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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).  

 

 
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 
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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 MRI 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 
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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 18F–FDG PET/CT 

F–18 fluorodeoxyglucose positron emission tomography in combination with CT (18F–

FDG PET/CT) combines anatomic information from CT and metabolic information 

from 18F–FDG (44). 18F–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 18F is a cyclotron 

made positron emitting radioactive isotope with half time of 110 minutes. 18F–FDG is 

injected prior to the PET/CT scan and 18F–FDG is taken up by glucose consuming 

cells through the glucose transporters (GLUTs) 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). 
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Figure 2: Metabolization of 18F−FDG. The figure illustrates how 18F–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 18F 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 (kBq/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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𝐒𝐔𝐕 =
Measured radioactivity (kBq

ml )
Administered activity (kBq)

body weight (g)

 

 

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 ROI and SUVpeak 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).  

 

 

 

Figure 3: PET principle. The basis of PET imaging is the annihilation reaction by an electron (e-) and 

a positron (+) from the decay of positron emitting radioisotope. By this reaction two photons () are 

emitted with an energy of 511 keV in opposite direction (180) along the line of response and can be 

detected by the PET scanner. 

 



 19 

Metabolic tumor volume (MTV, cm3) is defined as the tumor volume with 18F–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 18F–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 18F–FDG PET/CT (51-53).  Only a few 

small studies have evaluated the possible benefit of 18F–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 18F–FDG PET/CT in the primary 

diagnosis and staging of rectal cancer compared to conventional imaging techniques 

(61).  

 
Overall, 18F–FDG PET/CT is considered to be potentially useful but still not routinely 

recommended in the presurgical initial staging of CRC (50, 61). However, 18F–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 18F–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 18F–FDG PET/CT. 

 

The sensitivity of 18F–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 18F–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 



 21 

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%). I 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 18F–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 18F–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 18F–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, 18F–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 18F–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 18F–FDG PET/CT imaging (45). It the case of inconclusive CT or MRI after 

ended chemotherapy, 18F–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, 18F–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 18F–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 18F–FDG PET/CT (80). Based on the current knowledge, 

the panel believes that 18F–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 
18F–FDG PET/CT is present (45). If metastases that would change patient 

management are suspected, 18F–FDG PET/CT is considered to be appropriate. The 

current NCCN guidelines does not recommend 18F–FDG PET/CT as a part of the 

regular assessment of neoadjuvant therapy for advanced rectal cancer, but state that 

“18F–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 appropriate1 

Restaging for detection of local recurrence Appropriate2 

Restaging for detection of metastases Appropriate2 

Increasing CEA with negative or equivocal CT/MRI Appropriate 

Treatment response evaluation (chemo/radiation therapy) May be appropriate 

General surveillance Not appropriate 

 
1 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/pelvis1 X       X 

CEUS liver2  X X X X X X  

Low dose chest CT  X  X  X X X 

Colon examination3        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 
18F–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: 

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

• 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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• 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).  

• 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: 

 
1. Improved surgical techniques  
2. New immunosuppressing drugs 
3. Improved preoperative imaging 
4. 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 III 

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 CNIs 

(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 mTOR 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, 18F–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 18F–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 18F–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 109/L, Thrombocytes > 50 x 109/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 
 

1. Bevacizumab (Avastin) treatment last 6 weeks. 

2. Weight loss > 10% the last 6 months 

3. Body mass index > 30 

4. Known rapamycin hypersensitivity  

5. Other general contraindications to LT 

6. Other malignancy 

7. Previous transplantation 

8. Pregnant or breast–feeding women 

9. 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 protocol. 
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1.3.5 Immunosuppression protocol 

The patients in the SECA–1 study received immunosuppression according to the 

study protocol, which comprised induction of basiliximab and subsequent 

maintenance with a regimen containing sirolimus, mycofenolate mofetil and 

corticosteroids. In addition, all patients received aspirin to prevent arterial thrombosis. 

More details concerning the immunosuppression is given in the following table: 

 

Day after LT Simulect1 Glucocorticoids2 Rapamune3 Cellcept4 

0 
1 
2 
3 
4 
5 
6 
7 

8–21 
22–30 
>31 

20 mg 
0 
0 
0 
20 mg 

540 mg i.v. 
80 mg 
80 mg 
70 mg 
60 mg 
50 mg 
40 mg 
30 mg 
20 mg 
20 mg 
→ 5 mg or 0 mg  

 
4 mg 
4 mg 
4 mg 
4 mg 
4 mg 
 
Dose based 
on serum 
consentration 
 

 
0,5 g x 4 
 
 
 
 
 
 
 
 
 

 
1  Basiliximab, an interleukin–2 receptor antibody 
2  Solumedrol intravenously, Prednisolone per os 
3  Sirolimus, a mammalian target of rapamycin (mTOR) inhibitor 

 Day 6–28, 5–10 ng/ml, Day 29–365, 10–15 ng/ml  

 If side effects were observed: 5–10 ng/ml 
4  Mycophenolate mofetil, an inosin mono– phosphate dehydrogenase inhibitor 

 

1.3.6 Clinical outcome 

Estimated 1, 3, and 5–year survival in the SECA–1 patients were 95%, 68% and 60% 

(Figure 5) (160). The 95% confidence interval at 5 years was 34% to 85%. Median 

(range) follow–up was 27 (8–60) months and DFS at 1 year 35%. Largest tumor 

diameter in the liver <5.5 cm, time from primary cancer surgery >2 years, CEA level 

<80 g/L and response or stable disease on chemotherapy at time of LT were 

associated with improved OS (160). All patients developed recurrent disease. About 

2/3 of the first site recurrences were pulmonary metastases, and many of these were 

accessible for surgical resection. Patients with pulmonary metastases without liver 

recurrence had significantly improved survival compared to the patients with hepatic 

metastases following LT (P = <0.001) (161). 
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Figure 5: Kaplan–Maier survival plot of the 21 first SECA–1 patients. Red line shows overall survival 

(OS) and blue line disease free survival. Estimated 5–year survival was 60%. The stapled lines show 

95% confidence interval for OS. Re–printed with permission from senior author (160). 
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2. AIMS 
 

The overall aim of this thesis was to provide further knowledge of the diagnostic and 

prognostic utility of the imaging performed in the patient cohort that was considered 

for and who underwent LT for NCLM with a main focus on 18F–FDG PET/CT. 

 

Aims for each paper were as follows:  

 

PAPER I 
To assess if immunosuppressive therapy accelerates the growth of pulmonary 

metastases in patients transplanted for NCLM evaluated by CT. 

 

PAPER II 
To evaluate the prognostic value of volumetric and metabolic information assessed 

by 18F–FDG PET/CT prior to LT in patients with NCLM. 

 

PAPER III  
To evaluate the performance of 18F–FDG PET/CT for the selection of patients with 

NCLM to LT compared with CECT. 
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3. SUMMARY OF PAPERS 

 
PAPER I 
 
Growth Rates of Pulmonary Metastases after Liver Transplantation for 

Unresectable Colorectal Liver Metastases 

 
Previous studies have shown that pretransplant malignancy are associated with an 

increased risk of all–cause and cancer–specific mortality, and of developing de novo 

malignancies after transplantation compared with rates in patients without 

pretransplant malignancy (162). Accelerated growth of metastases developed after 

LT for NCLM due to the immunosuppression was one of the concerns during the 

planning of the SECA–1 study.  

 

In this paper chest CT scans from 11 SECA–1 patients resected for 18 pulmonary 

metastases were reviewed. Tumor diameter, volume and CT characteristics were 

registered and tumor volume doubling time (DT) was calculated. The SECA–1 

patients were compared with a control group consisting of 12 advanced rectal cancer 

patients receiving standard treatment that were resected for 26 pulmonary 

metastases. DFS and OS after first pulmonary resection were determined.  

 

Median DT based on tumor diameter and volume in the SECA–1 group and control 

group were 125 and 130 days (P = 0.66) and 110 and 129 days (P = 0.63). Median 

(range) DFS after LT in the SECA–1 group and primary surgery in the control group 

was 17 (6−42) and 18 (2−57) months (P = 0.53). Estimated 5–year DFS and OS in 

the SECA–1 group were 39% and 51% after first resection. 

 

These results suggest that patients treated with LT for NCLM have a good prognosis 

following resection of pulmonary metastases and the immunosuppression used after 

LT did not have any significant impact on tumor DT. 
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PAPER II 
 
The Prognostic Value of 18F–FDG PET/CT Prior to Liver Transplantation for 

Nonresectable Colorectal Liver Metastases 

 

All patients considered for LT for NCLM in the SECA–1 study underwent 18F–FDG 

PET/CT to exclude extrahepatic disease. Patients with suspected extrahepatic 

disease were excluded from the study. This paper evaluated the prognostic value of 

metabolic and volumetric metrics measured from the 18F–FDG PET/CT examination 

for the transplanted patients. 

 

Maximum, mean and peak standardized uptake values (SUVmax, SUVmean and 

SUVpeak), tumor to background (T/B) ratio, metabolic tumor volume (MTV) and total 

lesion glycolysis (TLG) were measured and calculated for all liver metastases. Total 

MTV and TLG were calculated for each patient. The patients were dichotomized by 

a cut–off value determined by a receiver operating characteristic (ROC) analysis for 

each of these parameters. One, three and five–year overall survival (OS) and disease 

free survival (DFS) for patients over and under the cut–off value were compared by 

using the Kaplan–Meier method and log rank test. 

 

Twenty–three patients underwent LT in the SECA–1 study. Total MTV and TLG under 

the cut–off values were significantly related to improved OS at three and five years 

(P = 0.027 and 0.026) as well as DFS (P = 0.01). SUVs and T/B–ratio were not 

significantly correlated to OS and DFS.  

 

Conclusively, total MTV and TLG from 18F–FDG PET/CT prior to LT can potentially 

improve the patient selection for LT.  
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PAPER III 
 
Importance of 18F–FDG PET/CT to Select Patients with Nonresectable 

Colorectal Liver Metastases for Liver Transplantation 

 
Many patients were excluded from the SECA–1 study due to detected extrahepatic 

disease on the preoperative imaging. The objective of this paper was to evaluate the 

utility of 18F–FDG PET/CT for the selection of patients with NCLM for LT compared 

with CECT. 

 
18F–FDG PET/CT and CECT examinations prior to tentative LT for NCLM were 

assessed and findings contraindicating LT were registered. SUVmax, SUVmean and 

SUVpeak, T/B–ratio, MTV and TLG were measured and calculated for all liver 

metastases. Results from patients with and without extrahepatic disease on 18F–FDG 

PET/CT were compared by using the non–parametric Mann-Whitney U test. OS was 

calculated by the Kaplan–Meier method.  

 

Thirty–two patients excluded by imaging were identified. 18F–FDG PET/CT from 20 

of the 32 excluded patients revealed extrahepatic disease. Eight of the other 12 

patients had a negative 18F–FDG PET/CT but were excluded by CECT. Ten patients 

were excluded by 18F–FDG PET/CT only. Four patients were excluded due to 

detected malignancy from frozen sections at the start of the intended transplant 

operation. T/B–ratio of the liver metastases was significantly higher in patients where 
18F–FDG PET/CT detected extrahepatic disease (P = 0.03).  

 
Conclusively, the ability of 18F–FDG PET/CT to detect extrahepatic disease prior to 

LT for NCLM is vital to establish LT as a treatment option.  
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4. DISCUSSION  
The study population in this thesis was patients who underwent LT and were 

considered for LT for NCLM in the SECA–1 study at Oslo University Hospital. In the 

period 2006–2012, a total of 23 patients underwent LT and 32 patients were rejected 

LT due to the detection of extrahepatic disease on the pre–LT CECT or 18F–FDG 

PET/CT. It is important to keep in mind that the patients in the SECA–1 study are 

highly selected and that the number of patients is small. Thus, the findings have to 

be interpreted with caution. However, the study is the only of its kind worldwide, and 

the results and experience from this study has initiated further studies to improve the 

concept. There are several topics to be discussed in this thesis. In the following 

sections material and methods, statistical analyses and results from the three papers 

will be discussed. Figure 6 shows an overview of the included papers. 

 

 

 
 
Figure 6: The figure shows an overview the patients included, sites of metastases, imaging modalities, 

analysis and statistics for the three separate articles included in the thesis. TX = transplantation. 
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4.1 Material and methods 
Due to heavy tumor load in many patients and that all patients had nonresectable 

liver metastases the risk of recurrent disease following LT was considered to be high. 

Furthermore, accelerated growth of these metastases due to immunosuppression 

was one of the concerns in the planning of the SECA–1 study. All transplanted 

patients developed metastases and the lungs were the first metastatic site in 2/3 of 

the patients.  

 

In paper I we wanted to evaluate the growth rates of these pulmonary metastases to 

assess whether the immunosuppression used after LT led to accelerated metastatic 

growth rates compared with pulmonary metastases in non–transplanted patients not 

receiving immunosuppression. The study group consisted of 11 SECA patients (10 

SECA–1 and one SECA–2 patient) who had undergone resection of 18 pulmonary 

metastases following LT. The control group consisted of 12 rectal cancer patients 

primarily treated for locally advanced disease and subsequently resected for 26 

pulmonary metastases. These patients were obtained from a prospective registered 

institutional rectal cancer registry. 

 

According to the study protocol, the SECA–1 patients had undergone chest CT every 

3 months the first year, every 6 months the second year and once a year 3–10 years 

after transplantation. The control group followed the national follow–up plan until 5 

years after surgery. A limitation to the study is that the CT scans were performed on 

different scanners as a part of follow–up either at the transplantation unit or at local 

hospitals. This reflects the regular clinical routine work where the local hospitals are 

an important contributor in the follow–up of CRC patients. Optimally, all CTs should 

have been performed at the same scanner with the same protocol.  

However, all CT scans were imported to a Siemens syngovia work station and 

retrospectively reassessed by two dedicated radiologists to achieve consensus.  

 

Largest diameter and volume of the metastases during follow–up were obtained by 

using a built–in semiautomated function delineating the metastases from the normal 

lung tissue. All measurements were manually controlled and adjusted if needed. In 

some cases, it was difficult to delineate the metastases from adjacent tissue like 

arteries/veins because the attenuation was similar to the metastases. In these cases, 
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the delineation was done manually by the two radiologists. Also, the tumor volume at 

the last CT prior to the pulmonary resection was significantly correlated to the 

diameter measured at histological examination following resection (correlation 

coefficient 0.78, P < 0.001), making the radiological measurements reliable. Figure 7 

shows an example of diameter and volume measurements done in one pulmonary 

metastasis. Tumor volume doubling time (DT) based on both the obtained diameters 

and volumes was calculated by using a modified version of the Schwartz equation 

(163):  

 

DT (diameter) =  (T last CT  – T first CT)  ∙ log2

3∙ log  Dfirst CT
 Dlast CT

 

 

DT (volume) = (T last CT  – T first CT)  ∙ log2
logVlast CT–logVfirst CT

  

 

T last CT – T first CT  is the time between the CT scan where the metastasis was detected 

and the last CT scan before resection, V last CT and V first CT  are the tumor volumes and 

D last CT  and D first CT  are the tumor diameter at these two time points. 
 

The Schwartz equation was used under the assumption of exponential growth and 

widely used to assess tumor growth during follow–up (164, 165). Low DT reflects 

rapid tumor growth and high DT reflects slow tumor growth. Largest diameter on axial 

CT sections (Response evaluation criteria in solid tumors, RECIST) is more often 

used in clinical routine than tumor volume (166). However, from a tumor biological 

viewpoint, tumor volume is probably more correct due to the commonly observed 

irregular shape of different tumors. Thus, we calculated DT based on both diameter 

and volume. Gompertzian growth could have been an alternative model. This model 

has a sigmoid growth curve with an early almost exponential shape and, in contrast 

to the Schwartz model, it is followed by a slower growth rate which reaches a plateau 

as the tumor grow larger in size (167, 168). In our study we only evaluated small 

pulmonary metastases and the Schwartz model was considered to be the most 

adequate. 
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Figure 7: Example of diameter and volume measurements obtained by using Siemens syngovia 

software in a patient with a pulmonary metastasis in the left upper lobe.  

 

The control group developed only pulmonary metastases after primary rectal surgery 

whereas to the SECA–1 group developed pulmonary metastases following LT for 

NCLM. Consequently, both groups consisted of highly selected patients with possible 

differences in tumor biology. Following primary surgery in the control group and 

following LT in the SECA group, all patients developed resectable lung only 

metastases. The control group include pulmonary metastases from rectal cancer 

only, compared with the SECA group consisting of 6 patients with colon and 5 

patients with rectal cancer. There was no difference in OS from the first pulmonary 

resection between patients having a colon and rectal primary cancer (P = 0.65) in the 

SECA group. An alternative control group could have been patients resected for 

pulmonary metastases following resection for colorectal liver metastases, but such a 

comparator group can be difficult to identify.  

 

Proliferation markers (e.g. Ki67) and genomics to make a more profound comparison 

of the two groups should preferably been done. Unfortunately, these analyzes have 

not been performed. Histopathology examination of resected lesions confirmed 

pulmonary metastases with colorectal origin in all included patients. In the SECA 

group the pulmonary metastases were moderately differentiated in 11–12 % and not 
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specified in 88–89% of the patients. The primary tumor was moderately differentiated 

in about 70% and not specified in about 30% of the patients. In the explanted liver 

64% were moderately differentiated and not specified in 36%. 

 

Paper II and paper III were PET focused studies and evaluated the prognostic value 

of PET derived uptake measurements from the liver metastases from the included 

(n=23) and excluded (n=32) patients and the ability of 18F–FDG PET/CT to detect 

excluding extrahepatic disease compared to CECT in the excluded patients. From 

the 18F–FDG PET/CT prior to tentative LT, SUVmax, SUVmean, SUVpeak, MTV and TLG 

and tumor to background ratio (T/B-ratio) from the liver metastases were measured 

and calculated by using Siemens syngovia software (version VB10A, Erlangen, 

Germany) as previously described.  

 

A fixed threshold of 40% was chosen to delineate the liver metastases. The choice 

of threshold was discussed and decided prior to our study. There is no consensus 

about what threshold to use when delineating tumors in PET. Some studies use 

absolute SUVs (e.g. 2,5) and others use threshold as a percentage of the SUVmax 

(fixed or adaptive threshold). For fixed threshold, values of 15–60% have been used, 

and most commonly 40% has been chosen. A 40% fixed threshold is also the default 

value in the software (Siemens, syngovia) used in this study and in the routine work. 

Therefore, this value was chosen. When performing the measurements, we also 

observed that this value delineated the liver metastases adequately. The European 

Association of Nuclear Medicine (EANM) has suggested a threshold of 41% in lesions 

with high tumor to background ratios and 50% in lesions with low tumor to 

background ratios (169). 

 

Unfortunately, the PET protocol used was not uniform for all patients. EAMN 

gudelines for FDG PET tumor imaging recommend a time interval of 60 minutes from 

FDG injection to PET scan with an acceptable range of 55–75 minutes (169). Out of 

the total 55 PET scans performed and included in this thesis, seven (13%) had time 

interval from injection to scan of more than 75 minutes. Preferably all scans should 

have been within the recommended time interval to get as comparable 

measurements and reliable assessments of the PET findings as possible.  
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To optimize the FDG uptake in tumor cells and ensure that it is not wasted on 

physiological uptake the glucose levels should preferably be within normal limits. The 

EAMN guidelines states that efforts should be made to have normal glucose levels 

(4–7 mmol/L) prior to FDG PET scan (169). However, for clinical and research studies 

the guidelines recommend normal glucose levels up to 11 mmol/L and 8.3 mmol/L, 

respectively. Patients with glucose levels above this should be rescheduled or the 

patient should be excluded depending on the circumstances. One of the 23 included 

SECA patients had a glucose level of 12.1 mmol/L and three of the 32 excluded 

SECA patients had glucose levels of 8.9, 8.9 and 11.7 mmol/L. These high glucose 

levels were not optimal with respect to the PET scan. However, in some clinical 

settings it is more important to get a fast, sub–optimal examination as scheduled than 

an optimal delayed examination. For the patients considered for inclusion to the 

SECA study, a rescheduled PET could imply delayed chemotherapy and delayed 

evaluation at the MDT meeting, with possible negative impact on the prognosis. 

 

Some patients received a dose of 18F–FDG that was not strictly correlated to weight. 

For example, approximately 370 mega becquerel (MBq) 18F–FDG was given to 

patients with normal weight, and slightly higher dose was given to patients with 

overweight. Standard dose, directly correlated to weight for all patients is 

recommended (e.g. 2.5 MBq/kg).  

 

The 18F–FDG PET/CTs  in the SECA study followed a standard protocol and was not 

optimized for detection of liver metastases or extrahepatic metastases in the upper 

abdomen. Physiologic 18F–FDG uptake in the liver and respiratory movements cause 

a smearing of focal 18F–FDG uptakes. Possible erroneous attenuation correction due 

to phase mismatch between the PET and CT could have further influenced the 

performance of the examination (44, 170). To cope with respiratory movements and 

to improve the sensitivity of 18F–FDG in general, new techniques have been 

introduced since the SECA–1 study (171, 172). This will be further discussed in the 

subsequent future perspectives of the thesis. 

 

Chemotherapy can cause a metabolic shutdown in the tumor tissue causing 

decreased FDG uptake for several weeks, and in some cases up to 3 months after 

administration. The included SECA–1 patients and the excluded patients had a 
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chemotherapy–free interval exceeding 4-6 weeks prior to the 18F–FDG PET/CT (45, 

173). Consequently, the FDG uptake could have been underestimated leading to 

fewer liver metastases detected by the PET and lower SUVs and metabolic tumor 

volumes.  

 

A limitation with paper II is the long time interval between 18F–FDG PET/CT and LT 

in some patients with a median time of 70 days (range 12–273 days). This could have 

led to a progression of the disease in the patients with a long interval. An additional 

statistical test that compared the patients with interval time over and under the 

median value (70 days) showed no difference in MTV (P = 0.21) or TLG (P = 0.17) 

values between the two groups (Mann-Whitney U test). Furthermore, there was no 

difference in 3–year (P = 0.44) and 5–year (P = 0.11) survival (log rank test). Also, 

all patients were followed by an oncologist with clinical examinations, blood samples 

and CECT as a part of the regular follow–up for patients with colorectal liver 

metastases after the 18F–FDG PET/CT until intended LT. Patients on the transplant 

list who developed extrahepatic metastases were not transplanted. At time of LT, an 

additional CT thorax was performed to exclude patients who had developed 

pulmonary metastases during the waiting period for LT. Consequently, it was 

considered appropriate to include all the SECA patients in this PET focused study. 

 

In paper II, the patients were dichotomized for each of the PET parameters by finding 

cut–off values giving the best possible combination of sensitivity and specificity to 

predict survival by using a ROC analysis. OS and DFS for the patients with high and 

low values were compared for each of the PET derived parameters by a log rank test 

and Kaplan–Meier plot. It could be argued that the cut-off values from a ROC curve 

analysis would make the utmost differences between the two groups without 

necessarily having a general meaning. ROC curves are well known and regularly 

used to determine cut–off values, and several other FDG PET/CT studies on MTV, 

TLG and SUVs have also used ROC curves to dichotomize patient groups. 

Alternatively, the patients could have been divided into one group with values under 

and one group with values over the median for each of the PET parameters.  

 

In paper III, excluding findings from CECT and 18F–FDG PET/CT that were available 

on the MDT meeting (screening date) were registered. Median (range) time between 
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these two examinations was 19 (0–84) days. This time interval could have affected 

the stage of disease when the patents were assessed by CECT and 18F–FDG 

PET/CT. However, median time interval was only 19 days and less than 3 months for 

all patients and thus considered to be acceptable. If CECT both prior and after the 
18F–FDG PET/CT were available, the findings in the report from the examination 

performed closest to the 18F–FDG PET/CT was registered.  

 

The registered causes leading to exclusion from LT were based on the real time 

findings in the routine reports. This reflects the actual imaging decision basis at the 

MDT meeting in routine work. An alternative method could have been a blinded 

assessment of the CECT and 18F–FDG PET/CT by separate radiologists and nuclear 

medicine physicians. In our setting with patients evaluated for possible inclusion to 

the SECA study, the actual reports which were the basis of the evaluation at the MDT 

meeting were more clinically relevant than a constructed blinded research setting. 

Also, in most patients the previous CECT was available for comparison at time of the 
18F–FDG PET/CT, which could have interfered with the assessment. Both the 

imaging (CECT and 18F–FDG PET/CT) and the imaging assessment of patients 

considered for the SECA study should optimally be done by dedicated physicians at 

the transplantation center at the same time point.  

 

In addition to the 32 patients assessed in this paper, seven patients were excluded 

by non–imaging reasons. Three patients had body mass index >30, one patient had 

reduced performance status (ECOG >1), one patient suffered from depression, one 

patient developed ascites while waiting for a LT, and this was interpreted as 

extrahepatic involvement and one patient developed pulmonary metastases and was 

taken off the LT waiting list. All these patients had negative CECT and 18F–FDG 

PET/CT initially.  

 

A limitation to this paper is that the suspected extrahepatic disease detected by 

CECT and/or 18F–FDG PET/CT was not necessarily confirmed by tissue samples 

(cytology/histology). However, in this clinical setting of patients considered to have 

NCLM, the pretest probability of confirming findings suspected to be extrahepatic 

metastases by these modalities was considered to be high. If these findings turned 

out not to be metastases during further follow–up, they could have been re-evaluated.  
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4.2 Statistical analysis 

All statistical analyses were performed using SPSS version 24 (IBM, Armonk, New 

York, USA). P-value <0.05 was considered statistically significant for all papers.  

 

OS was defined as time from transplantation to any cause of death. DFS was defined 

as time from transplantation to relapse of CRC disease like for example CT detected 

pulmonary metastases or other malignancy. OS and DFS data were estimated and 

visualized by the Kaplan–Meier method. Log rank test was used to determine 

whether differences in survival were significant between groups. A limitation to the 

Kaplan–Meier method is that is does not adjust for differences in the distribution of 

variables that could be associated with the likelihood of the outcome. Such variables 

are called confounders. An example of such a variable is age, which is associated to 

increased mortality.  

 

Other groups of data were compared using the non–parametric Mann-Whitney U test. 

A non–parametric test was chosen due to the relatively small number of 

patients/observations in the papers and that the distribution of the separate 

parameters did not display a parametric distribution when evaluated by histograms.  

 

In paper I, some patients had more than one metastasis included and these 

metastases were not completely independent. However, in patients with multiple 

metastases the growth rates were different for the separate lesions. This could be 

explained by a heterogeneity in tumor biology of the metastases in the same patient 

supporting the use of an independent statistical test. Furthermore, additional analysis 

comparing only the first pulmonary metastasis in the SECA–1 patients to only the first 

metastasis in the control group did not show any different DT. In paper I, DTs in the 

SECA–1 and control group were visualized by a box plot.  

 

In paper II and paper III several statistical tests (SUVs, MTV, TLG, T/B-ratio) were 

performed on the same data set, and it could be argued that a correction to the P–

value () like the Bonferroni correction should have been made. To perform a 

Bonferroni correction, the P-value () is divided by the number of comparisons (n) 

performed; /n. The test is used to reduce the probability of obtaining a false positive 
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result (type 1 error) due to the fact that the probability of identifying at least one 

significant result increases as more hypotheses are tested. However, the correction 

is also equally associated with an increased probability of making a type 2 error, 

which means concluding there is no significant effect when there actually is one. Due 

to the low number of cases, this would leave the study strongly underpowered. 

Therefore, we simply chose to test against a P–value of 0.05. In these PET papers 

univariate analysis was used. It could be argued that a multivariate analysis should 

have been performed to assess the relation between the different variables. The 

sample size in these papers is small. To perform a multivariate analysis a large 

sample of data is needed, otherwise the results become meaningless due to high 

standard errors. The standard errors determine the level of confidence of the results 

and can be reduced by increments in sample size. Thus, univariate analysis was 

considered the best statistical approach in our PET studies. 

 

4.3 Ethics 
All procedures performed involving human participants were in accordance with the 

ethical standards of the institutional and/or national research committee and with the 

1964 Helsinki declaration and its later amendments or comparable ethical standards. 

Informed consent was obtained from all SECA patients. The SECA–1 study was an 

open prospective study with institutional and regional ethical board approval (S-

05409 Regional Ethics Committee) and registered at ClinicalTrials.gov: 

NCT01311453.  
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4.4 Discussion of results 
To our knowledge, no other research groups have ever neither assessed growth 

rates of pulmonary metastases following LT for NCLM nor the role of 18F–FDG 

PET/CT in these patients. Thus, no directly comparable studies are available. 

 
Paper I – Growth rates of pulmonary metastases 
 
The results from paper I support pulmonary resection of metastases following LT for 

NCLM. The growth rates of the pulmonary metastases were not accelerated despite 

the immunosuppression used in the study. All SECA patients performed a chest CT 

at time of intended LT to rule out acquired pulmonary metastases while waiting for 

the transplant. A previous study has shown that 7 out of the 21 first SECA patients 

had pulmonary metastases at time of LT that were retrospectively detected at chest 

CT, but without having an impact on survival (161). These results emphasize the 

limitation of chest CT in the detection of very small lesions/nodules. 

 

Despite different factors that could possibly influence the calculated growth rates of 

the pulmonary metastases, 5–year survival following first pulmonary resection was 

51%, which is comparable to non-transplanted patients (128). This is important 

clinical information when decisions concerning treatment options of pulmonary 

metastases on the SECA patients are made. If the growth rates were increased and 

survival after pulmonary resection was low, these patients would probably be offered 

chemotherapy rather than surgical treatment.  

 

Neither group received chemotherapy during CT follow–up of the pulmonary 

metastases. The SECA–1 group received chemotherapy prior to LT and the control 

group received capecitapine (825 mg/m2 twice daily) during 5 weeks of radiotherapy 

prior to primary rectal surgery. If micro pulmonary metastases that were not detected 

by chest CT were present during this treatment, the growth of these metastases could 

have been inhibited by this treatment. The SECA–1 group received 

immunosuppression including mTOR inhibitor and aspirin following LT. Both these 

drugs have anti–tumor properties which could have inhibited the growth of the 

resected pulmonary metastases (174, 175). A recent Norwegian study that included 

23162 patients showed that aspirin use after the diagnosis of CRC was independently 
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associated with improved CRC–specific survival and OS (174). The aspirin use of 

the control group was not determined. 

 

The median tumor diameter/volume at detection was significantly lower in the SECA 

group compared with the control group. This could be related to the close follow–up 

of the SECA patients. The control group was followed at different hospitals and it 

could be that the follow–up was not that strict in this group, even though there is a 

national recommended guideline. Median (range) time from LT/primary surgery to 

pulmonary metastases 10mm was 17 (6–42) and 18 (2–57) months (P = 0.53, log 

rank test). Also, size at the last CT prior to pulmonary resection (P = 0.62 (diameter) 

and 0.69 (volume) and histological examination (P = 0.50) were the same. This 

further supports the hypothesis that larger diameter/volume at detection in the control 

group is due to less strict follow–up and not due to more aggressive tumor biology. 

 

Median DT based on tumor diameter and volume in the SECA–1 group and control 

group were 125 and 130 days (P = 0.66) and 110 and 129 days (P = 0.63) (Figure 

8). However, the DT ranges were wide for both groups. Range DT based on tumor 

diameter and volume in the SECA–1 group and control group were 27–430 and 35–

282 days and 30–320 and 40–274 days, respectively. A previous study on the growth 

rates of CRC pulmonary metastases in non–LT patients showed similar DTs (165). 

This reflects the heterogenous nature of pulmonary metastases from CRC and 

probably CRC in general. Also, this point as a potential for patient selection by 

including only patients with indolent tumor biology.  
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Paper II / III: 18F-FDG PET/CT as prognostic tool and in patient selection 
 

In paper II we found that the liver transplanted patients with low values of MTV and 

TLG derived from the preoperative 18F–FDG PET/CT had significantly increased 3 

and 5–year OS and DFS in patients who underwent LT for NCLM. In paper III the 

T/B–ratio in the patients with detected extrahepatic disease on 18F–FDG PET/CT was 

significantly higher than in patients without extrahepatic disease on 18F–FDG PET/CT 

(P = 0.03). MTV and TLG reflect tumor burden and aggressiveness. It is likely that 

the possibility of extrahepatic disease not detected by the preoperative imaging in 

patients with high PET values is increased and consequently leads to impaired OS 

and DFS. Several studies have evaluated 18F–FDG PET/CT as a predictor of overall 

prognosis and recurrence following LT for HCC (176-180). Most of these studies used 

conventional PET derived values (SUVmax, SUVmean and T/B–ratio). Kim et al. showed 

that T/B–ratio and TLG was correlated to improved recurrence free survival after LT 

for HCC (176). As previously mentioned, no other studies have ever evaluated the 

prognostic value of 18F–FDG PET/CT prior to LT for CRC. However, some studies 

have evaluated 18F–FDG PET/CT in non–transplanted patients. In patients 

undergoing selective internal radiation therapy (SIRT) for CRC liver metastases with 

yttrium–90, volumetric and metabolic information from the pretreatment 18F–FDG 

PET/CT have shown to predict progression free survival and prognosis (181-184). 

Also, post–SIRT 18F–FDG PET/CT response evaluation predicted survival (181, 182, 

184).   

 

In addition to OS, MTV and TLG also predicted DFS in the SECA–1 patients. In 

contrast to HCC patients who most frequently relapse in the liver, 2/3 of the SECA–

1 patients had the lungs as the first site of recurrence without this impairing OS (161). 

As shown in paper I, many of these metastases were accessible for surgical 

resection, the growth was not accelerated and the 5–year survival following first 

pulmonary resection was good (51%). This survival is comparable with 5–year 

survival in non–transplanted patients undergoing resection for pulmonary CRC 

metastases (38%–64%, median 53%) (161). Seven of the first 21 SECA–1 patients 

had a hepatic relapse. Six out of these seven patients were dead at the end of follow–

up with a median time from detection to death of 14 months (range 4–21 months) 

(161). Thus, the ability of 18F–FDG PET/CT to predict OS is more clinically important 
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than the ability to predict DFS. The ability to predict extrapulmonary first metastases 

was not evaluated. 

 

Cut-off values were calculated for all PET parameters (SUVs, MTV, TLG and T/B-

ratio) in paper II. It is important to emphasize that the particular cut–off values 

determined by this study cannot be generalized to other cohorts due to the highly 

selected and small patient cohort. I addition, the number of patients is currently too 

small for implementing these cut–off values into clinical practice in new SECA 

patients. Six out of 23 SECA–1 patients and 5 out of 15  SECA–2 patients had no 

visible liver metastases on the preoperative 18F–FDG PET/CT. If these patients from 

both studies are pooled together and show improved survival, no visible liver 

metastases (negative PET) can potentially be an inclusion criterion. Negative PET is 

easier to implement in clinical practice than cut–off values. Oppositely, very high 

values of MTV and TLG could be an exclusion criterion like the different prognostic 

categories found in the first SECA–1 paper (largest tumor diameter determined by 

CT >5.5 cm, CEA > 80 g/L, time from primary surgery to LT > 2 years and 

progression of disease during chemotherapy prior to LT) (160).  

 

In paper II, twenty-three patients were evaluated.  In general, this is a relatively low 

number and the results must be interpreted and used carefully and consequently, the 

conclusion in this paper is toned down stating that “Total MTV and TLG from 18F–

FDG PET/CT (…) can potentially improve the patient selection for LT”. Preferably the 

number of patients should have been higher to strengthen the statistical analysis and 

clinical impact. However, despite that the number of patients was 23, the results 

showed significant differences. One should keep in mind that this is not the final word 

regarding the use of PET for LT patient selection, but rather one of the first steps. 

Also, worldwide, no one has ever performed a study like the SECA study by offering 

LT to patients with NCLM, and this study could be the first to possibly establish this 

as a potential treatment option and using 18F–FDG PET/CT as one of the selection 

tools.  

 

Results from paper III show that 18F–FDG PET/CT detected extrahepatic disease 

that was not detected by CECT, which led to exclusion of many patients (31%) This 

included local recurrence and metastases to LNs in the upper abdomen, skeleton, 
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lungs and spleen. Median OS after exclusion from the SECA–1 study was 16 months. 

If these excluded patients had undergone LT, the 5–year OS in the SECA–1 study 

would probably be too poor to justify the use of liver grafts in NCLM, and the concept 

would have been abandoned, similar to the reports prior to 1995 (134-137). If the 

patients with extrahepatic disease were transplanted, the survival would probably be 

more than 16 months, but it is not likely that any of these patients would live five years 

after LT. In line with our results, a metaanalysis from 2015 including 1059 patients 

found extrahepatic disease in 32% of patients with suspected liver metastases, with 

a change of treatment management in 24%, most frequently from curative surgery to 

palliative chemotherapy (68). In several patients, a diagnostic (full dose) CECT 

detected extrahepatic disease not detected by 18F–FDG PET/CT, for example small 

pulmonary metastases in several patients. Even though 18F–FDG PET/CT includes 

the thorax, this is a low dose non–CECT with limited diagnostic value. This underlines 

the complementary properties of 18F–FDG PET and diagnostic CECT. Several 

studies have shown that CRC can benefit from a combined 18F–FDG PET/CECT 

instead of 18F–FDG PET/ CT and a separate CECT. In the preoperative evaluation 

in the SECA–1 study the 18F–FDG PET/CT and CECT were performed at two 

separate time points.  

 

Four patients were excluded owing to proven malignancy on the routine histological 

examination of LNs of the hepatoduodenal ligament and/or adjacent tissue harvested 

during the initial staging at the time of laparotomy, despite both negative preoperative 
18F–FDG PET/CT and CECT. This could be explained by the limited spatial resolution 

in PET in general, and that the 18F–FDG PET/CT protocol in the SECA–1 study was 

not optimized to correct for respiration motion in the upper abdomen. Despite 

optimization of the PET protocol, micro metastases will probably not be detectable 

and cannot replace a peroperative histological frozen section examination. Novel 

techniques to improve the sensitivity of PET and to cope with respiration movements 

will be further discussed in the future perspectives section. Finally, the long time 

interval from 18F–FDG PET/CT to intended LT in some patients could have led to a 

progression of disease. This time interval was 52, 85, 110, and 249 days in the four 

patients excluded by frozen sections.  Preferably, the latest imaging preceding LT 

should not exceed 3 months. 
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5. CONCLUSIONS  
 
PAPER I 
Patients treated by LT for NCLM have a good prognosis after resection of pulmonary 

metastases. DT did not appear to be worse with the immunosuppression used after 

LT. 

 
PAPER II 
Total MTV and TLG measured from 18F–FDG PET/CT prior to LT for NCLM were 

significantly correlated to improved three and five–year OS and DFS and can 

potentially improve the patient selection for LT. 

 
PAPER III 
The ability of 18F–FDG PET/CT to detect extrahepatic disease prior to LT for NCLM 

is vital to establish LT as a treatment option.   
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6. FUTURE PERSPECTIVES 
6.1 Clinical perspectives 
The SECA–1 study consists of highly selected patients. Only 23 patients were 

included between 2006 and 2012, and the vast majority of patients with NCLM are 

treated with palliative chemotherapy with poor prognosis. However, OS in patients 

treated by LT for NCLM exceeded by far previous reports for this patient group and 

the survival in patients treated by chemotherapy (117, 160, 185). Quality of life was 

good and symptoms after LT were minor (186). Also, an economic analysis indicated 

that LT for low risk NCLM is cost effective (187, 188).  

 

Paper I shows that patients with pulmonary metastases following LT can be 

successfully resected and that the growth of the pulmonary metastases were not 

accelerated despite the immunosuppression used in the study (189). Based on the 

results from Paper I, a strategy where detection of small pulmonary nodules at chest 

CT at time of intended LT not should disqualify potential SECA patients may be 

considered. 

 

The main challenge of transplantation programs worldwide is the scarcity of available 

donor grafts as opposed to the large number of waiting patients in need for transplant. 

Many of the patients who are put on the transplant list will die within short time if 

transplantation is not performed. Strict and clear priority criteria are necessary to 

prioritize individual patients on the waiting list. According to the Nordic Liver 

Transplant Registry the 5 most frequent diagnoses of patients undergoing LT in the 

period 2004–2013 were (139): 

 

1. Primary sclerosing cholangitis 15.9% 

2. Hepatocellular carcinoma (HCC) 12.0% 

3. Alcoholic cirrhosis   11.2% 

4. Post hepatitis C cirrhosis  10.4% 

5. Acute hepatic failure  9.4%  

 

Also, there are strict criteria for which donor livers that can be used. To alleviate the 

shortage of organs, extended criteria donor (ECD) grafts have been suggested, and 
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it has been argued that these grafts, which traditionally have been thought of as 

suboptimal or even marginal in the setting of portal hypertension and liver 

insufficiency, can be used safely through careful selection of both donor and 

recipients. There is no consensus on ECD, however some characteristics are 

frequently cited (190) : 

 

• Advanced age 

• Steatosis 

• Donation after cardiac death 

• Organ dysfunction at procurement 

• Cause of death: anoxia or cerebrovascular accident 

• Disease transmission: 

o Hepatitis B core antigen or antibody positive 

o Hepatitis C virus 

o Increased risk of hepatitis C and HIV 

o HIV positive 

o Extrahepatic malignancy 

• Cold ischemia time > 12 hours 
 

 

To justify the use of livers from the regular organ pool for patients with NCLM, OS 

should be comparable to other conventional transplant diagnoses. A recent 

publication showed that low risk SECA–1 patients had a 5–year OS of 75% compared 

with 76% in patients undergoing LT for HCC (191). According to the NLTR, the 5–

year survival for HCC, secondary liver tumors and cholangiocellular carcinoma was 

66%, 60% and 42% in the period 2004–2013 (139). 

 

Due to the high OS in the SECA–1 cohort further studies were planned and are now 

ongoing (2018). Patients from the SECA–1 study with stable disease or response to 

chemotherapy at LT had significantly improved survival compared to patients with 

progression of disease (160). This fact is utilized in the SECA–2 study which 

evaluates if stricter inclusion criteria will achieve improved OS compared to the 

SECA–1 study and whether ECD grafts safely can be used for LT for NCLM and 

improve OS. 
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SECA–2 

The main goal of the SECA-2 study is to achieve a 5–year OS of 75%. The study 

consists of 4 arms and is currently (2018) including patients.  

 

Arm A: Patients with resectable liver metastases were randomized to either 

resection or LT. This arm was stopped after inclusion of 2 patients due to lack of 

patents. 

 

Arm B: Patients with metachronous NCLM and minimum 10% response to 

chemotherapy according to the RECIST criteria and more than one year since 

primary diagnosis were offered LT with liver from the regular donor pool. 

 

Arm C: Patients with synchronous NCLM and minimum 10% response to 

chemotherapy according to the RECIST criteria and more than one year since 

primary diagnosis were offered LT with liver from the regular donor pool. 

 

Arm D: Patients with NCLM and expected survival of 6–12 months are offered LT 

with ECD. In this arm patients without minimum 10% response to chemotherapy, less 

than 1 year since primary diagnosis and resectable pulmonary metastases are 

accepted. 

 

SECA–3 

Patients with NCLM and expected survival of 6–12 months without signs of 

extrahepatic disease on 18F–FDG PET/CT, CECT of thorax/abdomen/pelvis and 

pelvic MRI and progression or intolerance to 1st line chemotherapy are randomized 

1:1 to either LT with ECD or 2nd line chemotherapy. Patients with resectable 

pulmonary metastases are also accepted. 

 

The RAPID concept 

This study is designed to accommodate the lack of liver donors by utilizing one donor 

liver for two patients. The patients have NCLM and expected survival of 6–12 months 

without LT and patients with 1 to 3 pulmonary metastases <15 mm are also accepted. 

The LT is performed according to the RAPID concept (Resection And Partial Liver 

Segment 2/3 Transplantation With Delayed Total Hepatectomy), a 2-step procedure 
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(192). First a partial hepatectomy of the left liver avoiding cutting thorough metastatic 

tissue directly followed by an orthotropic LT of liver segment 2 to 3 from a deceased 

donor. The right liver portal vein is ligated to stimulate and accelerate liver 

regeneration. During graft regeneration, only immunosuppression is given. Repeated 

CT scans with volumetry of the transplanted liver segments is performed weekly to 

evaluate the graft regeneration. When the donor graft (liver segment 2 to 3) reached 

a size of 0.8% of body weight or 35% to 40% of recipient standard liver volume a 

completing second hepatectomy of the right remnant liver is performed leaving 

patient with donor segments alone and thereby free from liver metastases.  

 

Strict patient selection criteria are vital to select the patients who will benefit from LT. 

However, more studies are needed if NCLM is going to be established as an 

accepted indication for LT and to allow usage of livers from the regular donor pool.  

Worldwide, the lack of organ donors is the main limitation for adding NCLM to the list 

of accepted LT diagnosis. Extended donor criteria and the RAPID concept can 

possibly contribute in this context. The SECA–2 and SECA–3 studies can provide 

further knowledge on these issues. Also, if the RAPID concept is successful and can 

be extended to living donors, this could have huge implications on the number of 

patents that can be offered LT. All studies on LT for NCLM should be performed in 

controlled prospective studies, and an international registry collecting and analyzing 

data would have high scientific value. Furthermore, harmonized protocols for all 

studies would represent substantial clinical value.  

 

6.2 Imaging perspectives (PET) 
The results from this thesis show the important role of 18F–FDG PET/CT in the patient 

selection (Paper III) and point out this examination as a potential prognostic tool 

(Paper II) in patients undergoing or considered for LT for NCLM. However, since the 

SECA–1 study (2006–2012), the PET technology has improved.  

 

6.2.1 Improved PET technology 

There are two main limitations of PET imaging: (1) low spatial resolution leading to 

partial–volume effect and (2) low signal–to–noice ratio (SNR). The 18F–FDG 

PET/CTs in the SECA–1 study were performed on analogue PET scanners 

installed in 2004. Since then, new acquisition methods, software and hardware 
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have been introduced. The main improvements in PET technology since the 

SECA–1 study are commented in the following paragraphs.  

 

Time–of–flight (TOF) technique use the difference in arrival time of two annihilation 

photons to more accurate determine where these actual originated. This provides 

images with higher SNR which improves the ability to detect small lesions with low 

activity that otherwise could not be distinguished from the background noise. Hence, 

TOF technique can improve image quality and lesion detection or decrease scan time 

with maintenance of image quality. In addition, TOF can be used to lower radiation 

dose to the patient, also giving less per–patient radionuclide costs (193, 194).  

 

Point spread function (PSF) corrects for photon mispositioning and takes into account 

resolution degrading effects that influence the measured counts along the LOR like 

photon non–collinearity, positron range and detector related effects. These effects 

can either be considered during image reconstruction or post-recontruction. 

Coincidence counts are coupled to the activity in the different voxels. PSF leads to 

higher and more uniform spatial resolution (194-197).   

 

Respiration gating. Respiratory gated (four–dimensional (4D)) PET is increasingly 

used in clinical work, especially in radiation planning, but also to increase sensitivity 

of PET in general (171, 198). During respiratory gated 4D PET, the respiration cycle 

is divided into several phases, and data from the different phases are added to focus 

on the 18F–FDG uptake. Also, a 4D CT can be performed by dividing the CT into the 

same phases as the 4D PET to improve the attenuation correction by fusing the 

correct anatomic area from the CT to the corresponding 18F–FDG PET-uptake 

throughout the respiration cycle making a 4D PET/4D CT. 

 

Digitalization. Several vendors offer PET systems where conventional photomultiplier 

tubes have been replaced by photomultipliers with digital readout. Digital PET 

systems are able to detect single scintillation photons by incorporating electronics to 

achieve a (up to) one–to–one relation between the scintillator crystal elements and 

the digital photomultipliers. These properties provide improved spatial resolution, 

improved detection of small lesions and a possibility of lower radiopharmaceutical 

dose compared to analogue systems (194).  
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18F–FDG PET in combination with full dose CECT instead of the standard low dose 

CT without contrast enhancement is also more frequently used. Several studies have 

shown that patients with CRC can benefit from 18F–FDG PET/CECT compared to 

conventional 18F–FDG PET/CT and could significantly affect patient management 

(199-201).    

 

6.2.2 New PET tracers 

Hundreds of PET tracers are available, but most of these are currently used for 

research purposes, and only a few of the total number of tracers are established in 

clinical practice. Cell proliferation and hypoxia are important elements in cancer 

development, and PET tracers imaging these processes are discussed in the 

following paragraphs. 

 
18F–3′–fluoro–3′–deoxythymidine (18F–FLT) is a thymidine analogue that is 

phosphorylated by thymidine kinase, which is active during cell proliferation, and 

trapped intracellularly. Consequently, 18F–FLT image cell proliferation in vivo and has 

been used as a non–invasive assessment of chemotherapy response in breast 

cancer (202, 203) and high grade non-Hodgkin´s lymphoma (204). In malignant 

lymphoma and head and neck squamous cell carcinoma, pretreatment 18F–FLT MTV 

and 18F–FLT–total lesion proliferation have shown the ability to predict prognosis 

(205, 206). 18F–FLT has lower uptake compared to 18F–FDG, however 18F–FLT has 

shown the same potential as 18F–FDG for detecting primary tumors and LN 

metastases (207) in CRC, but low sensitivity for detecting hepatic CRC metastases 

(208). A systematic review from 2016 on 18F–FLT uptake as measure of treatment 

response in cancer patients concluded that 18F–FLT seems to be a good predictor of 

early response to radio chemotherapy. 18F–FLT uptake showed good correlation with 

progression–free survival and DFS. Less consistent correlation was found between 
18F–FLT uptake and survival. However, only a few CRC studies were included (209). 

 

Hypoxic tumors are associated with aggressiveness, increased risk of invasion and 

metastases, poor prognosis, and resistance to radiation and chemotherapy. Multiple 

PET tracers binding to and visualizing hypoxic cells are available (210). Due to the 

selectivity of hypoxic tissue, 18F-fluoromisonidazole (FMISO) is the most commonly 
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used tracer for hypoxia imaging. However, it has not gained acceptance in clinical 

routine use due to the limited traced clearance from the body and moderate ratios 

between hypoxic–to–normoxic tissue with moderate contrast images. The vast 

majority of clinical studies performed with these tracers are performed on head and 

neck squamous cell carcinoma and only a few on CRC (211-213).  

 

In the patients considered for inclusion to the SECA study detection of extrahepatic 

CRC metastases is of vital importance to select the patients with the best possible 

prognosis. Even though many tracers have been available for many years, there is a 

lack of large clinical studies and none of these tracers currently outperform 18F–FDG 

PET in the assessment of CRC.  

 

6.2.3 Dynamic PET 

In conventional PET imaging static images are made on the basis of typically two to 

three minutes uptake of a ROI. Dynamic PET (DPET) can provide information about 

the distribution of a tracer in a predefined VOI over time. Malignant tumors can 

accumulate tracers differently and benign lesions can have different kinetics 

compared to malignant lesions. Sixty–minute frame protocols like for example 10 

frames of 30 seconds, 5 frames in 60 seconds, 5 frames in 120 seconds and 8 frames 

in 300 seconds can be used and uptake curves are generated (214). Added DPET 

to assess tracer uptake kinetics has shown improved performance compared to 

conventional PET in the management of oncological patients (214, 215). However, 

DPET is confined to research and scientific purposes because it is more time 

consuming and requires dedicated software. Future PET scanners will require less 

acquisition time and software for more advanced analysis and DPET will probably be 

integrated and available for clinical use.  

In patients with CRC liver metastases it can be challenging to assess and report 

whether LNs in the liver hilum are suspicious of metastatic disease (malignant) or 

reactive (benign). Dynamic PET uptake of these LNs could possibly improve this 

assessment.  

 

6.2.5 Texture analysis 

PET image texture analysis is used to characterize heterogeneity of tumor 18F–FDG 

uptake (216-220). Due to necrosis, hypoxia, cell proliferation and microvessel 
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density, the 18F–FDG tumor uptake is usually not homogenous across the tumor 

volume (221-223). Heterogeneity has shown to be associated to impaired clinical 

outcome and response to therapy compared to more homogenous tumors in 

squamous cell head and neck cancer (224), non-small cell lung cancer (225) and 

esophageal cancer (220). A few small studies have evaluated 18F–FDG texture 

analysis in CRC (226, 227) with promising results in order to predict OS and DFS. 

Overall, 18F–FDG PET texture analysis is still considered to be a tool for research 

purposes only and implementation in clinical routine is still to come. However, texture 

analysis has a potential for adding diagnostic and prognostic value to conventional 

imaging.  

 

Final message 

Based on the current knowledge and the results from Paper II and Paper III, a 

tailored 18F–FDG PET/CECT including a 4D PET/ 4D CT of the upper abdomen 

performed on a PET scanner with the latest technological improvements is 

recommended for all patients considered for LT for NCLM. The examination should 

be performed and assessed by dedicated nuclear medicine physicians and 

radiologists at the transplant unit. These available improvements in the field of 

imaging can most likely improve the patient selection. Furthermore, new or improved 

tracers, DPET and texture analysis can probably add value in the future. In line with 

the general trend in cancer treatment, PET protocols should also be personalized.  
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Background: The previously reported SECA study demonstrated a dramatic 5-year survival
improvement in patients with unresectable colorectal liver metastases (CLM) treated with liver
transplantation (LT) compared with chemotherapy. The objective of this study was to assess whether
immunosuppressive therapy accelerates the growth of pulmonary metastases in patients transplanted for
unresectable CLM.
Methods: Chest CT scans from 11 patients in the SECA study resected for 18 pulmonary metastases
were reviewed retrospectively. Tumour diameter, volume and CT characteristics were registered and
tumour volume doubling time was calculated. Findings in the SECA group were compared with those of
a control group consisting of 12 patients with non-transplanted rectal cancer resected for 26 pulmonary
metastases. Disease-free survival (DFS) and overall survival (OS) after first pulmonary resection were
determined.
Results: Median doubling time based on tumour diameter and volume in the SECA and control groups
were 125 and 130 days (P = 0⋅658) and 110 and 129 days (P =0⋅632) respectively. The metastases in both
groups were distributed to all lung lobes and were mostly peripheral. Median DFS after LT in the SECA
group and after primary pelvic surgery in the control group was 17 (range 6–42) and 18 (2–57) months
respectively (P = 0⋅532). In the SECA group, estimated 5-year DFS and OS rates after first pulmonary
resection were 39 and 51 per cent respectively.
Conclusion: Patients treated by LT for unresectable CLM have a good prognosis following resection
of pulmonary metastases. Doubling time did not appear to be worse with the immunosuppression used
after LT.

Paper accepted 23 June 2017
Published online in Wiley Online Library (www.bjs.co.uk). DOI: 10.1002/bjs.10651

Introduction

About 50 per cent of patients with colorectal cancer (CRC)
will develop metastases. The liver is the most frequent
organ of relapse, followed by the lungs. Only 20 per cent
of patients with metastatic disease are candidates for liver
resection. Liver transplantation (LT) is standard treatment
in patients with end-stage liver failure, and is currently
also offered to selected patients with primary liver can-
cers such as hepatocellular carcinoma, hilar cholangio-
carcinoma and liver metastases from neuroendocrine
tumours1–6. LT for malignant tumours comprises 16 per
cent of all liver transplants in the European Liver Trans-
plant Registry7. Organ transplantation requires lifelong

immunosuppression, which may increase the risk of de novo
malignancy8.

In the SECA (secondary cancer) study, 5-year survival
was improved in patients with unresectable colorectal
liver metastases (CLM) treated with LT compared with
chemotherapy alone, with a 5-year overall survival (OS)
rate of 56 versus 9 per cent respectively9. The majority of
patients with CRC who underwent LT had a relapse, in
the lung in two-thirds of cases10. Patients with pulmonary
first-site recurrence had a 5-year survival rate of 72 per
cent10. In patients with CRC who had a liver transplant
the 5-year OS rate after relapse was 53 per cent10,11. This
contrasts with patients starting first-line chemotherapy,
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Table 2 Characteristics of the pulmonary metastases

SECA group (n= 11) Control group (n= 12) P‡

No. of pulmonary metastases 18 26
Diameter (RECIST) (mm)*

At detection (first CT) 6 (5–13) 9 (5–16) 0⋅026
At last CT before pulmonary resection 13 (9–21) 15 (8–20) 0⋅623

Tumour volume (mm3)*
At detection (first CT) 102 (37–604) 216 (16–1375) 0⋅021
At last CT before resection 750 (262–2569) 818 (120–1731) 0⋅685

Tumour volume DT (days)*
Diameter-based 125 (27–430) 110 (30–320) 0⋅658
Volume-based 130 (35–282) 129 (40–274) 0⋅632

Time from first to last CT (days)* 260 (84–1085) 154 (76–651) 0⋅094
Time from last CT to pulmonary resection (days)* 55 (2–280) 71 (7–177) 0⋅094
Histological postresection diameter (mm)* 15 (5–23) 15 (8–30) 0⋅503
Time from suspected lesion to resection (days)* 311 (132–1169) 257 (122–667) 0⋅277
Follow-up after LT/primary surgery (months)* 71 (24–114) 111 (77–159) 0⋅003
Follow-up after first resection (months)* 48 (6–95) 76 (45–144) 0⋅010
CEA level at first pulmonary resection (μg/l)*† 2⋅5 (1⋅2–4⋅8) 2⋅2 (< 1 to 15⋅0) 0⋅566
Characteristics of pulmonary metastases

Distribution
Right upper lobe 2 5
Right middle lobe 3 3
Right lower lobe 3 5
Left upper lobe 7 9
Left lower lobe 3 4

Location
Peripheral 18 24
Central 0 2

Border
Well defined 17 21
Spiculated 1 5

Shape
Round/oval 12 19
Lobulated 6 7

No. of metastases included
1 7 4
2 3 5
3 0 1
4 0 1
5 1 1

*Values are median (range). †Carcinoembryonic antigen (CEA) values of less than 1⋅0 μg/l were treated as 1⋅0 μg/l in the statistical analysis. RECIST,
Response Evaluation Criteria in Solid Tumours; LT, liver transplantation. ‡Mann–Whitney U test.

Chest CT review

CT was performed on different scanners as part of
follow-up, either at the transplantation centre or at local
hospitals. According to the study protocol, the SECA
group had undergone CT of the thorax every 3 months
in the first year, every 6 months in the second year, and
once a year in years 3–10 after transplantation. Patients
in the control group were followed at the same intervals
until 5 years after surgery for metastases. Thickness of
slices was 2⋅5–3⋅0 mm in both groups. All CT scans were
imported into a Siemens syngo.via workstation (version
VB10A; Siemens, Erlangen, Germany) and reviewed
retrospectively by two radiologists. The largest diameter
(Response Evaluation Criteria in Solid Tumours, RECIST)

and tumour volumes were obtained by using a built-in
semiautomated function. The measurements were man-
ually controlled and adjusted if needed. Tumour volume
doubling time (DT), based on diameter and tumour vol-
ume for individual metastases, was calculated using the
Schwartz equation12:

DT
(
diameter

)
=
(
Tlast CT − Tfirst CT

)
×

log 2

3 × log Dfirst CT

Dlast CT

DT
(
volume

)
=
(
Tlast CT − Tfirst CT

)

×
log 2

logVlast CT − logVfirst CT

where Tlast CT −Tfirst CT is the time between the CT scan
that detected the metastasis and the last CT scan before

© 2017 BJS Society Ltd www.bjs.co.uk BJS
Published by John Wiley & Sons Ltd







H. Grut, S. Solberg, T. Seierstad, M. E. Revheim, T. S. Egge, S. G. Larsen et al.

developed multiple pulmonary metastases, another had a
pulmonary relapse and received stereotactic radiotherapy,
and one patient developed a rhabdomyosarcoma.

There was no difference between the two groups in
DFS (P = 0⋅478) or OS (P = 0⋅084) after first pulmonary
resection. The numbers at risk are too small to present in
a meaningful Kaplan–Meier curve.

Discussion

These results suggest that immunosuppression after LT
for unresectable CLM does not accelerate growth of
pulmonary metastases. De novo cancers as well as can-
cer recurrence may be promoted by immunosuppres-
sion owing to various mechanisms, including decreased
immunosurveillance8,13,14, facilitated action of oncogenic
viruses15 and direct alteration of DNA16. A meta-analysis17

reported that pretransplant malignancy was associated with
an increased risk of all-cause and cancer-specific mortality,
and of developing de novo malignancies after transplanta-
tion compared with rates in patients without pretransplant
malignancy.

It has been suggested that de novo malignancy after trans-
plantation is diagnosed at younger age than in the general
population and may behave more aggressively18–21.
Despite the heavy immunosuppressive drug combinations
used in the SECA study, increased growth rates of the pul-
monary metastases were not observed. There was no rela-
tion between plasma sirolimus concentration and DFS or
growth rates of pulmonary metastases in the SECA group
(data not shown). The immunosuppressive regimen used in
the SECA study contained mycophenolate mofetil, which
has been reported22 to reduce the risk of CRC development
compared with ciclosporin–azathioprine immunosuppres-
sion. mTOR inhibitors have shown antiproliferative
properties23, with increased response and OS rates in
patients with breast cancer and kidney cancer24,25.

According to the SECA study protocol, all patients
received aspirin to prevent arterial thrombosis. A recent
Norwegian study26 of 23 162 patients showed that aspirin
use after diagnosis of CRC was independently associ-
ated with improved CRC-specific survival and OS. The
protocol-specified aspirin use may inhibit the growth of
pulmonary metastases, but this is not yet known.

The present study has some limitations, including its
retrospective design and the fact that different CT scan-
ners and scan protocols were used. However, two dedicated
radiologists reassessed all metastases to achieve consen-
sus, and CT-determined volume correlated with histolog-
ical findings. The number of metastases included in the
study was small. Only patients with resectable pulmonary

metastases that were confirmed histologically as CRC
metastases were included in this study. In general, it is
difficult to find an ideal control group to compare with
liver-transplanted patients. Patients in the control group
had a lower tumour burden at the time of pelvic surgery
compared with the tumour burden at LT in the SECA
group, and had received less chemotherapy. It is likely that
the control group had a more favourable tumour biol-
ogy compared with that of the transplanted group, yet
immunosuppression did not adversely impact tumour pro-
gression in the transplanted group. The size of the pul-
monary metastases at detection was larger in the con-
trol group, but similar at the time of pulmonary resec-
tion. It is conceivable that this represented a selection bias,
whereby DTs were faster in the control group, artificially
improving times in the SECA group. This does not detract
from the simple message that LT is possible for CLM,
with no discernable negative influence on disease activ-
ity, on the basis of this small, retrospective, lung-focused
study.
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Abstract
Purpose The main objective of this study was to evaluate the
prognostic value of volumetric and metabolic information
derivied from F-18 fluorodeoxyglucose positron emission to-
mography (18F–FDG PET) in combination with computed
tomography (CT) prior to liver transplantation (LT) in patients
with nonresectable colorectal liver metastases (CLM). Due to
scarcity of liver grafts, prognostic information enabling selec-
tion of candidates who will gain the highest survival after LT
is of vital importance. 18F–FDG PET/CT was a part of the
preoperative study protocol. Patients without evidence of ex-
trahepatic malignant disease on 18F–FDG PET/CT who also
fulfilled all the other inclusion criteria underwent LT.
Methods The preoperative 18F–FDG PET/CT examinations
of all patients included in the SECA (secondary cancer) study
were retrospectively assessed. Maximum, mean and peak
standardized uptake values (SUVmax, SUVmean and
SUVpeak), tumor to background (T/B) ratio, metabolic tumor
volume (MTV) and total lesion glycolysis (TLG) were mea-
sured and calculated for all liver metastases. Total MTV and
TLG were calculated for each patient. Cut-off values were
determined for each of these parameters by using receiver
operating characteristic (ROC) analysis dividing the patients
into two groups. One, three and five-year overall survival

(OS) and disease free survival (DFS) for patients over and
under the cut-off value were compared by using the Kaplan–
Meier method and log rank test.
Results Twenty-three patients underwent LT in the SECA
study. Total MTV and TLG under the cut-off values were
significantly correlated to improved OS at three and five years
(p = 0.027 and 0.026) and DFS (p = 0.01). One, three and five-
year OS and DFS were not significantly related to SUVmax,
SUVmean, SUVpeak or T/B-ratio.
Conclusion Total MTVand TLG from 18F FDG PET/CT pri-
or to LT for nonresectable CLM were significantly correlated
to improved three and five-year OS and DFS and can poten-
tially improve the patient selection for LT.

Keywords 18F-FDG PET/CT . Colorectal cancer . Liver
transplantation . Liver metastases

Introduction

Liver metastases occur in approximately half of the patients
with colorectal cancer (CRC). Liver resection is currently the
only potentially curative treatment option in colorectal liver
metastases (CLM) with a reported five-year survival of about
40% [1]. However, only up to 20% of the patients with liver
metastases are candidates for curative liver resection [1].

Liver transplantation (LT) is established as a treatment op-
tion for some primary liver cancers like hepatocellular carci-
noma (HCC) and cholangiocarsinoma (CCA) [2–5]. The most
common secondary carcinoma that are considered for LT is
metastases from neuroendocrine tumors [6, 7].

In the previously reported SECA (secondary cancer) study
we showed an increase in 5-year overall survival (OS) in pa-
tients treated with LT for nonresectable CLM (56%) compared
to chemotherapy (9%), which is the standard treatment option
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[8]. Shortness of liver donors precludes more general utiliza-
tion of LT in nonresectable CLM. Thus, optimized patient
selection is crucial for providing liver grafts to recipients that
will benefit most from the procedure.

F-18 fluorodeoxyglucose positron emission tomography in
combination with computed tomography (18F–FDG PET/CT)
is widely used in oncology and well established in the assess-
ment of recurrent and residual CRC, including the evaluation
of CLM, and prior to potentially curative metastasectomy
[9–11]. 18F–FDG PETas routine in the initial staging of colon
and rectal cancer is still controversial and not established [10].
However, current guidelines from the National Comprehensive
Cancer Network (NCCN) recommend a staging 18F–FDG
PET examination for patients with potentially surgically cur-
able metastatic colorectal cancer [11]. PET has been shown to
have high sensitivity and specificity in detecting liver metasta-
ses [12, 13], and 18F–FDG PET/CT outperforms contrast en-
hanced CT in detection of extra-hepatic metastases [14]. Thus,
18F–FDG PET/CT could possibly provide additional informa-
tion about N and M stage as a part of the primary staging of
colorectal cancer [15]. 18F–FDG activity is most commonly
quantified by measuring standardized uptake values (SUV) in
a volume of interest (VOI). SUV is a semiquantitative measure
representing the concentration of FDGwithin the VOI normal-
ized to the injected radioactivity per unit body weight and
corrected for physical decay [16]. High SUVs are associated
with high metabolic activity and aggressiveness, and also in
patients with CLM [17, 18]. Metabolic tumor volume (MTV)
and total lesion glycolysis (TLG) are metabolic-based volu-
metric parameters that can be obtained by using a threshold
to delineate lesion activity relative to the background [19].
MTVand TLG have shown to provide prognostic information
in several cancers including esophageal cancer [20, 21], non-
small cell lung cancer [22–24] and head and neck cancer [25,
26]. Only a limited number of CRC studies have correlated
MTVand TLG measurements to clinical outcome [27–30].

The main objective of this study was to report the prognos-
tic value of the volumetric and metabolic information derived
from 18F–FDG PET/CT prior to LT for nonresectable CLM to
evaluate whether this might improve patient selection.

Methods

Patients

The liver metastases from 18F–FDG PET/CT scans of 23 pa-
tients who underwent LT for nonresectable CLM (SECA
study) were retrospectively assessed. In the SECA study,
18F–FDG PET/CT scan was a part of the preoperative study
protocol. Patients who fulfilled all inclusion criteria without
evidence of extrahepatic malignant disease on 18F–FDG PET/
CTwere included [8]. The inclusion period of the SECA study

was from November 2006 to April 2012, and the 18F–FDG
PET/CTscans were performed in the same period of time prior
to the transplantation. Chemotherapy was not given the last 4–
6 weeks before the 18F–FDG PET/CT scan.

18F–FDG PET/CT procedure

All 18F–FDG PET/CT procedures were performed on a hybrid
PET/CT system (Siemens Biograph 64 or Siemens
Biograph 16), Siemens Medical Systems, Erlangen,
Germany. The patients fasted for six hours and serum glucose
levels were assessed immediately before 18F–FDG was
injected intravenously. Median (range) injected dose was
390 MBq (336–424). Image acquisition started after 1 h re-
laxed rest in a separate room. A standard whole body (WB)
PET examination from skull base to the upper thigh with an
acquisition time of 3 min per bed position and 30% overlap
was performed. The PET examination was reconstructed with
the image format recommended by the scanner manufacturer
for use in daily routine of 168 × 168 pixels (pixel size
4.06 mm) using OSEM with four iterations and eight subsets
(4i/8 s) and a Gaussian post-reconstruction filter that had full-
widths at half maximum (FWHM) to equal 5 mm. A low-dose
CT study without contrast was used for anatomical informa-
tion and attenuation correction of the WB-PET study. The CT
acquisition parameters were: 120 kV, approximately 50mAs
(AEC), and axial slices of 3 mm.

Image assessments

All 18F–FDG PET/CT scans were evaluated by one experi-
enced nuclear medicine physician and one experienced radi-
ologist by consensus (MER and HG). Maximum standardized
uptake value (SUVmax), average SUV (SUVmean), peak SUV
(SUVpeak), tumor to background ratio (T/B-ratio), metabolic
tumor volume (MTV) and total lesion glycolysis (TLG) of the
liver metastases were measured and registered by using a
Siemens SyngoVia workstation (version VB10A, Erlangen,
Germany). SUVmax, SUVmean and SUVpeak, were measured
by manually placing a volume of interest (VOI) over target
lesions. In patients with more than one liver metastasis, the
highest value of SUVmax and SUVmean was registered.
SUVpeak was defined as the SUVmean of the volume of
1 cm3 around the SUVmax. MTV (cm3) was defined as the
tumor volume with 18F–FDG uptake segmented by fixed
threshold methods at 40% of SUVmax in the VOI. Cross-
sectional regions were displayed in axial, sagittal and coronal
projections. TLG was calculated by multiplying SUVmean by
MTV. Total MTV and TLG were calculated by adding the
values from all metastases for each patient. Liver background
was measured by placing a region of interest (ROI) of 3 cm in
the right liver lobe according to the PERCIST criteria [31].
SUVmax, SUVmean and SUVpeak were registered if the uptake
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of the liver metastases was higher than the mean liver back-
ground uptake × 1.5 + standard deviation of the liver back-
ground × 2 (PERCIST cuf-off value) [31]. If we were not able
to delineate the liver metastases from the liver background,
MTVand TLG were given a value of 0.

Statistical analysis

Statistical analyses were performed with SPSS (IBM, version
24, Chicago, IL, USA). Cut-off values of SUVmax, SUVmean,
SUVpeak, total MTV, total TLG and T/B-ratio were deter-
mined by using receiver operating characteristic (ROC)
curves. Area under curve (AUC) was calculated, and the op-
timal cut-off value for each variable was defined as the value
with the highest combined sensitivity and specificity. The pa-
tients were divided into two groups based on the cut-off value
for each of these factors. OS and disease free survival (DFS)

curves were generated by using the Kaplan–Meier method,
and the groups were compared by using the log rank test.
Two–sided P-values <0.05 were considered statistically
significant.

Results

Patients and baseline characteristics

Patient and baseline characteristics are summarized in Table 1.
Median (range) age at LTwas 54 (44–64) years and 57% were
men. Median (range) time interval between the FDG PET/CT
scan and LT was 70 (12–293) days.

Volumetric and metabolic measurements

Median and range of SUVmax, SUVmean, SUVpeak, total MTV,
total TLG and T/B-ratio measurements and calculations are
summarized in Table 2. Cut-off values based on the ROC
analysis were calculated for SUVmax (7.88 g/cm3), SUVmean

(4.28 g/cm3), SUVpeak (5.68 g/cm3), total MTV (69.81cm3),
total TLG (256,70 g) and T/B-ratio (4.06).

Overall survival analysis

The OS analysis is summarized in Table 3. All patients were
observed for five years or until death. One, three and five-year
OS Kaplan Meier analysis and log rank test that compared the
patients over and under the determined cut-off values for
SUVmax, SUVmean, SUVpeak, total MTV, total TLG and T/B-
ratio were performed (Fig. 1). Patients with MTV and TLG
under cut-off had three and five-year OS of 90.9% and 63.6%
compared to the patients over cut-off who had three and five-
year OS of 50.0% and 25%, respectively (P = 0.027 and
0.026). SUVmax, SUVmean, SUVpeak and T/B-ratio were not
significantly correlated to OS. Figure 2 illustrates one patient
with low total MTV and TLG and high SUVs and T/B-ratio
still alive ten years after LT and one patient with high total
MTVand TLG who died only two years after LT.

Table 1 Patients and baseline characteristics

Patients, n 23

Age at liver transplantation (LT), years, median (range) 54 (44–64)

Time from 18F FDG PET/CT to LT, days, median (range) 70 (12–293)

Gender

Male, n (%) 13 (57)

Female, n (%) 10 (43)

Primary tumor, n (%)

Colon 13 (57)

Rectum 10 (43)

Time of liver metastases

Syncronous, n (%) 19 (83)

Metacronous, n (%) 4 (17)

Lines of chemotherapy before liver transplantation, n (%)

1 10 (43)

2 9 (40)

3 4 (17)

Progressive disease at liver transplantation, n (%) a

Yes 15 (65)

No 8 (35)

a Increased size of liver metastases and/or increased carcinoembryonic
antigen (CEA)

Table 2 Results

All Cut-off Under cut-off Over cut-off

SUVmax (g/cm
3), median (range) 9.02 (2.33–21.5) 7.88 3.74 (2.33–8.67) 13.1 (8.88–21.5)

SUVmean (g/cm
3), median (range) 5.13 (1.62–12.3) 4.28 2.15 (1.62–3.76) 7.43 (5.12–13.1)

SUVpeak (g/cm
3), median (range) 7.34 (1.92–17.5) 5.68 2.90 (1.92–5.41) 11.2 (5.95–17.5)

MTV (cm3), median (range) 98.5 (0–874.1) 69.8 0 (0–41.1) 172.2 (98.5–874.1)

TLG (g), median (range) 302.1 (0–4437.5) 256.7 0 (0–211.3) 1294.0 (302.14–4437.5)

T/B-ratio, median (range) 5.3 (1.00–11.1) 4.06 1.48 (1.00–5.26) 6.35 (5.29–11.1)
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Disease free survival analysis

All SECA patients developed recurrent disease, and the lungs
were most affected. Median (range) disease free survival
(DFS) was 11 (2–39) months for all patients. Median (range)
DFS for the patients under and over the cut-off for MTVand
TLG was 5 (2–15) and 12 (3–39) months (P = 0.01), respec-
tively. P-values for SUVmax, SUVmean, SUVpeak and T/B-ratio
were 0.07, 0.08, 0.08 and 0.05, respectively. DFS Kaplan
Meier curve for MTVand TLG is shown in Fig. 3.

Discussion

Our results show that low values of total MTVand TLG on the
preoperative 18F–FDG PET/CT is significantly correlated to
increased three and five-year OS and DFS in patients who
underwent LT for nonresectable CLM. MTVand TLG, which
reflect the tumor burden and aggressiveness, were superior to
conventional semiquantitative metrics (SUVmax, SUVmean,
SUVpeak and T/B-ratio) to predict OS and DFS in these pa-
tients. Even though not statistically significant, we observed a
trend towards worsened OS and DFS in patients with SUVs
and T/B-ratio over the cut-off value. To our knowledge, this is
the first study to evaluate 18F–FDG PET/CT as a prognostic
tool in patients undergoing LT for CLM.

Several studies have shown that 18F–FDG PET/CT can be
utilized as a predictor of recurrence and overall prognosis after

LT for HCC [29, 32–35]. Most of these studies have used only
SUVmax, SUVmean and T/B-ratio, and we have only identified
one study which used MTVand TLG as prognostic indicators
[29]. In this study Kim et al. showed that both T/B-ratio and
TLG under cut-off value were significantly correlated to im-
proved recurrence free survival after LT for HCC [29].

Previous studies on CRC have evaluated the prognostic
value of 18F–FDG PET/CT in non-transplanted patients, both
in patient with and without liver metastases. In patients under-
going selective internal radiation therapy (SIRT) for CLM
with yttrium-90, volumetric and metabolic information from
18F–FDG PET/CT prior to the therapy is correlated to progres-
sion free survival and prognosis [27, 36–38]. 18F–FDG PET/
CT as post therapy evaluation was also a significant predictor
of overall survival [37, 39]. Most of these studies have used
MTV and TLG as indicators in addition to SUVmax and
SUVpeak. Both Shady et al. (2016), Fedler et al. (2013) and
Soydal el al. (2013) reported that MTV and TLG measured
from 18F–FDG PET/CT as response evaluation after SIRT for
CLM predicted increased survival [27, 36, 37].

Metastatic CRC is considered a systemic disease. Total
MTVand TLG reflect the tumor burden and metabolic activ-
ity, and it is likely to assume that high tumor burden and high
metabolic activity increase the probability of extrahepatic met-
astatic disease not detected by 18F–FDG PET/CT prior to the
LTand leads to worsened prognosis. This is in agreement with
our previous observations where other surrogate markers of
advanced stage and aggressive tumor biology like high CEA
levels and large tumor diameter prior to transplantation, were
associated with decreased overall survival [8]. In the SECA
patients, the site of recurrent disease seems to be more impor-
tant than DFS, since patients with pulmonary relapse have
better survival compared to patients developing lymph node
or liver metastases [8, 40]. Thus, the ability of 18F–FDG PET/
CT to predict OS is clinically more important than DFS.

Our study has limitations. The small number of patients
(n = 23) is a statistical weakness of this study. However, the
SECA study is the only study of its kind worldwide, and
despite that the number of patients was 23, the results showed
significant differences for MTV and TLG under the cut-off
value. It was performed retrospectively, and the protocol was
not strictly controlled. There was varying time between imag-
ing with 18F–FDG PET/CT scan and LT that could have led to
a progression of the disease in patients with a long interval.
There was no difference in three and five-year OS in the pa-
tients with observation time from 18F–FDG PET/CT to LT
over the median compared to the patients with observation
time under the median (data not shown). Furthermore, there
was no difference in MTV and TLG between these groups
(data not shown). Due to large tumor burden in some patients,
it was difficult to place the ROI in the right liver lobe to
measure background liver uptake. In these four cases, the
ROI was placed in the left liver lobe. All patients received

Table 3 Survival after liver transplantation

Follow up
time (years)

Survival (%) P-
value

Over cut-off Under cut-off

SUVmax 1 92.3 100 0.380

3 61.5 80.0 0.263

5 38.5 50.0 0.308

SUVmean 1 92.9 100 0.423

3 64.3 77.8 0.392

5 35.7 55.6 0.260

SUVpeak 1 92.9 100 0.423

3 64.3 77.8 0.392

5 35.7 55.6 0.260

MTV 1 91.7 100 0.338

3 50.0 90.9 0.027

5 25.0 63.6 0.026

TLG 1 91.7 100 0.338

3 50.0 90.9 0.027

5 25.0 63.6 0.026

T/B-ratio 1 90.9 100 0.296

3 54.5 83.3 0.091

5 36.4 50.0 0.207
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chemotherapy prior to the preoperative 18F–FDG PET/CT
which could have affected the FDG uptake in the liver metas-
tases. However, none of the patients received chemotherapy
the last 4–6 weeks prior to the 18F–FDG PET/CT. The cut-off
values for the PET metrics determined by a ROC analysis will

be highly dependent on the patient population, thus the spe-
cific cut-off values from this small study cannot be applied on
other cohorts.

The 18F–FDG PET performed in the SECA study followed
a standard clinical protocol and was not optimized for the

Fig. 1 Kaplan–Meier five-year overall survival (OS) plot. Patients with
total metabolic tumor volume (b) and total lesion glycolysis (c) under cut-
off value had significantly longer five-year OS than patients over cut-off
value (P = 0.027 and 0.026, log rank test). Maximum standardized uptake

value (a), tumor to background ratio (d), mean standardized uptake value
(e) and peak standardized uptake value (f) were not significantly corre-
lated to OS
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imaging of liver metastases or for the detection of extra hepat-
ic lesions in the liver hilum. Limited spatial resolution causing
intensity diffusion [41] hampers the correct rendering of small
lesions. Physiologic 18F–FDG-uptake in the liver paren-
chyma, respiratory movements during acquisition causing
smearing of focal 18F–FDG uptakes and possible errone-
ous attenuation correction due to respiratory phase mis-
match between the PET and CT data could have influ-
enced the performance [42]. Since the SECA study, new
PET/CT techniques have been introduced to cope with

respiratory movements is increasingly used in clinical
work, especially in radiation planning, but also to in-
crease sensitivity of PET/CT in general [43]. Despite the
fact that no optimized PET protocols were used for the
imaging of liver metastases or for the detection of extra
hepatic metastases in the liver hilum, the MTV and TLG
measured from a standard 18F–FDG PET protocol showed
prognostic value in this patient population, underlining
the relevance of this examination as a possible clinical
selection tool.

Fig. 3 Kaplan–Meier disease
free survival (DFS) plot. Patients
with total metabolic tumor vol-
ume (MTV) and total lesion gly-
colysis (TLG) under the cut-off
value had significantly longer
DFS compared to the patients
over the cut-off value (P = 0.01,
log rank test)

Fig. 2 a-c 18F–FDG PET, CT and fused 18F–FDG PET /CT images of a
patient with total metabolic tumor volume (MTV) and total lesion gly-
colysis (TLG) under the cut-off value. SUVmax, SUVmean, SUVpeak and
T/B-ratio were over the cut-off (SUVmax 12.5 g/cm

3, SUVmean 9.6 g/cm
3,

SUVpeak 7.3 g/cm3, T/B-ratio 5.3, MTV 14.4 cm3, TLG 36.3 g). The

patient is still alive ten years after liver transplantation (LT). d-e 18F–
FDG PET, CT and fused 18F–FDG PET /CT images of a patient with
total MTVand TLG over the cut-off value (SUVmax 15.8 g/cm

3, SUVmean

9.3 g/cm3, SUVpeak 12.9 g/cm3, T/B-ratio 6.7, MTV 146.5 cm3, TLG
1355.1 g). The patient died from recurrent disease two years after LT
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Conclusion

Total MTV and TLG from 18F FDG PET/CT prior to LT for
nonresectable CLM were significantly correlated to improved
three and five-year OS and DFS and can potentially improve
the patient selection for LT.
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