ± 4.42

74.78 ± 4.38

0.229

92.43 ± 6.45

64.99 ± 6.24

0.069

80.90 ± 5.36

76.13 ± 5.82

0.856

Mean_2_CT

82.08 ± 4.40

78.25 ± 4.49

0.805

73.69 ± 6.12

78.40 ± 7.79

0.897

82.80 ± 4.95

75.26 ± 5.70

0.862

Mean_3_CT

71.14 ± 3.68

81.30 ± 4.38

0.736

71.29 ± 6.29

80.86 ± 7.29

0.815

70.30 ± 4.14

79.16 ± 5.74

0.856

Mean_4_CT

70.86 ± 3.66

81.76 ± 4.39

0.596

69.51 ± 6.70

82.47 ± 7.01

0.610

69.32 ± 4.14

79.99 ± 5.92

0.808

Mean_5_CT

79.01 ± 4.52

80.90 ± 4.51

0.643

82.71 ± 7.60

71.19 ± 6.14

0.712

68.94 ± 4.21

80.28 ± 5.89

0.692

Mean_6_CT

80.73 ± 4.33

78.95 ± 4.76

0.920

82.99 ± 7.55

70.93 ± 6.19

0.671

74.54 ± 4.65

77.87 ± 6.13

0.820

SD_0_CT

77.88 ± 3.81

76.29 ± 4.43

0.075

80.21 ± 5.86

73.60 ± 7.57

0.145

73.14 ± 5.00

79.95 ± 5.44

0.780

SD_2_CT

78.15 ± 3.83

75.22 ± 4.57

0.107

82.39 ± 5.37

69.26 ± 7.74

0.095

74.50 ± 5.00

78.42 ± 5.52

0.450
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SD_3_CT

80.21 ± 3.53

72.61 ± 4.79

0.040

78.08 ± 5.57

75.35 ± 7.66

0.509

80.65 ± 4.41

70.51 ± 6.23

0.039

SD_4_CT

85.18 ± 4.21

75.10 ± 4.60

0.184

87.07 ± 6.38

69.40 ± 6.33

0.478

78.04 ± 4.67

74.74 ± 5.75

0.256

SD_5_CT

77.77 ± 4.58

80.54 ± 4.21

0.389

75.52 ± 7.44

78.37 ± 5.83

0.280

79.10 ± 5.78

78.44 ± 5.30

0.765

SD_6_CT

78.36 ± 4.64

79.94 ± 4.21

0.504

76.11 ± 7.44

77.78 ± 5.93

0.321

78.79 ± 5.94

78.90 ± 5.24

0.689

Mpp_0_CT

83.48 ± 4.34

76.68 ± 4.61

0.275

91.30 ± 6.32

64.95 ± 6.53

0.150

74.51 ± 4.85

78.10 ± 5.73

0.753

Mpp_2_CT

77.42 ± 3.84

76.63 ± 4.44

0.113

79.54 ± 5.83

72.44 ± 7.73

0.144

75.10 ± 4.96

78.07 ± 5.55

0.361

Mpp_3_CT

80.85 ± 3.32

72.90 ± 4.69

0.044

79.92 ± 5.44

74.07 ± 5.46

0.277

81.16 ± 4.12

70.28 ± 6.09

0.042

Mpp_4_CT

85.92 ± 3.89

74.14 ± 4.76

0.194

86.41 ± 6.52

69.66 ± 6.30

0.516

79.63 ± 4.28

71.70 ± 6.09

0.136

Mpp_5_CT

83.30 ± 4.30

76.97 ± 4.56

0.403

80.21 ± 7.94

72.90 ± 6.09

0.950

72.95 ± 4.03

74.42 ± 5.90

0.338

Mpp_6_CT

82.61 ± 4.29

77.32 ± 4.63

0.612

80.91 ± 7.57

72.93 ± 6.13

0.997

71.13 ± 4.08

76.23 ± 5.94

0.733

Entropy_0_CT

74.17 ± 3.98

80.39 ± 4.25

0.844

79.67 ± 6.00

74.62 ± 7.31

0.185

72.31 ± 5.22

80.91 ± 5.26

0.939

Entropy_2_CT

80.66 ± 4.59

79.44 ± 4.43

0.974

89.92 ± 6.39

66.25 ± 6.49

0.290

69.45 ± 5.18

83.77 ± 5.27

0.321

Entropy_3_CT

83.13 ± 4.28

77.24 ± 4.55

0.499

84.09 ± 6.92

71.46 ± 6.15

0.863

74.85 ± 5.08

78.47 ± 5.41

0.895

Entropy_4_CT

82.71 ± 4.27

76.02 ± 4.45

0.748

81.93 ± 6.80

72.49 ± 6.51

0.886

84.14 ± 5.59

74.32 ± 5.32

0.394

Entropy_5_CT

80.01 ± 4.43

78.24 ± 4.35

0.528

80.82 ± 7.16

73.97 ± 6.01

0.580

78.69 ± 5.71

78.74 ± 5.31

0.516

Entropy_6_CT

78.71 ± 4.44

79.48 ± 4.38

0.478

74.33 ± 7.53

78.14 ± 6.07

0.229

79.6 ± 5.56

78.06 ± 5.42

0.648

Skewness_0_CT

73.61 ± 3.83

81.29 ± 4.40

0.893

76.60 ± 6.09

75.62 ± 7.98

0.523

69.68 ± 5.06

83.97 ± 5.40

0.312

Skewness_2_CT

72.87 ± 3.98

81.64 ± 4.30

0.921

73.08 ± 6.01

82.56 ± 7.03

0.806

70.44 ± 5.34

82.27 ± 5.34

0.711

Skewness_3_CT

74.43 ± 3.86

80.06 ± 4.44

0.782

75.46 ± 6.20

79.71 ± 6.74

0.324

76.16 ± 4.45

77.10 ± 5.73

0.750

Skewness_4_CT

76.05 ± 3.72

77.53 ± 4.68

0.771

77.07 ± 6.02

76.68 ± 7.46

0.332

77.21 ± 4.38

76.55 ± 5.67

0.935

Skewness_5_CT

75.87 ± 3.80

78.34 ± 4.52

0.523

75.85 ± 5.98

77.97 ± 7.18

0.431

77.17 ± 4.61

75.39 ± 5.94

0.443

Skewness_6_CT

76.66 ± 3.74

77.20 ± 4.62

0.379

73.98 ± 6.10

81.35 ± 7.10

0.908

78.26 ± 4.65

74.68 ± 5.73

0.267

Kurtosis_0_CT

74.32 ± 4.49

79.37 ± 3.77

0.021

75.90 ± 7.32

77.97 ± 5.84

0.175

73.97 ± 5.43

79.18 ± 5.00

0.059
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Kurtosis_2_CT

71.08 ± 4.50

88.42 ± 4.49

0.001

61.68 ± 6.43

93.78 ± 6.81

0.005

72.06 ± 5.53

76.88 ± 4.16

0.015

Kurtosis_3_CT

70.53 ± 4.56

82.96 ± 3.53

0.001

72.59 ± 7.84

79.71 ± 5.73

0.107

68.84 ± 5.70

83.81 ± 4.39

0.003

Kurtosis_4_CT

71.82 ± 4.65

81.56 ± 3.50

0.004

73.66 ± 7.13

80.36 ± 5.78

0.028

69.14 ± 5.94

83.15 ± 3.91

0.014

Kurtosis_5_CT

73.29 ± 4.55

80.66 ± 3.57

0.022

70.95 ± 7.28

82.24 ± 5.89

0.019

73.46 ± 5.84

79.70 ± 4.18

0.191

Kurtosis_6_CT

74.71 ± 4.55

79.22 ± 3.71

0.038

79.24 ± 7.10

74.53 ± 6.43

0.664

70.96 ± 6.00

81.11 ± 4.38

0.019

Mean_0_VE

75.92 ± 4.74

79.92 ± 5.33

0.847

79.39 ± 8.03

65.22 ± 5.31

0.895

74.63 ± 5.99

66.22 ± 4.94

0.874

Mean_2_VE

72.50 ± 4.11

74.46 ± 4.96

0.244

75.93 ± 6.72

78.91 ± 7.80

0.465

69.05 ± 4.84

72.62 ± 6.30

0.480

Mean_3_VE

73.85 ± 4.15

74.14 ± 4.94

0.327

74.23 ± 6.93

79.72 ± 8.02

0.995

69.25 ± 4.91

72.32 ± 6.23

0.412

Mean_4_VE

74.62 ± 4.15

73.55 ± 4.90

0.263

72.32 ± 6.98

81.93 ± 7.97

0.626

71.62 ± 4.89

69.95 ± 6.13

0.163

Mean_5_VE

73.61 ± 4.09

74.31 ± 5.03

0.519

71.65 ± 7.08

82.81 ± 7.86

0.522

71.49 ± 4.70

69.36 ± 6.41

0.210

Mean_6_VE

73.13 ± 3.98

74.07 ± 5.22

0.615

70.37 ± 6.99

84.00 ± 7.99

0.371

70.65 ± 4.54

68.64 ± 6.82

0.327

SD_0_VE

78.36 ± 5.48

75.27 ± 4.80

0.363

59.56 ± 5.99

83.82 ± 6.97

0.802

78.41 ± 6.54

62.02 ± 4.52

0.422

SD_2_VE

79.50 ± 5.81

74.89 ± 4.64

0.412

68.13 ± 7.80

83.95 ± 7.33

0.513

82.47 ± 7.00

61.23 ± 4.26

0.114

SD_3_VE

79.89 ± 5.72

74.62 ± 4.70

0.346

54.56 ± 4.78

87.80 ± 6.79

0.272

79.04 ± 6.79

66.21 ± 5.28

0.143

SD_4_VE

82.31 ± 5.13

72.51 ± 4.93

0.122

61.03 ± 4.28

78.08 ± 7.64

0.424

86.64 ± 5.26

60.08 ± 5.40

0.047

SD_5_VE

83.36 ± 4.85

70.93 ± 5.13

0.078

66.17 ± 6.92

83.96 ± 7.60

0.741

86.74 ± 5.21

59.04 ± 5.43

0.029

SD_6_VE

85.27 ± 4.69

68.92 ± 5.17

0.024

70.64 ± 6.90

78.55 ± 7.91

0.445

86.20 ± 5.17

59.41 ± 5.47

0.047

Mpp_0_VE

79.23 ± 4.73

65.38 ± 3.85

0.629

80.10 ± 7.86

65.09 ± 5.32

0.832

77.51 ± 5.92

63.70 ± 4.76

0.857

Mpp_2_VE

77.22 ± 5.78

76.312 ± 4.70

0.757

65.71 ± 7.80

86.15 ± 7.22

0.233

80.00 ± 7.03

60.47 ± 4.02

0.196

Mpp_3_VE

79.09 ± 5.91

74.50 ± 4.65

0.263

72.57 ± 7.90

80.03 ± 7.39

0.807

78.09 ± 7.31

66.27 ± 5.19

0.202

Mpp_4_VE

80.73 ± 5.23

73.78 ± 4.88

0.207

66.50 ± 7.38

84.87 ± 7.44

0.700

85.01 ± 5.64

60.02 ± 5.43

0.046

Mpp_5_VE

85.39 ± 4.66

68.00 ± 5.41

0.012

72.64 ± 6.63

81.30 ± 7.81

0.707

90.21 ± 5.19

54.24 ± 5.08

0.001

Mpp_6_VE

85.10 ± 4.59

68.16 ± 5.44

0.025

72.62 ± 6.70

81.61 ± 7.69

0.758

89.36 ± 5.06

54.77 ± 5.09

0.004
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Entropy_0_VE

74.57 ± 5.61

77.53 ± 4.86

0.960

65.06 ± 8.40

84.74 ± 6.82

0.665

81.87 ± 5.80

61.90 ± 5.82

0.209

Entropy_2_VE

75.06 ± 5.89

77.82 ± 4.64

0.619

58.04 ± 6.97

84.30 ± 6.98

0.443

77.44 ± 6.33

62.81 ± 4.58

0.642

Entropy_3_VE

72.67 ± 5.57

80.27 ± 4.60

0.574

59.79 ± 6.02

83.72 ± 7.00

0.784

75.12 ± 7.29

67.20 ± 4.38

0.784

Entropy_4_VE

80.71 ± 5.20

73.02 ± 5.04

0.143

55.18 ± 4.43

84.60 ± 7.13

0.624

74.51 ± 6.73

70.22 ± 5.24

0.896

Entropy_5_VE

78.30 ± 5.32

75.29 ± 4.96

0.397

65.86 ± 7.13

84.35 ± 7.22

0.748

81.18 ± 6.25

63.80 ± 5.83

0.071

Entropy_6_VE

79.32 ± 5.03

74.35 ± 5.18

0.424

65.80 ± 7.57

81.27 ± 7.47

0.756

80.11 ± 5.91

64.99 ± 6.03

0.141

Skewness_0_VE

74.76 ± 6.04

78.59 ± 4.55

0.406

68.47 ± 8.16

82.86 ± 7.23

0.744

70.95 ± 7.93

66.93 ± 4.09

0.576

Skewness_2_VE

75.82 ± 6.13

78.19 ± 4.58

0.528

60.71 ± 5.97

85.20 ± 7.35

0.231

75.49 ± 8.04

65.96 ± 4.38

0.831

Skewness_3_VE

79.76 ± 4.84

76.62 ± 4.80

0.477

72.68 ± 7.22

81.29 ± 7.86

0.578

80.11 ± 5.73

66.31 ± 4.43

0.706

Skewness_4_VE

75.66 ± 5.61

77.93 ± 4.71

0.616

65.76 ± 7.69

87.13 ± 7.45

0.241

76.24 ± 7.30

68.76 ± 5.13

0.799

Skewness_5_VE

73.23 ± 5.80

80.04 ± 4.63

0.372

64.72 ± 7.29

90.54 ± 6.89

0.192

76.41 ± 7.21

68.86 ± 5.18

0.828

Skewness_6_VE

74.05 ± 5.32

80.01 ± 4.77

0.375

53.10 ± 5.05

94.72 ± 6.19

0.026

77.23 ± 6.40

68.26 ± 5.47

0.961

Kurtosis_0_VE

77.09 ± 4.67

75.76 ± 5.81

0.960

85.51 ± 6.93

58.47 ± 5.99

0.519

63.30 ± 4.31

79.71 ± 6.10

0.604

Kurtosis_2_VE

77.74 ± 4.77

71.27 ± 4.69

0.811

82.56 ± 7.96

71.30 ± 7.34

0.663

72.32 ± 6.23

72.18 ± 6.01

0.588

Kurtosis_3_VE

74.00 ± 4.91

75.09 ± 4.39

0.213

86.54 ± 7.30

54.87 ± 4.96

0.249

67.76 ± 6.41

76.61 ± 5.34

0.040

Kurtosis_4_VE

71.74 ± 4.86

76.94 ± 4.35

0.010

85.19 ± 7.66

68.47 ± 6.96

0.630

65.30 ± 6.07

79.15 ± 5.57

0.001

Kurtosis_5_VE

71.47 ± 5.10

77.94 ± 4.09

0.008

86.54 ± 7.85

70.26 ± 6.25

0.740

65.17 ± 6.67

80.18 ± 5.21

0.002

Kurtosis_6_VE

68.29 ± 5.54

78.49 ± 3.92

0.039

82.25 ± 8.04

73.96 ± 6.11

0.529

61.60 ± 6.28

81.54 ± 4.71

0.037
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Table 27: Spearman's correlation between histopathological results and texture analysis of the PET
images. * p < 0.05; ** p <0.01
mean_0_PET
sd_0_PET
entropy_0_PET
mpp_0_PET
skewness_0_PET
kurtosis_0_PET
mean_2_PET

CD105

VEGF

CA-IX

GLUT

HiF1α

-.059

-.155

-.034

-.062

-.025

Sig. (2-tailed)

.488

.061

.685

.454

.768

Correlation Coefficient

.108

.117

-.006

.201*

-.257**

Sig. (2-tailed)

.206

.160

.944

.015

.002

Correlation Coefficient

.093

.144

.104

-.095

.110

Sig. (2-tailed)

.274

.082

.212

.252

.184

-.059

-.155

-.034

-.062

-.025

Sig. (2-tailed)

.488

.061

.685

.454

.768

Correlation Coefficient

.054

.210*

.050

.149

.018

Sig. (2-tailed)

.523

.011

.547

.072

.833

Correlation Coefficient

.039

.077

.002

-.102

.239**

Sig. (2-tailed)

.644

.355

.977

.222

.004

-.158

-.229**

-.135

-.017

.029

.063

.005

.104

.835

.725

-.040

-.013

-.099

.108

-.109

Sig. (2-tailed)

.635

.871

.235

.196

.187

Correlation Coefficient

.093

.143

.103

-.095

.108

Sig. (2-tailed)

.272

.083

.216

.253

.193

-.035

-.024

-.047

.105

-.169*

.677

Correlation Coefficient

Correlation Coefficient

Correlation Coefficient
Sig. (2-tailed)

sd_2_PET
entropy_2_PET
mpp_2_PET

Correlation Coefficient

Correlation Coefficient
Sig. (2-tailed)

skewness_2_PET

Correlation Coefficient
Sig. (2-tailed)

kurtosis_2_PET

Correlation Coefficient
Sig. (2-tailed)

mean_3_PET

entropy_3_PET
mpp_3_PET

.209

.041

.161

.112

.040

-.019

.032

.181

.051

.179

.631

.817

*

.140

.072

-.047

.057

.017

.091

.201

.385

.577

.497

-.127

-.015

.025

.064

.006

.125

.856

.768

-.020

.001

-.083

.132

-.126

Sig. (2-tailed)

.817

.989

.317

.111

.128

Correlation Coefficient

.093

.144

.101

-.096

.108

Sig. (2-tailed)

.273

.082

.222

.247

.191

-.032

-.010

-.069

.126

-.169*

.712

.902

.405

.130

.040

.211*

.189*

.118

.071

-.028

.012

.022

.156

.392

.736

Correlation Coefficient
Correlation Coefficient

Correlation Coefficient
Sig. (2-tailed)

skewness_3_PET

.573

**

Sig. (2-tailed)
sd_3_PET

.772

*

Correlation Coefficient
Sig. (2-tailed)

-.157

-.228
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kurtosis_3_PET

Correlation Coefficient

.225**

.175*

.086

-.020

.057

.008

.034

.298

.813

.494

-.161

-.233**

-.120

-.012

.017

.058

.005

.149

.883

.834

-.016

.019

-.085

.144

-.128

Sig. (2-tailed)

.854

.824

.306

.082

.122

Correlation Coefficient

.093

.144

.101

-.096

.108

Sig. (2-tailed)

.276

.081

.224

.251

.192

-.046

-.011

-.090

.146

-.143

.589

.897

Sig. (2-tailed)
mean_4_PET

Correlation Coefficient
Sig. (2-tailed)

sd_4_PET
entropy_4_PET
mpp_4_PET

Correlation Coefficient

Correlation Coefficient
Sig. (2-tailed)

skewness_4_PET

Correlation Coefficient
Sig. (2-tailed)

kurtosis_4_PET

Correlation Coefficient
Sig. (2-tailed)

mean_5_PET

entropy_5_PET
mpp_5_PET

sd_6_PET
entropy_6_PET
mpp_6_PET

.007

.142

.281

.928

*

.095

-.001

.089

.020

.191

.007

.069

.007

.169

.918

.932

-.007

.039

-.075

.154

-.139

Sig. (2-tailed)

.933

.641

.367

.064

.094

Correlation Coefficient

.093

.142

.103

-.096

.107

Sig. (2-tailed)

.273

.087

.216

.250

.197

-.069

-.036

-.105

.119

-.111

.416

.663

.205

.154

.182

.238**

.252**

.109

.116

.020

.005

.002

.189

.165

.811

.239**

.197*

.086

.003

.134

.004

.017

.299

.971

.107

-.148

-.220**

-.102

-.004

-.001

Sig. (2-tailed)

.080

.007

.219

.963

.989

Correlation Coefficient

.000

.048

-.076

.154

-.140

Sig. (2-tailed)

.997

.561

.362

.064

.090

Correlation Coefficient

.091

.143

.100

-.096

.109

Sig. (2-tailed)

.283

.084

.227

.248

.189

-.042

-.056

-.103

.127

-.124

.623

.503

.216

.128

.135

.187*

.243**

.080

.119

.049

.027

.003

.338

.154

.557

.202*

.180*

.063

-.015

.183*

.017

.029

.447

.856

.027

Correlation Coefficient

Correlation Coefficient
Correlation Coefficient
Correlation Coefficient
Correlation Coefficient

Correlation Coefficient
Correlation Coefficient
Sig. (2-tailed)

kurtosis_6_PET

-.008

-.009

Sig. (2-tailed)
skewness_6_PET

.090

-.114

Sig. (2-tailed)
mean_6_PET

.122

.222

.284

Correlation Coefficient

Correlation Coefficient
Sig. (2-tailed)

.004

.083

.991

Sig. (2-tailed)
kurtosis_5_PET

.241

**

.078

.251

Sig. (2-tailed)
skewness_5_PET

.005

.278

**

**

Sig. (2-tailed)
sd_5_PET

.237

**

-.154

-.223
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total_6_PET

Correlation Coefficient

.091

.143

.100

-.096

.109

Sig. (2-tailed)

.284

.085

.228

.250

.189

Table 28: Spearman's correlation between histopathological results and texture analysis of the noncontrast CT images. * p < 0.05; ** p <0.01
mean_0_CT
sd_0_CT
entropy_0_CT
mpp_0_CT
skewness_0_CT
kurtosis_0_CT
mean_2_CT
sd_2_CT
entropy_2_CT
mpp_2_CT
skewness_2_CT
kurtosis_2_CT
mean_3_CT
sd_3_CT
entropy_3_CT
mpp_3_CT

CD105

VEGF

CA-IX

GLUT

HiF1α

Correlation Coefficient

.093

.065

.063

.076

.005

Sig. (2-tailed)

.275

.436

.451

.360

.953

Correlation Coefficient

.105

.119

-.140

-.003

-.082

Sig. (2-tailed)

.216

.150

.090

.969

.321

Correlation Coefficient

.154

.191*

-.106

.015

-.101

Sig. (2-tailed)

.069

.020

.202

.854

.224

Correlation Coefficient

.149

.134

.002

.070

-.057

Sig. (2-tailed)

.078

.107

.978

.399

.489

Correlation Coefficient

.147

.022

-.118

-.092

-.066

Sig. (2-tailed)

.083

.788

.156

.269

.427

Correlation Coefficient

.022

-.053

.119

-.023

.118

Sig. (2-tailed)

.793

.521

.151

.780

.155

-.134

-.001

-.050

.071

-.059

Sig. (2-tailed)

.114

.988

.548

.397

.478

Correlation Coefficient

.095

.104

-.119

.037

.002

Sig. (2-tailed)

.265

.210

Correlation Coefficient

Correlation Coefficient

.189

*

.153

.656

.977

**

-.018

.120

-.068

.221

Sig. (2-tailed)

.025

.007

.829

.150

.412

Correlation Coefficient

.066

.091

-.122

.059

-.029

Sig. (2-tailed)

.438

.275

.141

.480

.723

Correlation Coefficient

.058

-.011

-.082

-.108

.093

Sig. (2-tailed)

.494

.898

.321

.196

.263

Correlation Coefficient

.097

.015

.045

-.088

.080

Sig. (2-tailed)

.252

.857

.585

.293

.338

-.136

.021

-.053

.097

-.113

Sig. (2-tailed)

.109

.800

.522

.244

.175

Correlation Coefficient

.024

.029

-.092

.036

.055

Sig. (2-tailed)

.781

.729

.270

.662

.512

Correlation Coefficient

.086

.150

-.017

.129

-.022

Sig. (2-tailed)

.310

.070

.835

.122

.788

-.019

.039

-.107

.075

.001

.821

.639

.196

.365

.990

Correlation Coefficient

Correlation Coefficient
Sig. (2-tailed)
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skewness_3_CT
kurtosis_3_CT
mean_4_CT
sd_4_CT
entropy_4_CT
mpp_4_CT
skewness_4_CT
kurtosis_4_CT
mean_5_CT
sd_5_CT
entropy_5_CT
mpp_5_CT

Correlation Coefficient

.049

-.043

.027

-.045

.131

Sig. (2-tailed)

.569

.606

.749

.586

.113

Correlation Coefficient

.032

-.008

.104

-.104

.118

Sig. (2-tailed)

.706

.925

.212

.213

.154

-.132

.034

-.039

.108

-.139

Sig. (2-tailed)

.121

.685

.636

.197

.092

Correlation Coefficient

.017

-.002

-.046

.015

.081

Sig. (2-tailed)

.843

.983

.576

.856

.331

Correlation Coefficient

.070

.109

-.018

.109

.029

Sig. (2-tailed)

.411

.188

.829

.189

.731

-.066

.016

-.084

.043

.025

Sig. (2-tailed)

.438

.850

.313

.605

.765

Correlation Coefficient

.020

-.050

.001

-.043

.065

Sig. (2-tailed)

.815

.551

.992

.605

.433

Correlation Coefficient

.076

.007

.137

-.010

.038

Sig. (2-tailed)

.371

.933

.098

.904

.650

-.123

.034

-.030

.107

-.152

Sig. (2-tailed)

.148

.684

.716

.197

.066

Correlation Coefficient

.009

-.010

.012

-.012

.077

Sig. (2-tailed)

.917

.904

.889

.883

.352

Correlation Coefficient

.056

.082

.018

.048

.054

Sig. (2-tailed)

.509

.324

.828

.562

.512

-.065

.027

-.041

.004

-.005

.445

.742

.618

.961

.947

-.015

-.048

-.007

-.094

.046

Sig. (2-tailed)

.858

.561

.929

.259

.577

Correlation Coefficient

.118

.012

.145

.042

.004

Sig. (2-tailed)

.167

.890

.080

.613

.965

-.094

.036

-.010

.097

-.162*

Sig. (2-tailed)

.268

.662

.900

.246

.050

Correlation Coefficient

.030

-.003

.038

-.035

.018

Sig. (2-tailed)

.728

.976

.649

.673

.833

Correlation Coefficient

.084

.098

.057

.007

.002

Sig. (2-tailed)

.324

.240

.492

.936

.978

-.058

.017

-.002

-.021

-.046

.498

.839

.980

.799

.578

-.024

.010

.010

-.079

.056

.778

.901

.901

.343

.499

Correlation Coefficient

Correlation Coefficient

Correlation Coefficient

Correlation Coefficient
Sig. (2-tailed)

skewness_5_CT
kurtosis_5_CT
mean_6_CT
sd_6_CT
entropy_6_CT
mpp_6_CT

Correlation Coefficient

Correlation Coefficient

Correlation Coefficient
Sig. (2-tailed)

skewness_6_CT

Correlation Coefficient
Sig. (2-tailed)
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kurtosis_6_CT
total_6_CT

Correlation Coefficient

.105

.004

.103

.049

.022

Sig. (2-tailed)

.218

.960

.215

.558

.793

.203*

.168*

.080

.030

-.047

.016

.042

.333

.718

.568

Correlation Coefficient
Sig. (2-tailed)

Table 29: Spearman's correlation between histopathological results and texture analysis of the contrastenhanced CT images. * p < 0.05; ** p <0.01
mean_0_VE
sd_0_VE
entropy_0_VE
mpp_0_VE
skewness_0_VE
kurtosis_0_VE
mean_2_VE
sd_2_VE
entropy_2_VE
mpp_2_VE
skewness_2_VE
kurtosis_2_VE
mean_3_VE
sd_3_VE
entropy_3_VE

CD105

VEGF

CA-IX

GLUT

HiF1α

Correlation Coefficient

.145

.081

.162

-.083

-.057

Sig. (2-tailed)

.120

.372

.072

.364

.528

Correlation Coefficient

-.114

-.042

-.186*

.007

-.070

Sig. (2-tailed)

.221

.645

.039

.938

.445

Correlation Coefficient

-.035

.004

-.165

.002

-.088

Sig. (2-tailed)

.709

.966

.067

.983

.334

Correlation Coefficient

.126

.065

.129

-.063

-.072

Sig. (2-tailed)

.176

.473

.153

.489

.431

Correlation Coefficient

-.146

-.109

-.202*

-.062

.031

Sig. (2-tailed)

.117

.230

.024

.499

.731

Correlation Coefficient

.145

.114

.189

-.181

.086

Sig. (2-tailed)

.119

.210

.035

.046

.342

Correlation Coefficient

-.156

-.051

.012

-.085

.003

Sig. (2-tailed)

.093

.576

.894

.353

.977

Correlation Coefficient

-.290

-.183

-.219

-.077

.012

Sig. (2-tailed)

.002

.043

.015

.402

.896

Correlation Coefficient

-.051

-.024

-.143

-.085

.000

Sig. (2-tailed)

.587

.796

.113

.351

.998

Correlation Coefficient

-.283

-.165

-.221

-.111

.014

Sig. (2-tailed)

.002

.069

.014

.224

.879

Correlation Coefficient

-.103

.028

-.093

-.086

.029

Sig. (2-tailed)

.268

.755

.306

.348

.747

Correlation Coefficient

.168

.138

.093

-.045

.071

Sig. (2-tailed)

.071

.129

.304

.623

.437

Correlation Coefficient

-.148

-.058

.066

-.098

-.018

Sig. (2-tailed)

.110

.523

.466

.282

.846

Correlation Coefficient

-.178

-.068

-.022

.035

.019

Sig. (2-tailed)

.054

.452

.804

.705

.832

Correlation Coefficient

-.020

.059

-.006

.006

-.023

Sig. (2-tailed)

.827

.517

.948

.944

.802

**

**

*

*

*

*

*
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mpp_3_VE
skewness_3_VE
kurtosis_3_VE
mean_4_VE
sd_4_VE
entropy_4_VE
mpp_4_VE
skewness_4_VE
kurtosis_4_VE
mean_5_VE
sd_5_VE
entropy_5_VE
mpp_5_VE
skewness_5_VE
kurtosis_5_VE
mean_6_VE
sd_6_VE
entropy_6_VE
mpp_6_VE

Correlation Coefficient

-.221*

-.077

-.043

-.019

.006

Sig. (2-tailed)

.017

.398

.635

.837

.947

Correlation Coefficient

-.138

-.022

-.049

-.047

-.031

Sig. (2-tailed)

.139

.809

.590

.608

.737

Correlation Coefficient

.215*

.002

.148

-.097

.093

Sig. (2-tailed)

.020

.984

.101

.290

.308

Correlation Coefficient

-.122

-.053

.086

-.085

-.040

Sig. (2-tailed)

.190

.559

.343

.351

.657

Correlation Coefficient

-.066

.022

.094

.076

-.011

Sig. (2-tailed)

.478

.811

.297

.406

.904

Correlation Coefficient

.071

.131

.076

.046

-.069

Sig. (2-tailed)

.448

.147

.401

.616

.448

Correlation Coefficient

-.119

-.002

.062

.014

-.025

Sig. (2-tailed)

.199

.986

.496

.882

.784

Correlation Coefficient

-.150

-.048

-.032

-.011

-.050

Sig. (2-tailed)

.105

.598

.727

.908

.585

Correlation Coefficient

.208

-.012

.121

-.083

.110

Sig. (2-tailed)

.024

.892

.182

.363

.225

Correlation Coefficient

-.092

-.044

.102

-.068

-.065

Sig. (2-tailed)

.321

.629

.259

.457

.475

Correlation Coefficient

.029

.062

.169

.089

-.040

Sig. (2-tailed)

.758

.494

.060

.328

.657

Correlation Coefficient

.149

.162

.157

.044

-.047

Sig. (2-tailed)

.108

.074

.082

.630

.603

Correlation Coefficient

-.028

.035

.127

.052

-.086

Sig. (2-tailed)

.760

.698

.158

.573

.343

Correlation Coefficient

-.131

-.037

-.041

.003

-.041

Sig. (2-tailed)

.159

.688

.652

.972

.655

Correlation Coefficient

.158

.022

.113

-.062

.042

Sig. (2-tailed)

.090

.805

.213

.497

.641

Correlation Coefficient

-.078

-.036

.103

-.021

-.095

Sig. (2-tailed)

.400

.696

.254

.820

.294

Correlation Coefficient

.113

.096

.208*

.096

-.058

Sig. (2-tailed)

.224

.292

.021

.293

.525

Correlation Coefficient

.209*

.180*

.168

.058

-.063

Sig. (2-tailed)

.024

.047

.063

.523

.490

Correlation Coefficient

.077

.068

.206*

.089

-.114

Sig. (2-tailed)

.411

.453

.022

.328

.211

*

171
skewness_6_VE
kurtosis_6_VE
total_6_VE

Correlation Coefficient

-.064

.018

-.073

.008

-.009

Sig. (2-tailed)

.495

.842

.418

.930

.922

Correlation Coefficient

.024

-.044

.073

-.053

-.014

Sig. (2-tailed)

.798

.630

.420

.560

.877

Correlation Coefficient

.300**

.225*

.050

-.056

.037

Sig. (2-tailed)

.001

.012

.581

.540

.686

Table 30: Correlation between protein signal intensities from the exosomes and texture parameters
from the PET images. * p < 0.05; ** p <0.01
mean_0_PET
sd_0_PET
entropy_0_PET
mpp_0_PET
skewness_0_PET
kurtosis_0_PET
mean_2_PET
sd_2_PET
entropy_2_PET
mpp_2_PET
skewness_2_PET
kurtosis_2_PET
mean_3_PET
sd_3_PET

HER1

HER2

HER3

cMET

P4HA1

S100A9

Correlation Coefficient

0.078

0.009

0.137

-0.048

0.149

-.321*

Sig. (2-tailed)

0.579

0.950

0.329

0.735

0.286

0.019

Correlation Coefficient

0.184

0.085

0.147

0.129

.368**

-.292*

Sig. (2-tailed)

0.187

0.545

0.295

0.361

0.007

0.034

Correlation Coefficient

-0.085

0.005

-0.035

0.075

0.056

-0.087

Sig. (2-tailed)

0.547

0.971

0.804

0.597

0.689

0.534

Correlation Coefficient

0.078

0.009

0.137

-0.048

0.149

-.321*

Sig. (2-tailed)

0.579

0.950

0.329

0.735

0.286

0.019

Correlation Coefficient

0.041

0.065

0.144

0.130

-0.019

0.086

Sig. (2-tailed)

0.771

0.645

0.305

0.357

0.893

0.539

Correlation Coefficient

-0.168

-0.071

-0.026

0.019

-0.113

0.120

Sig. (2-tailed)

0.229

0.614

0.854

0.893

0.419

0.391

Correlation Coefficient

0.063

-0.051

0.063

-0.128

0.182

-0.154

Sig. (2-tailed)

0.655

0.718

0.654

0.367

0.193

0.270

Correlation Coefficient

0.187

0.067

0.155

0.029

0.266

-0.129

Sig. (2-tailed)

0.180

0.634

0.269

0.838

0.055

0.356

Correlation Coefficient

-0.073

0.008

-0.037

0.075

0.064

-0.082

Sig. (2-tailed)

0.602

0.953

0.792

0.598

0.650

0.561

Correlation Coefficient

0.195

0.071

0.141

0.018

.276*

-0.151

Sig. (2-tailed)

0.162

0.615

0.313

0.902

0.046

0.279

Correlation Coefficient

-0.071

-0.064

-0.022

0.010

-0.100

-0.117

Sig. (2-tailed)

0.611

0.651

0.878

0.943

0.477

0.404

Correlation Coefficient

-0.112

-0.132

-0.040

0.080

-0.067

-0.080

Sig. (2-tailed)

0.427

0.345

0.778

0.575

0.634

0.570

Correlation Coefficient

0.069

-0.037

0.075

-0.122

0.166

-0.141

Sig. (2-tailed)

0.621

0.790

0.593

0.390

0.235

0.313

Correlation Coefficient

0.171

0.082

0.163

0.052

*

.281

-0.151

Sig. (2-tailed)

0.221

0.561

0.244

0.714

0.041

0.280
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entropy_3_PET
mpp_3_PET
skewness_3_PET
kurtosis_3_PET
mean_4_PET
sd_4_PET
entropy_4_PET
mpp_4_PET
skewness_4_PET
kurtosis_4_PET
mean_5_PET
sd_5_PET
entropy_5_PET
mpp_5_PET
skewness_5_PET
kurtosis_5_PET
mean_6_PET
sd_6_PET
entropy_6_PET

Correlation Coefficient

-0.079

0.006

-0.030

0.078

0.059

-0.087

Sig. (2-tailed)

0.574

0.965

0.830

0.583

0.676

0.535

Correlation Coefficient

0.196

0.059

0.128

0.014

.273*

-0.165

Sig. (2-tailed)

0.160

0.676

0.361

0.920

0.048

0.236

Correlation Coefficient

0.000

-0.003

0.003

0.046

-0.082

-0.042

Sig. (2-tailed)

0.998

0.985

0.984

0.745

0.558

0.766

Correlation Coefficient

-0.130

-0.118

-0.060

0.095

-0.089

-0.070

Sig. (2-tailed)

0.353

0.399

0.668

0.503

0.527

0.618

Correlation Coefficient

0.074

-0.013

0.104

-0.110

0.133

-0.135

Sig. (2-tailed)

0.597

0.925

0.458

0.438

0.343

0.336

Correlation Coefficient

0.165

0.082

0.170

0.080

.285*

-0.181

Sig. (2-tailed)

0.238

0.557

0.224

0.573

0.038

0.196

Correlation Coefficient

-0.081

0.011

-0.028

0.084

0.057

-0.084

Sig. (2-tailed)

0.564

0.940

0.841

0.553

0.685

0.549

Correlation Coefficient

0.159

0.065

0.155

0.076

0.269

-0.168

Sig. (2-tailed)

0.257

0.645

0.267

0.591

0.052

0.229

Correlation Coefficient

0.023

0.072

0.041

0.134

-0.096

0.036

Sig. (2-tailed)

0.870

0.608

0.769

0.343

0.494

0.796

Correlation Coefficient

-0.126

-0.081

-0.041

0.118

-0.097

-0.049

Sig. (2-tailed)

0.367

0.566

0.772

0.404

0.491

0.728

Correlation Coefficient

0.065

-0.002

0.121

-0.099

0.114

-0.139

Sig. (2-tailed)

0.642

0.987

0.389

0.487

0.417

0.321

Correlation Coefficient

0.148

0.080

0.161

0.102

*

.290

-0.202

Sig. (2-tailed)

0.290

0.570

0.249

0.471

0.035

0.146

Correlation Coefficient

-0.071

0.009

-0.030

0.078

0.062

-0.093

Sig. (2-tailed)

0.612

0.948

0.833

0.584

0.659

0.506

Correlation Coefficient

0.171

0.067

0.179

0.090

0.255

-0.157

Sig. (2-tailed)

0.222

0.632

0.199

0.526

0.066

0.262

Correlation Coefficient

0.030

0.100

0.078

0.197

-0.068

0.090

Sig. (2-tailed)

0.829

0.478

0.579

0.161

0.629

0.520

Correlation Coefficient

-0.118

-0.069

-0.034

0.131

-0.113

-0.005

Sig. (2-tailed)

0.402

0.623

0.808

0.355

0.421

0.973

Correlation Coefficient

0.080

0.005

0.122

-0.092

0.100

-0.158

Sig. (2-tailed)

0.568

0.973

0.383

0.518

0.478

0.259

Correlation Coefficient

0.153

0.078

0.168

0.100

.290*

-0.209

Sig. (2-tailed)

0.273

0.579

0.228

0.482

0.035

0.133

Correlation Coefficient

-0.080

0.009

-0.030

0.081

0.057

-0.086

Sig. (2-tailed)

0.570

0.949

0.831

0.570

0.686

0.539
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mpp_6_PET
skewness_6_PET
kurtosis_6_PET
total_6_PET

Correlation Coefficient

0.160

0.070

0.188

0.113

0.244

-0.149

Sig. (2-tailed)

0.251

0.616

0.178

0.425

0.078

0.286

Correlation Coefficient

0.054

0.134

0.120

0.219

-0.021

0.101

Sig. (2-tailed)

0.702

0.340

0.394

0.120

0.880

0.473

Correlation Coefficient

-0.124

-0.050

-0.021

0.141

-0.150

0.020

Sig. (2-tailed)

0.377

0.722

0.883

0.318

0.285

0.885

Correlation Coefficient

-0.080

0.009

-0.030

0.081

0.057

-0.086

Sig. (2-tailed)

0.568

0.950

0.830

0.568

0.685

0.540

Table 31: Correlation between protein signal intensities from the exosomes and texture parameters
from the non-contrast CT images. * p < 0.05; ** p <0.01
HER1
mean_0_CT
sd_0_CT
entropy_0_CT
mpp_0_CT
skewness_0_CT
kurtosis_0_CT
mean_2_CT

Correlation Coefficient

kurtosis_2_CT
mean_3_CT
sd_3_CT

S100A9

0.048

0.155

0.206

Sig. (2-tailed)

0.956

0.638

0.851

0.738

0.268

0.138

Correlation Coefficient

0.038

0.139

0.178

0.011

-0.045

0.043

Sig. (2-tailed)

0.785

0.321

0.202

0.936

0.747

0.757

-0.095

0.039

0.055

0.037

-0.098

-0.008

Sig. (2-tailed)

0.496

0.779

0.696

0.794

0.485

0.953

Correlation Coefficient

0.050

0.030

0.069

0.097

0.141

0.222

Sig. (2-tailed)

0.725

0.831

0.624

0.495

0.315

0.111

-0.173

-0.083

0.033

-0.183

-0.075

-0.158

Sig. (2-tailed)

0.215

0.554

0.815

0.195

0.595

0.258

Correlation Coefficient

0.009

-0.054

-0.048

-0.133

-0.001

0.122

Sig. (2-tailed)

0.946

0.704

0.731

0.347

0.992

0.383

-0.097

-0.094

-0.109

-0.153

-0.002

0.023

0.488

0.505

0.436

0.279

0.990

0.868

-0.019

-0.037

0.043

-0.084

-0.028

0.122

0.895

0.790

0.758

0.555

0.843

0.382

-0.174

-0.139

-0.058

-0.024

-0.083

0.056

0.213

0.320

0.679

0.864

0.555

0.691

-0.041

-0.016

0.070

-0.071

-0.033

0.113

0.770

0.911

0.618

0.618

0.816

0.420

-0.024

-0.016

0.109

-0.081

0.021

-0.110

Sig. (2-tailed)

0.866

0.907

0.437

0.570

0.880

0.435

Correlation Coefficient

0.181

0.006

-0.091

-0.215

0.039

0.088

Sig. (2-tailed)

0.196

0.965

0.517

0.126

0.782

0.531

-0.129

-0.122

-0.127

-0.122

0.089

0.067

Sig. (2-tailed)

0.357

0.382

0.367

0.389

0.525

0.632

Correlation Coefficient

0.016

0.010

0.012

-0.264

0.002

0.081

Correlation Coefficient

Correlation Coefficient

Correlation Coefficient
Correlation Coefficient
Correlation Coefficient
Correlation Coefficient
Sig. (2-tailed)

skewness_2_CT

P4HA1

-0.026

Sig. (2-tailed)
mpp_2_CT

cMET

-0.066

Sig. (2-tailed)
entropy_2_CT

HER3

-0.008

Sig. (2-tailed)
sd_2_CT

HER2

Correlation Coefficient

Correlation Coefficient
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Sig. (2-tailed)
entropy_3_CT
mpp_3_CT
skewness_3_CT
kurtosis_3_CT
mean_4_CT
sd_4_CT
entropy_4_CT
mpp_4_CT
skewness_4_CT
kurtosis_4_CT

0.912

0.943

0.930

0.058

0.989

0.565

-0.108

-0.179

-0.118

-0.242

0.023

0.045

Sig. (2-tailed)

0.441

0.199

0.399

0.083

0.870

0.747

Correlation Coefficient

0.030

0.062

0.060

-0.171

0.026

0.159

Sig. (2-tailed)

0.829

0.657

0.671

0.225

0.855

0.255

Correlation Coefficient

0.043

0.059

0.244

-0.054

0.028

-0.035

Sig. (2-tailed)

0.761

0.675

0.078

0.702

0.844

0.803

Correlation Coefficient

0.100

0.084

0.005

-0.126

0.032

0.044

Sig. (2-tailed)

0.477

0.548

0.973

0.375

0.819

0.753

-0.140

-0.132

-0.113

-0.070

0.095

0.106

Sig. (2-tailed)

0.317

0.347

0.420

0.624

0.499

0.448

Correlation Coefficient

0.052

0.131

0.027

-0.255

0.071

0.074

Sig. (2-tailed)

0.710

0.350

0.850

0.068

0.612

0.596

-0.076

-0.107

-0.092

*

-.280

0.051

0.019

Sig. (2-tailed)

0.591

0.448

0.514

0.044

0.717

0.893

Correlation Coefficient

0.060

0.112

0.048

-0.141

0.041

0.184

Sig. (2-tailed)

0.670

0.425

0.730

0.320

0.769

0.187

Correlation Coefficient

0.024

0.070

0.118

-0.135

-0.022

-0.040

Sig. (2-tailed)

0.867

0.617

0.399

0.342

0.874

0.774

-0.087

0.089

-0.021

-0.245

-0.050

-0.006

0.538

0.525

0.880

0.080

0.724

0.966

-0.146

-0.100

-0.066

-0.014

0.055

0.158

0.296

0.478

0.640

0.924

0.697

0.259

-0.014

0.192

0.019

-0.196

0.076

0.034

0.918

0.169

0.892

0.163

0.590

0.809

-0.127

-0.026

-0.119

-0.234

0.064

0.007

0.366

0.851

0.395

0.095

0.651

0.959

-0.018

0.163

0.031

-0.102

0.043

0.185

0.898

0.243

0.824

0.470

0.761

0.184

-0.073

0.003

-0.009

-0.241

-0.046

-0.083

0.605

0.981

0.950

0.085

0.743

0.554

-0.036

0.062

0.037

-0.159

-0.067

0.010

0.799

0.659

0.793

0.261

0.636

0.946

-0.140

-0.045

-0.020

0.048

0.023

0.197

0.317

0.749

0.888

0.733

0.869

0.158

-0.077

0.192

-0.025

-0.145

0.043

0.062

0.586

0.169

0.860

0.305

0.759

0.660

-0.145

0.046

-0.125

-0.189

0.038

0.038

0.302

0.745

0.373

0.179

0.789

0.787

Correlation Coefficient

Correlation Coefficient

Correlation Coefficient

Correlation Coefficient
Sig. (2-tailed)

mean_5_CT

Correlation Coefficient
Sig. (2-tailed)

sd_5_CT

Correlation Coefficient
Sig. (2-tailed)

entropy_5_CT

Correlation Coefficient
Sig. (2-tailed)

mpp_5_CT

Correlation Coefficient
Sig. (2-tailed)

skewness_5_CT

Correlation Coefficient
Sig. (2-tailed)

kurtosis_5_CT

Correlation Coefficient
Sig. (2-tailed)

mean_6_CT

Correlation Coefficient
Sig. (2-tailed)

sd_6_CT

Correlation Coefficient
Sig. (2-tailed)

entropy_6_CT

Correlation Coefficient
Sig. (2-tailed)

175
mpp_6_CT

Correlation Coefficient

-0.120

0.100

-0.023

-0.079

0.010

0.162

0.392

0.476

0.868

0.578

0.941

0.246

-0.151

0.019

-0.046

-0.260

-0.059

-0.095

Sig. (2-tailed)

0.281

0.894

0.744

0.063

0.677

0.500

Correlation Coefficient

0.105

0.106

0.216

0.032

-0.094

0.080

Sig. (2-tailed)

0.456

0.451

0.120

0.822

0.503

0.571

-0.126

0.011

0.021

0.067

-0.015

-0.061

0.370

0.936

0.880

0.639

0.917

0.664

Sig. (2-tailed)
skewness_6_CT
kurtosis_6_CT
total_6_CT

Correlation Coefficient

Correlation Coefficient
Sig. (2-tailed)

Table 32: Correlation between protein signal intensities from the exosomes and texture parameters
from the contrast-enhanced CT images. * p < 0.05; ** p <0.01
HER1
mean_0_VE
sd_0_VE

mpp_0_VE
skewness_0_VE
kurtosis_0_VE
mean_2_VE

0.040

0.148

0.002

Sig. (2-tailed)

0.314

0.872

0.542

0.785

0.301

0.986

-0.158

-0.097

-0.233

-0.044

-0.102

0.063

0.267

0.497

0.100

0.760

0.478

0.659

-0.124

-0.018

-0.171

-0.058

-0.071

0.106

Sig. (2-tailed)

0.385

0.902

0.230

0.688

0.620

0.460

Correlation Coefficient

0.116

0.009

-0.130

0.013

0.104

0.009

Sig. (2-tailed)

0.416

0.948

0.364

0.931

0.469

0.948

-0.239

-0.097

-0.081

-0.036

-0.128

-0.046

Sig. (2-tailed)

0.091

0.500

0.572

0.802

0.371

0.749

Correlation Coefficient

0.154

-0.019

-0.029

0.035

0.198

-0.040

Sig. (2-tailed)

0.281

0.894

0.838

0.812

0.165

0.778

-0.193

-0.099

-0.209

-0.063

-0.032

-0.001

0.175

0.489

0.140

0.665

0.824

0.993

-0.063

-0.137

-0.195

-0.031

0.042

0.158

0.658

0.339

0.169

0.831

0.769

0.268

-0.052

0.019

-0.084

0.070

0.020

0.210

0.715

0.894

0.560

0.627

0.889

0.140

-0.123

-0.181

-0.229

-0.078

0.015

0.127

0.389

0.205

0.106

0.588

0.918

0.375

-0.103

-0.090

-0.099

-0.106

0.027

0.039

0.472

0.532

0.488

0.464

0.850

0.784

-0.091

0.015

-0.014

0.047

0.113

-0.241

0.524

0.917

0.921

0.747

0.431

0.088

-0.101

-0.092

-0.191

-0.071

0.036

0.001

0.482

0.519

0.180

0.626

0.799

0.992

-0.193

-0.147

-0.210

-0.015

0.143

0.033

Correlation Coefficient
Correlation Coefficient

Correlation Coefficient

Correlation Coefficient
Correlation Coefficient
Correlation Coefficient
Correlation Coefficient
Sig. (2-tailed)

skewness_2_VE

Correlation Coefficient
Sig. (2-tailed)

kurtosis_2_VE

Correlation Coefficient
Sig. (2-tailed)

mean_3_VE

Correlation Coefficient
Sig. (2-tailed)

sd_3_VE

S100A9

-0.087

Sig. (2-tailed)
mpp_2_VE

P4HA1

0.023

Sig. (2-tailed)
entropy_2_VE

cMET

0.144

Sig. (2-tailed)
sd_2_VE

HER3

Correlation Coefficient

Sig. (2-tailed)
entropy_0_VE

HER2

Correlation Coefficient
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Sig. (2-tailed)
entropy_3_VE

0.175

0.303

0.140

0.919

0.316

0.819

-0.128

0.003

-0.094

0.065

0.080

0.116

0.369

0.983

0.514

0.654

0.578

0.418

-0.167

-0.154

-0.229

-0.047

0.122

0.042

0.242

0.281

0.106

0.743

0.393

0.772

-0.152

-0.227

-0.191

-0.159

-0.012

-0.009

0.286

0.109

0.178

0.272

0.934

0.952

-0.035

0.048

0.066

0.030

-0.002

-0.109

0.809

0.739

0.645

0.838

0.990

0.446

-0.004

-0.098

-0.190

-0.078

0.077

0.021

0.976

0.495

0.181

0.592

0.589

0.885

-0.167

-0.055

-0.156

0.047

0.147

-0.003

0.241

0.699

0.273

0.746

0.302

0.981

-0.155

0.022

-0.069

0.126

0.103

0.054

0.279

0.876

0.630

0.383

0.474

0.705

-0.132

-0.130

-0.217

-0.015

0.131

-0.005

0.356

0.362

0.127

0.920

0.358

0.973

-0.146

-0.207

-0.155

-0.141

-0.057

-0.077

Sig. (2-tailed)

0.306

0.144

0.276

0.330

0.691

0.589

Correlation Coefficient

0.047

0.097

0.119

0.006

0.025

-0.057

Sig. (2-tailed)

0.744

0.497

0.407

0.969

0.864

0.691

Correlation Coefficient

0.081

-0.113

-0.203

-0.059

0.169

0.045

Sig. (2-tailed)

0.570

0.428

0.154

0.685

0.237

0.756

-0.172

-0.013

-0.144

0.099

0.093

-0.009

0.226

0.928

0.315

0.492

0.518

0.953

-0.172

0.090

-0.034

0.184

0.015

0.061

0.227

0.528

0.812

0.201

0.916

0.672

-0.102

-0.093

-0.226

-0.012

0.096

0.034

0.476

0.516

0.110

0.934

0.505

0.812

-0.126

-0.099

-0.098

-0.089

-0.133

-0.152

Sig. (2-tailed)

0.377

0.490

0.495

0.541

0.352

0.286

Correlation Coefficient

0.057

0.060

0.112

0.060

0.074

-0.065

Sig. (2-tailed)

0.691

0.674

0.436

0.680

0.606

0.648

Correlation Coefficient

0.119

-0.096

-0.205

-0.055

0.199

0.066

Sig. (2-tailed)

0.404

0.505

0.148

0.705

0.161

0.644

-0.107

0.043

-0.098

0.146

0.014

0.095

0.457

0.764

0.494

0.310

0.922

0.508

-0.090

0.147

0.002

0.210

-0.026

0.152

Correlation Coefficient
Sig. (2-tailed)

mpp_3_VE

Correlation Coefficient
Sig. (2-tailed)

skewness_3_VE

Correlation Coefficient
Sig. (2-tailed)

kurtosis_3_VE

Correlation Coefficient
Sig. (2-tailed)

mean_4_VE

Correlation Coefficient
Sig. (2-tailed)

sd_4_VE

Correlation Coefficient
Sig. (2-tailed)

entropy_4_VE

Correlation Coefficient
Sig. (2-tailed)

mpp_4_VE

Correlation Coefficient
Sig. (2-tailed)

skewness_4_VE
kurtosis_4_VE
mean_5_VE
sd_5_VE

Correlation Coefficient

Correlation Coefficient
Sig. (2-tailed)

entropy_5_VE

Correlation Coefficient
Sig. (2-tailed)

mpp_5_VE

Correlation Coefficient
Sig. (2-tailed)

skewness_5_VE
kurtosis_5_VE
mean_6_VE
sd_6_VE

Correlation Coefficient

Correlation Coefficient
Sig. (2-tailed)

entropy_6_VE

Correlation Coefficient
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Sig. (2-tailed)
mpp_6_VE

0.531

0.303

0.990

0.143

0.854

0.287

-0.038

-0.054

-0.197

-0.006

0.024

0.106

0.791

0.706

0.165

0.966

0.865

0.460

-0.123

0.014

-0.085

-0.124

-0.141

-0.167

Sig. (2-tailed)

0.389

0.924

0.552

0.392

0.323

0.242

Correlation Coefficient

0.047

-0.072

0.015

0.110

0.167

-0.035

Sig. (2-tailed)

0.744

0.616

0.918

0.445

0.242

0.805

-0.001

0.183

0.230

0.256

-0.032

0.117

0.993

0.200

0.105

0.073

0.824

0.412

Correlation Coefficient
Sig. (2-tailed)

skewness_6_VE
kurtosis_6_VE
total_6_VE

Correlation Coefficient

Correlation Coefficient
Sig. (2-tailed)

