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1. INTRODUCTION

1.1 Colorectal cancer

1.1.1 Epidemiology

Colorectal cancer (CRC) is the third most common cancer in men and the second
most common cancer in women, making CRC one of the leading causes of cancer—
related morbidity and death (1). The incidence of CRC was 4343 in Norway in 2016,
and the median age at diagnosis is about 70 years. Norway has higher incidence of
CRC than other European countries and the United States. The last 60 years a
significant increase in incidence has been registered and this is expected to continue
the next decade, mainly due to the aging population. Five—year survival is currently
about 60% for colon cancer and 66% for rectal cancer. In the 1960s the 5-year

survival was less than 30% (Figure 1) (2).
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Figure 1: Development of incidence (dark blue and red line), survival (green and brown line) and
mortality (bright blue and pink line) of colon cancer the last 50 years in Norway for males and females.

Re-printed with permission from the Norwegian cancer registry (2).

1.1.2 Etiology

Development of CRC is a multifactorial interaction between genetic and
environmental factors. Age and familial history are the most common risk factors.
There is a 2 to 3—fold increased risk of developing CRC in people who have one first—
degree relative and the risk is even higher if the cancer developed at a young age
(<45 years). There is a 3 to 4—fold increased risk of CRC who have two first degree
relatives (3). It is suggested an inverse relation between fiber intake and CRC risk
and that physical activity decreases the risk of CRC (4). The risk of both colon and

11



rectal cancer is increased by red and processed meat, alcohol and obesity (5, 6).
Familial adenomatous polyposis and Lynch syndrome (Hereditary Non—Polyposis
Colorectal Cancer) are well known genetic familial cancer syndromes accounting for
5-6 % of the CRCs (7). Pancolitis in ulcerative colitis and Crohn disease confers a 5

to 15—fold increased CRC risk compared to the general population (8-11).

1.1.3 Pathology

More than 90% of all CRCs are adenocarcinomas arising from dysplastic
adenomatous polyps from epithelial cells of the colorectal mucosa. The
transformation from normal columnar epithelium to invasive cancer includes
inactivation of tumor—suppressor and DNA repair genes and activation of oncogenes
(12, 13). About 70% of the adenocarcinomas are moderately differentiated, 20% are
highly differentiated and 10% poorly differentiated (13). Other rare histologic types

are neuroendocrine neoplasms, mesenchymal tumors and lymphomas (14).

Molecular and genetic analyses are increasingly used in the characterization of CRC
(15). Certain molecular biomarkers can predict clinical outcome beyond conventional
staging and improve selection of patients to targeted biological agents or
immunotherapy (16). Epidermal growth factor receptor (EGFR) and its signaling
pathways are involved in the development and progression of many cancers,
including CRC. KRAS/NRAS (Kirsten rat sarcoma/Neuroblastoma—RAS), and BRAF
(v—raf murine sarcoma viral oncogene homolog B1) are components of the EGFR
signaling pathway. Mutations of these genes are found in approximately 40% and
10% of the CRC patients and cause resistance to anti-EGFR therapy (13, 17-19).
Thus, mutation analysis is important to select the patients who will benefit from this

treatment.

1.1.4 Imaging

Development and improvement of the different imaging modalities the two last
decades is one of the reasons for the improved survival observed in CRC patients.
Modern imaging techniques makes us able to tailor and optimize the primary

treatment and treatment of recurrent disease (20-24).
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1.1.4.1 Computed tomography

Computed tomography (CT) is a diagnostic imaging technique using x—rays to make
cross—sectional images of the body. The density of the tissue passed by the x—ray
beam can be measured from the calculation of the attenuation coefficient. The
attenuation coefficients are converted to Houndsfield units (HU). HUs range from —
1000 to 1000 where —1000 represents air, 0 water and 1000 cortical bone. Soft tissue
typically ranges from 30-80 HU. Based on the HU, cross-sectional images for axial,
sagittal and coronal view and assessment can be made. Usually, iodine containing
contrast agents are injected intravenously prior to the CT scan to enhance the
contrast between different soft tissues making a contrast enhanced CT (CECT). Last
generations CT scanners generate high resolution images of large body volumes

within a few seconds (25).

CECT of thorax, abdomen and pelvis is the workhorse in CRC imaging and is used
in the initial TNM staging of colon cancer, M staging of rectal cancer, follow—up and
in the case of recurrent disease. Also, CECT is an important part of the planning of

surgery considering organ topography and mapping of relevant vessel anatomy.

Colonoscopy or rectoscopy with biopsy is the primary method for diagnosing CRC.
Histological diagnosis and correct TMN staging are important to make a proper
treatment plan for each patient. If a cancer is detected at either rectoscopy or
sigmoidoscopy a full colonoscopy should be performed either pre— or postoperatively
because synchronous tumors are found in approximately 3.5% of the patients (26).
If the endoscopy is incomplete, a CT colonography (virtual colonoscopy) can be
performed to visualize the colon/rectum oral to the tumor and to detect significant
polyps to choose a proper surgical strategy. CT colonography can be the primary
diagnostic method in patients more than 75 years with low performance status or in

comorbid patients.

CECT is used for both T and N staging in colon cancer. T—status is an important
prognostic factor and CECT can distinguish T1/T2 from T3/T4 tumors (27). The
assessment of lymph nodes (LNs) by CECT is difficult and size criteria have a

sensitivity and specificity of only 70 and 78% (28).
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CECT is a sensitive modality to detect distant CRC metastases (M status). Liver and
pulmonary metastases are the most common metastatic sites and the follow—up
program is specially focused on these organs (29). However, other sites like

peritoneum, omentum, other organs and the skeleton are also assessed.

Hypodense liver lesions are frequently detected by CECT. Is it important to decide if
these lesions are malignant or benign. Solitary lesions can be assessed further by
contrast enhanced ultrasound if the acoustic conditions for the ultrasound are
acceptable. If several lesions are found, or the lesions are small (<10mm), MRI with

diffusion sequences and hepatocyte specific contrast agents are recommended (30).

CT has a high sensitivity for detecting pulmonary metastases. Even though the
specificity can be low (20-74%), this serves as an important baseline for subsequent

follow—up CT examinations (31).

1.1.4.2 Magnetic resonance imaging

Magnetic resonance imaging (MRI) uses the magnetic properties of the hydrogen
protons in the body. When placing a patient inside an MRI machine the protons align
to the strong magnetic field. During imaging radio frequency pulses are used to force
the magnetism out of alignment (e.g. 90 degrees) with the strong static magnetic field
of the MRI machine. As the energy from the radio frequency pulse dissipates the
protons will return in alignment with the static magnetic field. This regain of
magnetism with the static magnetic field is called T1 relaxation and loss of magnetism
in the tissue (axial plane) is called T2 relaxation. T1 and T2 relaxation is the basis of
MRI imaging and utilizes the differences between different tissues to create high
resolution images. Gadolinium is paramagnetic and can be used as intravenous
contrast agent in MRI. Gadolinium shorten T1 relaxation of voxels where it is present
resulting in brighter signal in T1 weighted images. Hepatocyte specific gadolinium
contrast agents are utilized to characterize liver lesions. Diffusion weighted images
(DWI) are made on the basis of the motion of water molecules within a volume of
tissue (voxel). High cellular tissues as seen in many malignant tumors or cellular
swelling as seen in stroke can restrict the movement of water and be seen as high

signal MRI lesions (32).
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Due to the high resolution, diffusion sequences and contrast agents, pelvic MRl is
used in the initial T and N staging of rectal cancer, but also in the response evaluation
following radio chemotherapy (33). The main goal is to identify patients with
increased risk of metastatic disease; patients with short distance (<2mm) to or growth
through the mesorectal fascia, tumor located to the inferior part of rectum, extramural
tumor depth >5mm, extramural vein invasion, mucinous tumors, LN metastases or

affection of the peritoneal fascia (33).

Accurate localization of the tumor (T stage) is important to determine the surgical
technique and prognosis. Tumor located distal in the rectum have increased risk of
recurrence (34). MRI can accurately determine the distance between the inferior part
of the tumor and the puborectal muscle. Due to difficulties in distinguishing
inflammation/fibrotic tissue from minimal tumor growth through the bowel wall,
diagnosing T2 versus T3 can be challenging. In cases of deeper invasion through the
bowel wall, MRI is more accurate (24). Some rectal cancers contain mucus and
tumors with >50% mucus have poor prognosis. MRI has proved to be highly accurate

in determining the amount of mucus in rectal cancers (35).

Like in CECT, the assessment of LNs (N stage) in MRI is challenging. The use of
size criteria is uncertain and morphological assessment has been proven to be more
accurate (36, 37). Usually the LNs are put into one of three categories; malignant,
equivocal or benign. Due to the uncertainty in the assessment, equivocal mesorectal

LNs should not be determining in the final choice of treatment (38).

Multiple, equivocal or small (<10mm) indeterminate liver lesions are often found on
CEUS. MRI has higher spatial resolution than CT, and by utilizing diffusion
sequences and hepatocyte specific contrast agents, usually these lesions are

diagnosed by a supplementary MRI of the liver (30).

1.1.4.3 Ultrasound

Ultrasound (US) uses high—frequency sound waves to characterize different tissues.
US transducers (probes) send US waves into the tissue and receive an echo. Based
on this echo, grey tone images are made. In contrast enhanced US (CEUS)

intravenous contrast agents containing microbubbles are administered. The

15



microbubbles enhance vascular structures contrast like the contrasts agents used in
CT and MRI (39).

In the primary staging of CRC, US and CEUS is utilized in patients with
contraindications to CT and MRI contrast like renal failure and contrast allergy. CEUS

of the liver is an integrate part of the follow—up after primary surgery (40).

Rectal endoscopic ultrasound is the best modality to distinguish premalignant from
malignant tumors and the staging of T1 versus T2 tumors (41-43). The method is
also better than MRI to determine if the sphincter muscles are affected in distal rectal
cancers. Also, US is used to guide cytology sampling and biopsies of suspected soft

tissue metastases.

1.1.4.4 '8F—FDG PET/CT

F-18 fluorodeoxyglucose positron emission tomography in combination with CT ('8F-
FDG PET/CT) combines anatomic information from CT and metabolic information
from '8F-FDG (44). '"8F-FDG PET/CT is utilized for initial diagnosis, staging,
restaging, assessment of treatment response and prognosis in multiple cancers. In
addition, the method can contribute significantly in assessment of equivocal findings
from other imaging modalities (45). FDG is a glucose analogue and '8F is a cyclotron
made positron emitting radioactive isotope with half time of 110 minutes. "®F-FDG is
injected prior to the PET/CT scan and '®F-FDG is taken up by glucose consuming
cells through the glucose transporters (GLUTSs) in the cell membrane like regular
glucose. In the cell cytoplasm, FDG undergoes phosphorylation to form FDG—6—
phosphate (6P) by hexokinase (Figure 2). In contrast to regular glucose, FDG—6P
cannot undergo further metabolism and becomes trapped inside the cell. Increased
glucose utilization in malignant cells is explained by the up—regulation of hexokinase
activity (44).

16



Hexokinase
BEEDG | > 18EFDG 13F-FDGGP|X >
——

G6Pase
GLUT Mitochondria

Hexokinase
Glucose |: > Glucose Glucose6P >
—

\ G6Pase /

Figure 2: Metabolization of "8 F-FDG. The figure illustrates how "8F-FDG is taken up into a cell by
the glucose transporter (GLUT) and phosphorylated by hexokinase but cannot undergo further

metabolization and becomes trapped inside the cell unlike regular glucose.

Positrons emitted from '8F interacts with atoms in the surrounding tissue. When the
kinetic energy is about zero, the positron annihilates with an electron forming two
photons moving in opposite direction (180° + 0.5°) with an energy of 511 keV. The
detection of annihilated photons along this line—of-response is the basis of PET
imaging and is used to localize where the annihilation reaction actually occurred
inside the patient (Figure 3). Small crystal scintillation detectors inside the PET

scanners detect the photons to build an image (46).

The FDG accumulation in tumors and other tissue is usually quantified by
standardized uptake values (SUVs). PET scanners measure the in vivo radioactivity
concentration (kBg/ml) being directly linked to the FDG concentration. This measured
radioactivity is corrected for variations in administered activity (kBq) and body weight

(g) for individual patients. The basic SUV expression is:
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Measured radioactivity (kn%l)

Administered activity (kBq)
body weight (g)

SUV =

Based on this, different SUVs can be utilized in measuring tumor activity. SUVmax is
the pixel with the highest uptake in region of interest (ROI). SUVmean is the mean SUV
in a ROl and SUV/peak is defined as the SUVmean of the volume of 1 cm3 around the
SUVmax. If the injected FDG is homogenously distributed in the body, the SUV will be
1 g/ml everywhere for any injected activity or body weight. All SUVs are under the

assumption that 1ml equals 1g of tissue (44, 47, 48).

coincidence]

Y (511 keV) £y

Figure 3: PET principle. The basis of PET imaging is the annihilation reaction by an electron (e-) and
a positron (B+) from the decay of positron emitting radioisotope. By this reaction two photons () are
emitted with an energy of 511 keV in opposite direction (~1809) along the line of response and can be

detected by the PET scanner.
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Metabolic tumor volume (MTV, cm?3) is defined as the tumor volume with '®F-FDG
uptake segmented by a certain percentage, for example a fixed threshold of 40%, of
the SUVmax in a volume of interest (VOI). Figure 4 shows an example of placing of a
VOI around a large liver metastasis. Total lesion glycolysis (TLG, g) is calculated by
multiplying SUVmean by the MTV. Tumor to background (T/B) ratio is defined as
SUVmax divided by liver background. According to the PET response criteria in solid

tumor (PERCIST criteria) it is recommended to measure liver background by placing
a ROI of 3 cm in the right liver lobe (49).

Figure 4: Example of PET derived values (SUVmax, SUVpeak, SUVmean and MTV) obtained by using

Siemens syngovia software in a patient with a large metastasis in the left liver lobe.

Primary diagnosis and staging

The American National Comprehensive Cancer Network (NCCN, Version 3.2017) on
CRC does not recommend ®F-FDG PET/CT in the general initial staging or as
baseline modality in CRC (50). However, several studies are reporting high sensitivity
(95-100%) in detecting primary tumors on '®F-FDG PET/CT (57-53). Only a few
small studies have evaluated the possible benefit of 8F—FDG PET/CT in the general
initial staging of CRC (54-60). There is a lack of large uniform prospective studies. A

systematic review by Virens et al. reported a mean change in the management of
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10.7% and a higher impact in patients with high metastatic potential (60). Based on
a study of 146 patients, Pelosi et al. are suggesting "®F-FDG PET/CT in the primary
diagnosis and staging of rectal cancer compared to conventional imaging techniques
(61).

Overall, '"®F—FDG PET/CT is considered to be potentially useful but still not routinely
recommended in the presurgical initial staging of CRC (50, 61). However, '®F—-FDG
PET/CT should be used to evaluate equivocal findings from CECT or MRI if this
information will change management, or in patients with contraindications to

intravenous CT contrast (50).

Restaging of local recurrence and metastases

An expert panel consisting of twelve American and European experts recently (2017)
evaluated the appropriateness of '®F-FDG PET/CT in the restaging of local
recurrence and metastases and in assessment of treatment response in CRC (45).
The panel concludes that most patients with suspected local recurrence or
metastases present with either local symptoms, findings on anatomic imaging
(CECT/MRI) or other nonspecific indications like rising carcinoembryonic antigen
(CEA), and that the next step will be another imaging modality like '®F—FDG PET/CT.

The sensitivity of '8F-FDG PET/CT to detect local recurrence is reported to be 94%
in several studies and the specificity ranges from 93%-98% (62-65). The panel
believes that "8F-FDG PET/CT is appropriate in suspected local recurrence given

the high reported sensitivity and specificity (45).

Unlike local recurrence, metastases are to be located distant from the primary tumor.
The most common sites for CRC metastases are the liver and the lungs. Several
studies have evaluated PET/CT in comparison with CECT and MRI for the detection
for liver metastases. A meta—analysis from 2010 including 39 articles and 3391
patients reported a mean per—patient sensitivity and specificity of 84%/95% for
CECT, 88%/92% for MRI and 94%/96% for PET. Per—lesion sensitivities were 74%,
80% and 81%, respectively (66). In another metaanalysis from 2010 including 25
studies Floriani et al reported sensitivity and specificity of 63%/98% for ultrasound,
75%/96% for CECT, 81%/97% for MRI and 94%/99% for PET (67). In a more recent
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meta—analysis including 18 studies of patients with known or suspected liver
metastases Maffione et al report a per—patient sensitivity for PET of 93%, CECT
100% and MRI 98% and on a lesion basis the corresponding values were 66%, 89%
and 79%. However, PET appeared to be more specific than CECT and MRI (86%,
81% and 67%). | addition, PET changed patient management by detecting
extrahepatic disease in 24% of the patients (68). Only a few articles have assessed
extrahepatic metastases outside the local tumor site. A meta—analysis from 2005
reports a pooled sensitivity and specificity for extrahepatic metastases of 92%/95%
compared with 61%/91% for CECT (69). Another meta—analysis from 2009 reported

a pooled sensitivity and specificity for distant metastases of 91%/83% (65).

The expert panel concludes that '®F—FDG PET/CT is appropriate for assessment of
extrahepatic abdominopelvic metastases and the evaluation of suspected
metastases after negative or equivocal findings on anatomic imaging (CECT or MRI),
especially in the case of rising CEA (45). The American NCCN concerning CRC state
that "®F—FDG PET/CT should be considered in the case of increasing CEA with
negative CECT/MRI and in the case of potentially curable metastasectomy. The
purpose of this '8F-FDG PET/CT is to identify unrecognized metastatic disease that

would preclude the possibility of surgical management (68, 70).

According to the expert panel and NCCN, '8F-FDG PET/CT is neither recommended
in the general surveillance after primary surgery or the surveillance of metastases
(45, 50, 71). A economic cost analysis concluded that '®F—FDG PET/CT as an add—
on modality is cost—effective in the preoperative staging of recurrent and metastatic
CRC, but not in primary CRC (72).

Response of metastases during and after chemotherapy

Several studies have evaluated the PET response on metastases during and after
chemotherapy and related different PET parameters to outcome. The expert panel
state that these indications may be appropriate but should be restricted to patients
who are candidates for further therapy or change of therapy depending on the result
from the '8F-FDG PET/CT imaging (45). It the case of inconclusive CT or MRI after
ended chemotherapy, '8F-FDG PET/CT was considered appropriate.
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Assessment of neoadjuvant therapy for advanced rectal cancer

Due to mixed results in early studies, "®F-FDG PET/CT has not been routinely used
for this indication. Recent metaanalyses have shown more favorable results. Most of
these studies identified a strong correlation between PET response (SUVs, MTV and
TLG) and DFS and OS (73-76). However, there is no consensus whether this therapy
assessment should be performed as an interim examination or after completed
therapy. Also, only a few studies have compared '®F—FDG PET/CT directly with other
modalities. Three metaanalyses show similar accuracies as for MRI in the prediction
of complete pathologic response (77-79). Another metaaanalysis showed that DWI
from MRI was superior to '"®F-FDG PET/CT (80). Based on the current knowledge,
the panel believes that '"®F-FDG PET/CT may be appropriate for this indication but
should be reserved for those cases were clinical findings or other imaging studies
raise questions regarding staging or patient management, especially if a baseline
'8F—FDG PET/CT is present (45). If metastases that would change patient
management are suspected, '®F-FDG PET/CT is considered to be appropriate. The
current NCCN guidelines does not recommend '®F-FDG PET/CT as a part of the
regular assessment of neoadjuvant therapy for advanced rectal cancer, but state that
“I8SF_FDG PET/CT is being investigated for its ability to accurately determining
response to neoadjuvant treatment” (50). The following table summarizes the
appropriateness of 18F—FDG PET/CT in different CRC settings.
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18F—_FDG PET/CT IN COLORECTAL CANCER

Clinical setting Appropriateness
General initial staging May be appropriate’
Restaging for detection of local recurrence Appropriate?
Restaging for detection of metastases Appropriate?
Increasing CEA with negative or equivocal CT/MRI Appropriate
Treatment response evaluation (chemo/radiation therapy) May be appropriate
General surveillance Not appropriate

' Recommended to assess equivocal findings from CT and/or MRI and in patients with
contraindications to intravenous CT contrast.

2 Especially recommended prior to potentially curative treatment/surgery.

1.1.4.5 Follow—up

The table shows the recommended imaging follow—up for patients undergoing
intended curative treatment for CRC in Norway (40). Low dose chest CT and CEUS
has replaced full dose (diagnostic) CECT the last decade to reduce the radiation dose

to the patients.

RECOMMENDED IMAGING FOLLOW-UP IN COLORECTAL CANCER
Modality Months after primary surgery
6 |12 |18 |24 |30 |36 |48 |60
CECT abdomen/pelvis' | X X
CEUS liver? X X X X X X
Low dose chest CT X X X | X X
Colon examination?® X

1 CECT abdomen/pelvis includes an arterial phase scan of the liver and a portal venous phase scan
of the abdomen and pelvis.

2 In patients with profound liver steatosis or liver cirrhosis a portal venous phase CECT of the liver is
recommended instead of CEUS.

3 Colon examination at 60 months can be either colonoscopy or CT colonography.
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1.1.5 Treatment
Optimal treatment is based on an accurate staging to choose the best treatment

strategy. Choice of treatment is dependent of the TNM stage.

1.1.5.1 Primary tumor

Colon cancer

A complete mesocolic excision containing the primary tumor, LNs, lymphatic vessels
and blood vessels is recommended (81-83). Although 5 cm is considered to be
appropriate, most commonly the primary tumor is excised with 10 cm margin both
orally and distally. Distal margin of 5 cm is sufficient in rectosigmoid cancers (84).
The regional LNs are divided in local (N1), intermediate (N2) and central (N3) with
corresponding terminology to name the extent of the LN dissection; D1, D2 and D3.
In curative intended surgery a minimum of D2 dissection is recommended. Several
studies have reported benefit by D3 compared to D2 dissection and consequently
many hospitals perform D3 dissection routinely (81, 85-87). The extent of surgery is
also determined by the local vessel anatomy and circulation of the bowel following

LN dissection and vessel ligation (40).

Rectum cancer

Total mesorectal excision (TME) is the recommended surgical technique of rectal
cancer (88, 89). Preoperative radiation therapy is given in primary resectable rectal
cancers to reduce the risk of local recurrence (90-92). In locally advanced rectal
cancer radiation therapy is given to downstage the tumor to achieve possible radical
surgery. Improved results have been demonstrated by adding chemotherapy

compared to radiation therapy alone (93, 94).

By TME the primary tumor including the lymphatic drainage is removed in toto by
dissection along the mesorectal fascia. The dissection plane is based on an MRI
examination performed prior to preoperative chemoradiation therapy (95). Sufficient
resection margin is necessary to prevent local recurrence both in the circumferential
and longitudinal plane. A three times increased risk of local recurrence is observed if
the tumor or the tissue close to the tumor is perforated (96). In the upper part of the
rectum a partial TME is considered to be sufficient, however a 5 cm margin of normal

mesorectum distal to the tumor is recommended. By TME a distal margin of 1 cm is
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accepted if this is necessary to establish an anastomosis. If the tumor grows into
other organs or outside the mesorectal fascia an extended TME en bloc procedure

is performed to possibly remove all tumor tissue.

1.1.5.2 Liver metastases

About half of the CRC patients develop metastases either at time of diagnosis or later
on and the liver is the most frequent site. Approximately 15% have liver metastases
at time of resection of the primary tumor (97). To optimize the treatment for each
patient a multidisciplinary approach including surgeon, oncologist, radiologist and

nuclear medicine physician is necessary (98).

Curative treatment

Liver resection is currently the only potentially curative treatment option for liver
metastases with a 5—year survival reported to be 20%-58% depending of the
clinopathological status of the patients and selection criteria (97, 99-102). However,
only about 20% patients with colorectal liver metastases are candidates for curative
liver resection. The preoperative imaging assessment of potentially resectable liver
metastases includes CECT of thorax, abdomen and pelvis and MRI of the liver with
hepatocyte specific contrast agents. CEUS is used to assess equivocal findings and
8BF—FDG PET/CT should be used to exclude extrahepatic metastases (103-105).
Liver biopsy is not indicated unless resection is not possible or if the radiological
diagnosis is uncertain. Biopsy can potentially give implantation metastases (40). In
most cases the primary tumor is resected prior to liver resection. Also, there should
be no signs of extrahepatic disease and the metastases have to be technically
resectable with an adequate volume of the liver remnant. In selected cases where
the liver metastases are considered to be the most advanced and prognosis limiting
part of the CRC disease, the liver metastases are resected prior to the primary tumor
(liver first strategy) (106). Even though there is a lack of scientific documentation and
international consensus, preoperative neoadjuvant chemotherapy is usually given in
patients with multiple liver metastases (40). Conversion chemotherapy is given to
patients who potentially can convert from nonresectable colorectal liver metastases
(NCLM) to resectable disease. This chemotherapy regimen usually consists of 5—

fluororuracil (5—FU) and oxaliplatin or irinotecan, sometimes in combination with
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monoclonal antibodies. Following this treatment, a new evaluation on resectability is

performed.

Palliative treatment

The main goals of palliative treatment regiments are to improve survival, decrease
symptoms and maintain quality of life (107). Median survival of untreated metastatic
CRC is poor and reported to be only up to about 6-7 months (107-109).
Chemotherapy is a palliative treatment modality of NCLM. First line chemotherapy is
in  most patients cytotoxic treatment consisting of 5-fluorouracil (5-
FU)/calsiumfolinate in combination with oxaliplatin or irinotecan. In Norway these
regimens are usually given as a bolus 5—fluororuracil (FLOX/FLIRI) in contrast to the
international protocols where the 5—fluororuracil treatment is given as a 46—48 hour
infusion (FOLFOX/FOLFIRI) (107, 110-112). When an EGFR inhibitor is added, a
10-20% increase in response rates in patients with RAS wild type tumors has been
shown (19). Second line chemotherapy is given when progression of disease on first
line is observed. If there is progression on first line irinotecan containing regimen, it
is recommended to switch to an oxaliplatin containing protocol, and the other way
around. The EGFR inhibitor (Cetuximab) in combination with irinotecan as third line
treatment leads to a 4-5 months prolonged survival in patients with progression on
5-FU, oxaliplatin and irinotecan if they have not previously received EGFR inhibitor.
Cetuximab or Panitumumab as monotherapy has shown improved response rates in
RAS wild type tumors (113, 114). Median overall survival (OS) from start of first line
chemotherapy is about 2 years and the 5—year OS is about 10%, although longer
survival is observed in patients with good performance status (ECOG 0-1), no
(K)RAS or BRAF mutations and left-sided tumors (115-119).

Other treatment options for NCLM:

e Radiofrequency ablation (RFA) destroys tumors by heat (120).

e Selective internal radiation treatment (SIRT) is a modality whereby radioactive
labeled (Yttrium—90) microspheres are injected to the hepatic arterial blood
supply of the metastases causing blocking of small arteries as well as radiation
to destroy tumor cells. SIRT is also given to patients with NCLM or patients

who have not responded to chemotherapy prior to planned liver surgery (121).
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e Stereotactic body radiation therapy (SBRT). In selected cases radiation
therapy in high, focused doses is used as a potential curative treatment, or to
reduce tumor load (122).

e Transarterial chemoembolization (TACE). During this procedure a
microcatheter is selectively placed in smaller hepatic arteries supplying the
tumor for administration of combined chemotherapeutic drugs and embolic
agent (123).

These therapies for NCLM are usually only palliative, although RFA and SBRT have
curative potential. In some cases, the listed treatment options are used as
downstaging prior to surgery or to possibly achieve resectability. To select the best
possible treatment strategy for individual patients, these cases are therefor discussed

in multidisciplinary teams.

1.1.5.3 Pulmonary metastases

About 10% of the patients undergoing surgery for CRC develop pulmonary
metastases (124). No controlled studies have ever documented the effect of
resection of pulmonary metastases from CRC. However, resection for selected
patients with colorectal pulmonary metastases is an established treatment (125). The
current criteria for pulmonary metastasectomy are based on those of Ehrenhaft and
Thomford originally described 6 decades ago and include (126, 127):

1. The primary malignancy must be controlled or controllable.
2. There is no extrathoracic metastasis that is not controlled or controllable.

3. All of the tumor must be resectable, with adequate remaining pulmonary reserve.

In cases where surgery and SBRT are considered to be equal concerning outcome
and complications, surgery is most often preferred. A systematic review reported a
5-year survival between 38% and 64% (median 53%) after pulmonary
metastasectomy (128). Ten—year survival is about 30% (129). As for CRC liver
metastases, a multidisciplinary approach is essential in the management of colorectal
pulmonary metastases to achieve the best possible medical decisions and outcomes
(130).
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1.2 Liver transplantation for malignant disease

According to the European Liver Transplant Registry (ELTR) malignancy accounted
for 16.5% of all LTs in the period 1988—-2015. Hepatocellular carcinoma (HCC) is the
main cancer indication for LT with 13.5% of all LTs in the Nordic Liver Transplant
Registry (NLTR) in 2016. Also, some patients with hilar cholangiocarcinoma are
treated with LT. According to the NLTR, the 5—year survival following LT for HCC and
cholangiocarcinoma was 66% and 42% in the period from 2004 to 2013. For
secondary malignancy, well differentiated neuroendocrine tumors (WHO grade 1/2,
KI67 <10% recommended) have been recognized as a LT indication with a reported
5—year survival of about 60% (131-133).

Fifty cases of LT for NCLM have been registered in ELTR before 1995 with a 1— and
5—-year OS of 62% and 18% (134, 135). About half of these patients died due to
complications related to the LT procedure and other non—cancer related causes. In
addition, the efficacy of the immunosuppressive regiments was lower and many
centers had limited overall experience. Due to liver donor shortage and poor survival
compared with other indications for LT, transplantation for NCLM was abandoned.
Subsequently, only a few cases with long term survival have been reported (134,
136, 137).

1.3 The secondary cancer (SECA) study

1.3.1 Background

Standard care of patients with NCLM is chemotherapy with 5—year survival of only
approximately 10% (117). The secondary cancer (SECA-1) study was an open
prospective pilot study to assess the possible benefit of LT for patients with NCLM.
From 2006 to 2012 twenty-three patients underwent LT. Since the first few
experiences with LT for NCLM the field has developed. The rationale behind the

study was:

Improved surgical techniques
New immunosuppressing drugs

Improved preoperative imaging

A

Availability of liver grafts
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1.3.1.1 Improved surgical techniques

Increased experience and improved surgical techniques have improved OS after LT
in general significantly over the last 20—-30 years. According to the NLTR, 1— and 5—-
year survival was 61% and 53% in the period 1983-1994 (138). The corresponding
data for the period 2004—2013 was 90% and 80% (139). These numbers include all
LT indications including advanced liver cirrhosis, fulminant acute liver failure and
malignant tumors. Since CRC patients do not commonly have portal hypertension
and other cirrhosis associated complications, they are considered to be less
complicated to operate than cirrhotic patients (138). Due to the increased experience
of transplant surgeons and improved survival rates after LT in general the last 30
years, fever complications and improved outcome after LT for NCLM was expected

compared to the reported experiences prior to 1995.

1.3.1.2 New immunosuppressing drugs

Organ transplantation requires lifelong immunosuppression and there is a balance
between inhibition of allogenic immune mediated destruction of the organ and side
effects. It is well documented that long term immunosuppression increases the
incidence of long term de novo malignancy (140, 141). De novo cancers and cancer
recurrence may be promoted by immunosuppression due to various mechanisms
that include decreased immunosurveillance (142), facilitated action of oncogenic
viruses (143) and direct alteration of DNA (144). These mechanisms differ between
immunosuppressant drugs and cancer subtypes. Organ transplant recipients have
an increased risk of malignant disease post—transplant of about 2—3 times compared
to the general population (145, 146). Liver transplantation is associated with a 2 to
7—fold increase in the risk of de novo malignancy, with non-melanoma skin cancer,
lymphoproliferative malignancy and solid tumors accounting for 37%, 25% and 48%
of the malignancies (147). Traditionally, the immunosuppression following LT has
been based on calcineurin inhibitors (CNIs) which might accelerate cancer growth
(148).

In a systematic review and meta—analysis from 2010, Sint Nicolaas et al. reported a
2.56—fold increased risk of CRC after LT (149). Patients receiving LT for primary

sclerosing cholangitis and inflammatory bowel disease have a 25% risk of developing
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CRC post LT (150). Consequently, Herrero et al. have suggested intensified cancer
surveillance after LT (151). It has also been suggested that de novo malignancy after
transplantation behave more aggressively compared to malignancies in the general
population (147). Patients diagnosed with CRC post transplantation are diagnosed
at a younger age than the general population (59 years versus 72 years) (152, 153).
Five—year OS from CRC diagnosis is reported to be significantly lower in transplant
recipients compared to the general population (152, 153), especially for stage Il
disease (Duke C) patients with 5—year OS of 20% versus 65% (153). In a study from
Australia and New Zealand, Verran et al. reported that patients developing CRC after
LT had more advanced disease at diagnosis and poorer outcome with median OS
from time of diagnosis of metastatic CRC of only two months (154). These results
indicate a significant decreased OS after CRC diagnosis in transplant recipients

compared to the general population.

The agent sirolimus has shown anti—angiogenetic effect and direct inhibitory effect
on tumor growth combined with an immunosuppressive effect by blocking the
intracellular pathway complex mammalian target of rapamycin (mTOR) (155). mTOR
inhibitors have also shown clinical effect and radiological response in advanced
breast and renal cancer (156, 157). A recent metaanalysis including 5924 renal
transplanted patients with a mean follow—up of 41 months concluded that malignancy
was significantly reduced during mTOR inhibitor treatment compared to CNIs
(P=0.046) and that this effect was still retained when mTOR was combined with CNlIs
(P=0.05) (158). The SILVER study, which was a randomized trial between CNI and
mTOR after liver transplantation for HCC, showed that patients receiving sirolimus
following LT for HCC had a DFS and OS benefit the first 3-5 years, and this effect

was particularly evident in the low risk patients (159).

The combined anti—cancer and immunosuppressive properties of mTOR inhibitors
support the use of these drugs for patients with high risk of CRC metastases following
LT like the SECA—-1 cohort. In the SECA-1 study the conventional CNI treatment was
replaced by mTOR inhibitors, and this option was not available for the patients who
underwent LT for NCLM during the 1980s and 1990s. Due to the anti—proliferative

properties of mMTOR inhibitors some patients had wound healing difficulties and
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developed ventral hernias. In these cases, the mTOR inhibitor was temporarily

replaced by CNI (takrolimus/Prograf) in conjunction with surgical hernia repair.

1.3.1.3 Improved preoperative imaging

Only low—quality CT and US were available in the preoperative assessment of the

patients who underwent LT for NCLM before 1995. Since then, preoperative imaging

has developed and improved profoundly. These improvements are vital in the

selection of NCLM patients that might have maximal benefit from LT.

Contrast enhanced CT (CECT): CT scanners with only a few detectors
making thick slices (5 or 10 mm) with low resolution and without the possibility
of MPR have been replaced by contrast enhanced spiral and multidetector
CTs (CECT). The last generations CT scanners have the possibility of
scanning large body volumes in only a few seconds, thinner slices with higher
resolution and MPR. CECT is the workhorse in initial diagnosis and follow—up
of CRC and most other malignant diseases. Also, CT can be used to guide
tissue sampling of suspected metastatic lesions. Consequently, these

properties of CECT are important in the selection of patient considered for LT.

MRI: The last decade MRI has been implemented in the assessment of CRC
patients. The most frequent indications are initial staging of rectal cancer,
assessment of possible colorectal metastases in the liver, pelvis or bone and
in assessment of possible local pelvic recurrence. High spatial resolution,
diffusion sequences and the use of contrast agents makes MRI suitable to
assess suspected liver metastases. Lesions < 10 mm are often difficult to
determine by CECT but can be clarified by MRI.

Contrast enhanced ultrasound (CEUS): Ultrasound is frequently used to
guide tissue sampling (cytology/biopsy) and CEUS is often used in the

assessment of liver lesion to rule out metastases.

PET/CT: Prior to the year 2000 PET/CT was not routinely used in CRC. As
previously discussed, '8F-FDG PET/CT has been proven to be sensitive in
detection of metastases not detected by CECT prior to possible
metastasectomy. All SECA patients had NCLM and the possibility of
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extrahepatic metastases was high making '®F-FDG PET/CT a proper and

important modality in this clinical setting.

These amendments in imaging tools have contributed substantially to improved
patient selection. Based on the advantages of the separate imaging modalities, a
combination of these are frequently used in the assessment of CRC patients, both in

the initial staging and the subsequent evaluation.

1.3.1.4 Availability of liver grafts

Shortage of available donors in relation to the number of waiting recipients is the
main limiting factor in most transplantation programs worldwide and NCLM is
therefore generally not accepted as an indication for LT. Scandiatransplant is the
common organ exchange organization for the Nordic countries. Due to low incidence
of hepatitis C virus infections, hepatocellular carcinoma and alcoholic hepatitis
compared with most countries, Norway has had short waiting time. In the early 2000s
there was a deceased donor pool in Norway of about 25 per million inhabitants (PMI),
but the LT rate was only about 20 PMI. This unique situation provided access to liver
grafts, thus enabling an evaluation of the efficacy of LT for NCLM without negatively

impacting other patients on the national liver transplant wait list.

1.3.2 Study logistics

Information about the SECA-1 study was sent to all university hospitals in Norway.
Patients considered to have NCLM following chemotherapy were referred to Oslo
University Hospital (OUH) for second opinion concerning resectability. Resectability
was determined on the basis of the number and localization of the liver metastases.
Up to 75% of the liver tissue can be removed, dependent on the location of the lesions
and the quality of the remaining tissue. The liver remnant tissue regenerates to
almost normal liver size within a few months. A prerequisite is that the remaining liver
tissue has a portal vein, hepatic artery, hepatic vein and a draining bile duct
preserved. If these structures are irreversibly impacted by the disease or the
proposed surgical plan, the liver metastases are nonresectable. Patients considered
nonresectable and having liver only disease at the multidisciplinary hepatobiliary
meeting at OUH, were admitted to evaluation in the transplantation unit. After signing

an informed consent, these patients underwent regular transplantation work—up
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including CECT of thorax, abdomen and pelvis and a whole body '"8F-FDG PET/CT.
If all inclusion criteria were fulfilled and no exclusion criteria were present, the final
approval for inclusion to the study was performed at the multidisciplinary transplant
team (MDT) meeting. Approved patients were put on the LT list and LT was
performed according to the standard OUH procedures if no contraindications became

apparent between the time of listing and the availability of a liver graft.

1.3.3 Inclusion criteria

1. Verified colon or rectal carcinoma (histology).

2. Liver metastases not available for curative liver resection.

3. No evidence of local recurrence assessed by CECT and MRI within 6 weeks prior to the MDT meeting.

4. No evidence of local recurrence assessed by colonoscopy less than 3 months prior to the MDT meeting.

5. No evidence of extrahepatic metastases assessed by CECT or MRI and FDG PET/CT of thorax,
abdomen and pelvis within 6 weeks prior to the MDT meeting. Bone scintigraphy should be performed.

6. Age 18-60 years (upper age limit was subsequently raised to 65 years).

7. Good performance status, ECOG 0 or 1.

8. Minimum 6 weeks of chemotherapy.

9. Hemoglobin > 9 g/100ml, Neutrophil granulocytes > 1.0 x 10%L, Thrombocytes > 50 x 10%L and

Creatinine < 1.25 x upper reference limit.

10. Undergone work—up and accepted for LT.

11. No evidence of pulmonary metastases assessed by chest CT at time of intended LT.

12. No evidence of malignancy on peroperative frozen sections from lymphatic nodes in the
hepatoduodenal ligament and adjacent tissues.

13. Signed informed consent.

1.3.4 Exclusion criteria

Bevacizumab (Avastin®) treatment last 6 weeks.
Weight loss > 10% the last 6 months

Body mass index > 30

Known rapamycin hypersensitivity

Other general contraindications to LT

Other malignancy

Previous transplantation

Pregnant or breast—feeding women

© © N o a ks~ DN -=

Patients considered to not benefit from LT based on an evaluation by the project group or patients not

able to follow the treatment according to the