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Abstract 

The last few decades have seen a dramatic increase in the treatment options for colorectal cancer.   

These include adjuvant and neoadjuvant chemotherapy and radiotherapy, extended resections, local 

excision, and deferral of surgery amongst others.  These developments are increasing the need for 

accurate staging of colorectal cancer through imaging; many treatment decisions are now taken 

before histopathology is available, optimal outcomes are achieved if the first surgical procedure is 

the definitive procedure, and histopathology results which have determined the need for adjuvant 

therapy are now frequently affected by neoadjuvant treatment.  Assessment of imaging has 

predominantly judged its accuracy by comparing it to histopathology as a “gold standard”.  However, 

this approach may underestimate the accuracy of imaging due to inaccuracies in histopathological 

assessment.  It may also fail to focus on the adverse risk features which are most reliably identified 

on imaging. 

This thesis investigates the role of MRI in improving perioperative staging of both colon and rectal 

cancer.  In a retrospective study of rectal cancer patients undergoing pre-treatment PET/CT and CT, I 

demonstrated that patients with high-risk features on rectal MRI have an odds ratio of 6 for 

synchronous metastatic disease compared to those with low-risk features.  This suggests that, at 

least in rectal cancer, MRI is not only accurate when compared to histological staging, but can 

independently risk stratify patients with systemic disease.  The next aim of this thesis was to 

determine whether it is possible to extend the benefits of local cancer staging with MRI seen in 

rectal cancer patients to patients with colon cancer. 

I, therefore, went on to develop a number of MRI sequences in healthy volunteers which allowed 

good visualisation of the colon.  I then applied these to a cohort of colon cancer patients in an 

attempt to obtain more accurate local staging using 1.5T MRI and 3T than is currently achieved with 

CT.  Overall, I was not able to demonstrate that MRI was significantly more accurate than CT in the 

local staging of colon cancer, but I was able to obtain a similar accuracy in T staging with 3T MRI (56-
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76%) to that achieved with CT (66-72%).  In the best multiplanar 3T MRI scans, T-staging accuracy 

was greater than CT (67-79%). 

In the final part of this thesis, I investigated whether ex-vivo specimen MRI could improve that 

accuracy of histological staging by helping to select tumour blocks.  I hypothesised that part of the 

“inaccuracy” demonstrated by imaging staging was due to sampling error in the selection of sections 

for histopathology, and that performing a high-resolution ex-vivo MRI of the specimen might reduce 

this error by helping to select tumour blocks.  I was unable to demonstrate any benefit from this 

technique.
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The ideal staging modality for colorectal cancer would be available at the time of diagnosis, 

repeatable following treatment, non-invasive, and highly accurate for staging local and distant 

disease, and would include no risk to the patient in  the form of ionising radiation.  Unfortunately, no 

such staging modality is available, and so a multi-modality strategy is currently adopted.  This 

incorporates both pre-operative imaging and post-operative histology.  The overarching aim of this 

research project is to improve the accuracy of this perioperative staging.  

1.1 My role in this chapter 

With the support of my supervisor, I performed the literature search for this chapter, reviewed the 

literature and wrote this chapter.  I was first author for two book chapters and one review article 

which relate to this introduction (Hunter et al., 2016, Hunter and Brown, 2015, Hunter and Brown, 

2013). 

1.2 Incidence of colorectal cancer 

Colorectal cancer is a major health problem.  Worldwide, there were nearly 1.4 million new cases of 

colorectal cancer diagnosed in 2012 (Ferlay et al., 2012).  The global incidence of colorectal cancer is 

increasing, with a projected annual worldwide incidence of 2.4 million by 2035.  In the United 

Kingdom (UK), there are around 36,000 new cases per annum and around 14,000 deaths per year 

(Westlake, 2009).  This makes colorectal cancer the second most common cause of cancer death in 

the UK, and colorectal cancer represents a lifetime risk of around 5% for the UK population.   
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1.3 Aetiology and risk factors 

1.3.1 Age 

Incidence of colorectal cancer increases sharply with age, with 90% of cancer cases occurring in 

those over aged 50 years.  The incidence rate is more than 50 fold in those aged 60 to 79 years 

compared to those aged less than 40 years (Haggar and Boushey, 2009).  However, certain inherited 

conditions predispose to colorectal cancer at an early age, and those diagnosed with colorectal 

cancer at a younger age tend to present with more advanced disease and have a higher 5 year 

recurrence rate (Steele et al., 2014). 

1.3.2 Adenomatous polyps 

Adenomatous polyps are associated with an increased risk of developing colorectal cancer, and the 

risk is increased in the presence of large and multiple polyps.  Individuals with large (>1cm) 

adenomas have a standardized incidence ratio of 3.6 for developing colorectal cancer, and this 

increases to 6.6 if multiple adenomas are present (Atkin et al., 1992).  Endoscopic removal of 

colorectal polyps reduces the risk of colorectal cancer.  There is approximately a 53% reduction in 

mortality from colorectal cancer in patients undergoing surveillance with colonoscopic polypectomy 

(Zauber et al., 2012).  

1.3.3 Inflammatory bowel disease 

Ulcerative colitis and Crohn’s disease are both associated with an increased risk of colorectal cancer.  

The risk is dependent on the extent of colonic inflammation and duration of disease.  There is little 

or no increased risk in proctitis, but those with pancolitis have a cumulative incidence of colorectal 

cancer of 2% at 10 years, 8% at 20 years and 18% at 30 years (Eaden et al., 2001).  Colorectal cancer 

is more likely to develop if there is ongoing active inflammation in the colon (Rutter et al., 2004).  
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Active treatment to prevent persistent colonic inflammation and regular colonoscopic surveillance to 

identify and treat dysplasia may reduce the risk of colorectal cancer. 

1.3.4 Genetic risk factors 

Colorectal cancer is common, with a lifetime risk of around 5% in the UK.  The majority of these 

cancers will occur in individuals with no genetic predisposition, so called sporadic cancers.  Due to 

the common nature of this cancer, a large number of people will therefore have first degree 

relatives who have developed bowel cancer.  However, as the number of affected relatives increases 

so does the risk of developing colorectal cancer.  At the high risk end of this spectrum a number of 

conditions have been identified which confer a very high risk of developing colorectal cancer. 

Familial adenomatous polyposis 

Familial adenomatous polyposis (FAP) is an autosomal dominant disorder caused by mutation in the 

tumour-suppressor adenomatous polyposis coli (APC) gene on the long arm of chromosome 5.  It 

causes affected individuals to develop hundreds of colonic adenomas at a young age, and confers a 

near 100% risk of developing colorectal cancer by age 40 (Markowitz and Bertagnolli, 2009).  FAP is 

also associated with a number of extra-colonic manifestations, including adenomas and carcinomas 

of the duodenum, stomach, small intestine, biliary tract, thyroid and adrenal as well as epidermoid 

cysts and desmoid tumours.  FAP is diagnosed clinically by the identification of over 100 colonic 

adenomas.  A mutation in the APC gene can then be identified in around 80% of affected individuals, 

and family members can then be offered genetic testing to see whether they have inherited the 

family mutation.  Patients with confirmed FAP should be offered prophylactic colectomy or 

restorative proctocolectomy and screening for extra-colonic manifestations. 

MYH-associated polyposis 

MYH-associated polyposis (MAP) has substantial clinical overlap with FAP, with half of affected 

individuals developing over 100 colonic adenomas.  However, the degree of polyposis is more 
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variable, with some affected individuals developing only a few polyps.  MAP also confers a very high 

risk of developing colorectal cancer, with 80%of affected individuals developing colorectal cancer by 

age 70 (Goodenberger and Lindor, 2011).  MAP is also associated with extra-colonic manifestations, 

including duodenal polyps, gastric polyps and desmoid tumours, but these are less common than in 

FAP.  MAP is caused by biallelic mutations of the mutY Homolog (E.coli) (MYH or MUTYH) gene on 

the short arm of chromosome 1.  It therefore demonstrates autosomal recessive inheritance, and 

around 1% to 2% of the population are carriers of MYH mutations. 

Hereditary non-polyposis colorectal cancer 

Individuals with a very strong family history of colorectal cancer, in the absence of the large numbers 

of adenomas seen in the polyposis syndrome, have been described as having hereditary non-

polyposis colorectal cancer (HNPCC).  To be classified as such, patients should either fulfil the 

Amsterdam criteria II or have an identified mismatch repair (MMR) mutation.  The Amsterdam 

criteria II are defined as (Vasen et al., 1999): 

At least three relatives with colorectal, endometrial, small bowel, ureteric, or renal pelvis cancer, 

one of whom should be a first-degree relative of the other two. 

• At least two successive generations should be affected 

• At least one colorectal cancer should be diagnosed before the age of 50 

• Familial adenomatous polyposis should be excluded 

• Tumours should be verified by pathological examination 

Men with HNPCC have a 47% risk of developing colorectal cancer by age 70, and women a 33% risk 

of developing colorectal cancer and a 14% risk of developing endometrial cancer by 70 (Alarcon et al., 

2007).  They are also much more likely to develop colorectal cancer at a young age, with the average 

age of diagnosis being 45.  They are therefore 148 times more likely to have developed colorectal 

cancer by the age of 40 than the general population (Voskuil et al., 1997).  Patients fulfilling the 
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Amsterdam II criteria without MMR deficiency have more recently been described as having familial 

colorectal cancer type X (Goodenberger and Lindor, 2011). 

Lynch syndrome 

Approximately 50% of individuals with HNPCC will have an identifiable germline mutation in 

mismatch repair (MMR) genes.  MMR genes are tumour-suppressor genes which are responsible for 

repairing base-base mismatches and small insertions or deletions in DNA.  In Lynch syndrome, one of 

the inherited alleles is faulty.  For tumour formation, the other allele becomes damaged, leaving the 

cell with no functioning copy.  DNA mismatches therefore accumulate within the cell, leading to 

mutations in many other genes and ultimately tumour formation.  Cancers occur most commonly in 

the colon, but also occur with increased frequency in the endometrium, stomach, ovary and 

urothelium compared to the general population.  As only one faulty autosomal gene is required to 

inherit Lynch syndrome, it is autosomal dominantly inherited. 

Microsatellite DNA consists of repetitive sequences of 1 to 6 bases.  Microsatellite DNA is found 

throughout the human genome, and makes up about 3% of human DNA.  Microsatellites are most 

common in introns, but also occur in coding regions of many genes which regulate cell growth or 

promote apoptosis.  These repetitive sequences are more prone to replication errors than other 

parts of the genome, and so accumulate mutations in MMR defective cells.  This leads to 

microsatellite instability (MSI) in Lynch syndrome cancers, with highly variable microsatellites. 

Other hereditary colorectal cancer 

A number of other syndromes are associated with an increased risk of developing colorectal cancer, 

included Peutz-Jeghers syndrome, juvenile polyposis and Cowden disease.  Patients with a strong 

family history of colorectal cancer but without one of the previously defined syndromes may also be 

at increased risk of developing colorectal cancer.  Patients with one first degree relative, who 

developed colorectal cancer before the age of 45 years, or with two first degree relatives with 

colorectal cancer, have a 3 to 6 fold increase risk in developing colorectal cancer compared to the 
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general population and may benefit from endoscopic surveillance.  Many of these families are likely 

to have clustering of a number of alleles which individually confirm only a small increased risk of 

colorectal cancer, but when grouped together may be associated with a significant increased risk.  

This is in keeping with the L shaped distribution of allelic effects, where a small number of variants 

have a large effect on phenotype (such as APC, MYH and MMR genes), but a large number of 

variants will have an individually small effect.  Genome wide association (GWA) studies have recently 

identified 10 common genetic variants linked to colorectal cancer, and these may offer opportunities 

for targeted surveillance or new avenues of therapeutic research in the future (Tenesa and Dunlop, 

2009). 

1.3.5 Environmental risk factors 

There is a wide variation in colorectal cancer incidence rates between countries, with higher 

incidence rates in more developed regions and lower incidence rates in less developed regions.  The 

lowest incidence is in Western Africa (4.5 per 100,000 in men and 3.8 per 100,000 in women), and 

the highest incidence in Australia and New Zealand (44.8 per 100,000 in men and 32.2 per 100,000 

in women) (Ferlay et al., 2012).  In migrant populations, the incidence in migrants and their 

descendants has tended to reach that of their adopted country, within one or two generations.(Ponz 

de Leon and Roncucci, 2000).  These data suggest that dietary or environmental factors may be 

important in the aetiology of colorectal cancer, although these incidence rates may be subject to a 

high degree of ascertainment bias (there may be under reporting in developing countries). 

Diet 

These data supporting an environmental aetiology in colorectal cancer have led to a number of 

studies looking at the association between diet and colorectal cancer.  In animal studies, diets 

containing more than 40% of their calories as fat are associated with a higher incidence of colorectal 

cancers than those with a low fat content (Ponz de Leon and Roncucci, 2000).  However, a 
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subsequent meta-analysis found no evidence to support the association between animal fat and 

animal protein dietary intake and colorectal cancer in humans (Alexander et al., 2009).   

Several studies have examined more specifically the association between dietary red and processed 

meat intake and colorectal cancer.  A large cohort study of almost 150,000 followed over 20 years 

found that high dietary intake of red and processed meat was associated with an increased risk of 

developing colorectal cancer, particularly when sustained over 10 years, but that a high intake of 

poultry and fish was associated with a lower colorectal cancer risk (Chao et al., 2005).  However, the 

evidence for this has again been inconsistent and a meta-analysis in 2011 concluded that the 

available epidemiologic data was not sufficient to support an independent and unequivocal positive 

association between red meat intake and colorectal cancer (Alexander et al., 2011). 

High alcohol intake is associated with an increased risk of developing colorectal cancer, with a 

relative risk of 1.41 for developing colorectal cancer in those consuming 45g/day of alcohol 

compared to non-drinkers (Cho et al., 2004).  These findings have been relatively consistent across a 

number of cohort studies, and between colorectal cancer site (Moskal et al., 2007).  There is a j-

shaped dose-response, with low levels of alcohol intake possibly offering some protection against 

colorectal cancer compared to complete abstinence. 

Several studies have also looked at dietary components which might exert a protective effect against 

colorectal cancer.  The American Institute for Cancer Research suggests that high dietary fibre intake, 

garlic, calcium and milk probably protect against colorectal cancer, and that there was limited 

evidence that non-starchy vegetables, fruits, folate, selenium , fish and vitamin D protect against 

colorectal cancer (World Cancer Research Fund / American Institute for Cancer Research, 2007) 

Physical activity 

Higher overall levels of physical activity are associated with a lower risk of developing colon cancer 

(Robsahm et al., 2013).  There is evidence of a dose response-effect, with increased frequency and 

intensity of physical activity associated with reduced risk of developing colorectal cancer (Haggar 
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and Boushey, 2009).  The biological mechanism for this action is not fully elucidated, but may be 

related to increased metabolic efficiency, reduced insulin resistance or increased gut motility. 

Obesity 

There is a positive relationship between body mass index (BMI) and cancer risk for both colon cancer 

and rectal cancer.  A recent meta-analysis suggested a relative risk of 1.59 for developing cancer in 

the distal colon for obese patients compared to those with a normal BMI, and a relative risk of 1.23 

for developing rectal cancer (Robsahm et al., 2013). 

Tobacco 

Tobacco smoking is associated with an increased risk of developing colorectal cancer.  Although this 

effect is much smaller than that seen in some other cancers, such as lung cancer, it is still significant 

with an relative risk of 1.36 for ex-smokers and 1.96 for current smokers (Zhao et al., 2010).  There is 

a stronger association between tobacco smoking and cancer risk in rectal cancer than in colon 

cancer.  Individuals exposed to tobacco smoke are also significantly more likely to develop colorectal 

cancer at a younger age (Peppone et al., 2008). 

1.4 Pathogenesis 

Cell replication and division in the human body is a tightly regulated process.  For colorectal 

epithelial cells to escape this tight regulation and replicate in an uncontrolled manor, invade 

adjacent tissues and then metastasize to different sites requires a large number of mutations.  

Although these mutations occur randomly within individual cells in a neoplastic lesion, the defects 

accumulate in a non-random fashion because they confer important survival advantages (Goel and 

Boland, 2010).  At least three distinct pathways are now recognised by which different types of 

colorectal cancer acquire the required genetic changes to become invasive malignancies. 
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1.4.1 Adenoma-carcinoma sequence 

In the 1951, Jackman and Mayo published a paper suggesting that there may be a link between 

colorectal adenomas and carcinomas, based on similarities in their location within the large bowel, 

age and sex distribution, and high incidence of colorectal cancer in patients with Familial 

Adenomatous Polyposis (Jackman and Mayo, 1951).  Although initially disputed, the identification of 

varying degrees of dysplasia arising within polyps, adenomas demonstrating the very earliest stages 

of invasion, and frank carcinomas with residual adenomatous regions at the edge led to a general 

consensus that most carcinomas of the large bowel develop in adenomas (Day and Morson, 1978). 

Vogelstein et al subsequently studied genetic alterations in different stages of colorectal neoplasia, 

from early adenomas to advanced carcinomas.  He observed that ras-gene mutations occurred 

frequently in advanced adenomas and carcinomas, but infrequently in early adenomas, and that 

chromosome 17p sequences were usually lost in carcinomas but not in adenomas (Vogelstein et al., 

1988).  Progressive acquisition of mutations causing the loss of tumour suppressor genes and the 

activation of oncogenes was therefore felt to mark the progression of the adenoma-carcinoma 

sequence.   

1.4.2 Molecular pathways 

Chromosomal Instability Pathway (CIN) 

This is now recognised as the Chromosomal Instability (CIN) Pathway.  Mutation of the adenomatous 

polyposis coli (APC) tumour suppressor gene on the long arm of chromosome 5 occurs early, which 

results in chromosomal instability and loss of heterozygosity (LOH) due to the loss of segments of 

chromosomes (Kudo et al., 2008).  Consequent mutations include the activation of the KRAS 

oncogene early in the pathway, and mutations in the p53 and other tumour suppressor genes occur 

later.  Tumours occurring via the CIN pathway are seen in sporadic adenomas and Familial 

Adenomatous Polyposis (FAP), and account for around 57% of colorectal cancers (Kudo et al., 2008). 
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Microsatellite Instability Pathway 

Lynch syndrome (page 25) tumours exhibit different histological features to sporadic and FAP (page 

23) tumours.  Lynch syndrome cancers are more commonly right sided, and more commonly poorly 

differentiated or mucinous.   This led to the suggestion that there may be an alternative molecular 

pathway responsible for the formation of these tumours, and this has subsequently been described 

as the Microsatellite Instability Pathway.  In this pathway, a defect in mismatch repair (MMR) genes 

leads genomic instability through the accumulation of base errors.  These are particularly evident in 

microsatellite regions of the genome.  These are regions of the genome with long sequences of 

mononucleotide or dinucleotide repeats. Loss of mismatch repair ability leads to changes in the size 

of these microsatellite regions of the genome, termed microsatellite instability, which can be used to 

identify these tumours.  In Lynch syndrome, germ line mutation of one allele of an MMR gene 

(commonly MLH1 or MSH2) is coupled with a somatic inactivation of the functioning parental allele.  

Biallelic silencing of an MMR gene can also lead to mismatch repair in approximately 15% of patients 

with sporadic colorectal cancer (Markowitz and Bertagnolli, 2009). 

CpG-island methylation phenotype (CIMP) 

In addition to chromosomal instability and microsatellite instability, a third mechanism of gene 

inactivation is now recognised in colorectal cancer.  In these tumours, methylation of CpG 

dinucleotides aberrantly occurs in CpG rich “CpG islands” in the promoter regions of genes rather 

than in the areas of repetitive DNA outside exons where it is seen in the normal genome.  This can 

result in the epigenetic silencing of genes (Issa, 2004).  In sporadic MSI high cancers, methylation of 

the promoter region of MLH1 leads to a mismatch repair defect and microsatellite instability.  This is 

thought to be the pathway responsible for the formation of colorectal cancer through serrated 

adenomas, and is seen predominantly in right sided cancers in older women. 
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1.4.3 Principle genes involved in colorectal cancer 

Although there are at least three distinct pathways now recognised which allow the accumulation of 

genetic changes to form colorectal cancers, there is substantial overlap between these pathways in 

the tumour suppressor genes which are deactivated and the oncogenes which are activated. 

Adenomatous Polyposis Coli (ACP) gene 

The APC gene is a tumour suppressor gene located on the long arm of chromosome 5.  It has a 

number of functions, including cell adhesion and migration, spindle formation and chromosome 

migration.  Mutation of APC is found in 80% of colorectal adenomas and carcinomas, and is one of 

the earliest mutations in colon cancer progression (Goss and Groden, 2000).  APC normally 

suppresses the Wnt signalling pathway which controls cell proliferation and differentiation in the 

intestine, by allowing destruction of the beta-catenin protein (Aoki and Taketo, 2007).  Inactivation 

of this mechanism is thought to be a key early step in the formation of most colorectal carcinomas. 

Tumour Protein p53 (TP53) gene 

The TP53 gene is a tumour suppressor gene located on the short arm of chromosome 17.  Tumour 

Protein p53, the protein coded by the TP53 gene, is important in the regulation of the cell cycle and 

induction of apoptosis in cells and is activated in response to a number of cell stresses.  In colorectal 

neoplasms, loss of both TP53 gene alleles usually occurs near the transition from benign to 

malignant growth (Baker et al., 1990). 

Transforming Growth Factor Beta (TGF-β) type II receptor gene 

The TGF-β signalling pathway is involved in a number of cellular processes, including cell cycle arrest 

and apoptosis.  The TGF-β type II receptor gene (TGFBR2) is a tumour suppressor gene located on 

the short arm of chromosome 3.  The TGFBR2 gene is inactivated in 90% of colorectal cancers arising 

through the MSI pathway, and correlates closely with the progression of adenomas to cancers 

(Grady et al., 1998). 
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KRAS 

Ras proteins are a family of related proteins involved in the intra-cellular signalling of cell growth and 

survival, the mitogen-activated protein kinase (MAPK) cascade.  There are three Ras genes in 

humans; HRAS, KRAS, and NRAS.  Of these, KRAS is a common oncogene in colorectal cancer with 

mutation occurring in 37% of colorectal cancers.  Mutation of KRAS leads to promotion of cell 

replication.  In isolation, this may lead to a hyperplastic polyp or serrated adenoma, but in 

combination with APC mutation may progress to colorectal cancer (Vogelstein and Kinzler, 2004).  

Two new therapeutic agents, cetuximab and panitumumab, are Epidermal Growth Factor Receptor 

(EGFR) inhibitors.  These work by inhibiting activation of the KRAS intra-cellular signalling pathway 

through EGFR.  Cetuximab and panitumumab are therefore ineffective for tumours with KRAS 

mutations.  This has increased the clinical importance of testing tumours for KRAS mutation. 

BRAF 

Raf kinases are also intracellular signalling proteins and form the next step in the MAPK cascade, 

activated by RAS.  Inappropriate activation of Raf can therefore also lead to promotion of cell 

replication.  There are three Raf kinase proteins in humans, A-Raf, B-Raf and C-Raf.  The gene which 

codes for B-Raf is called BRAF.  This is a proto-oncogene in colorectal cancer and mutation is found in 

18% of colorectal cancers (Davies et al., 2002).  Mutation in both KRAS and BRAF would confer no 

survival advantage to cell lines as they both activate the same intra-cellular signalling pathway, and 

therefore mutations in these two oncogenes tend to be mutually exclusive.  BRAF mutations occur 

more commonly in CIMP pathway colorectal cancers, and therefore tend to be seen more in right 

sided tumours arising in serrated adenomas.  BRAF mutation also makes treatment with cetuximab 

or panitumumab ineffective as B-Raf is further down the same intracellular signalling pathway as 

KRAS, and so tumours are routinely tested for BRAF and KRAS mutations before commencing 

treatment with cetuximab. 
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1.4.4 Molecular classification of colorectal cancer 

These different molecular pathways have been used to identify 5 distinct groups of colorectal 

cancers which exhibit distinct pathological features (Jass, 2007): 

• Group 1 (sporadic MSI-H) tumours are MSI high, CIMP high, and chromosomally 

stable.  They normally have methylation of MLH1 and demonstrate BRAF gene 

mutation.  These tumours are predominantly right sided, affect women more than 

men, are often mucinous and arise in serrated adenomas.  They account for 

approximately 12% of colorectal cancers. 

• Group 2 tumours are MSI stable or MSI low, CIMP high, and chromosomally stable.  

They may demonstrate BRAF, KRAS, APC or TP53 gene mutation.  These tumours are 

also predominantly right sided and occur more commonly in women, are often 

mucinous and arise in serrated adenomas.  They account for approximately 8% of 

colorectal cancers. 

• Group 3 tumours are MSI stable or MSI low, CIMP low, and chromosomally unstable.  

They usually demonstrate KRAS and TP53 mutation and may have APC mutation.  

They are predominantly left sided and affect men more than women.  They may 

arise in serrated adenomas or adenomas and are less commonly mucinous.  They 

account for around 20% of colorectal cancers. 

• Group 4 tumours are MSI stable, CIMP negative and chromosomally unstable.  The 

usually demonstrate APC, TP53 and KRAS mutation.  They are predominantly left 

sided and occur more commonly in men, are less commonly mucinous and arise in 

adenomas.  These tumours include sporadic, FAP associated and MUTYH polyposis 

associated tumours and account for around 57% of colorectal cancer. 
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• Group 5 (Lynch syndrome) tumours are MSI high, CIMP negative and chromosomally 

stable.  They often exhibit APC and KRAS mutations, are predominantly right sided 

and occur more commonly in men than women.  They also arise in adenomas and 

are less commonly mucinous.  They account for around 3% of colorectal cancers. 

This classification of colorectal cancer pathogenesis into distinct subgroups links recent molecular 

insight to some of the pathologically subtypes which have been recognised for some time.  Although 

there is overlap between the subgroups, and indeed development of invasive colorectal cancer 

probably requires disruption of most if not all of the cellular signalling pathways, recognition of 

these subgroups may help research into the aetiology of colorectal cancer, chemoprevention, 

prognostication and targeted therapeutics. 

1.5 Spread of colorectal cancer 

Colorectal cancer may spread from its primary site through direct invasion of adjacent tissues, 

lymphatic spread, haematogenous spread and transcoelomic spread. 

1.5.1 Direct invasion 

Direct invasion is the process by which colorectal cancers grow into adjacent tissues.  The vast 

majority of colorectal cancers start as adenomas, benign neoplasms arising from the colorectal 

mucosa.  For these neoplasms to become carcinomas, they must first invade through the muscularis 

mucosa into the submucosa (Haboubi and Scott, 2000).  At this stage, they become malignant 

neoplasms with the potential for distant metastasis.   

Colorectal cancers may then continue to invade through the layers of the bowel wall, into the 

pericolic and perirectal fat, through the serosal layer where present, and into adjacent organs.   
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1.5.2 Lymphatic spread 

Lymph node metastases are found in approximately 30% of resected colorectal cancer specimens on 

standard histological assessment , although a further 20% to 30% of patients may have 

micrometastases or isolated tumour cells if lymph nodes are examined by step sectioning and 

immunohistochemistry (Bembenek et al., 2005).  Colorectal cancers usually metastasize first to para-

colic or para-rectal lymph nodes, and then spread in a step wise fashion along draining lymphatics 

towards the para-aortic lymph nodes.  However, lymph node metastases may skip a lymph node tier 

in approximately 20% of cases (Merrie et al., 2001).   

1.5.3 Haematogenous spread 

The process of haematogenous spread starts with intravasation of colorectal cancer cells, helped by 

angiogenesis within the primary tumour.  However, this process alone is not enough to allow 

haematogenous spread of colorectal cancer cells.  They must then adhere to the endothelium and 

extravasate into a suitable site to form metastatic deposits.  This is a complex process and requires a 

large number of additional mutations for colorectal cancer cells form viable metastatic deposits.  

The primary venous drainage of the colon and rectum is via the portal venous system to the liver, 

and it is therefore unsurprising that the liver is the most common site of distant metastases in 

colorectal cancer.  As well as being the most common site of visceral metastases in colorectal cancer, 

the liver is the only site of visceral metastases in 30-40% of cases.  The lower third of the rectum has 

dual venous drainage via the portal and systemic circulation, and it is probably for this reason 

metastasis to the lung is more common in rectal cancer. 

1.5.4 Transcoelomic spread 

The final mechanism of metastasis encountered in colorectal cancer is spread tumour cells across 

the peritoneal cavity.  This usually occurs when tumour has invaded through the peritoneum (T4 

disease), which may be apparent on pre-operative imaging, macroscopically at the time of operation, 
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or on histopathological assessment postoperatively.  Occasionally, this form of spread may result 

from peritoneal spillage of tumour cells at the time of surgical resection. 

Peritoneal deposits have a predilection for certain sites within the abdominal cavity; these include 

the superior and inferior ileocaecal recesses, the recto-vesical pouch (Pouch of Douglas), the under 

surface of the diaphragm and the transverse mesocolon (DeMeo et al., 1995, Coakley and Hricak, 

1999, Meyers et al., 1987). 

1.6 Sites of metastasis in colorectal cancer 

1.6.1 Liver metastases 

As mentioned previously, the liver is the most common site for visceral colorectal metastases.  Over 

the period from 1984 to 2005, 5 year overall survival for patients undergoing resection of hepatic 

metastases improved from 23% to 46%, despite patients undergoing operations with more severe 

disease (Andres et al., 2008).   

Improved survival following treatment for colorectal liver metastases has been attributed to a 

number of different factors.  These include; improved techniques for anatomical resection 

(Geoghegan and Scheele, 1999, Jaeck et al., 1997, Fong et al., 1997), increased use of intraoperative 

ultrasound (Foroutani et al., 2000, Cervone et al., 2000), reduction in perioperative morbidity and 

mortality (Choti et al., 2002), second resections for recurrent hepatic metastases (Nordlinger and 

Wind, 1994) and the use of chemotherapy (Clavien et al., 2002, Shankar et al., 2001, Adam et al., 

2001, Giacchetti et al., 1999). 

A number of different studies have identified risk factors which predict outcome after resection of 

liver metastases.  One of the largest studies by Fong et al included over 1000 patients, and identified 

the following prognostic factors: size of metastasis >5cm, potential involvement of the resection 

margin, >1 liver metastasis, poor prognosis primary, synchronous primary tumour and liver 
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metastases (within 12 months), and extra hepatic metastatic disease.  Overall 5 year survival was 

60% with none of these risk factors, falling to <20% with 4 or more risk factors (Fong et al., 1999). 

It is therefore very important to have accurate pre-operative imaging prior to treatment for liver 

metastases for careful patient selection.  The aims of imaging for patients undergoing resection of 

liver metastases are: 

• To accurately demonstrate anatomical distribution of liver metastases and 

segmental sparing 

• To exclude widespread micro metastatic disease within the liver 

• To exclude extra hepatic metastases 

• To discriminate between benign and malignant liver lesions 

• To stratify patients in terms of prognosis following metastasectomy. 

When assessing patients pre-operatively for occult intra or extra hepatic malignancies, it is worth 

bearing in mind that the risk is strongly related to the number and distribution of hepatic metastases; 

both occult intra hepatic metastases and extra hepatic metastases are rare with solitary unilobar 

metastases, but much more common with multiple bilobar metastases (Strasberg et al., 2001). 

1.6.2 Lung metastases 

The lungs are the second most common site of metastasis in colorectal cancer.  If resection can be 

safely undertaken, then excellent outcomes can be achieved, with five year survival of 55.4% to 71% 

(Rama et al., 2009, Borasio et al., 2011).  Patient undergoing repeat thoracotomy for recurrent 

pulmonary metastases may also achieve good outcomes, but the presence of hilar or mediastinal 

lymph node involvement or extra-pulmonary metastases are associate with poor survival rate (Ogata 

et al., 2005).  As with liver metastases, it is therefore important to identify lesions early, when 

curative resection may still be achieved, and to exclude poor prognosis features such as extra-

pulmonary metastases and hilar or mediastinal lymph node involvement. 
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Lung metastases usually present initially as small nodules, which are often <5mm in diameter.  Multi-

detector CT allows early detection and is superior to any other modality in the detection of these 

small lesions (Reinhardt et al., 2006).  Although this does result in the identification of more benign 

lesions, a baseline CT and serial examinations allow indeterminate lesions to be interpreted more 

confidently during follow up.  

1.6.3 Ovarian metastases 

Ovarian metastases occur in 6-8% of women, making the ovaries the third most common site of 

visceral metastases in women.  Radiologically, colorectal ovarian metastases may be easily mistaken 

for primary mucinous adenocarcinoma of the ovary (Cho and Gold, 1985).  It is therefore important 

that the reporting radiologist is aware of any current or previous diagnosis of colorectal cancer when 

interpreting radiological imaging.  Colorectal ovarian metastases may appear as large oval or 

lobulated, cystic or solid ovarian masses (Kuhlman et al., 1989, Kim et al., 1996). 

1.6.4 Peritoneal metastases 

Peritoneal metastases occur through spread of tumour cells across the peritoneal cavity.  They 

therefore usually occur in the presence of T4 disease where the serosa has been breached by 

tumour cells.   

The pattern of peritoneal spread is related to tumour grade, with poorly differentiated tumours 

tending to produce diffuse seeding, whereas well differentiated tumours are more likely to produce 

solitary deposits.  Peritoneal metastases are the most common cause of ureteric obstruction due to 

colorectal cancer, and should be considered when unexplained ureteric obstruction is identified in 

patients with a history of colorectal cancer. 

Although peritoneal metastases are usually managed palliatively, very carefully selected cases may 

have a good outcome if treated surgically (Glehen et al., 2004, Sugarbaker et al., 1996), and so 

patients should be discussed in a multidisciplinary setting if peritoneal disease is identified. 
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1.6.5 Other sites 

A less common site of distant metastases in colorectal cancer is the brain (2%) (Mongan et al., 2009).  

Other sites of colorectal metastases are rare, and include: the spleen, kidneys, pancreas, adrenals, 

breast, thyroid and skin.  However, it appears that unusual sites of metastasis are becoming more 

common with the increased use of systemic agents.  There also appears to be a relationship to the 

number of systemic therapies received (Sundermeyer et al., 2005). 

1.7 Anatomy of the colon and rectum 

1.7.1 Layers of the colonic and rectal wall 

The large intestine comprises an inner mucosal layer, a submucosal layer, a muscularis layer and an 

outer layer of adventitia. 

The innermost mucosal layer can be further divided into three tissue layers.  The epithelium lines the 

inner surfaces of the bowel.  It is made up from enterocytes, which are responsible for the 

absorptive functions of the large intestine, and goblet cells which secrete mucous to help lubricate 

the passage of solid faeces.  Underlying this epithelium is a loose connective tissue layer called the 

lamina propria, separated from the submucosa by a thin layer of muscle cells called the muscularis 

mucosa. 

The submucosa is made up of collagenous tissue and provides strength to the wall of the large 

intestine.  Within the submucosa run blood vessels and a neuronal network called Meissner’s plexus. 

Outside the submucosa lies the muscularis propria.  This consists of a further neuronal network, 

Auerbach’s plexus and an inner circular muscle layer.  The outer longitudinal muscle layer of the 

bowel is reduced to 3 bands in the large intestine, named the taenia coli, except for the appendix 

and the rectum where they merge to form a continuous layer. 
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The adventitia is a layer of loose connective tissue surrounding the colorectum, through which the 

bowel receives it’s vascular and nervous supply.  This contains a varying amount of fat.  In places the 

colorectum is covered by a serosal layer or visceral peritoneum, although this is absent where the 

mesorectum and mesocolon join the large bowel, below the peritoneal reflexion in the rectum and 

over part of the surface of the colorectum where they are retroperitoneal.  Where present, the 

serosa is continuous with the adventitia and is lined by squamous epithelium (Burkitt et al., 1993). 

1.7.2 Peritoneal coverings of the colon and rectum 

The portions of the large intestine which lie within the peritoneal cavity are covered by a serosa 

(visceral peritoneum).  This consists of a layer of squamous epithelium (mesothelium).  The 

transverse colon and sigmoid colon lie freely within the peritoneal cavity on a long mesentery and 

have a serosal layer over their whole surface except for the area where the mesentery attaches.  The 

ascending and descending colon are largely retroperitoneal, and have a serosal layer covering their 

anterior surface only.  The rectum also has a serosal covering over its anterior surface above the 

peritoneal reflection, but below this level is surrounded completely by mesorectum.  The clinical 

significance of the visceral peritoneum is that if tumour cells have breached this layer, they then lie 

freely within the peritoneal cavity and have the capacity for transcoelomic spread (page 35).  This is 

recognised in the T staging of colorectal cancers, and such tumours are categorised as T4 tumours 

(page 65). 

1.7.3 Fascial coverings of the colon and rectum 

The peritoneum is easy to visualize, as it forms a shiny layer which lines the peritoneal cavity and 

covers the peritoneal surface the intra-abdominal viscera and mesentery.  However, there are other 

fascial layers surrounding the colorectum which are similarly important, and less easy to visualise as 

they are only evident on dissection. 
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In the seventh week of foetal life, the colon lies in the midline supported dorsally by the medial 

mesocolon.  This mesocolon has a peritoneum on both sides.  During embryological intestinal 

rotation, the ascending colon comes to lie on the right side of the abdomen with the descending 

colon on the left.  At this stage, the peritoneum covering the dorsal aspect of the ascending and 

descending mesocolon fuse with the parietal peritoneum and become the fusion fascia of Toldt 

(Mike and Kano, 2014).  This layer is clinically significant because it encloses the mesocolon, and 

dissection within this plane allows the complete mesocolic excision which may be associated with a 

lower incidence of locoregional recurrence following colon cancer resection (Sondenaa et al., 2014).  

This is equivalent to, although anatomically separate from, the mesorectal fascia.  Sharp dissection 

of rectal cancers in this plane (Total Mesorectal Excision) has been demonstrated to reduce local 

recurrence in rectal cancer resection (Heald, 1988). 

1.7.4 Blood supply of the colon and rectum 

The arterial blood supply of the colon and rectum forms the anatomical basis for the resection of 

colorectal cancers.  This is primarily because the lymphatic drainage (page 43) of the colon and 

rectum follows the arterial blood supply.  In order to perform a colonic or rectal resection which 

removes as many potentially involved lymph nodes as possible, a proximal (high) tie is performed on 

the artery supplying the area of large bowel containing the cancer.  An appreciation of the arterial 

vascular supply to the colon and rectum is therefore crucial in order to appreciate not only which 

artery should form the high tie for a given tumour, but also how proximally the artery can be ligated 

without rendering the bowel, and potentially the anastomosis between the remaining segments of 

bowel, ischaemic. 

The caecum and ascending colon are supplied by the ileocolic artery and right colic artery. The 

ileocolic artery is the terminal branch of the superior mesenteric artery.  The right colic artery arises 

as a common trunk from the middle colic artery in 50% of cases, and has a separate origin (from the 

superior mesenteric artery) in 40% (Rosenblum et al., 1997).  Tumours of the caecum and ascending 
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colon are therefore usually resected by performing a high tie on the ileocolic or superior mesenteric 

artery at the level of the inferior border of the duodenum.  Above this level, too many arterial 

branches to the small bowel would be ligated, potentially rendering the small bowel ischaemic.  The 

right colic artery may be ligated at its origin from the middle colic artery or in common with the 

ileocolic artery if its origin is from the superior mesenteric artery below the level of the inferior 

border of the third part of the duodenum. 

The transverse colon is supplied by the middle colic artery, which is also usually a branch of the 

superior mesenteric artery.  However, multiple anatomic variants have been described including 

origins from the coeliac, common hepatic and splenic arteries (Rosenblum et al., 1997).  Tumours of 

the transverse colon are therefore resected by performing high tie on the middle colic artery.   

The descending colon and sigmoid colon are supplied by the left colic and sigmoid arteries 

respectively.  These are branches of the inferior mesenteric artery, and as the inferior mesenteric 

artery doesn’t supply any organs other than the large bowel, tumours in all of these areas can be 

resected by performing a high tie at the origin of the inferior mesenteric artery.  Some surgeons will 

ligate the ascending left colic at its origin from the inferior mesenteric artery when resecting the 

descending colon to preserve the superior rectal artery blood supply to the rectum. 

The predominant blood supply to the rectum is via the superior rectal artery, which is a terminal 

branch of the inferior mesenteric artery.  The lower third of the rectum, which is embryologically 

distinct from the rest of the large bowel being ectodermic in origin, also derives blood supply from 

the internal iliac arteries.  Classically this is described as being via the paired middle rectal arteries 

and inferior rectal arteries.  The middle rectal arteries originate from the anterior division of the 

internal iliac arteries.  The inferior rectal arteries originate from the internal pudendal arteries, 

themselves a branch of the anterior division of the internal iliac arteries (Moore, 2011).  However, 

some cadaveric  studies have questioned the consistency and importance of the middle rectal 

arteries, suggesting that they may be absent forty to eighty-eight percent of subjects and frequently 
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unilateral (Jones et al., 1999) (Ayoub, 1978).  Oncologically adequate resection of the rectum is 

performed utilising a high tie on the inferior mesenteric artery close to its origin from the aorta. 

The venous drainage of the colon and rectum is broadly similar to the arterial supply, with middle, 

right and ileocolic veins draining into the superior mesenteric vein and the superior rectal, sigmoid 

and left colic veins draining into the inferior mesenteric vein.  However, as these form part of the 

portal circulation, the inferior mesenteric vein joins the splenic vein before draining with the 

superior mesenteric vein into the portal vein.  

Venous drainage from the lower third of the rectum is also similar to the arterial supply, and so 

drains into the systemic circulation via the internal iliac veins.  This is clinically important as tumour 

cells which spread via this route enter the systemic circulation rather than the portal venous system 

and are therefore more likely to spread to the lungs and less likely to spread to the liver. 

1.7.5 Lymphatic drainage of the colon and rectum 

The lymphatic drainage of the large bowel is of clinical significance as the regional lymph nodes are 

the most common location of metastatic spread in colorectal cancer (page 35).  The lymphatic 

drainage of the colon and rectum essentially follows the arterial supply, and is contained within the 

same mesocolic and mesorectal envelope.   

The Japanese Society for Cancer of the Colon and Rectum categorizes and numbers the lymph node 

stations draining the colon and rectum according to the closest named artery and proximity to the 

bowel.  Epicolic, paracolic and pararectal nodes (up to the level of Sudeck’s point) are categorized as 

station 1 nodes.  Over ninety-nine percent of positive pericolic and perirectal lymph nodes will lie 

within 10cm proximal or distal to the tumour (Toyota et al., 1995).  Intermediate nodes lie along the 

branches of the superior and inferior mesenteric arteries, and are categorised as station 2 nodes.  

Main nodes lie at the origin of the named colic arteries and along the inferior mesenteric artery 
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proximal to the left colic artery (Dennosuke, 1983).  The numbers of these nodal stations are given in 

Table 1.1. 

Colorectal cancer can also metastasize to lymph nodes outside the mesorectal or mesocolic 

envelope.  This is perhaps unsurprisingly most common in the low rectum.  As previously discussed, 

the lower third of the rectum is of embryological ectodermic origin, and derives some of its blood 

supply from the internal iliac arteries.  Some of the lymphatic drainage of the rectum therefore also 

drains laterally to the internal iliac arteries, with lymph node metastases to lateral lymph nodes 

occurring in 8.8% of rectal cancers (Morikawa et al., 1994).  The incidence of lateral spread in rectal 

cancer increases in more distal tumours, occurring in 12.3% of lower third rectal tumours compared 

to 2.6% of upper third tumours (Morikawa et al., 1994). 

Colonic tumours can also metastasize to lymph nodes other than those accompanying the primary 

arterial supply, although this occurs less commonly.  Hepatic flexure tumours may metastasize to 

lymph nodes over the pancreatic head in 5% of patients, and tumours of the hepatic flexure or 

transverse colon may metastasize to lymph nodes along the gastroepiploic arcade in 4%.  Tumours 

of the transverse colon and splenic flexure may also metastasize to lymph nodes along the inferior 

border of the tail of the pancreas (Hohenberger et al., 2009). 
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Epicolic, paracolic and 

pararectal nodes 

Intermediate 

nodes 
Main nodes 

Superior mesenteric 

nodes 

Paraaortic 

nodes 

Superior mesenteric artery 

branches 

Ileocolic 201 202 203 

214  Right colic 211 212 213 

Middle colic 221 222 223 

Inferior mesenteric artery 

branches 

Left colic 231 232 

253 (Inferior mesenteric 

nodes) 

 

216 

Sigmoid 

colic 
241 242  

Superior 

rectal 
251 252  

Table 1.1: Lymph node stations
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1.7.6 Anatomical relations of the colon and rectum 

Caecum 

The caecum is usually located in the right iliac fossa.  Typically the anterior and lateral surfaces are 

covered in peritoneum and may be in contact with although not usually attached to the small bowel, 

omentum or anterior abdominal wall.  The posterior surface is usually retroperitoneal and lies over 

the iliacus and psoas muscles, and the femoral nerve.  The appendix arises from the caecal pole and 

sometimes lies posterior to the caecum.  In some individuals, the caecum is mobile, with a peritoneal 

covering over all its surfaces.  In this case it may lie within the pelvis and be related to the right ovary 

and fallopian tube, or the sigmoid colon.  In other individuals the caecum may be located more 

caudally in the position usually occupied by the ascending colon. 

Ascending colon 

The ascending colon is a continuation of the caecum, located in the right side of the abdomen above 

the level of the ileocaecal valve.  The ascending colon is also covered by peritoneum on its anterior 

and lateral surfaces and these may also be in contact with small bowel, omentum, or the anterior 

abdominal wall.  The posterior surface is retroperitoneal and overlies the iliacus and quadratus 

lumborum muscles, the right kidney, and iliohypogastric and ilioinguinal nerves.  Medially the 

ascending colon is related to the right ureter and right gonadal vessels. 

Hepatic flexure 

The hepatic flexure is located in the right upper quadrant of the abdomen.  Caudally, it may be in 

contact with although not usually attached to the liver and the gallbladder.  Posteriorly, the hepatic 

flexure may overlie the right kidney.  Medially, the hepatic flexure maybe related to the second part 

of the duodenum. 
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Transverse colon 

The transverse colon is hangs quite freely from its mesentery and is largely covered in peritoneum.  

Its position is therefore quite variable, both between individuals within the same individual in 

different postures.  Anteriorly it is usually related to the greater omentum and anterior abdominal 

wall.  Posteriorly the transverse colon may be related to second part of the duodenum, the head of 

the pancreas, and to small bowel loops.  Superiorly, the transverse colon may be related to the liver, 

gallbladder, stomach and spleen. 

Splenic flexure 

The splenic flexure is located in the left upper quadrant of the abdomen.  Superiorly, the splenic 

flexure is related to the inferior border of the spleen, and may be very closely related in some 

individuals.  The posterior aspect of the splenic flexure may overlie the left kidney or the tail of the 

pancreas. 

Descending colon 

The descending colon is located in the left side of the abdomen.  Its anterolateral aspects are usually 

covered by peritoneum and its posterior aspect is retroperitoneal.  The anterior surface may be in 

contact with but is not usually attached to small bowel loops, the omentum or the anterior 

abdominal wall.  Posteriorly, the descending colon is related to the left kidney, the left ureter, the 

left gonadal vessels, the iliacus and psoas muscles, and the femoral nerve.   

Sigmoid colon 

The sigmoid colon is usually fairly free on its mesentery, with most of its surface covered by 

peritoneum.  It is therefore often quite mobile, and its location may very significantly between and 

within individuals.  The root of the sigmoid mesentery overlies the left ureter, left gonadal vessels 

and the left internal iliac artery.  The sigmoid may be in contact with rectum, the uterus, both 
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ovaries and fallopian tubes, the bladder, small bowel loops, and occasionally the caecum.  The 

sigmoid colon overlies the sacrum and sacral plexus. 

Rectum 

The rectum is located in the pelvis and is retroperitoneal except for the anterior surface of the upper 

third of the rectum.  It has a number of close relations.  Posterolaterally lie the sympathetic and 

pelvic splanchnic nerves, the sacral and coccygeal nerves, piriformis and levator ani muscles, the 

sacrum and the coccyx.  Laterally lie the pelvic sidewall and pelvic veins.  Anteriorly in the female lie 

the pouch of Douglas, small bowel, the vagina, the uterus and the urinary bladder.  Anteriorly in the 

male lie the rectovesical pouch, small bowel, bladder, vas deferens, seminal vesicles and prostate. 

1.7.7 Anatomical definition of the rectum 

There is currently no international consensus on the distinction of rectal and colon cancer.  The 

anatomical definition of the transition between the colon and rectum is either the point where the 

mesocolon ends, or the level of the third sacral vertebra.  North American papers usually define the 

rectum as the large bowel within 12cm of the anal verge on rigid sigmoidoscopy, whereas UK texts 

usually define the rectum as the large bowel arising within 15cm of the anal verge.  For the purposes 

of this research, the ACPGBI definition of rectal cancer is adopted (a cancer of the large bowel arising 

within 15cm of the anal verge on rigid sigmoidoscopy) (Association of Coloproctology of Great 

Britain and Ireland (ACPGBI), 2007).  

1.8 Treatment of colorectal cancer 

1.8.1 Colorectal cancer surgery 

The mainstay of curative treatment for colorectal cancer is resection of the primary tumour along 

with the draining lymph nodes, and this remains the case almost two hundred years after Lisfranc 
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performed the first successful resection of a rectal cancer in 1826 via a perineal approach (Gordon 

and Cameron, 2000).  

Standard resections 

Standard colorectal cancer resections are dictated by the anatomical location of the tumour.  The 

segment of colon or rectum containing the tumour is resected along with a margin of healthy bowel 

proximally and distally.  The named artery or arteries supplying that colonic or rectal segment are 

ligated proximally, and the mesentery containing the lymphatic drainage for that segment of large 

bowel is removed with the specimen. 

Tumours of the caecum and proximal ascending colon are surgically resected by performing a right 

hemicolectomy, removing the caecum and ascending colon and ligating the ileocolic artery 

proximally.  Tumours of the transverse colon are treated with an extended right hemicolectomy, 

removing the caecum, ascending and transverse colon and additionally ligating the middle colic 

artery.  Tumours of the descending colon are excised by performing a left hemicolectomy, removing 

the descending colon and ligating the ascending left colic artery.  Tumours of the sigmoid colon and 

upper two thirds of the rectum are removed by performing an anterior resection, removing the 

sigmoid colon and part of the rectum and ligating the inferior mesenteric artery.  The mesorectum is 

divided at the same level as the rectum, approximately 5cm distal to the distal edge of the tumour.  

In a high anterior resection, it is not necessary to continue the dissection below the peritoneal 

reflection.  In a low anterior resection, the dissection is continued below the peritoneal reflection, 

but there is still sufficient length of rectum remaining to perform a stapled colorectal anastomosis.  

Tumours in the lower third of the rectum may be treated by an ultra-low anterior resection where 

the sphincter mechanism is not involved. The dissection is continued in the mesorectal plane to the 

pelvic floor, and the rectum is transected at the level of the pelvic floor.  In an intersphincteric 

resection (ISR) or transanal abdominal transanal (TATA) resection, the mucosa is incised at the 

dentate line and dissection is continued through the internal sphincter to the intersphincteric plane, 
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then superiorly into the mesorectal plane.  An anterior resection from an abdominal approach meets 

this dissection, and a hand sewn coloanal anastomosis is performed, removing the whole rectum 

(Kosinski et al., 2012).  Distal clearance of 1cm is usually considered adequate for low rectal cancers.  

If preservation of the sphincter mechanism is not possible, tumours are resected by performing an 

abdominoperineal resection, removing the sigmoid, rectum, and anus and ligating the inferior 

mesenteric artery. 

Clinical practice varies between surgical units and individual surgeons, with some favouring more 

limited segmental resections and some favouring more radical resections.  More radical resections 

involve more proximal ligation of the supplying arteries, removal of a greater length of colorectum, 

and may involve additional lymphadenectomy.   

Total Mesorectal Excision (TME) 

Total Mesorectal Excision (TME) describes a surgical technique used to excise the rectum using sharp 

dissection to follow the anatomical plane around the mesorectal fascia, and remove the entire 

mesorectal envelope intact.  The technique was described by Bill Heald in the early 1980’s and is 

now the gold standard technique for resection of the rectum when performing an anterior resection 

or abdominoperineal resection (Heald et al., 1982).  In a nineteen year period using this technique in 

over five hundred patients the Basingstoke group reported an overall local recurrence rate of 6%, 

with a local recurrence rate of 3% for R0 resections (Heald et al., 1998).  Prior to the adoption of this 

technique anterior resection was usually performed with blunt dissection within the mesorectal  

plane and was associated with a recurrence rate of 12 to 40 percent (Heald et al., 1982). 

High ligation 

In 1908 Ernest Miles described the abdominoperineal approach to rectal cancer in an attempt to 

remove the upward lymphatic spread of rectal cancer which had been responsible for the near 

complete failure to cure rectal cancer by the perineal approach used up to that point, resulting in a 

huge improvement in the outcome of rectal cancer surgery and laying the foundations for the 
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anterior resections and abdominoperineal resections performed today.  In his description of this 

procedure, he described division of the inferior mesenteric artery just distal to the ascending left 

colic branch (“low tie”) (Miles, 1971).  Subsequently, Moynihan described ligation of the inferior 

mesenteric artery more proximally, flush with the aorta, and suggested that this would remove even 

more proximal nodes.  This has become known as a “high tie” on the inferior mesenteric artery, but 

the benefit of this approach has disputed.  Pezim et al. compared survival outcomes in a large cohort 

of 1370 patients who had undergone rectal cancer resection with either a low tie or high tie on the 

inferior mesenteric artery.  They reported no significant difference in overall survival in patients 

receiving a high tie or low tie, although interestingly their results did suggest a degree of under 

staging in the low tie group with worse survival in Dukes A and B patients but better survival in 

Dukes C patients compared to the high tie group (Pezim and Nicholls, 1984).  Similar results were 

reported by Surtees et al. in a smaller group of 250 selected patients (Surtees et al., 1990).  

Conversely, a large study involving 2,409 patients operated on between 1951 and 1975 Slanetz et al. 

reported a significance benefit in cancer specific survival in the high tie compared to the low tie 

group.  However, most of the difference was seen in local and staple line recurrence, with high local 

recurrence rates (30.7% in Dukes C cancers in the low tie group) (Slanetz and Grimson, 1997).  These 

differences are therefore likely to represent variation in the degree of mesorectal excision in the 

pre-TME era.  Hida et al. reviewed the available literature in 2013 and concluded that there was 

insufficient evidence to determine whether performing a high tie on the inferior mesenteric artery 

offered a survival benefit in conjunction with TME surgery and modern adjuvant therapy, but that it 

did offer a number of other advantages including more accurate staging (Hida and Okuno, 2013).  

Complete Mesocolic Excision (CME) 

Complete Mesocolic Excision (CME) for colon cancer is analogous to TME for colon cancer.  It 

involves the sharp dissection of the visceral fascia covering the colon and mesentery from the 

retroperitoneal fascia, combined with the central ligation of the supplying artery and resection of an 
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adequate length of colon (Hohenberger et al., 2009).  This results in a resection which is potentially 

oncologically superior, with resection of more mesocolon and an associated higher lymph node yield 

(West et al., 2010).  To date, there is no evidence to demonstrate that this technique results in 

superior disease specific or overall survival. 

Extended Pelvic Lymph Node Dissection 

Since the late 1970’s it has been common practice in Japan to perform an extended pelvic lymph 

node dissection for rectal cancers, particularly if there is any suspicion of the involvement of these 

lymph nodes on pre-operative imaging (Sugihara et al., 2006).  This practice has not been widely 

adopted in Europe or Northern America, and the benefit of this practice remains controversial.  

Approximately 15% of patients undergoing extended pelvic lymph node dissection have positive 

lymph nodes in retrospective series (Kobayashi et al., 2009).  However, there may be some selection 

of higher risk patients to undergo lateral pelvic lymph node dissection in these series and this 

proportion may be lower when considering all rectal cancer patients.  These patients may potentially 

benefit from having involved lymph nodes removed, although Kobayashi et al failed to demonstrate 

a benefit in overall survival or local recurrence in a large cohort of 1,272 patients. 

Extended pelvic lymph node dissection may also upstage some approximately 5% of patients who 

would be node negative with a standard TME resection but who have skip lymph node metastases 

(Liang et al., 2007), and these patients may benefit from adjuvant chemotherapy.  

However, there is significant morbidity associated with this technique, principally due to bladder and 

erectile dysfunction due to pelvic nerve injury.  One study which specifically investigated this issue 

reported that 100% of patients experienced bladder and erectile dysfunction following extended 

pelvic lymph node dissection without pelvic nerve preservation, and around 50% reporting erectile 

dysfunction even with pelvic-plexus preservation (Akasu et al., 2009). 

To reliably assess the benefit of extended pelvic lymph node dissection, a very large randomised 

controlled trial would be required, and there is no such study underway at present.  It is unlikely that 



53 

such a morbid technique will be widely adopted in Europe and Northern America without this level 

of evidence. 

Extra Levator Abdominoperineal Excision (ELAPE) 

The introduction of TME surgery has substantially reduced the local recurrence rate in rectal cancer.  

However, the margin positivity and local recurrence rates for low rectal tumours have remained high 

compared to mid and upper rectal tumours.  In a large retrospective study of 1219 patients from the 

Dutch RT + TME trial, Nagtegaal et al. demonstrated that low rectal cancers (5cm or less from the 

anal verge) had a 26.5% CRM involvement rate compared to 12.6% for tumours >5cm from the anal 

verge, and that 30.4% of low rectal cancers treated by APR had a CRM involvement compared to 

10.7% of those treated by anterior resection (Nagtegaal et al., 2005).  Five year survival was also 

worse where the CRM was positive in the APR group compared to the anterior resection group 

(39.5% compared to 57.6%).  This high rate of CRM involvement in low rectal tumours treated by 

conventional APR is probably due to the tapering of the mesorectum towards the anorectal junction, 

which naturally results in a narrowing of the specimen towards the sphincters if the mesorectal 

plane is followed to this level. 

In 2007 Holm et al. described an extended abdominoperineal resection with gluteus maximus flap 

reconstruction of the pelvic floor for T3 and T4 low rectal cancers (Holm et al., 2007).  This technique 

involves stopping the TME dissection at the top of the levator ani muscles and the upper border of 

the coccyx, then turning the patient prone and completing the perineal part of the operation outside 

the levator ani muscles, excising the coccyx to meet the abdominal dissection posteriorly, and 

dividing the levator ani muscles at their insertion.  This results in a cylindrical specimen, without the 

waist at the top of the sphincters encountered in a conventional APR.  This technique is in some 

ways similar to that originally described by Miles in 1908 (Miles, 1971).  This technique has 

subsequently become known as an extra-levator abdominoperineal excision (ELAPE), and a variety of 
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methods have been used to close the perineal defect including gracilis and vertical rectus abdominis 

myocutaneous flaps, collagen meshes and primary closure (Butt et al., 2013).   

Some small retrospective studies have reported reduced rates of inadvertent bowel perforation and 

positive CRM in ELAPE compared to conventional APR (Stelzner et al., 2011, Dalton et al., 2012), and 

a larger study based on the Swedish Rectal Cancer Registry suggests that there may be a benefit in 

low tumours where the CRM positivity rate was 7.3% compared to 15.5% with standard APE (Prytz et 

al., 2014).  However, there is a higher associated rate of perineal wound complications using this 

technique (Prytz et al., 2014), and other authors have disputed whether ELAPE does in fact reduce 

the rate of margin involvement (Gash et al., 2014).  Large scale prospective studies are therefore 

required to determine whether ELAPE is superior to standard APE. 

Laparoscopic colorectal surgery 

Since the first laparoscopic colorectal resection was performed in 1991, there has been a substantial 

move towards laparoscopic colorectal cancer with steadily increasing numbers of patients 

undergoing this form of surgery.  There are now at least 15 randomised controlled trials which have 

compared open and laparoscopic colorectal surgery.  These were recently summarised in a meta-

analysis by Wang et al. including 6557 patients (Wang et al., 2014).  This concluded that there is a 

significant benefit from laparoscopic colorectal surgery in short term outcomes including blood loss, 

length of hospital stay, time to first bowel movement and 30 day mortality.  However, there was no 

difference in long term outcomes including overall 3 and 5 year survival and local recurrence rates.  

Laparoscopic colorectal cancer surgery should therefore be offered as an alternative to patients 

where local equipment and skills allow. 

Local excision for rectal cancer 

TME, with neoadjuvant radiotherapy and neoadjuvant or adjuvant chemotherapy where indicated, 

provides excellent local control of rectal cancer.  However, there is a significant perioperative 

morbidity and mortality associated with this treatment.  An analysis of the Dutch TME trial reported 
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faecal incontinence in 38.8% of patients (Wallner et al., 2008) and erectile dysfunction in 76% of 

men (Lange et al., 2009).  Patients with low rectal tumours where it is not possible to preserve the 

sphincters will also be faced with a permanent stoma.   

This has led to considerable interest in local excision of early rectal cancers.  A variety of techniques 

have been described, including transanal excision, transanal endoscopic microsurgery (TEMS), 

transanal minimally invasive surgery (TAMIS) and endoscopic mucosal resection (EMR) amongst 

others.  A number of single institution series have reported on local resection of rectal cancers, with 

quoted recurrence rates of 7% to 40% for T1 tumours and 25% to 62% for T2 tumours (Blackstock et 

al., 2010).  These rates are significantly higher than those achieved with TME surgery in expert 

centres (5% to 8%), which also treat more locally advanced tumours.  This is due to the fact that 

lymph node metastases in the mesorectum are not identified or treated by local excision. 

Local excision has therefore been combined with radiotherapy or chemoradiotherapy in a number of 

studies in an attempt to treat any occult mesorectal lymph node metastases.  In a recent systematic 

review Ung et al reported a median local recurrence rate of 10% (range 4.8% to 25%) for patients 

with T1 or T2 rectal cancer undergoing local excision combined with chemotherapy or 

chemoradiotherapy (Ung et al., 2014).  Although this is higher than would be expected in a similarly 

selected group of patients undergoing TME surgery, most patients experiencing local recurrence 

were able to undergo successful salvage surgery.   

Further research is needed in this area to clearly define the role of local excision in rectal cancer, but 

it may have a place in selected patients with small T1 or T2 tumours without lymph node metastases 

on preoperative imaging, patients with low rectal tumours unwilling to accept a permanent stoma 

and in elderly or infirm patients at high risk from TME surgery. 
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Natural Orifice Transluminal Endoscopic Surgery (NOTES) and Natural Orifice Specimen 

Extraction (NOSE) 

Following on from the success of laparoscopic surgery, a number of authors have reported 

techniques to reduce or eliminate the number of laparoscopic port site and specimen extraction 

incisions.  These involve either performing the whole operation through a natural orifice (trans-

gastric, trans-vaginal, or trans-anal), which has been termed NOTES, or performing a hybrid 

procedure where the dissection is performed laparoscopically but the specimen is extracted through 

a natural orifice (sometimes described as NOSE) (Wexner and Edden, 2009).  A number of authors 

have demonstrated that it is technically possible to perform a laparoscopic colectomy with specimen 

extraction via the transvaginal route in women (Torres et al., 2012, Karahasanoglu et al., 2011).  

Supporters of natural orifice surgery site the absence of abdominal scars and reduced post-operative 

pain as advantages of this technique, although safety and adequacy of oncological resection need 

further study. 

Trans-anal TME 

A recent development which combines some of the principles of NOTES surgery with equipment 

previously used for local resection of rectal tumours is trans-anal TME.  In this technique, the rectum 

is closed with a purse string suture distal to the tumour, and then the rectum is divided below this 

level.  TEMS or TAMIS equipment is then inserted per rectum, and used to perform a dissection in 

the mesorectal plane from “below-up”.  This is usually combined with a laparoscopic trans-

abdominal approach for the proximal dissection and ligation of the IMA.  Atallah et al and de Lacy et 

al have reported small series which suggest that this approach may be safe, and allow easier 

dissection in the mesorectal plane, especially in obese males (Atallah et al., 2014, de Lacy et al., 

2013).  There is currently insufficient data to say yet whether this approach is oncologically superior 

or inferior to the purely transabdominal approach. 
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1.8.2 Radiotherapy 

Local recurrence rates 

There have been at least twenty-eight randomised trials comparing pre-operative or postoperative 

radiotherapy with surgery alone, which are well summarised in a meta-analysis published by the 

Colorectal Cancer Collaborative Group (Colorectal Cancer Collaborative Group, 2001).  This 

demonstrated a highly significant trend towards greater efficacy of pre-operative radiotherapy with 

higher biologically effective doses.  The large trials of pre-operative radiotherapy with a biologically 

effective dose of greater than 30Gy (Stockholm I & II, Swedish rectal cancer trail, UK MRC2 and 

Northwest England) all demonstrated a significant reduction in local recurrence rates with 

radiotherapy followed by surgery compared to surgery alone (Marsh et al., 1994, Cedermark et al., 

1995, Stockholm Colorectal Cancer Study Group, 1996, Medical Research Council Rectal Cancer 

Working Party, 1996, Swedish Rectal Cancer Trial, 1997).  Several large randomised trials of post-

operative radiotherapy in rectal cancer, which all used an biologically effective dose of more than 

30Gy, also demonstrated a significantly lower rate of local recurrence in patients receiving 

radiotherapy (Balslev et al., 1986, Fisher et al., 1988, Thomas and Lindblad, 1988).  In a meta-analysis 

the overall risk of local recurrence following post-operative radiotherapy was 15.3% compared to 

22.9% in those receiving surgery alone (p<0.0001), and the overall risk of local recurrence following 

pre-operative radiotherapy was 12.5% compared to 22.2% for surgery alone (p<0.00002) (Colorectal 

Cancer Collaborative Group, 2001).   

Overall survival rates 

Despite convincing evidence that adjuvant radiotherapy reduced the local recurrence rate of rectal 

cancer, individual trials did not convincingly demonstrate an overall survival rate for patient 

receiving adjuvant radiotherapy.  In 2000 Camma et al. performed a meta-analysis of 14 randomised 

trials and demonstrated a significant overall survival benefit for patients receiving adjuvant 

radiotherapy with an odds ratio of 0.84 (Camma et al., 2000).  This finding was supported by a larger 
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meta-analysis involving 28 trials performed by the Colorectal Cancer Collaborative Group in 2001 

(Colorectal Cancer Collaborative Group, 2001). 

Pre-operative or post-operative radiotherapy 

Following on from these trials which demonstrated a clear benefit in terms of reduction in local 

recurrence following radiotherapy, a two large trials compared pre-operative with post-operative 

chemoradiotherapy in the German Rectal Cancer Study Group trial (Sauer et al., 2004), and pre-

operative radiotherapy with selective postoperative chemoradiotherapy in the MRC CR07 trial 

(Sebag-Montefiore et al., 2009).  These trials both demonstrated a significantly lower local 

recurrence rate (6% vs 13% in the German Rectal Cancer Study Group trial and 4.4% vs 10.6% in the 

MRC CR07 trail) for pre-operative radiotherapy compared to the post-operative radiotherapy groups.  

Acute toxic effects and long term toxic effects were also lower in the pre-operative radiotherapy 

group compared to the post-operative radiotherapy group (Sauer et al., 2004).  These results are in 

keeping with the meta-analysis of previous radiotherapy compared to surgery alone trials which 

showed that the reduction in risk of local recurrence was significantly greater in the pre-operative 

radiotherapy group than the post-operative radiotherapy group in the trials where a biologically 

effective dose of >30Gy was used (risk reduction 57% vs 37%, p=0.01) (Colorectal Cancer 

Collaborative Group, 2001). 

Radiotherapy and TME surgery 

The introduction of TME surgery, discussed on page 50, has resulted in a dramatic reduction in the 

rate of local recurrence seen in rectal cancer.  The majority of trials of radiotherapy compared to 

surgery alone started recruitment before TME surgery was widely practiced.  This is reflected in the 

high rate of local recurrence seen with surgery alone in these trials of 21% to 36% (Stockholm 

Colorectal Cancer Study Group, 1996, Marsh et al., 1994), compared to the 6% reported by Heald et 

al with TME surgery (Heald et al., 1998).  This has led some to question whether the benefits seen 

with radiotherapy in these trials are conferred to patients undergoing TME surgery.   
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The Dutch TME trial is a large, prospective multicentre randomised trial which aimed to address this 

issue.  One thousand eight hundred and sixty one patients were randomised to preoperative short 

course radiotherapy and TME surgery or TME surgery alone.  The quality of surgery was carefully 

monitored.  The 10 year cumulative incidence of local recurrence was significantly lower at 5% in the 

radiotherapy and surgery group compared to 11% the surgery alone group (van Gijn et al., 2011).  

There was no overall survival benefit for the whole group with radiotherapy, but there was for a 

subgroup of patients with TNM stage III cancer and a negative CRM.  As mentioned in the trial report, 

this study was conducted before accurate staging with MRI was widely available and so was 

associated with a higher rate of CRM positivity at 16% than would be expected with accurate MRI 

staging and MDT discussion (van Gijn et al., 2011).  Subgroup analysis also demonstrated that 

although there was a significant reduction in local recurrence rates with radiotherapy for TNM stage 

I disease, the absolute risk reduction was low at 2.7% due to a low rate of local recurrence with TME 

surgery alone (3%). 

Morbidity and mortality 

Pre-operative radiotherapy is associated with an increased incidence of late faecal leakage and an 

increased frequency of bowel movements compared to patients undergoing surgery alone who do 

not have a permanent stoma (Wiltink et al., 2014).  The incidence of urinary dysfunction is also 

increased, and male patients also report an increased frequency of erectile dysfunction following 

pre-operative radiotherapy compared to surgery alone (Prabhudesai et al., 2005). 

In the Dutch TME study, although 10 year disease specific survival was significantly better in the 

radiotherapy group, this was cancelled out by an increased incidence of deaths from other causes, 

including radiotherapy complications (1% vs 0%) and secondary malignancy (14% vs 9%) (van Gijn et 

al., 2011).  This raises the possibility that radiotherapy may be associated with more deaths from 

other causes whilst reducing cancer related deaths, and may in part explain the difficulty in 
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demonstrating an overall survival benefit for radiotherapy despite large reductions in the local 

recurrence rate in the pre-TME era. 

Brachytherapy 

Endorectal high dose rate brachytherapy has been used to deliver higher doses of radiotherapy to 

the tumour.  In this procedure, radioactive sources are introduced via an endorectal applicator to 

allow close contact with the tumour.  This has usually been used as a “boost” in addition to pre-

operative external beam radiotherapy and chemotherapy.  A randomised controlled trial of 248 

patients reported a significantly lower CRM positivity rate and higher major pathological response 

rate with the addition of high dose rate brachytherapy to neoadjuvant chemoradiotherapy 

(Jakobsen et al., 2012).  The current NICE guidelines recommend that although there is evidence that 

it is effective in reducing tumour size in combination with EBRT, there is no evidence that it provides 

additional benefit over EBRT (National Institute for Health and Clinical Excellence, 2014). 

Contact radiotherapy 

Low energy contact X-ray brachytherapy (CXB, also called the Papillion technique) involves delivering 

radiotherapy to the tumour by placing an X-ray tube into the rectum through the anus into close 

proximity with the tumour, and emitting low energy X-rays into the tumour.  The penetration of 

these low energy X-rays is limited to a few millimetres, delivering high dose radiotherapy to the 

tumour but limiting exposure by adjacent organs. 

This technique has variously been used as the sole treatment for small T1 tumours, following local 

excision of small T1 tumours, in combination with EBRT for T2-T3 tumours, and in combination EBRT 

followed by anterior resection to increase sphincter preservation rates for patients with low rectal 

cancers (Gerard et al., 2015).  CXB alone or in combination with EBRT has been reported to induce 

clinical complete response in 26% to 73% of patients, and allow organ preservation without disease 

recurrence in 74% to 83% of these patients (Christoforidis et al., 2009, Ortholan et al., 2012). 
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Future developments 

Intensity modulated radiotherapy (IMRT) and volume modulated arc radiotherapy (VMAT) are 

relatively new radiotherapy techniques which allow delivery of higher radiotherapy doses to the 

target tissue while reducing the dose to adjacent tissues.  These can be combined with a CT scanner, 

and more recently an MRI scanner, to identify the target tissue accurately when planning the 

radiotherapy field.  These technologies could potentially be used to reduce the incidence of 

radiotherapy related side effects and secondary cancers following treatment for rectal cancer, to 

increase the safe dose delivered to the tumour, or to perform radiotherapy in areas where injury to 

the small bowel has previously precluded it such as colon cancers. 

1.8.3 Chemotherapy 

Adjuvant chemotherapy in colorectal cancer 

In 1990, the American National Institutes of Health recommended 12 months treatment with 5-FU 

(Fluorouracil) and levamisole for resected, node positive colon cancer (TNM stage III) (National 

Institues of Health (NIH), 1990).  This was based on the results of three studies by Windle et al, the 

North Central Cancer Treatment Group and the Inter-group which showed significant survival benefit 

for patient treated with adjuvant 5-FU and levamisole compared to surgery alone, with overall 5 

year survival of between 62% and 71% with chemotherapy compared to 55% without (Moertel et al., 

1990, Laurie et al., 1989, Windle et al., 1987).  Previous studies with single agents had failed to show 

any significant survival benefit in the adjuvant setting. 

Subsequently the European MOSAIC trial has compared 5-FU plus leucovorin (LV5FU2) to 

fluorouracil plus leucovorin plus oxaliplatin (FOLFOX4) for 6 months in TNM stage II or III colon 

cancer.  This demonstrated significantly better overall 6 year survival for FOLFOX4 compared to 

LV5FU2 in the whole group (78.5% compared to 76.0%) and in the stage III colon cancer subgroup 
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(72.9% compared to 68.7%) (Andre et al., 2009).  This is the current standard for adjuvant treatment 

of stage III colon cancer following potentially curative resection for patients who are fit enough to 

receive it. 

A further large study has compared oral capecitabine to fluorouracil plus leucovorin as adjuvant 

therapy for patients with resected stage III colon cancer, and demonstrated disease free survival to 

be at least equivalent with significantly fewer adverse events (Twelves et al., 2005).  Capecitabine is 

therefore frequently used as an alternative to FOLFOX in the adjuvant setting for patients who do 

not wish to or who are not suitable to receive oxaliplatin based chemotherapy. 

The majority of these studies have assessed the benefits of adjuvant chemotherapy in colon cancer 

rather than rectal cancer.  In 2012, Petersen performed a meta-analysis of 21 trials, from which 9221 

rectal cancer patients had adequate data for assessment of OS.  This demonstrated a significant 

benefit in OS in patients receiving adjuvant 5-FU based chemotherapy, with a hazard ratio of 0.83 for 

OS and 0.75 for DFS (Petersen et al., 2012).  Some controversy remains however, as these studies 

were largely performed in patients who had not received neoadjuvant chemoradiotherapy.  EORTC 

22921 investigated the benefit of adjuvant 5-FU and folinic acid chemotherapy in rectal cancer 

patients who had received neoadjuvant radiotherapy or chemoradiotherapy.  There was no 

significant difference in 10-year DFS between the groups who had and had not received 

postoperative chemotherapy (Bosset et al., 2014). 

Adjuvant chemotherapy for stage II colorectal cancer 

The use of adjuvant chemotherapy for patients with TNM stage II colorectal cancer has been 

controversial, with a number of individual trials failing to show any significant benefit.  In 2003 a 

pooled analysis from 3341 patients in seven randomised trials showed a consistent benefit for stage 

II and stage III disease, with a proportional reduction in the risk of recurrence and death, although 

the absolute reduction was less in stage II disease (Gill et al., 2003).  The QUASAR trial showed a 

small but statistically significant benefit for patients with stage II colorectal cancer receiving 
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fluorouracil and folinic acid following resection compared to a controls not receiving chemotherapy, 

with an improvement in absolute survival of 3.6% (Gray et al., 2007b).  The MOSAIC trial showed a 

trend towards improved disease free survival for patients receiving FOLFOX4 compared to 5-FU/LV 

for stage II patients with high risk features only.  In a recent meta-analysis, Wu et al. demonstrated a 

significant improvement in overall and disease free survival for stage II colon and rectal cancer 

patients receiving adjuvant chemotherapy (Wu et al., 2012).   

Neoadjuvant chemoradiotherapy in rectal cancer 

A number of trials have compared the use of combination pre-operative chemoradiotherapy 

(fluorouracil or fluorouracil with folinic acid) with radiotherapy alone in the treatment of rectal 

cancer, including the European Organisation for the Research and Treatment of Cancer (EORTC) trial, 

the EORTC 22921 trial, the Federation Francophone de la Cancerologie Digestive (FFCD) trial and the 

Polish trial.  A meta-analysis of these trials demonstrated a significant reduction in the rate of local 

recurrence in the chemoradiotherapy group (9.4%) compared to the radiotherapy alone group 

(16.5%) (Ceelen et al., 2009).  However, some of these trials were performed in the pre-TME era and 

so the rate of local recurrence is relatively high.  There was also a significantly higher rate of 

pathological complete response in the chemoradiotherapy group (11.8%) compared to the 

radiotherapy alone group (3.5%) (Ceelen et al., 2009) 

The subsequent Trans-Tasman Radiation Oncology Group (TROG) trial 01.04 also demonstrated a 

trend towards reduced local recurrence rates for patients with MRI staged T3 tumours receiving 

chemoradiotherapy with 5-FU (4.4%) compared to those receiving radiotherapy alone (7.5%), 

although this difference was not statistically significant. 

The NSABP R04 trial of 1608 patients compared 5-FU and it’s oral equivalent, capecitabine, and 

found no differences in pathological CR rates or early local recurrence or disease free survival (Roh 

et al., 2011).  Patients undergoing pre-operative chemoradiotherapy should probably therefore be 

offered treatment with 5-FU or capecitabine depending on patient preference.  The addition of 
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oxaliplatin, bevacizumab, cetuximab, or irinotecan  to 5-FU has not been demonstrated to confer 

any incremental benefit (Schrag, 2013). 

Induction chemotherapy in rectal cancer 

Current management of advanced rectal cancer involves chemoradiotherapy, followed by surgery, 

followed by systemic chemotherapy.  This does not deliver effective systemic chemotherapy which 

may treat metastatic disease until at least 4 months from the start of treatment, despite the fact 

that most deaths from rectal cancer are from metastatic disease.  There has therefore been growing 

interest in moving systemic forward in the treatment pathway by giving induction systemic 

chemotherapy before chemoradiotherapy. 

In a phase 2 study of 105 patients who received 12 weeks of CAPOX chemotherapy, followed by 

chemoradiotherapy (capecitabine with 54 Gy), followed by TME and post-operative adjuvant 

capecitabine, Chua et al demonstrated a good pathological complete response rate of 20% and 3-

year relapse-free survival of 74% (Chua et al., 2010).  The EXPERT-C trial compared CAPOX with or 

without cetuximab for induction chemotherapy in high risk rectal cancer in 165 patients.  The 

addition of cetuximab in this setting significantly improved radiological response rate and overall 

survival in this setting, although not pathological complete response (Dewdney et al., 2012) 

Future developments 

The FOXTROT trial is currently recruiting patient with colon cancer.  The aim of this trial is to 

determine whether patients with high risk colon cancer who undergo neoadjuvant chemotherapy 

have a lower 2-year recurrence rate than patients receiving equivalent post-operative chemotherapy.  

A second arm of this trial will also compare whether adding panitumumab to neoadjuvant 

chemotherapy increases the tumour response rate. 

The PROSPECT trial is also currently recruiting patients with locally advanced rectal cancer.  This trial 

aims to see whether patients undergoing induction FOLFOX chemotherapy who have a good 
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response on restaging imaging can safely omit preoperative chemoradiotherapy with an equivalent 

outcome. 

1.9 Histopathological assessment of colorectal cancer 

Accurate histopathological assessment is important for a number of reasons.  Firstly, accurate 

staging and assessment of histopathological risk factors allows the patient to be informed of the risk 

of recurrence of their cancer, should they wish to be so informed.  Secondly, this information is 

important in determining whether the patient will benefit from post-operative chemotherapy.  As 

discussed previously, post-operative chemotherapy is of benefit in colon cancer if lymph node 

metastases are present (Stage III disease)(Moertel et al., 1990, Moertel et al., 1995, Andre et al., 

2004).  It is of smaller benefit in the absence of lymph node metastases if other adverse features are 

present such as an involved resection margin, EMVI, perforation or serosal involvement (Gray et al., 

2007a).  There is significant morbidity and some mortality associated with chemotherapy, and so it is 

important that patients and clinicians are accurately informed about the potential benefits when 

making decisions about treatment. 

1.9.1 Dukes stage 

Staging colorectal cancer is the process of classifying how far cancer has spread.  The first system 

widely used for classification was that described by Dukes.  This system was based on the 

pathological and histological examination of the specimen following surgical resection of colorectal 

cancer.  Dukes observed that patient’s prognosis varied widely depending on whether the cancer 

had invaded through the bowel wall, and whether the cancer had spread to local lymph nodes.  Five 

year survival was 81% if cancer was confined to the bowel wall, but this dropped to 64% with spread 

through the bowel wall and 27% if local lymph nodes were involved.  Dukes and Bussey 

subsequently modified Dukes classification, subdividing stage C into C2 where the most apical lymph 
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node contained metastatic disease, and C1 where it did not, with a corrected 5 year survival of 

40.0% for C1 disease and only 19.6% for C2 disease (Dukes and Bussey, 1958). 

1.9.2 TNM stage 

Subsequently, more detailed classification systems have been described for colorectal cancer.  The 

American Joint Committee on Cancer (AJCC) Tumour, Node, and Metastases (TNM) system divides 

the spread of cancer into three areas.  T-stage (T0 to T4) represents local invasion of the tumour into 

surrounding tissues, N-stage (N0 to N2) represents nodal lymph node metastases and M-stage (M0 

or M1) represents metastases to distant sites.  This staging system has been through a number of 

revisions, and is currently in its seventh edition (Edge and Compton, 2010).  There has been some 

controversy surrounding the changes made in the between the 5th edition (TNM5, introduced in 

1997), the 6th edition (TNM6, introduced in 2002) and the 7th edition (TNM7, introduced in 2010) 

which led to pathologists in the UK not adopting the 6th edition, which was felt to lack a good 

evidence base for the changes it introduced (Quirke et al., 2007).  A summary of the basic TNM 

staging system for the 5th to 7th editions is shown in Table 1.2, with the AJCC stage groupings 

illustrated in Table 1.3. 

Much of the controversy arises from the classification of mesocolorectal tumour deposits.  These are 

small deposits of tumour, discontinuous with the main tumour mass, without residual normal 

structure such as a lymph node or blood vessel to indicate what they have arisen in. TNM5 

introduced the 3mm rule, where any tumour deposit 3mm or greater in size should be considered a 

lymph node metastasis.  A tumour nodule less than 3mm in size was considered discontinuous 

tumour extension and included in the T-stage.  TNM6 withdrew the 3mm rule, and replaced with the 

contour rule.  This states that smooth tumour deposits should be considered lymph node deposits 

and included in the N-stage assessment, whereas irregular deposits should be considered vascular 

invasion.  TNM7 states that satellite peritumoral nodules may represent discontinuous spread, 

venous invasion with extravascular spread (V1/2), or a totally replaced lymph node (N1/2). Replaced 
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nodes should be counted separately as positive nodes in the N category, whereas discontinuous 

spread or venous invasion should be classified and counted as tumour deposits but also recorded as 

positive in the new N1c category. 

Classification of isolated tumour cells and micrometastases has also varied between TNM editions.  

In TNM6, lymph nodes with tumour deposits < 0.2mm in diameter were classified as isolated tumour 

cells (ITC) and not classified as lymph node metastases (pN0), in contrast to TNM5 where they were 

counted as lymph node metastases.  Lymph node deposits between 0.2mm and 2mm were classed 

as micrometastases and counted as positive lymph nodes (pN1).  ITC are not considered lymph node 

metastases in TNM7. 

The impact of these changes to the TNM staging system is significant.  Kim et al. validated the 7th 

edition of the TNM staging system in a dataset of 2511 patients, and compared staging to the 6th 

edition.  10.2% of patients had a change in stage from TNM6 to TNM7, and this study suggested 

thatn TNM7 had a greater prognostic validity than TNM6 (Kim et al., 2011b).  Changes to the nodal 

classification of patients are particularly important as they impact on the interpretation of clinical 

trials of adjuvant chemotherapy. 

In addition to tumour, node and metastasis, TNM5 recognised tumour grade (G1-4) and histological 

type as independent prognostic factors.  TNM6 additionally recognised radial margin involvement 

(R0-2) and venous invasion (V0-2).  TNM7 also recognises lymphatic invasion (L), perineural invasion 

(PN), tumour deposits (TD), tumour regression grade (TRG), circumferential resection margin 

distance (CRM), microsatellite instability (MSI), and KRAS mutation as important prognostic features.  

MSI and KRAS have previously been discussed in sections 1.4.2 and 1.4.3 respectively.  Other 

important prognostic features are discussed below. 
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  TNM 5 and 6 definition TNM 7 change 

Tumour 1 T0 No evidence of primary tumour  

 Tis Carcinoma in situ: intraepithelial or invasion of the lamina propria  

 T1 Tumour invades submucosa  

 T2 Tumour invades muscularis propria  

 T3 
Tumour invades through muscularis propria into subserosa or into 

pericolorectal tissues 
 

 T4a Tumour directly invades other organs or structures  Tumour perforates visceral peritoneum 

 T4b Tumour perforates visceral peritoneum Tumour directly invades other organs or structures 

Node 2 N0 No regional lymph nodes contain tumour  

 N1 Between 1 and 3 regional lymph nodes contain tumour  

 N1a  Metastases in 1 regional lymph node 

 N1b  Metastases in 2-3 regional lymph nodes 

 N1c  
Tumour deposits in the subserosa, or in non-peritonealised pericolic 

or perirectal soft tissue without regional lymph node metastases 
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 N2 4 or more regional lymph nodes contain tumour  

 N2a  Metastases in 4-6 regional lymph nodes 

 N2b  Metastases in 7 or more regional lymph nodes 

Metastases 3 M0 No metastases to distant organs  

 M1 Metastases to distant organs (including non-regional nodal mets)  

 M1a  Metastasis confined to one organ 

 M1b  Metastasis in more than one organ or the peritoneum 

Table 1.2: TNM staging system 5th to 7th editions 

1) In TNM5 T-stage includes mesocolorectal tumour nodules less than 3mm in diameter.  In TNM6 T-stage includes mesocolorectal tumour nodules if they have an 

irregular outline.  In TNM7 T-stage does not include mesocolorectal tumour nodules. 

2) In TNM5 N-stage includes mesocolorectal tumour nodules 3mm or more in diameter.  In TNM6 N-stage includes mesocolorectal tumour nodules if they have a 

smooth contour.  In TNM7 N-stage includes peritumoural nodules if the pathologist considers them to be completely replaced nodes, otherwise these should be 

counted in the N1c category and as tumour deposits (TD) 

3) M-stage includes lymph node metastases outside the normal lymphatic drainage for that segment of colorectum.
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Stage grouping TNM5 TNM6 TNM7 

Stage 0 Tis N0 M0 Tis N0 M0 Tis N0 M0 

Stage I T1-2 N0 M0 T1-2 N0 M0 T1-2 N0 M0 

Stage II T3-4 N0 M0 T3-4 N0 M0 T3-4 N0 M0 

Stage IIA T3 N0 M0 T3 N0 M0 T3 N0 M0 

Stage IIB T4 N0 M0 T4 N0 M0 T4a N0 M0 

Stage IIC   T4b N0 M0 

Stage III T1-4 N1-2 M0 T1-4 N1-2 M0 T1-4 N1-2 M0 

Stage IIIA T1-2 N1 M0 T1-2 N1 M0 T1-2 N1/N1c M0 

T1 N2a M0 

Stage IIIB T3-4 N1 M0 T3-4 N1 M0 T3-T4a N1/N1c M0 

T2-3 N2a M0 

T1-2 N2b M0 

Stage IIIC T1-4 N2 M0 T1-4 N2 M0 T4a N2a M0 

T3-4a N2b M0 

T4b N1-2 M0 

Stage IV T1-4 N0-2 M1 T1-4 N0-2 M1 T1-4 N0-2 M1 

Stage IVA   T1-4 N0-2 M1a 

Stage IVB   T1-4 N0-2 M1b 

Table 1.3: TNM stage groupings for 5th to 7th editions 
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1.9.3 Venous invasion 

A number of risk factors besides the TNM stage of colorectal cancer are known to be of prognostic 

importance.  Dukes first reported the spread of rectal cancer into haemorrhoidal veins (Dukes and 

Bussey, 1941), and subsequently described the adverse influence of this pathological feature on 5 

year survival (Dukes and Bussey, 1958).  Venous invasion may be intramural or extramural, and may 

be identified macroscopically or only on microscopic examination. 

Betge et al. investigated the prognostic significance of venous and lymphatic invasion 381 patients; 

they noted that both lymphatic and venous invasion had significantly worse progression free survival 

(PFS) and cancer specific survival (CSS).  Extra mural venous invasion had an independent prognostic 

value which was equivalent to T-stage although inferior to lymph node status, with a hazard ratio of 

2.29 for CSS (Betge et al., 2012).  Betge et al. also noted in this study that identification of extra 

mural venous invasion was significantly associated with the number of tumour blocks taken, and 

that specimens in which more tumour blocks had been taken were more likely to have vascular 

invasion identified. 

In early rectal cancers, microscopic intramural vascular invasion or submucosal vascular invasion in 

T1 tumours has also been demonstrated to be significantly associated with nodal metastases (Mou 

et al., 2013).  This is important in the histopathological assessment of early rectal cancers which have 

been treated by local excision, as the risk of nodal metastases influences the decision on whether 

further treatment is needed. 

TNM7 recommends that venous invasion is recorded as a site specific factor, and denoted as V0 if no 

venous invasion is present, V1 if microscopic venous invasion is present and V2 if macroscopic 

venous invasion is present (Edge et al., 2010).  
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1.9.4 Lymphatic invasion 

Tumour may also invade along lymphatic channels, which again may be intramural or extramural.  

Butge et al. also investigated the prognostic significance of lymphatic invasion in the same study.  

Extramural lymphatic invasion was associated with significantly worse PFS and CSS with a hazard 

ratio of 1.61 and 1.52 respectively, although the prognostic impact of intramural lymphatic invasion 

was not significant.  However, in this study the extramural lymphatic invasion did not remain 

prognostically significant when adjusted for lymph node involvement (Edge et al., 2010).  

Microscopic intramural lymphatic invasion or submucosal lymphatic invasion is predictive of lymph 

node involvement in T1 tumours, and this is a greater predictor of nodal involvement  in this setting 

than submucosal vascular invasion (Mou et al., 2013).  Again this is important in the 

histopathological assessment of locally resected tumours.  TNM7 recommends that lymphatic 

invasion is recorded as a site specific factor for colorectal cancer (denoted L0 or L1).  

1.9.5 Depth of extramural spread 

The depth of extramural spread in T3 rectal cancers has also been shown to be of prognostic 

significance, and has led some to recommend subdividing T3 tumours.  Willet noted that depth of 

extramural invasion was an important prognostic factor in T3N0 rectal cancer (Willett et al., 1999), 

and Merkel first recommended subdividing T3 tumours into 2 categories (Merkel et al., 2001).  

Merkel demonstrated that the distinction between T3 tumours with extramural spread of more than 

5mm and T3 tumours with 5mm or less extramural spread was of greater prognostic significance 

than the distinction between T2 and T3 tumours with 5mm or less extramural spread.  Bori noted 

that T3 tumours with more than 5mm of extramural spread were significantly more likely to be 

associated with lymph node metastases and venous invasion (Bori et al., 2009).  Depth of extramural 

invasion has subsequently been divided four sub-categories for T3 tumours; T3a (1mm or less 

extramural spread), T3b (>1mm-5mm extramural spread), T3c (>5mm-15mm extramural spread) and 

T3d (>15mm extramural spread). 
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1.9.6 Circumferential resection margin  

The circumferential resection margin (CRM) refers to the surgically cut non peritonealised radial 

margin, and is also called the non-peritonealised resection margin (NPRM).  Involvement is 

associated with a very high risk local recurrence following resection of rectal cancer (Quirke et al., 

1986), and colon cancer (Petersen et al., 2002).  There has been some debate as to the distance from 

tumour to the margin which should be considered involved.  Quirke in his paper recommended that 

tumour within 1mm of the margin should be considered involved, although others have suggested a 

cut-off of 2mm (Nagtegaal et al., 2002a), and Wibe noted that rates of local and distant recurrence 

increased exponentially as the distance of the tumour from the CRM decreased (Wibe et al., 2002).  

TNM7 recommends that any tumour within 1mm of any margin is considered involvement, and is 

recorded in the R category (R0 all margins >1mm, R1 microscopic involvement with a margin <1mm 

from the tumour, and R2 macroscopically involved margin with residual disease).  It also 

recommends that the closest distance of the tumour from the CRM be recorded in millimetres (Edge 

et al., 2010).  

1.9.7 Histological grade 

The histological grade has also long been recognised as an important prognostic factor.  Grinnell 

graded tumours from grade I (well differentiated) to grade III (poorly differentiated), based on loss 

of the glandular structure of the tumour, and noted 5 year survival was 76% in grade I cancers 

compared to 31% in grade 3 cancers (Grinnell, 1939).  Grade has subsequently been demonstrated 

to be an independent predictor of outcome in multivariate analysis of large datasets (Freedman et 

al., 1984).  TNM5 recommended reporting grade as follows; G1 – well differentiated, G2- Moderately 

differentiated, G3 –poorly differentiated and G4 – undifferentiated.  However, there is significant 

inter-observer variability in the assessment of G1 and G2 tumours, and the WHO recommends 

dividing tumours into high-grade (G3-4) and low-grade (G1-2) (Maguire and Sheahan, 2014). 
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1.9.8 Histological type 

The following histopathological types are recognised in TNM5-7; Adenocarcinoma in situ (high grade 

dysplasia), adenocarcinoma, mucinous carcinoma (greater than 50% mucinous), signet ring cell 

carcinoma (greater than 50% signet ring cell), squamous cell carcinoma, adenosquamous carcinoma, 

small cell carcinoma, and undifferentiated carcinoma.  Carcinoid tumours, sarcomas and lymphomas 

may arise in the colorectum but are staged and treated separately.  Small cell carcinomas, signet ring 

cell carcinomas and undifferentiated carcinomas have less favourable outcomes than other 

histological types (Fleming et al., 1997). 

1.9.9 Perineural invasion 

Perinerual invasion (PNI) describes invasion of tumour cells into the any of the three layers of the 

nerve sheath (Liebig et al., 2009).  It has been demonstrated to be an independent marker of poor 

prognosis in colorectal cancer in multivariate analysis, with a 2.5-fold increase in disease recurrence 

at 5 years in PNI positive patients compared to PNI negative patients in T3N0 rectal cancer (Peng et 

al., 2011).  In common with lymphovascular invasion, it is commonly missed on initial pathology 

reports.  Peng reported that PNI was identified in 24.3% of cases on review compared to 7.5% of 

cases on initial report (Peng et al., 2011).  TNM7 regcognises PNI and recommends that it is recorded 

as site specific factor (PN). 

1.9.10 Tumour deposits 

Tumour deposits are discrete foci of tumour in the pericolic and perirectal fat and mesentery 

adjacent to the primary tumour.  They are associated with adverse outcomes in colorectal cancer, 

with a disease free survival (DFS) in stage II patients with tumour deposits comparable to stage III 

patients (Belt et al., 2010).  As mentioned in section 1.9.2, they have caused some controversy in the 

TNM staging system, as changes to their classification between editions has resulted in changes in N 

classification, which potentially makes interpretation of trials of adjuvant chemotherapy difficult.  
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Step sectioning has demonstrated that tumour deposits can represent venous invasion, lymphatic 

invasion, perineural invasion and continuous tumour growth and that this cannot be distinguished 

by size or morphology (Wunsch et al., 2010).  TNM7 recommends that they are recorded in the site 

specific TD, but has also added the new N category N1c and recommends that node negative 

tumours with tumour deposits should be designated N1c (Edge et al., 2010), which elevates these 

tumours to stage III in line with their poor prognosis. 

1.9.11 Tumour regression grade 

Many rectal cancer patients receive neoadjuvant chemoradiotherapy, as discussed in sections 1.8.2 

and 1.8.3.  A proportion of these patients undergo regression of their tumour prior to resection, 

where tumour is replaced by fibrosis, acellular mucin pools, or necrosis.  The pathological staging of 

the tumour following this is denoted with the prefix “yp”, and if there is no evidence of residual 

tumour or nodal metastases on pathological assessment these patients are staged as ypT0 ypN0.  In 

this case, patients are described as having a pathological complete response (pCR).  Patients with 

pCR had a better 5-year DFS compared to those who did not have a pathological complete response 

(83.3% and 65.6% respectively) in a pooled analysis of over three thousand patients (Maas et al., 

2010).   

Patients may also undergo a partial response to chemoradiotherapy or no response.  They are 

staged according to the residual tumour with the TNM staging system and the “yp” prefix.  Various 

grading systems have been described to assess the degree of response; the Mandard (Mandard et al., 

1994), Dworak (Dworak et al., 1997) and TNM7 (Edge et al., 2010) are summarized in Table 1.4.  A 

study assessing the reproducibility of regression scoring reported that the Mandard and Dworak 

scoring systems had fair inter-observer agreement with kappa values of 0.28 and 0.35 respectively 

(Chetty et al., 2012).  Evidence to support the prognostic value of tumour regression grades other 

than the pCR group is less convincing (Maguire and Sheahan, 2014). 
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Mandard Dworak TNM 7 

1: Complete regression - absence 

of residual cancer 
0: No regression 

TRG0: Complete response: no 

viable cancer cells 

 2: Fibrosis with scattered tumour 

cells 

1: Predominantly tumour with 

significant fibrosis 

TRG1: Moderate response: Single 

cells or small groups of cancer cells 

3: An increase in the number of 

residual cancer cells, but 

predominantly fibrosis 

2: Predominantly fibrosis with 

scattered tumour cells 

TRG2: Minimal response: Residual 

cancer outgrown by fibrosis 

4: Residual cancer outgrowing 

fibrosis 

3: Only scattered tumour cells in 

fibrosis/acellular mucin 

TRG3: Poor response: minimal or 

no tumour kill; extensive residual 

cancer 

5: Absence of regressive changes 
4: No viable tumour cells 

detectable 
 

Table 1.4: Tumour regression grading systems 

1.9.12 Tumour budding 

Tumour budding is defined as isolated cancer cells and clusters of less than five cancer cells ahead of 

the invasive front of the tumour (Ueno et al., 2002).  These are thought to represent the first stage in 

cancer metastasis, as these cells have separated from the main tumour and can migrate through the 

extracellular matrix to invade lymphatics and blood vessels (De Smedt et al., 2015).  Tumour budding 

is associated with a greater risk of lymph node metastases in T1 tumours (Kye et al., 2012), which 

makes it an important histopathological feature in the assessment of locally resected early rectal 

cancers.  Tumour budding is also of independent prognostic significance in stage II rectal cancer, 

with a significantly worse five-year CSS (63% with tumour budding compared to 91% without) (Wang 

et al., 2009).  However, a lack of consensus about the quantitative assessment of tumour budding 

has limited its introduction as a prognostic marker in colorectal cancer (De Smedt et al., 2015). 
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1.9.13 TME grading 

The histopathology report should report the plane of surgery for rectal cancer resections.  This is 

described as; mesorectal - when the entire mesorectum has been removed with the mesorectal 

fascia intact, intramesorectal – when there are defects in the mesorectal fascia and the mesorectum 

is torn but the muscularis propria is not exposed, and muscularis propria plane – when the 

muscularis propria is exposed (Nagtegaal et al., 2002b). 

The plane of surgery achieved is strongly associated with the rate of local recurrence, with patients 

who have had a TME resection in the mesorectal plane significantly less likely to develop local 

recurrence at three years than those with a muscularis propria plane resection (Quirke et al., 2009).  

In an analysis of patients from the MRC CR07 trial, the three –year risk of local recurrence was 4% 

for the mesorectal plane, 7% for the intramesorectal plane and 13% for the muscularis propria plane. 

1.9.14 Histopathological technique 

The Royal College of Pathologist Dataset for Colorectal cancer (2nd edition) recommends that 

following visual inspection and inking, specimens are pinned out and fixed in formalin for a minimum 

of forty-eight hours.  The tumour and adjacent tissue are then cut into transverse sections 3mm to 

4mm apart, and four blocks of tumour are embedded together with any identified lymph nodes.  

These blocks should show the deepest penetration of the tumour through the bowel wall, any 

involvement of the serosa, any EMVI, the closest approximation to the non-peritonealised resection 

margin, involvement of any adjacent organs, and all lymph nodes.  The selected blocks are 

embedded in paraffin and histological sections are taken from these blocks and stained for 

microscopic examination (Williams et al., 2007). 

1.9.15 Limitations in histopathological assessment 

Although histopathological assessment is usually considered the gold standard in terms of local and 

nodal staging of colorectal cancer, there is evidence that inadequate sampling can sometimes result 
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in under staging and missing other key prognostic features.  It can be difficult to section the tumour 

into thin slices, particularly if fixation has not been adequate, and this may result in lymph nodes or 

important features being hidden within a thick slice.  The number of tumour blocks taken affects the 

T-stage, with higher mean T-stage in cases where more tumour blocks are taken (Quirke et al., 1986). 

Inadequate sampling of lymph nodes can also result in under staging.  Fat clearance techniques have 

been shown to identify an average of ten additional lymph nodes per specimen compared to 

conventional histological assessment, resulting in an increase in N-stage in 6% of patients (Hernanz 

et al., 2009).  Patients with three or less lymph nodes identified on histopathological examination 

have a 5% worse disease specific survival than patients of the same stage with twelve or more lymph 

nodes identified (Namm et al., 2008), possibly suggesting that lymph node sampling is inadequate in 

some cases although surgical and patient factors may also contribute.   

These problems can also prevent adequate identification of other key prognostic factors.  In a study 

by Stewart 32% of patients had extramural venous invasion or serosal invasion identified on review 

of histology which had been missed on initial routine histological examination (Stewart et al., 2007). 

1.10 Radiological staging of colorectal cancer 

Although histological assessment of colorectal cancer allows accurate staging of colorectal cancer, it 

can’t be completed until the primary cancer has been excised.  Even at this stage it does not allow 

the assessment of systemic disease.  To fulfil these roles, radiological staging is required.  As 

discussed previously (page 57), radiotherapy reduces the rate of local recurrence in rectal cancer 

(Gastrointestinal Tumor Study Group, 1985), but adds significant morbidity and is best given 

preoperatively.  Neoadjuvant chemotherapy (page 63) further reduces local recurrence rates in 

rectal cancer but adds more morbidity.  The FOXTROT trial (page 64) is investigating the benefit of 

neoadjuvant chemotherapy in colon cancer.  Local excision (page 54) may benefit selected patients 

with early stage rectal cancer, whereas more radical resection may benefit colorectal cancer patients 
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with advanced disease through high ligation (page 50), CME (page 51), extended pelvic lymph node 

dissection (page 52) or ELAPE (page 53).   

For those patients with systemic disease, early detection is also becoming increasingly important.  

Patients who are able to undergo radical resection of colorectal liver metastases may achieve a 5-

year survival of up to 58%.  However, many patients will not have resectable disease at the time of 

diagnosis, and 5 year survival is lower for those with more than 3 liver metastases (Smith and McCall, 

2009). Similarly, patients with resectable lung metastases may achieve a five year survival of 55%, 

but those with more than one lung metastasis have significantly worse survival (Borasio et al., 2011). 

Selection of the right treatment for each patient therefore relies more than ever on accurate 

radiological as well as histological assessment of colorectal cancer. 

There are a number of different modalities currently available for the preoperative assessment of 

colorectal cancer.  These include Computed Tomography (CT), Magnetic Resonance Imaging (MRI), 

Ultrasound (US), Endoscopic or Endorectal  Ultrasound (EUS), 18F-Fluorodeoxyglucose Positron 

Emission Tomography (FDG-PET), 18F-Fluorodeoxyglucose Positron Emission 

Tomography/Computed Tomography (FDG-PET/CT).   

Current recommendations are that patients undergoing potentially curative resection for rectal 

carcinoma should undergo local staging by endoluminal ultrasound or MRI, and computed 

tomography of the thorax, abdomen and pelvis to identify distant metastases(Scholefield, 2007, 

Valentini et al., 2009).  For colon cancer, both local and distant staging are performed with CT. 

1.10.1 Computed Tomography (CT) 

Basic principles 

X-ray computed tomography (CT) passes a beam of x-rays through the subject, and measures the x-

rays which haven’t been absorbed by the subject on the other side in a similar manor to 

conventional x-ray.  However, in CT the beam and detection are rotated round the subject to acquire 
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data from multiple projections (Figure 1.1).  The data from these projections in reconstructed by 

computer into a matrix of voxels, and the x-ray absorption for each voxel is calculated and displayed 

as a grayscale image.   

 

This is most easily conceptualized as a series of parallel beams passed through a two dimensional 

image slice (although the x-ray beam is a cone beam and diverges from the source onto the row of 

scintillators and photodiodes which detect it).  A sinogram is produced by the series of projections 

which are recorded from the slice as the source and detector rotate around it.  The projection of an 

image can be described by an equation called the Radon transform.  In order to produce an image of 

the slice from the projections, a reverse Radon transform is performed on the projection data or 

sinogram.  This image is blurred, and to remove this blurring a high pass filter is applied to the 

Figure 1.1: CT image acquisition 
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sinogram before it is transformed.  This process is called filtered back projection (FBP), and has been 

used since the inception of CT.  An alternative, but more computationally intensive, process is 

iterative reconstruction which takes into account more complex statistical modelling of the noise in 

the raw data and the scanner geometry.  This is employed in some modern scanners to reduce noise 

levels in low dose CT scanning. 

The image produced is calibrated to represent x-ray absorption in Hounsfield units (HU), where air is 

-1000 HU and water is 0 HU.   

Early CT scanners acquired images one slice of tissue at a time, but the early 1990’s saw the 

development of spiral CT, where the x-ray source and detector rotate continuously around the 

subject and the subject is moved through the rotating gantry.  This allows continuous acquisition of 

volumetric data.  In most systems, this is reconstructed into axial slices with isotropic voxels, and 

coronal and sagittal slices are subsequently reconstructed from the thin axial slices if required, 

although it is technically possible to reconstruct other planes from the volumetric data.   

The 2000’s saw rapid development of multidetector CT systems.  These use multiple rows of 

detectors to simultaneously acquire data about multiple axial slices in one rotation of the detector 

gantry.  Sixty-four slice systems are now common, and 128 and 320 slice systems are available.  

However, the clinical benefit of systems over sixty-four slice has been debated.  Dual source systems 

are now available.  These use two perpendicular x-ray beams from two sources, allowing full data 

collection from 180 degree rotation. 

In order to increase the contrast range, contrast agents are used in CT.  These increase x-ray 

absorption in the tissue in which they have been distributed.  Soft tissue imaging is facilitated by the 

administration of intravenous contrast agents, which are iodine based and water soluble.  Early 

contrast agents were ionically bonded to iodine.   Modern contrast agents are made from organic 

compounds covalently bonded to iodine which have a better safety profile such as iohexol 

(Omnipaque) and iodixanol (Visipaque). 
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The effect of intravenous contrast agents on tissues is dependent on the delay between 

administration and CT imaging, which determines whether the contrast is predominantly in the 

arterial compartment (arterial phase imaging), venous compartment (venous phase imaging), or 

other compartment (for example urine in delayed phase imaging with renally excreted contrast). 

Contrast agents can also be administered directly into the gastrointestinal tract for gastrointestinal 

imaging, either orally or rectally.  Oral contrast agents may be negative (such as water and mannitol, 

which primarily distend the GI tract), or positive (iodine or barium based, which increase x-ray 

absorption within the gastrointestinal lumen). 

Dual energy CT (DECT) has recently become available on some scanners.  This simultaneously 

performs CT with higher and lower energy level x-rays, which allows the calculation of iodine 

concentration within lesions following the administration of iodinated contrast agents during a 

single phase scan.  This may be of benefit in characterising lesions, for example in differentiating 

liver cysts form metastases (Agrawal et al., 2014). 

Local staging of colon cancer 

One of the principle current uses for CT in colorectal cancer is in the local preoperative staging of 

colon cancer.  Accuracy of CT in the assessment of T-stage has been widely reported, although the 

outcome measure reported varies between studies which can make comparison more challenging. 

Two studies report the stage-for stage accuracy of CT for the prediction of T-stage; Smith et al report 

an accuracy of 60% and 61% for two observers in 126 patients (Smith et al., 2007), and Burton et al 

report and accuracy of 35% and 51% for two observers in 33 patients (Burton et al., 2008).  Although 

reporting stage-for-stage accuracy results in lower values than reporting dichotomous outcomes due 

to the higher number of categories, this suggests that CT is only moderately accurate. 

The most commonly reported endpoint for the assessment of T-stage accuracy is the distinction of 

T3 or greater disease from T2 or less disease.  This was subject to a meta-analysis by Dighe in 2010, 

which included 19 studies from 1986 to 2008.  The overall sensitivity in this meta-analysis was 86% 



83 

(95% CI 78-92%), the overall specificity was 78% (95% CI 71-84%), and the diagnostic odds ratio (DOR) 

was 22.4 (95% CI 11.9-42.4%) (Dighe et al., 2010b).  The pooled sensitivity, specificity and DOR were 

higher for modern studies using MDCT at 93%, 86% and 83.5 respectively.  This suggests that at least 

for the distinction between T2- and T3+ disease modern CT is very accurate.  Some of these studies 

were performed as CT virtual colonoscopy assessments, and so utilised bowel cleansing and rectal 

insufflation. 

Some studies have reported the accuracy of CT in the identification of locally advanced disease, 

which includes T4 tumours and T3 tumours with more than 5mm extramural invasion (T3c and T3d 

disease).  This end point is more prognostically significant than the distinction between T2 and T3 

disease (Merkel et al., 2001), and was the initial entry criteria for the FOXTROT study although this 

was subsequently extended in included all T3 tumours for medically fit younger patients.  Two 

studies report this endpoint for T-staging accuracy on CT; Dighe reported and accuracy of 70% in 94 

patients (Dighe et al., 2012), and Rollven reported an accuracy of 79% and 76% for two observers in 

twenty-eight patients.  These studies suggest that CT has a moderate to good accuracy for 

identifying this clinically important endpoint. 

Another important endpoint in the local assessment of colon cancer is the assessment of nodal 

involvement.  Histopathological nodal involvement is the most important prognostic factor for 

deciding whether patients with colon cancer will be offered adjuvant chemotherapy, as there is a 

clear benefit in node positive patients.  Accuracy of CT in identification of nodal involvement (N1+ 

disease) was investigated by Dighe in the same meta-analysis in 2010.  Overall sensitivity was 70% 

(95% CI 59-80%), specificity was 78% (95% CI 66-86%) and DOR was 8.1 (95% CI 4.7-14.1) (Dighe et 

al., 2010b).  This suggests that CT is moderately accurate in the identification of nodal disease, but 

less accurate at nodal staging than T-staging.  This is unsurprising as the identification of nodal 

involvement on CT is largely restricted to size criteria, and there is a substantial overlap in size 

between benign reactive lymph nodes and small lymph nodes with metastatic deposits. 
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EMVI is another prognostically important tumour feature which can be identified on preoperative 

imaging.  Accuracy of CT in identifying EMVI is less commonly reported than T-staging and N-staging.  

Burton reported an accuracy of 55% and 61% for two readers in thirty-three patients (Burton et al., 

2008), Dighe reported an accuracy of 70% in ninety-four patients (Dighe et al., 2012), and Rollven 

reported an accuracy of 78% and 69% for two readers in twenty-eight patients (Rollven et al., 2013).  

The accuracy of CT for the identification of EMVI in colon cancer would therefore appear to be 

moderate to good. 

Local staging of rectal cancer 

CT is not usually recommended for the local staging of rectal cancer, as T-staging accuracy is 

generally considered superior on EUS and MRI, and assessment of mesorectal fascia involvement is 

considered better on MRI.  However, there are situations where neither of these other imaging 

modalities can be used, in which case contrast enhanced CT is a reasonable alternative.  In a recent 

single centre study of fifty patients, CT achieved a T-staging accuracy of 58-64% and an accuracy for 

the identification of nodal disease of 76% (Kocaman et al., 2014). The mesorectal fascia is not as well 

seen on CT as on MRI making accurate prediction of CRM involvement difficult. 

Systemic staging of colorectal cancer 

Contrast enhanced CT is the modality most commonly used for primary staging of systemic disease 

in colorectal cancer.  It is the recommended for the systemic staging of primary rectal cancer in ten 

national and international guidelines (Nielsen and Wille-Jorgensen, 2014). 

CT thorax is probably the best modality currently available for the detection of colorectal lung 

metastases.  Lung metastases develop in 10 to 20% of colorectal cancer patients, with a higher 

incidence in low rectal cancer.  CT is significantly more sensitive than chest x-ray, which will only 

identify around one third of these metastases.  CT is also more sensitive than PET/CT for identifying 

small lung nodules.  Unfortunately, it is not very specific and will identify indeterminate nodules in 

around 25% of colorectal cancer patients.  Around 10% of these will be confirmed as metastases on 
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follow up imaging, and interval CT is the best way to distinguish benign from malignant sub-

centimetre nodules which are below the resolution of PET/CT (Baek et al., 2012). 

CT in the portal venous phase has a reasonable sensitivity for detecting liver metastases.  In meta-

analysis, per-patient sensitivity of CT for detecting liver metastases was 83.6% (Niekel et al., 2010b).  

CT sensitivity was significantly less than FDG-PET (94.1%), and non-significantly lower than MRI 

(88.2%).  Despite this, the widespread availability, low cost and speed of CT make it the first line 

investigation for systemic staging in primary colorectal cancer in most institutions and guidelines.  If 

there is diagnostic uncertainty, or if treatment for metastatic disease is planned, it is supplemented 

by liver MRI and whole body PET/CT.  CT is relatively limited in its ability to identify distant lymph 

node metastases, and also has limited ability to identify small volume peritoneal disease. 

1.10.2 Magnetic Resonance Imaging (MRI) – Primary rectal cancer 

Basic principles and pulse sequences 

The protons and neutrons which make up the nuclei of atoms have a quantum property called spin.  

In atoms with an even number of protons and an even number of neutrons, the spins of the 

nucleons cancel each other out and the atom has a net zero spin.  However, all atoms with an 

uneven number of protons or nucleons have a net spin.  As they also have an electrical charge, and 

this produces a very small magnetic field perpendicular to the spin of the nucleus.  The most 

abundant atom with non-zero spin in the human body is hydrogen in water and fat (which is made 

up of a single proton).  Hydrogen is therefore the element which is most commonly imaged in MRI.  

Although it is possible to study other atoms such as phosphorus, sodium and carbon, they are found 

at much lower concentrations than hydrogen and so are more difficult to image. 

The orientation of the spin and magnetic field is usually randomly distributed, but when the nuclei 

are placed in a strong magnetic field some of the nuclei align with the external magnetic field and 

some align against the external magnetic field.  Alignment with the external magnetic field is a lower 
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energy state, so a slight excess of nuclei align with the external magnetic field (nine per 2 million 

hydrogen atoms at 1.5 Tesla). 

The spinning protons in hydrogen precess around their magnetic axis.  This is analogous to a spinning 

top moving around its gravitational axis as it spins.  The frequency of this precession is proportional 

to the field strength of the external magnetic field and is known as the Larmor or resonance 

frequency.  The Larmor frequency for hydrogen nuclei (H-1) is 63.87 MHz at 1.5 Tesla (1.5T) and 

127.74 MHz at 3 Tesla (3T). 

If the precessing protons are exposed to an electromagnetic pulse at the Larmor frequency, then 

they can absorb this electromagnetic pulse and jump to a higher energy state.  For hydrogen at MRI 

field strengths this frequency falls within the radiofrequency range of the electromagnetic spectrum.  

This results in their spin axis “flipping” away from alignment with the external magnetic field.  The 

angle to which the protons flip away from the external magnetic field is dependent on the strength 

and duration of the radiofrequency (RF) pulse.   During this excitation period, the protons are 

precessing together or in phase. 

When the RF pulse stops, the spin axis of the protons then gradually spirals down back to alignment 

with the external magnetic field.  This is called spin-lattice relaxation and is the exponential recovery 

of magnetisation in line with the external magnetic field.  The time taken for this to happen is unique 

to each tissue at a given magnetic field strength, and is denoted T1.  During this process, the protons 

have transverse magnetisation precessing at the Larmor frequency, and so produce an electrical 

current in the receiver coil.  This signal disperses very rapidly, primarily due to the proton spins 

moving out of phase with each other, and is called free induction decay (FID).  It is not measured 

directly in MRI.  Instead, proton spins are brought back into phase by subsequent RF pulses and a 

signal is measured from this RF echo (McRobbie et al., 2007). 

The movement of proton spins out of phase with each other is called spin-spin relaxation and is 

denoted T2.  T2 relaxation is unique for each tissue, but is determined mainly by the chemical 
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environment of the protons and is less influenced by the external magnetic field strength.  In 

addition to the T2 signal decay (caused by the interaction between spinning protons), there is decay 

due to inhomogeneity of the magnetic field within the tissues.  This is caused by imperfections in the 

MRI magnet, but also by magnetic susceptibility of the tissues.  This distorts the magnetic field at 

interfaces between different tissues, and is particularly pronounced at air/fluid interfaces or around 

any metal implants.  This signal decay is denoted T2* (T2 decay + decay due to field inhomogeneity).  

The portion of T2* decay caused by field inhomogeneity can be reversed by a second RF pulse with a 

180 degree flip angle given after a delay (echo time, TE) which brings the precessing protons which 

came out of phase due to T2* decay back into phase (but not the protons which came out of phase 

due to T2 decay).  This results in a larger RF signal after a delay (TE), and this larger signal is called a 

spin echo (SE).  This forms the basis of some MRI pulse sequences. 

MRI images are generated by delivering an RF pulse to the protons within a tissue, and measuring 

the RF signal emitted as the precessing protons return to alignment with the external magnetic field.  

In order to generate spatial information to convert this signal into an image, a supplemental 

magnetic gradient is exerted on the tissues in addition to the main magnetic field.  This changes the 

Larmor frequency of the protons in along the axis of this supplemental gradient, so that the emitted 

RF signal is of a difference frequency for each part of the tissue along one axis.   

In order to differentiate the signal from tissue along the complementary plane, phase encoding is 

employed.  This uses a second magnetic gradient in a complementary plane, which is switched on 

briefly after the excitation pulse.  This causes the protons away from the centre of the gradient to 

precess faster or slower than the central protons.  The spins are from each line of tissue in the 

complementary plane are successively brought back into phase to produce an RF echo, filling a line 

of data in k-space with each echo.  The RF signal generated by the protons in the imaged tissue is 

recorded by the receiver coils, and this signal is sampled to produce a digital recording in k-space. K-

space is the name given to the digitally sampled raw data from the received coils, which is coded by 
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frequency in one axis and time (from the phase encoding steps) in the second axis.  A Fourier 

transform is then performed to convert this frequency/time data into a two dimensional image. 

MRI images are usually acquired in slices, whereby a block of tissue is imaged at a time.  The slice is 

isolated by the slice selection gradient, which is applied during the excitation RF pulse.  This isolates 

the chosen slice of tissue by changing the Larmor frequency of the protons in the adjacent slices so 

that they are not excited by the RF pulse.  In 3D volume acquisition MRI, phase encoding is used in 2 

planes so that an entire block of tissue is imaged simultaneously rather than being divided into slices. 

Different types of MRI scan can be acquired using different pulse sequences.  These are 

combinations of RF and magnetic gradient pulses delivered by the MRI scanner to acquire the 

images.   

Spin echo (SE) sequences use a 90 degree RF pulse, followed by one or more 180 degree RF pulses to 

rephase the protons which have moved out of phase due to T2* relaxation.  The spin echo is 

produced when the protons rephase and is recorded by the receiver coils.  Spin echo sequences are 

more resistant to susceptibility artefacts at air/fluid and tissue interfaces as they do not rely on T2* 

relaxation. 

Fast spin echo (FSE) or turbos spin echo (TSE) sequences are similar to spin echo sequences, but 

multiple refocussing 180 degree RF pulses are used, and the phase encoding gradient is changed for 

each echo.  This means that multiple phase encoding steps are recorded for each pulse sequence 

repetition, reducing the overall acquisition time.  The reduction in acquisition time is proportional to 

the echo train length.  This technique is of most benefit in T2 weighted imaging where longer echo 

train lengths can be utilised. 

Single-shot fast spin echo (SS-FSE) sequences are an extension of this technique, which use a very 

long echo train and the phase encoding is changed for each echo, acquiring all the data for one slice 

from a single excitation pulse.  This is called single-shot turbo spin echo (SS-TSE) on Philips MRI 

scanners and Half Fourier acquisition single shot turbo spin echo (HASTE) on Siemens MRI scanners.  



89 

HASTE sequences also employ half Fourier acquisition, where symmetry in k-space is used to 

interpolate this information and only half of the k-space data is acquired.  This reduces scan 

acquisition time, although this may be at the expense of signal to noise ratio.  The combination of 

these techniques means that a single HASTE sequence slice can be acquired in around 1 second, 

allowing breath hold abdominal imaging. 

In gradient echo (GE) sequences, repeated low energy RF pulses are delivered. These result in less 

than 90 degree flip angle for the protons, but they are repeated before relaxation has occurred so 

that after a few repetitions the tissue achieves a steady state, where the amount of relaxation 

between each RF pulse is matched with the degree of excitation from the next pulse.  If the repeated 

pulses are delivered before T2* relaxation is complete, then the repeated RF pulse generate echos 

from the residual transverse magnetisation (Hahn echos).  The signal at a given time after a repeated 

pulse is due to free induction decay (FID) plus Hahn echos.   

The flip angle induced by the initial RF pulse can be varied, and is usually between 10 and 80 degrees.  

Larger flip angles give more T1 weighting, whereas lower flip angles give more T2 (actually T2*) 

weighting.  As lower flip angles are used, recovery of longitudinal magnetisation is shorter allowing 

for faster imaging acquisition than in SE imaging.  However, GE sequences are more vulnerable to 

susceptibility artefacts as T2* decay is not eliminated by refocusing RF pulses. 

In spoiled gradient echo sequences, only the signal from FID is measured.  Gradients are used to 

spoil the coherence of the Hahn echos so that these to not interfere with the received signal.  One 

line of k-space is filled per repetition.  In rewound gradient echo sequences, the phase encoding 

gradient is reversed to bring the Hahn echos back into phase for the line of k-space being filled. 

True fast imaging with steady precession (True FISP) and balanced turbo field echo (BTFE) sequences 

are rewound gradient echo sequences which use balanced frequency and phase encoding gradients, 

and maintain residual transverse magnetisation between pulse sequences by keeping the repetition 
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time (TR) shorter than the T1 and T2 of the tissues.  This results in an image with a mixture of T1 and 

T2* weighting.  It is prone to susceptibility artefacts. 

The fast low angle shot (FLASH) and enhanced T1 high resolution isotropic volume excitation 

(eTHRIVE) sequences are spoiled gradient echo sequences.  It is possible to use very short repetition 

times in the order of 20-30ms and therefore images can be acquired rapidly.  The degree of T1 

weighting depends on the TR and flip angle, with a large flip angle combined with a short TR giving 

good T1 weighting.  As with other GE sequences it is prone to susceptibility artefacts, although this 

can be reduced by keeping the TE time short. 

Diffusion weighted imaging (DWI) investigates the degree of water diffusion within tissues.  Using 

the pulsed gradient spin echo (PGSE) method, a 90 degree RF pulse is delivered to the tissues, 

followed by a large gradient, followed by a 180 degree RF pulse, followed by an equal large gradient.  

This gives a large echo from static water molecules when the proton spins come back into phase 

after the second RF pulse.  However, protons in water molecules which have been moving through 

the gradients due to diffusion will have experienced varying magnetic field strengths and will 

therefore have moved out of phase and not give a significant echo.  The degree of diffusion 

weighting can be controlled by the strength of the gradients and the time between the two RF 

pulses, and is referred to as the b-value in seconds per millimetre squared (s/mm2) (Stejskal and 

Tanner, 1965). Although this technique has been available since the late 1980’s (Moseley et al., 

1990), initial interest focussed on the assessment of acute cerebral ischaemia (Warach et al., 1992).  

However, there is now significant interest in the use of DWI to identify neoplastic lesions.  Diffusion 

tends to be more restricted in neoplastic lesions than in normal tissue, which may be due to 

increased cellular density (Jacobs et al., 2009).  This allows DWI to differentiate neoplastic from 

benign lesions, and to identify metastatic disease. 

Low molecular weight paramagnetic contrast agents, such as gadolinium compounds gadopentetate 

dimeglumine (Magnevist) and gadobutrol (Gadovist), diffuse from the circulation to the 
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extravascular-extracellular space through the capillary bed.  The increase in gadolinium 

concentration in the tissues reduces the T1 relaxation time.  Following a bolus of contrast media, 

repeated measurement of the T1 weighting of tissues over time allows calculation of the transfer 

constant (Ktrans) which describes the diffusion of the contrast medium across the capillary 

endothelium.  Other parameters which can be measured include the fractional volumes of the 

extravascular-extracellular space (ve) and plasma space (vp), and the rate constant(kep) which is equal 

to the transfer constant divided by the extravascular-extracellular space (Essig et al., 2013). 

Parallel imaging techniques make use of multi-channel receiver coils to reduce scan time.  They 

make use of the differential signal received in each geometric location by the different receivers in a 

multichannel coil.  The phase encoding steps are undersampled, which reduces the image 

acquisition time but would normally result in aliasing where elements of the image are wrapped.  

Reconstruction of the image from the different coil elements is performed in either k-space 

(generalized autocalibrating partially parallel acquisistions – GRAPPA) or image space (sensitivity 

encoding – SENSE).  The resultant reduction in scan time is at the expense of the reduction in signal 

(and hence signal to noise ratio) which would normally be seen using a multi-channel coil. 

Circumferential resection margin (CRM) 

MRI is currently the principle modality for the local staging of rectal cancer, and is recommended by 

most national guidelines (Nielsen and Wille-Jorgensen, 2014).  The main strength of MRI staging is 

that is allows the mesorectal fascia to be precisely visualized, and so the relationship of the tumour 

to the mesorectal fascia and involvement of the CRM can be assessed for patients undergoing TME 

surgery.  This was demonstrated in two papers by Brown and Beets-Tan in 1999 and 2001 (Brown et 

al., 1999, Beets-Tan et al., 2001).  This was subsequently confirmed in a large multicentre trial by the 

MERCURY study group; 408 patients underwent rectal MRI prior to resection of their primary rectal 

cancer.  MRI had a specificity of 92% for the prediction of a clear CRM in this study (MERCURY study 

group, 2006).   
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A recent meta-analysis of fourteen studies with a total of over 1,600 patients assessed the accuracy 

of MRI in predicting CRM involvement.  This demonstrated a sensitivity of 76% and a specificity of 

88% for MRI in predicting CRM involvement. 

Long term follow up is now available from the MERCURY study, and this has confirmed the 

prognostic significance of MRI CRM involvement.  Patients with an involved CRM on MRI have a 

significantly worse five year overall survival (OS) and (DFS);  5-year OS was 62.2% in patients with a 

clear CRM compared to 42.2% for MRI CRM positive patients (Taylor et al., 2014). 

In the MERCURY study, CRM involvement was less accurately predicted in low rectal cancer than in 

upper and mid rectal cancer.  Patients with low rectal cancer undergoing APER are also more likely 

to have tumour perforation and CRM involvement than patients undergoing anterior resection.  A 

sub-set analysis performed on patients in the MERCURY study with low rectal cancer demonstrated 

that in involved intersphincteric plane, and anterior tumour and a poor response to neoadjuvant 

chemoradiotherapy were significantly associated with CRM involvement (Salerno et al., 2009). 

The MERCURY II low rectal cancer study was set up to investigate whether MRI directed treatment 

of low rectal cancer could reduce the rate of CRM involvement in low rectal cancer.  In this study, 

patients with an MRI predicted safe surgical plane achieved a pathological CRM involvement rate of 

1.6% following sphincter preserving surgery without neoadjuvant chemoradiotherapy. Patients who 

were MRI CRM positive pre-treatment underwent neoadjuvant chemoradiotherapy.  Those who had 

a good response to chemoradiotherapy and who were MRI CRM negative post neoadjuvant 

treatment had a pathological CRM (ypCRM) involvement rate of 0%.  Those with a persistently 

involved CRM on MRI post neoadjuvant therapy had a ypCRM positive rate of 17.5% (Battersby et al., 

2015). 

T-stage 

MRI is also useful in the assessment of T-stage, although it is not as accurate as in the assessment of 

CRM involvement.  In a meta-analysis of twenty-one studies MRI had a sensitivity of 87% and a 
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specificity of 75% for identifying T3/4 disease (Al-Sukhni et al., 2012). Specificity was significantly 

higher in studies using 3 Tesla MRI compared to those using 1 or 1.5T MRI. 

MRI accuracy in staging early rectal cancers is lower; Waage reported that MRI had a sensitivity of 

99% but a specificity of only 7% for differentiating T1-4 tumours from adenomas (Waage et al., 2014).  

In a meta-analysis investigating the sensitivity of MRI for identifying muscularis propria involvement 

(T2-4 disease) was again high at 94%, but that specificity was only moderate at 69% (Bipat et al., 

2004).  There is a tendency for MRI to overstage early rectal lesions (De Vargas Macciucca et al., 

2010). 

N-stage 

Assessment of nodal stage is difficult for all imaging modalities.  In a meta-analysis of twenty-one 

studies Al-Sukhni reported that MRI has a sensitivity of 77% and a specificity of 71% for the 

identification of nodal involvement (Al-Sukhni et al., 2012).  However, many of these studies only 

used size criteria for the identification of nodal metastases.  The use of morphological criteria 

(inhomogenous signal intensity and an irregular border) to identify lymph node involvement 

increases the specificity of MRI (Brown et al., 2003, Kim et al., 2004).  Even allowing for this, MRI is 

only able to characterise lymph nodes which are at least 3mm in diameter, and 15% of nodes less 

than 3mm in diameter contain metastases (Park et al., 2014).  MRI assessment of lymph node 

metastases on purely morphological characteristics is therefore likely to remain limited. 

Diffusion weighted imaging (DWI) and two specific contrast agents have been investigated in an 

attempt to overcome this limitation.  DWI does identify more lymph nodes than T2 weighted 

imaging alone.  However, diffusion is restricted in both benign and malignant lymph nodes and so 

DWI is of limited benefit in distinguishing benign from malignant nodes (Lambrecht et al., 2011).  

Ultra-small superparamagnetic iron oxide (USPIO) has been used as a contrast agent to help identify 

nodal metastases, and in one study improved specificity to 93% compared to 75% with T2 weighted 

imaging alone.  In a study of seventy-one patients investigating the accuracy of Gadofosveset 
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enhanced MRI in identifying nodal metastases Heijnen found that MRI had a sensitivity of 94% and a 

specificity of 79% for the experienced reader (Heijnen et al., 2014).  Whether these results can be 

reproduced in larger multi-centre studies remains to be seen. 

Extra-mural vascular invasion (EMVI) 

MRI can also identify EMVI which as discussed in section 1.9.3 is prognostically important.  In a 

retrospective study of 142 patients, MRI had a sensitivity of 62% and a specificity of 88% for the 

identification of EMVI (Smith et al., 2008a).  In a larger study of 447 patients, Sohn found that MRI 

had a lower sensitivity of 28.2% but a very high specificity of 94% (Sohn et al., 2015).  When 

assessing the accuracy of imaging for the detection of EMVI, it should be noted that there is 

substantial variation in the pathological reporting of EMVI.  Betge found that the incidence of EMVI 

increased from 9% to 23% of expert review, and from 12% when less  than 3 tumour blocks were 

taken to 48% when more than 7 tumour blocks were taken (Betge et al., 2012). 

MRI detected EMVI has also been demonstrated to be an independent risk factor for disease 

recurrence and metastasis.  Smith demonstrated that the 3-year recurrence free survival (RFS) was 

35% for MRI EMVI positive patients compared to 74.1% for negative patients.  This difference in 

prognosis was very similar to the difference demonstrated by pathology EMVI positive (34%) and 

negative (73.8%) patients (Smith et al., 2008a).  Sohn noted that MRI EMVI positive patients had an 

odds ratio of 3.02 for distant metastases, which rose to 5.27 for large vessel EMVI identified on MRI 

(Sohn et al., 2015).  

Locally advanced rectal cancer 

MRI is the imaging modality recommended by expert consensus for the assessment of locally 

advanced rectal cancer for surgical planning (The Beyond TME Collaborative, 2013).  There are 

relatively few studies which have specifically addressed this issue.  Messiou investigated the 

accuracy of MRI for recurrent rectal cancer by organ.  Sensitivity ranged from 70% for pelvic side wall 

involvement to 100% for prostate involvement, and specificity ranged from 33% to 100% (Messiou 
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et al., 2008).  The number of patients with some organs involved was small (three patients had 

female reproductive organ involvement), limiting the precision of these estimates.  Georgiou 

investigated the accuracy of MRI in assessing patients undergoing exenterative surgery for locally 

advanced and recurrent rectal cancer in sixty-four patients.  Accuracy was described in terms of 

assessment of 7 compartments.  Sensitivity for predicting each compartment involvement varied 

from 89.3% to 100%, and specificity form 76.9% to 100% (Georgiou et al., 2013). 

MRI technique 

Rectal MRI is performed in the supine position with a pelvic phased array surface coil, which have 

superseded endorectal coils in the majority of studies (Al-Sukhni et al., 2012).  This allows 

visualisation of the whole pelvis, and in particular the relationship of the tumour to the mesorectal 

fascia.  Some early studies used an endorectal coil and reported improved T-staging accuracy due to 

better visualisation of the layers of the bowel wall.  However, this was at the expense of limited field 

of view which impeded visualisation of the relationship between the tumour and the mesorectal 

fascia.  Endorectal coils were also expensive, reduced patient acceptance and could not be used with 

stenosing tumours.  They have therefore been replaced by pelvic phased array surface coils in most 

units. 

Some authors recommend distension of the rectum with positive or negative contrast material after 

purging the rectum.  This allows the contour of the rectum and any lesions to be visualised clearly.  

However, this distension may compress the minimum distance from the tumour to the mesorectal 

fascia and so compromise assessment of CRM involvement (Slater et al., 2006). 

Hyoscine butylbromide or glucagon is sometimes used as aperistaltic agents to reduce motion 

artefacts in pelvic MRI.  Hyoscine butyl bromide has been shown to improve image quality in pelvic 

MRI (Johnson et al., 2007).  Glucagon may be more effective than hyoscine butylbromide; in the 

small bowel glucagon more reliably introduced aperistalsis then hyoscine, and had a longer mean 

duration of aperistalsis (Froehlich et al., 2009). 
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The mainstay of rectal cancer MRI is high resolution T2 weighted imaged through the tumour.  This is 

achieved using T2 weighted Fast Spin Echo (FSE) or Turbo Spin Echo (TSE) sequence.  The rectum and 

tumour are first localised with wide field of view images in the sagittal plane from one pelvic side 

wall to the other with a 3mm slice thickness.  Axial imaes are then obtained through the pelvis with a 

wide field of view and a 5mm slice thickness.  These images are used to plane the subsequent 

sequences.  High resolution, small field of view (160mm) images are then acquired perpendicular to 

the long axis of the tumour, with a slice thickness of 1-3mm (Taylor et al., 2008). 

Low rectal cancers require two additional sequences.  These are high resolution small field of view 

T2 weighted FSE sequences, acquired axial perpendicular to the long axis of the anal canal and 

coronal parallel to the long axis of the anal canal (Shihab et al., 2009).  These additional sequences 

allow assessment of the relationship of the tumour and the levator ani muscles and sphincters. 

1.10.3 MRI – restaging after chemoradiotherapy 

The advent of effective neoadjuvant chemoradiotherapy in rectal cancer means that imaging needs 

to be accurate in reassessment of tumours following treatment.  There is considerable variation in 

response to patients undergoing neoadjuvant treatment, with around 20% failing to respond or 

progressing, and up to 50% of patients demonstrating a complete clinical response (Habr-Gama et al., 

2013).  MRI plays an important role in making this reassessment following treatment. 

T-stage and N-stage 

Memon performed a meta-analysis in 2015 to assess the accuracy of MRI in restaging rectal cancer 

following neoadjuvant chemo-radiotherapy.  Accuracy of MRI in reassessing stage-for -stage T-stage 

was addressed in twelve studies, with an overall accuracy of 52% (95% CI 44-59%) (Memon et al., 

2015).  This is lower than the accuracy expected in the pre-treatment staging of rectal cancer.  There 

was a tendency for MRI to overstage rectal cancer post neoadjuvant treatment.  This may partly 

reflect difficulty in differentiating fibrosis from residual tumour, and identifying small tumour 
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deposits or isolated tumour cells in pools of mucin.  There was a wide range of MRI techniques 

employed in the studies which make up this meta-analysis together with a wide range in accuracy 

from 34% to 82%.  Five of these studies used rectal contrast or gadolinium enhanced T1 weighted 

imaging, which may reduce staging accuracy. 

The same study assessed the re-staging accuracy of MRI in the assessment of nodal disease.  The 

mean accuracy was 72%, with values ranging from 60% to 88% in individual studies.  This is similar to 

the accuracy achieved by MRI in pre-treatment nodal staging.  The involution of benign reactive 

lymph nodes following radiotherapy may make size criteria more helpful for the identification of 

involved lymph nodes.   

Two studies have investigated USPIO and Gadofosveset contrast agents in nodal restaging.  

Gadofosveset enhanced MRI was reported to have a sensitivity of 80% and a specificity of 95% in 

identifying lymph node metastases for the experienced reader (Lambregts et al., 2011).  USPIO was 

reported to have a high area under the curve (AUC) on receiver operator curve (ROC) analysis of 0.97 

to 0.99 ((Lahaye et al., 2009).  However, these are both small studies single centre studies, and these 

promising results for these agents have yet to be repeated in larger studies.   

CRM involvement 

The accuracy of MRI in the reassessment of circumferential margin involvement following 

neoadjuvant chemoradiotherapy remains high.  This has been assessed in six large trials involving 

more than 50 patients, with accuracy for prediction of CRM involvement of 83-92% (MERCURY study 

group, 2006, Barbaro et al., 2009, Kim et al., 2009, Pomerri et al., 2009, Simpson et al., 2014, Kim et 

al., 2015).  Inaccuracies where present tend to be due to over staging by MRI, which means that the 

negative predictive value is high (around 95%), although positive predictive value is lower (43-53%) 

(Simpson et al., 2014, Kim et al., 2015).  Patients who have an involved CRM on restaging MRI 

following neoadjuvant chemoradiotherapy have significantly worse three-year local recurrence free 
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survival and overall survival (76.9% and 73.8%) compared to patients in whom CRM has become 

clear on restaging MRI (100% and 96%) following surgery (Lee et al., 2014). 

EMVI 

There is little published data on the accuracy of MRI in the identification of EMVI after neoadjuvant 

chemotherapy.  However, a recent study has investigated the prognostic importance of persistent 

EMVI on imaging following chemoradiotherapy.  In patients who were MRI EMVI positive on pre-

treatment MRI, but negative on MRI after neoadjuvant chemotherapy, had a 87.8% 3 year DFS 

compared to 45.8% in those with persistent MRI EMVI (Chand et al., 2015). 

1.10.4 MRI – predicting and assessing response to neoadjuvant 

chemoradiotherapy 

There has been considerable research into the ability of MRI features to predict and assess response 

to neoadjuvant chemoradiotherapy.  This is important for both poor responders, who may benefit 

from a change in treatment strategy, and complete responders, who may avoid surgery and pursue 

organ preservation.  Some authors have suggested that pathological complete response by 

definition is a lost opportunity to avoid the morbidity associated with radical surgery, in which case 

complete responders need to be identified by radiological and clinical means. 

Morphological change on MRI following chemoradiotherapy can be used to predict response.  Wu 

identified fourteen studies which investigated this in a meta-analysis.  Morphological change on T2 

weighted imaging alone was assessed in five studies, and had a relatively low sensitivity of 64% but a 

high specificity of 88% for predicting pathological complete response.  Nine studies which 

incorporated DWI had a high sensitivity of 92%, although a lower specificity of 75%.  A magnetic 

resonance imaging based tumour regression grading system (mrTRG) has been developed to help 

classify morphological changes seen on T2 weighted TSE imaging (Battersby et al., 2014).  This has 

been validated in the large multicentre MERCURY study group dataset, and demonstrates a highly 
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significant difference in overall five-year survival between mrTRG poor responders (27%) and good 

responders (72%) (Patel et al., 2011). 

Various quantitative analyses have been applied to both pre-and post-treatment MRIs to help 

differentiate pathological responders and complete responders (pCR).  Cai et al investigated 

maximum tumour signal intensity on DWI at b800, signal intensity ratio (tumour:muscle), tumour 

ADC, and ADC ratio (tumour:muscle) and found that the signal intensity ratio had an area under the 

curve (AUC) of 0.94 with a sensitivity of 100% and a specificity of 80.9% for the prediction of pCR (Cai 

et al., 2014).  Birlik et al investigated percentage change in tumour volume, pre and post treatment 

ADC values at b600 and b1000, percentage change in ADC values at b600 and b100.  They reported 

the highest AUC for percentage change in tumour volume (0.91) and percentage of ADC increase at 

b600 (0.90) for predicting T-stage regression (Birlik et al., 2015).  There is substantial heterogeneity 

between studies in terms of the parameters used to assess tumour response.  However, some trends 

are emerging.  Percentage increase in ADC value pre-and post-treatment and appears to be a better 

predictor of pathological response than absolute ADC value at any time point, and percentage 

decrease in tumour volume appears to be a better predictor of response than decrease in maximum 

tumour dimension or T-stage. 

Several recent studies have examined the ability of tumour perfusion parameters on dynamic 

contrast enhanced MRI to predict response to neoadjuvant therapy.  Again there is heterogeneity in 

the parameters studied, but small studies show promise in predicting response both on pre-

treatment scans (Martens et al., 2015), and using change in parameters between pre and post-

treatment scans (Petrillo et al., 2015). 

Kluza et al examined the change in signal intensity variation within the tumour volume using T2 

weighted imaging and found that change in the 95th centile descriptor on pre-and post-treatment 

MRI had an AUC of .90 with a sensitivity of 94% and a specificity of 94% for the prediction of pCR 

(Kluza et al., 2013).   
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All of these quantitative studies have derived their cut off values in small datasets, and have not 

been validated in large multicentre datasets, so their reported accuracies must be viewed with some 

caution.  At present, morphological changes remain the only validated predictor of outcome. 

1.10.5 MRI – local staging of colon cancer 

Prior to commencing the colon MRI study reported in this thesis (Chapter 4), only two studies had 

investigated the accuracy of MRI in staging colon cancers; a pilot study of 7 patients reported and 

accuracy of 57% in identifying  T3 or greater disease, and a trial of colorectal cancer patients 

including 27 colon cancer patients reported an accuracy of 88% for identifying T3 or greater disease 

(Low et al., 2003, Lomas et al., 2001).  However, in 2013 Rollven reported on the accuracy of 1.5T 

MRI in the pre-operative local staging of colon cancer in a small prospective study.  Forty-two 

patients were recruited, of whom twenty-eight were included in the final analysis.  Rollven reported 

results for two observers.  For the identification of T3c or greater diease, sensitivity was 77% and 

92%, specificity was 100% and 94%.  For the identification of nodal disease (N1 or greater), 

sensitivity was 86% for bother readers, specificity was 68% and 64%.  For the identification of EMVI, 

sensitivity was 75% for both readers, specificity was 84% and 79%.   

These results suggest that MRI might be very accurate for the pre-operative local staging of colon 

cancer, and in this study MRI was more accurate than CT although the numbers were too small for 

these differences in accuracy to be significant.   

1.10.6 MRI – assessment of systemic disease in colorectal cancer 

MRI is useful for the assessment of liver lesions.  Niekel performed a meta-analysis of eighteen 

studies investigating the accuracy of MRI in the identification of colorectal liver metastases.  In this 

study, MRI had an overall per-patient sensitivity of 88.2% and specificity of 92.5%.  In this analysis, 

there was significant improvement in the sensitivity of MRI over time, with studies performed after 

2004 demonstrating significantly greater per lesion sensitivity (85% post 2004 compared to 70% pre 
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2004).  There was also a non-significant trend towards greater per lesion sensitivity with liver specific 

contrast (mangofodipir trisodium) (Niekel et al., 2010a).   

FDG-PET/CT (section 1.10.8) is also very sensitive for the identification of colorectal liver metastases.  

However, the sensitivity of FDG-PET/CT is reduced following chemotherapy.  In this situation, MRI is 

the most sensitive modality for the identification of liver metastases (van Kessel et al., 2011). 

A recent study investigated the impact of combining DWI and a liver specific contrast agent for the 

identification of colorectal liver metastases.  This found that the combination improved the 

sensitivity and specificity of MRI (Koh et al., 2012).   

MRI has also been investigated for the whole body assessment of patients for colorectal liver 

metastases.  In a small pilot study of twenty-four patients, using FDG-PET/CT as the reference 

standard, whole-body MRI was comparable in the detection of solid organ disease although inferior 

in the identification of nodal disease (Schmidt et al., 2009). 

1.10.7 18F-Fleurodeoxyglucose Positron Emission Tomography (FDG-PET) 

Positron emission tomography (PET) is an imaging technique which detects the uptake of 

radiolabelled tracers in tissues.  Certain radioisotopes, including 18Fluorine (18F) and 11Carbon (11C), 

undergo radioactive decay by beta decay.  This results in a proton in the nucleus emitting a positron 

to become a neutron, changing the atomic number of the nucleus (hence 18F decays to oxygen 18O 

and 11C decays to boron 11B).  The emitted proton is the anti-matter equivalent to an electron.  Once 

it has slowed adequately to combine with an electron (over the course of around 1mm), it 

undergoes annihilation, which results in the simultaneous emission of two photons at 180 degrees 

to each other in the gamma frequency range. 

Positron emission tomography detects the emitted gamma rays and uses them to localise the 

positron emission.  The patient is surrounded by a detector ring, made up of a series of detectors (a 

scintillator converts the gamma radiation to visible light which is in turn detected by a photodiode).  
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The detector only records events where two simultaneous gamma rays are detected, and is 

therefore able to determine a line of response (LOR) along which the positron was annihilated 

(Figure 1.2).   

 

Very high timing resolution (around 500 picoseconds) in modern PET scanners allows time of flight 

assessment in addition to LOR assessment, so that the positron annihilation can be isolated to a 

segment of the line of response.  This can be used to increase the contrast to noise ratio in PET 

scanning (Karp et al., 2008). 

The PET scan is acquired by moving the patient through the detector ring and collecting information 

from thousands of annihilation events through their corresponding coincident gamma ray detections.  

This information produces a projection of the number of positrons emitted along each line of 

response, used to produce a sinogram in a similar way to the data from transmitted gamma rays in 

Figure 1.2: Positron detection in positron emission tomography 



103 

CT.  This information is reconstructed by a computer by filtered back projection or more recently by 

iterative reconstruction (section 1.10.1).  A standardised uptake value (SUV) can also be calculated 

by dividing the voxel intensity of a calibrated PET image by the concentration of the injected 

radioactivity.  This calculation is complicated as it needs to take into account injected dose, patient 

body weight, radioactive decay over time since injection, attenuation and scatter.  It is therefore 

considered a semi-quantitative measurement. 

The most common radiolabelled compound used in PET imaging is 18F-fluorodeoxyglucose (18F-FDG), 

in which one of the hydroxyl groups in glucose is substituted for an 18F fluoride ion.  This is taken up 

as glucose by metabolically active cells.  It then accumulates in these cells as it cannot undergo 

glycolysis until the fluoride ion has undergone conversion to oxygen by radioactive decay.  Once the 

fluoride ion has been converted to 18O-, it picks up a proton from the aqueous environment and 

becomes a normal glucose molecule, albeit with on heavy oxygen atom (18O).  Other radiolabelled 

compounds can be used in oncological imaging, such as 18F-fluoro-3-deoxy-3-L-fluorothymidine (FLT) 

and 60Cu-diacetyl-bis(N4-methylthisemicarbazone) (60Cu-ATSM), but are not currently in wide spread 

clinical use. 

FDG-PET is useful in oncological imaging as cancer cells tend to have a high metabolic rate and 

abnormal glucose uptake.  This form of functional imaging potentially allows the identification of 

metastatic disease where no anatomical abnormality is evident.  A meta-analysis of 61 eligible 

articles suggested that on a per patient basis FDG-PET was more sensitive than CT or MRI in 

detecting liver metastases, with a sensitivity of 94.6%, although on a per lesion basis SPIO enhanced 

MRI was more sensitive (Bipat et al., 2005).  A number of studies have also demonstrated FDG-PET 

to be accurate in the identification of extrahepatic disease.  A meta-analysis found that FDG-PET had 

a sensitivity of 91.2% and a specificity of 95.4% in identifying extrahepatic metastases (Wiering et al., 

2005). 
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1.10.8 FDG-PET/Computed Tomography (FDG-PET/CT) 

FDG-PET/CT fuses the functional imaging of FDG-PET with the anatomical imaging of CT in one scan.  

This allows localisation of increased FDG uptake to a particular anatomical structure.  The 

attenuation data from the CT also allows attenuation correction of the PET data, increasing the 

accuracy of the PET part of the scan.  PET/CT has therefore superseded PET in most oncological 

applications.   

Primary local staging of colorectal cancer 

FDG-PET/CT is not usually used for the primary staging of colorectal cancer as it is expensive, 

involves an additional radiation dose to CT, and does not provide additional anatomical information 

over standard CT.  It has been investigated for accuracy of local lymph node staging in rectal cancer, 

where Kim et al. found that FDG-PET/CT had a higher specificity than MRI for nodal involvement 

(83% compared to 67%), although sensitivity was lower in this study (61% compared to 94%) (Kim et 

al., 2011a).  This is consistent with other studies which have suggested that FDG-PET/CT has a 

relatively high specificity but lower sensitivity for nodal metastases (Tsunoda et al., 2008), and is 

likely to be related to the resolution of which struggles to identify lesion less than around 1cm in 

diameter, and the fact that not all metastases are metabolically active.   

Systemic staging in colorectal cancer 

FDG-PET/CT is useful in the accurate systemic staging of colorectal cancer.  In a recent meta-analysis, 

FDG-PET/CT had a pooled per patient sensitivity of 93% and a specificity of 86% for the detection of 

colorectal liver metastases (Maffione et al., 2015), which was similar to MRI and superior to CT.  For 

the detection of lung metastases, FDG-PET/CT is has a very high specificity but only moderate 

sensitivity.  In a large study of 256 patients by Bamba et al FDG-PET/CT has a sensitivity of 57% and a 

a specificity of 99% (Bamba et al., 2011).  CT is more sensitive in the detection of lesions under 

10mm, although it is only able to characterise these by serial imaging.  The principle use of FDG-

PET/CT in pulmonary staging is therefore characterisation of lesions over 10mm. 
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The area where FDG-PET/CT is superior to any other imaging modality is in the identification of 

extra-hepatic abdominal disease, especially peritoneal disease and retroperitoneal lymph node 

metastases.  It is therefore recommended for patients with liver metastases who are being 

considered for metastasectomy, where it identifies extra-hepatic metastases not identified on 

imaging in approximately 32% of patients (Maffione et al., 2015).  It is also recommended in most 

guidelines for investigation of a rising CEA post treatment for patients in whom the site of 

metastases or recurrence is not evident on CT and MRI.   

As the cost of FDG-PET/CT comes down and it’s availability becomes more widespread, it may be 

recommended for the primary systemic staging of colorectal cancer; in this context it identifies 

synchronous metastatic disease in an additional 10% of patients compared to contrast enhanced CT 

(Ozis et al., 2014). 

Prediction and assessment of response to neoadjuvant therapy in rectal cancer 

There have been a large number of published studies examining prediction of response to 

chemotherapy on the basis of FDG-PET/CT.  Li et al performed a meta-analysis of these studies in 

2014, in which FDG-PET/CT has s sensitivity of 89% and a specificity of 80% for predicting 

pathological complete response in rectal cancer (Li et al., 2014).  This was similar to MRI using DWI, 

which has a sensitivity of 85% and a specificity of 73%.  There was considerable heterogeneity in the 

studies included in this meta-analysis, with variation in the parameter used to predict response, the 

timing of scans in relation to neoadjuvant therapy, and the rate of pathological complete response in 

the trial patients.  However, it would appear that FDG-PET/CT has a useful role in predicting and 

monitoring response after neoadjuvant treatment. 

1.10.9 Ultrasound (US) 

Ultrasound uses sound waves at frequencies above the range of human hearing (20 KHz), and in 

medical imaging the reflexion of these sound waves is used to form an image of the tissue being 
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scanned.  A row of transducers made from piezoelectric crystals are used to create a sound wave 

from an electrical signal.  The same transducers can also be used to convert the reflected sound 

waves into an electrical signal for detection and processing.  Medical imaging applications usually 

use a pulse echo approach, where a sound wave is transmitted for a short period, and then the 

sound wave is switched off to listen for the echo. 

Sound waves travel at a constant velocity in a given material (and hence tissue), which is determined 

by the acoustic density of that material.  In human soft tissues, the velocity of a sound wave is 

between around 1450 m/s in fat and 1585 m/s in muscle (compared to 331 m/s in air).  Using 

knowledge of this speed and the distance (depth) being scanned, the approximate timing of the 

echoes can be estimated which determines the timing of sequential sound pulses (eg scanning to 

10cm depth in average soft tissues with a sound wave velocity of 1500 m/s, the echo will return to 

the transceiver in 0.1*2/1500= 0.12 ms).  In 2D ultrasound scanning with a linear probe, each 

transducer in the row will transmit a sound pulse and listen for the echo in turn, and a 2D picture is 

built up from the time delay (represented by depth) and intensity (represented by grayscale pixel 

intensity) of the echoes (Figure 1.3).  Echogenic tissues and reflective tissue interfaces appear bright, 

conductive tissues (such as fluid) appear dark. 
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When a sound wave meets an interface between two materials with different acoustic densities, a 

proportion of the sound wave will be reflected, a proportion will be transmitted, and some will be 

scattered or absorbed.  The proportion of sound reflected or transmitted depends on the difference 

in acoustic impedance of the two tissues, and is in the order of 1% for most soft tissue interfaces in 

humans.  This allows useful visualisation of these interfaces, while allowing sound to be transmitted 

to visualise deeper structures.  The proportion of sound reflected at air-soft tissue interfaces is 

around 99%, which necessitates the use of a coupling gel between the transducer and the tissue 

being imaged.  It also means that air containing tissues (such as the lung and bowel) appear very 

reflective and cannot be penetrated by ultrasound. 

In addition to acoustic imaging (sometimes referred to as B-Mode scanning), Doppler scanning uses 

the frequency shift in sound waves moving towards or away from the probe to detect movement 

Figure 1.3: Ultrasound imaging 
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within the scanning area.  This is most commonly used to detect blood flow, and can be overlaid on 

B-Mode imaging in colour to represent flow towards or away from the probe. 

Three dimensional images can also be produced by ultrasound by building up rows of 2D images.  

These can be acquired by a specialised probe which sweeps a linear transducer array across a 

volume of tissue, or which rotates the row of transducers within an inserted probe.  These images 

can be vulnerable to movement artefact if there is motion in the scanned tissues as the process is 

relatively slow.  Phased array transducers are also available which are able to focus and scan the 

ultrasound beam electronically by controlling the timing of the pulse-echo sequences within the 

probe. 

Contrast enhanced ultrasound makes use of microbubbles to increase contrast on ultrasound 

imaging.  The microbubbles are highly echogenic, as they have multiple gas-fluid interfaces.  The size 

of the microbubbles restricts them to the vascular system, as they are too large to diffuse across the 

capillary basement membrane.  Contrast enhanced ultrasound therefore increases the echogenicity 

of highly vascular structures, and this property can be used to identify certain types of metastatic 

tumour.  It is also possible to make quantitative measurements of tissue perfusion on contrast 

enhanced ultrasound through microbubble destruction and measurement of microbubble 

replenishment (Kern et al., 2011).   

Ultrasound elastography is a relatively new technique which allows the assessment of the stiffness 

of tissues on ultrasound scanning.  The stiffness of a material is described by Young’s E modulus.  

This property varies significantly between different human soft tissues, and in particular is altered in 

pathological compared to normal tissues.  It is analogous to the hardness felt on clinical palpation, 

and is particularly increased in some malignancies.  This can be estimated using quasi-static methods, 

where a constant stress applied to the tissues, and the displacement of tissues and therefore 

generated strain is measured.  The limitation of this technique is that it is not possible to quantify 

Young’s modulus of the tissues.  Dynamic methods generate shear waves in tissues by compression 
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(at much lower frequencies than the ultrasound waves).  The propagation of the shear waves can be 

used map Young’s modulus in tissues.  The advantage of this technique is that it allows higher 

resolution mapping of Young’s modulus than quasi-static methods, and that a quantitative analysis 

can be made.  The disadvantages are that a more complex ultrasound probe is required to generate 

the shear waves, ultrafast ultrasound imaging in required to measure the shear wave displacements, 

and that the shear waves can deflect at tissue interfaces (Gennisson et al., 2013). 

A wide variety of probes are available for ultrasound assessment which allows it to be utilised in a 

number of different clinical settings.  Linear and phased array probes allow trans-abdominal imaging.  

Intraluminal probes allow trans-vaginal and trans-anal ultrasound imaging.  Sterile probe covers 

allow direct intra-operative ultrasound imaging of organs, in particular the liver is often imaged in 

this way during liver metastasectomy.  Finally, miniaturised probes can be passed down the channel 

of endoscopes allowing endoscopic ultrasound. 

Assessment of primary rectal cancer 

Endorectal or endoscopic ultrasonography (EUS) has been widely applied in the assessment of T-

stage in rectal cancer.  This was subject to a meta-analysis by Puli et al in 2009 which included forty-

two studies and over five thousand patients.  The pooled sensitivity and specificity for T-stage 

assessment were; 88% and 98% for T1 disease, 80% and 91% for T2 disease, 96% and 98% for T3 

disease, and 95% and 98% for T4 disease.  This analysis suggests that EUS has excellent accuracy for 

the T-staging of rectal cancer, with lowest accuracy for the identification of T2 disease (Puli et al., 

2009a). 

The accuracy of EUS is operator dependent, and some authors have questioned whether the very 

high accuracy reported in these clinical trials are reproduced in clinical practice.  Marusch 

subsequently performed a nationwide study in Germany involving over seven thousand patients in 

the final analysis.  This demonstrated a stage-for stage T-staging accuracy of 65%, with the lowest 
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accuracy for identifying T2 and T4 tumours.  Accuracy was significantly worse in small volume 

centres than large volume centres (Marusch et al., 2011).   

More recently, Waage et al. have investigated the addition of elastography to EUS for the detection 

of T1+ adenocarcinomas.  In a study of 120 patients, they achieved a sensitivity of 93% and a 

specificity of 96% in the differentiation of T1 or greater tumours from adenomas (T0) (Waage et al., 

2014).  This study validated the strain ratio cut off value which had been derived in a previous study.  

EUS with elastography was much more specific than MRI in this study, which tended to over stage 

early lesions.   

Puli also addressed the accuracy of nodal staging with EUS in a separate meta-analysis, which 

included thirty-five patients and 2732 patients.  The pooled sensitivity for EUS in detecting nodal 

metastases in this study was 73%, with a specificity of 76% (Puli et al., 2009b).  This is similar to the 

pooled sensitivity and specificity for MRI (section 1.10.2).   

The principle weakness of EUS in the assessment of rectal cancer is that it is unable to accurately 

predict CRM involvement.  It is therefore largely limited to T-stage assessment of early tumour being 

considered for local resection in current practice. 

Local staging of colon cancer 

Endoscopic ultrasound local staging of colon cancers is possible using a mini ultrasound probe which 

can be passed down an endoscope channel.  Gall performed a meta-analysis of the accuracy of 

endoscopic ultrasound in the assessment of colon cancer, which included six studies and 261 

patients for whom separate data was available on accuracy in colon cancer.  Pooled sensitivity and 

specificity for T-staging were; 87% and 98% for T1 disease, 71% and 95% for T2 disease, 98% and 

89% for combined T3/4 disease.  Sensitivity for the detection of nodal disease was 54%, with a 

specificity of 88% (Gall et al., 2014).  This is higher than the sensitivity and specificity reported for CT 

in the T-staging colon cancer.  Despite this, endoscopic ultrasound is not in widespread use for the 

preoperative local staging of colon cancer. 
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Restaging after neo-adjuvant chemoradiotherapy 

EUS can also be used to restage rectal cancer following neoadjuvant chemoradiotherapy.  In meta-

analysis, the pooled T-staging accuracy from eighteen studies was 65%.  The range of values in the 

individual studies was wide, ranging from 36 to 93%.  The accuracy on EUS in this study was higher 

than the pooled accuracy on MRI from twelve studies (52%).  Pooled N-restaging with EUS was 73%, 

very similar to pooled N-restaging accuracy using MRI in the same study (72%) (Memon et al., 2015). 

Despite the superior accuracy of EUS in restaging rectal cancer after neoadjuvant therapy, it’s use is 

still limited by inability to accurate assess CRM involvement, and difficulty in assessing stenosing 

tumours; 19% of tumours could not be assessed on EUS due to stenosis in a recent study comparing 

EUS and MRI (Swartling et al., 2013). 

Predicting and assessing response to chemoradiotherapy 

In addition to morphological assessment of response following chemoradiotherapy, a couple of 

additional techniques have been investigated for assessment of response.  Rafaelsen measured 

elastography before and after neoadjuvant therapy and noted a significant difference in tissue 

elasticity (Rafaelsen et al., 2013).  Tankova investigated vascularisation reduction in tumours using 

power Doppler at EUS; vascularisation reduction on ES was associated with better overall survival 

(Tankova et al., 2012).  Whether the differences seen in these small studies can provide a useful 

means for predicting pathological complete response needs further investigation. 

Systemic staging with US 

Contrast enhanced ultrasound can be used for the assessment of focal liver lesions identified on CT 

or unenhanced US, and in this setting has similar sensitivity and specificity to contrast enhanced CT 

for determining whether these lesions represent metastatic disease and is cheaper (Westwood et al., 

2013).  However, CT has been shown to be inferior to liver MRI and FDG-PET/CT, and it is therefore 

likely that contrast enhanced US is also inferior to contrast enhanced MRI and FDG-PET/CT. 
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Intraoperative US is used in some units during liver resection to identify additional metastases.  It is 

reported to identify additional metastases over preoperative MRI and FDG-PET/CT and change 

surgical strategy in between 1.4% and 27.2% of patients (Torzilli et al., 2014, Ferrero et al., 2013). 

1.11 Summary 

Colorectal cancer is a major health burden, with an increasing incidence worldwide.  Despite 

improvements in survival it remains the 8th most common cause of death in both men and women in 

the UK.   

The number of treatment options, both surgical and non-surgical, has increased dramatically over 

the past few decades.  Short course radiotherapy, induction chemotherapy, long course 

chemoradiotherapy, and adjuvant chemotherapy may all be of benefit to some patients, but carry 

significant morbidity and mortality.  A number of more and less radical surgical options are also 

available.  Total mesorectal excision has become standard practice.  However, complete mesocolic 

excision, ELAPE and extended lymph node dissection may also benefit some patients but may cause 

unnecessary morbidity and mortality in others.  Conversely, local excision of early tumours may 

allow some patients to escape the morbidity and mortality of radical surgery including a permanent 

stoma.  A proportion of patients with liver or lung metastases may also be cured if their metastatic 

disease is resectable when identified. 

This multiplicity of therapeutic options means that it is becoming ever more important to target 

treatments towards patients who are likely to benefit.  While our understanding of the genetic basis 

of colorectal cancer and the cellular signalling pathways affected is improving, and is already starting 

to allow targeted therapeutics, the mainstay of prognostication remains accurate histological and 

radiological staging of colorectal cancer.  It is therefore more important than ever to accurately 

stage colorectal cancer locally and systemically, both histologically and radiologically.
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1.12 Hypotheses and aims 

1.12.1 Hypotheses 

I hypothesise that: 

1. Patients with high risk features on local staging with rectal MRI will have a higher 

rate of synchronous distant metastases than patients without high risk features. 

2. Adapting the techniques developed for MRI imaging of the small bowel in Crohn’s 

disease, including oral contrast agents and breath hold images, will allow accurate 

imaging of the colon wall.  3D volume acquisition sequences will allow more accurate 

assessment of the colon wall and adjacent structures than 2D sequences. 

3. Preoperative 1.5T MRI will be more accurate than CT in staging colon cancer, and 

3.0T MRI will be more accurate than both these imaging modalities.   

4. Reports from MRI scans which obtained good quality images will be more accurate 

than those with poor quality images.  Reports from MRI scans with T2 weighted 

imaging in two or more planes through the tumour will be more accurate than those 

with T2 weighted imaging in less than two planes 

5. Using a high resolution MRI of the specimen to help select tumour blocks will 

identify more adverse features than conventional histological assessment, resulting 

in upstaging of tumours. 

1.12.2 Aims 

1. To investigate whether high risk features identified on local staging in rectal MRI are 

associated with a greater incidence of synchronous metastatic disease. 
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2. To optimize MRI technique in healthy volunteers for imaging the colon at 1.5T and 

3T. 

3. To compare the accuracy of 1.5T MRI, 3T MRI and CT in the local staging of colon 

cancer, using histology as the gold standard. 

4. To compare the accuracy of 1.5T MRI, 3T MRI and CT in subgroups with optimal 

images, using histology as the gold standard. 

5. To determine whether using high resolution ex-vivo MRI of the colorectal cancer 

specimen to help select tumour blocks during histological assessment results in 

upstaging compared to conventional histological assessment. 
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2.1 My role in this chapter 

The data for this chapter was provided by Té  Vuong, Division of Radiation Oncology, Segal Cancer 

Centre, Montreal.  With the support of my supervisor, I performed the data analysis and wrote this 

chapter.  I was the first author for the publication arising from this chapter (Hunter et al., 2011a). 

2.2 Introduction and rationale 

As discussed in section 1.8.2, the introduction of radiotherapy for rectal cancer has resulted in a 

significant reduction in local recurrence rates from around 22% to 12.5%, and ultimately on meta-

analysis a benefit in overall survival was demonstrated (Colorectal Cancer Collaborative Group, 

2001).  Subsequently, preoperative radiotherapy was demonstrated to be associated with lower 

rates of local recurrence and toxicity (Sebag-Montefiore et al., 2009, Sauer et al., 2004).  The 

reduction in local recurrence rates is maintained with TME surgery, although the absolute benefit is 

low in stage I tumours due to a low rate of local recurrence with TME surgery alone (Sauer et al., 

2004).  The addition of preoperative 5-FU or capecitabine chemotherapy to preoperative 

radiotherapy increases the rate of pCR and reduces the rate of local recurrence (although these trials 

had high rates of local recurrence in the control arms which may limit generalisability to patients in 

the TME era) (Ceelen et al., 2009). 

Adjuvant chemotherapy is widely offered for stage III and high risk stage II rectal cancer, despite the 

fact that the majority of these studies suggesting benefit have been performed in colon cancer.  In 

2012 a meta-analysis of twenty-one trials did ultimately show a significant benefit in OS in patients 

receiving adjuvant 5-FU based chemotherapy, with a hazard ratio of 0.83 for OS and 0.75 for DFS 

(Petersen et al., 2012).  Some controversy remains however, as these studies were largely 

performed in patients who had not received neoadjuvant chemoradiotherapy.  EORTC 22921 

investigated the benefit of adjuvant 5-FU and folinic acid chemotherapy in rectal cancer patients 

who had received neoadjuvant radiotherapy or chemoradiotherapy.  There was no significant 
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difference in 10-year DFS between the groups who had and had not received postoperative 

chemotherapy (Bosset et al., 2014). 

The benefit of adjuvant chemotherapy is therefore modest, and not proven in patients who have 

received neoadjuvant chemoradiotherapy.  Despite improvements in local recurrence rates for rectal 

cancer, systemic failure remains a major problem, occurring in 30% to 40% of patients after 

apparently curative resection of their primary rectal cancer (Dewdney et al., 2012).  If the primary 

tumour has been effectively removed, then metachronous metastatic disease presumably occurs 

due to micrometastatic disease present at the time of surgery not evident on imaging.  This has led 

some authors to investigate the addition of further chemotherapeutic agents in the preoperative 

treatment of rectal cancer, either as induction chemotherapy prior to chemoradiotherapy, or as an 

additional agent during chemoradiotherapy.  This has a number of potential advantages.  It moves 

treatment of systemic disease (which is what ultimately kills patients) forward in the treatment 

pathway.  It improves compliance with chemotherapy; in the Grupo Cancer de Recto 3 phase II trial 

comparing induction neoadjuvant chemotherapy with adjuvant chemotherapy, 91% of patients 

completed induction chemotherapy but only 54% successfully completed adjuvant chemotherapy 

(Fernandez-Martos et al., 2010).  It also avoids the delay to chemotherapy often seen after surgery 

which reduces the effectiveness of adjuvant chemotherapy; a four week increase in time to adjuvant 

chemotherapy is associated with a significant decrease in OS and DFS (HR 1.14) (Biagi et al., 2011).  

Finally, upfront systemic chemotherapy has the potential to increase the proportion of patients 

undergoing clinical complete response (cCR) to neoadjuvant chemoradiotherapy, who may be 

eligible for organ preservation. 

These potential benefits led to a number of phase II trials which investigated the either the 

introduction of additional chemotherapy agents to the neoadjuvant long course chemoradiotherapy 

(CRT) regimes, or an additional course of chemotherapy before CRT (induction chemotherapy); the 

EXPERT trial demonstrated a promising pCR rate of 20% following the addition of 12 weeks 

oxaliplatin and capecitabine (CAPOX) before CRT (Chua et al., 2010), the Grupo Cancer de Recto 3 
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study failed to show improved pCR with induction CAPOX but did show improved compliance 

(Fernandez-Martos et al., 2010), and the EXPERT-C trial failed to demonstrate improved pCR with 

the addition of cetuximab to CAPOX long course CRT but did significantly improve OS (secondary end 

point) (Dewdney et al., 2012) 

However, phase III trials which have investigated the impact of additional neoadjuvant 

chemotherapy on OS, DFS and OS have generally been disappointing; ACCORD 12/0405-Prodige 2 

did not demonstrate any significant difference in LR, OS or DFS with the addition of oxaliplatin to 

CRT (Gerard et al., 2010, Gerard et al., 2012).  The German CAO/ARO/AIO-04 trial did demonstrate a 

significant improvement in 3-year DFS, although this trial added oxaliplatin to neoadjuvant CRT as 

well as adding oxaliplatin and leucovorin to adjuvant chemotherapy in the investigation arm, 

compared to 5-FU based neoadjuvant CRT and adjuvant chemotherapy in the control arm (Rodel et 

al., 2015). 

Experience with adjuvant chemotherapy in colon cancer suggests that the greatest benefit from 

chemotherapy is seen in those with high risk of disease recurrence; there is a proportional reduction 

in the risk of recurrence and death, but the absolute reduction is less in stage II disease (Gill et al., 

2003).  Pooled analyses have been required to demonstrate a significant benefit in stage II disease in 

contrast to stage III disease. 

Identifying this high risk group for investigation of neoadjuvant therapy must be achieved on 

imaging, as histological staging is not available point in the treatment pathway. The radiological 

entry criteria for trials of neoadjuvant chemotherapy have been heterogeneous (Table 2.1) 

(Fernandez-Martos et al., 2010, Gerard et al., 2010, Gerard et al., 2012, Aschele et al., 2011, 

O'Connell et al., 2014, Rodel et al., 2015, Dewdney et al., 2012).   
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However, some of the preoperative staging in these trials would not meet current recommendations 

for the preoperative staging of rectal cancer, and even if the preoperative staging is accurate some 

Trial Imaging modalities Entry criteria 

Grupo Cancer de Recto 3 MRI Tumours within 2mm of MRF 

T3 tumours in lower 1/3rd rectum 

Resectable T4 

T3 or greater, N positive 

ACCORD 12/0405-Prodige 2 EUS or MRI Any T3 and resectable T4 

T2 anterior or low tumours 

STAR-01 CT or EUS T3 or greater tumours 

Any N positive tumours 

NSABBP R04 CT and EUS, or MRI T3 or greater tumours 

Any N positive tumours 

German CAO/ARO/AIO-04 CT or EUS or MRI T3 or greater tumours 

Any N positive tumours 

EXPERT MRI Within 1mm MRF 

T3 at or below levators 

T3 extending >5mm (T3c+) or T4 

N2 tumours 

EXPERT-C MRI Within 1mm MRF 

T3 at or below levators 

T3 extending >5mm (T3c+) or T4 

EMVI positive 

MRF - mesorectal fascia  

Table 2.1: Entry criteria on imaging for trials of additional neoadjuvant chemotherapy  
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of the included patients would have low risk stage II disease.  Inclusion of these patients makes it 

less likely that neoadjuvant chemotherapy will demonstrate a significant survival benefit. 

Trials of preoperative chemotherapy are more likely to demonstrate a benefit if they employ 

imaging modalities and selection criteria which identify patients at high risk of micrometastatic 

disease.  It is intuitive to replicate histopathological selection criteria on imaging, which have been 

shown to select a group of patients who benefit from adjuvant chemotherapy in colon cancer.  

However, this may not be the best strategy.  Some features which are reproducibly identified on 

histopathological examination are relatively poorly identified on imaging; nodal involvement is 

identified with sensitivity of around 73% and a specificity of around 76% on EUS (Puli et al., 2009b), 

and a sensitivity of 77% and a specificity of 71% on MRI (Al-Sukhni et al., 2012).  Other prognostically 

important features are more reliably identified on imaging; on MRI, accuracy for the prediction of 

CRM involvement is 88% (MERCURY study group, 2006), and depth of extramural tumour spread is 

accurate to within 5mm 92.5% of the time (MERCURY study group, 2007).  Some prognostically 

important features are not as reliably identified on conventional histopathology; in one study, the 

use of orcein elastic stain on histopathology increased the rate of EMVI detection from 18% to 71%, 

and using orcein stain all cases of distant metastases within 17 months of surgery demonstrated 

venous invasion.  In this study venous invasion correlated more closely with distant metastases than 

nodal involvement (Sejben et al., 2010) 

On the basis of risk factors which are known to be associated with a high risk of local or distant 

recurrence, and which can be reasonably reliably identified on preoperative MRI, a clinical set of 

criteria have been developed to differentiate “high risk” and “low risk” rectal cancer patients on 

preoperative MRI (Table 2.2).  CRM involvement is included because it is accurately assessed on MRI 

(MERCURY study group, 2006), and involvement is associated with increased distant as well as local 

recurrence, and worse survival (Hermanek and Junginger, 2005).  Intersphincteric plane involvement 

is included for low rectal cancers, as this has been demonstrated to be significantly associated with 

pCRM involvement for low rectal cancers (Salerno et al., 2009).  Depth of extramural spread of more 
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than 5mm for T3 tumours (T3c disease) is included as it is accurately assessed on MRI (MERCURY 

study group, 2007), is associated with lower 5-year survival and a greater difference in survival than 

the distinction between T2 and T3 tumours (Merkel et al., 2001, Willett et al., 1999).  EMVI is 

included as MRI detected EMVI is associated with significantly worse 3-year DFS (Smith et al., 2008a, 

Battersby et al., 2015).  Nodal involvement is not included, as it is not reliably identified on MRI (Al-

Sukhni et al., 2012), and T1-2 node positive patients have a better 5-year OS than T3-4 node negative 

patients (Kim et al., 2011b). 

MRI feature Low risk High risk 

CRM Clear (>1mm) Involved (<=1mm) 

Intersphincteric plane  

(low rectal tumours <5cm) 

Clear intersphincteric plane Involved intersphincteric plane 

T stage T1-2, T3a-b (<=5mm extramural 

spread) 

T3c-d (>5mm extramural spread), 

T4 

EMVI Negative Positive 

N stage Any Any 

Table 2.2: MRI definition of "low risk" and "high risk" rectal cancer patients 

This definition of MRI “low risk” patients was used in the MERCURY study to identify a group of 

rectal cancer patients who could be managed without neoadjuvant long course chemoradiotherapy, 

who were treated with TME surgery (with or without short course radiotherapy depending on local 

policy, and with or without adjuvant 5-FU chemotherapy on the basis of histological nodal status).  In 

follow up, 5-year overall survival in this MRI “low risk” group was 85% (Taylor et al., 2011).  This 

definition of MRI “high risk” rectal cancer patients is very similar to the entry criteria for the EXPERT-

C trial; the only variation is that in EXPERT-C low rectal cancer patients were included as high risk if 

they had T3 disease, rather than intersphincteric plane involvement. 
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The aim of the first part of this study was to validate in an independent dataset whether these MRI 

criteria identify a group of patients at high risk of synchronous metastatic disease.  If so, then 

patients without overt synchronous metastases demonstrating these tumour characteristics on 

preoperative MRI are likely to be at high risk of occult micrometastases.  This would support the use 

of these entry criteria to select patients for trials of neoadjuvant chemotherapy.  Patients exhibiting 

these high risk features might also benefit from more exhaustive investigation for synchronous 

metastatic disease. 

The aim of the second part of this study was to use this dataset to investigate which of the rectal 

cancer features identified on MRI is most associated with synchronous metastatic disease.  These 

features were then developed into a model for predicting synchronous metastatic disease.  The new 

model was then compared to the existing clinical model previously examined in the MERCURY 

dataset. 

2.3 Materials and Methods 

2.3.1 Subjects 

The dataset used in this study was taken from a Canadian trial examining the efficacy of FDG-PET/CT.  

Between August 2004 and June 2008 patients referred to the Montreal General Hospital for cancer 

staging were prospectively recruited into a trial into the efficacy of FDG-PET/CT.  Institutional Review 

Board ethical approval was granted for this project, and informed consent was obtained from all 

participants.  Two hundred and thirty six rectal cancer patients were retrospectively identified from 

this FDG-PET/CT study group.  All rectal cancer patients had high resolution rectal MRI performed as 

part of their standard pre-operative staging.  Patients were referred to the Montreal General 

Hospital from five Canadian institutions (Pierre Boucher Hospital, St Luc Hospital, Lakeshore General 

Hospital, St Mary Hospital and Valleyfield Hospital).  Contrast enhanced multiple-row detector 
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computed tomography (CT) of the thorax, abdomen, pelvis was performed concurrently or in the 

immediate follow up period.   Of these, 230 patients (97.5%) had FDG-PET/CT, CT and rectal MRI 

available for review and were included for further analysis. 

2.3.2 Procedures 

FDG-PET/CT studies were obtained on a hybrid PET/CT scanner (Discovery ST, General Electric 

Medical Systems, Waukesha, WI, USA), which combined a dedicated, full-ring PET scanner with a 16-

slice spiral CT scanner.  Patients were required to fast for at least 6 hours before the time of their 

appointment.  Blood glucose levels were recorded just prior to FDG administration.  If the serum 

glucose level was greater than 11.1 mmol/l (200mg/dl), then the study was rescheduled.  A volume 

of 400ml of barium sulfate oral contrast was administered and between 370 and 500 MBq (10 and 

13.5mCi) of FDG was injected intravenously.  This is in line with the Society of Nuclear Medicine and 

Molecular Imaging guidelines (Delbeke et al., 2006).  Sixty minutes following FDG injection, CT and 

FDG-PET images were consecutively acquired from the base of the skull to the upper thighs. 

For the CT scan portion of the study, the settings were: 140kVp, 90-110mA (depending on body 

weight), a rotation time of 0.8s, a table speed of 17mm per gantry rotation, a pitch of 1.75:1, and a 

detector row configuration of 16 x 0.625mm.  For the FDG-PET portion of the study, a 2-D acquisition 

was performed and images were acquired using 4-5min per bed position (depending on body weight) 

and 5 to 6 bed positions were used (depending on the patients height).  PET attenuation-corrected, 

PET non-attenuation-corrected, CT, and fused images were reconstructed in the transaxial, coronal 

and sagittal planes with an ordered subset expectation maximization (OSEM) iterative algorithm. 

Rectal MRI scans were performed on a 1.5 Tesla GE EXCITE Twinspeed HD scanner with a Torsocoil 

phased array coil (GE, Milwaukee).  Patients received a Fleet enema, followed by 120 to 200mls of 

rectal contrast (ultrasound gel mixed with water), and 20mg of intramuscular hyoscine butylbromide 

(Buscopan, Boehringer Ingelheim) prior to the examination.  T2 weighted FRFSE sequences were 

acquired in 3 planes through the rectal tumour (TR 3-5000, TE 102, Bandwidth 31.25kHz, ETL 17, 
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slice thickness 4mm, interslice gap 1mm, matrix 512x256).  T1 weighted FSGR sequences were 

acquired in the axial plane (TR 130-155, TE 4.2 in phase, bandwidth 31.25kHz, matrix 256x160, slice 

thickness 5mm, interslice gap 2mm). 

This rectal MRI technique differs from that used in the MERCURY study in the use of rectal contrast.  

Although this helps with the delineation of the contour of the rectal lumen, and can therefore help 

visualize polypoid rectal lesions, it can cause compression of the mesorectal fat and therefore affect 

measurement of the distance from the tumour to the mesorectal fascia (Slater et al., 2006).  T1 

weighted FSGR sequences were also acquired which were not felt to be helpful, and were not used 

in the study reporting.  However, the high resolution T2 weighted images used for assessment of the 

rectal tumours in this study were of good quality. 

CT scans were performed on one of two scanners.  1st CT scanner: GE 64 slice VCT scanner (120kV, 

Smart mAs 100-600, collimation 1.25mm, reconstructed every 0.9mm),  2nd CT scanner: GE 4 slice 

QXT scanner (120kV, Smart mAs 100-550, collimation 5x5mm), both GE, Milwaukee.  Prior to CT 

scanning patients imbibed 25mls of Gastrografin, diluted in 1L of water.  80-100mls of intravenous 

contrast were administered at 2ml/sec, and images were acquired in the venous phase.  These are 

the standard CT protocols used for preoperative staging of rectal cancer at the participating 

institutions.   

2.3.3 Evaluation 

Lesions were reported as metastatic disease on FDG-PET/CT and CT prospectively by consultant 

radiologists at the participating institutions.  Reporting radiologists were blind to rectal MRI results, 

but had access to all other imaging and clinical information at the time of reporting, as is normal in 

clinical practice.  Lesions were considered positive on FDG-PET/CT if abnormal FDG uptake was 

demonstrated in an anatomical structure which would not be expected to have physiologically 

increased FDG uptake.  Specific SUV criteria were not employed. 
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For lesions to be considered distant metastases for the purposes of the study, lesions had to be 

confirmed on both imaging modalities.  In cases where the FDG-PET/CT suggested a metastatic 

lesion and no abnormality had been reported on CT, a third expert reviewed the CT images and the 

lesions were considered metastatic if a consistent anatomical abnormality was identified. 

Pre-operative pelvic MRI scans were reviewed by one consultant gastrointestinal radiologist, with 

more than ten years’ experience, blinded to the results of FDG-PET/CT and CT.  Rectal cancer 

features were reported using a standardised case report form.  The following data were recorded: 

1. Age 

2. Gender 

3. Tumour location (Upper, middle or lower third) 

4. T stage (T1, T2, T3, T4) 

5. Depth of extramural invasion (mm) 

6. CRM involvement (involved = tumour within 1mm of mesorectal fascia/levators) 

7. EMVI (positive or negative) 

8. N stage (N0, N1, N2) 

9. Intersphincteric plane involvement (for low rectal tumours) 

T stage and depth of extramural invasion were also combined to provide T stage with T3 substage: 

• T3a ≤ 1mm extramural invasion 

• T3b > 1mm, ≤ 5mm extramural invasion 

• T3c > 5mm, ≤ 15mm extramural invasion 

• T3d > 15mm extramural invasion 

Patients were then stratified into high risk and low risk groups according to features identified on 

rectal MRI.  The high risk patient group included patients with any of:  

1. EMVI 
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2. T3c or greater (more than 5mm extramural invasion or T4) 

3. Involved circumferential resection margin (CRM) (tumour within 1mm) 

4. Involved intersphincteric plane in low rectal tumours (<5cm from the anal verge). 

This risk grouping was based on factors which have previously been identified as conferring high risk 

of metastases from the MERCURY study group data (Taylor et al., 2011). 

The incidence of lesions considered to be metastases was then compared between high and low 

risks groups.  Distant metastases were considered to be those outside the normal plane of surgical 

excision; that is inguinal, iliac or para-aortic lymph nodes were considered distant metastases, but 

mesorectal lymph nodes were not. 

2.3.4 Statistical analysis 

Statistical analysis was performed using R 3.0.1 statistical software (R Core Team, 2015), including 

pROC (Robin et al., 2011) and rpart (Therneau et al., 2015) packages.   

For the assessment of the model derived from the MERCURY data, a two sided Fisher’s exact test 

was used to determine whether the difference in the incidence of metastases in the high and low 

risk groups was significant.  Means and one standard deviation are reported for normally distributed 

variables. Medians and interquartile ranges are reported for non-normally distributed variables.  

Ninety-five percent confidence intervals for proportions are calculated using the Wilson method for 

single proportions, as this has previously been demonstrated to be reliable (Newcombe, 1998).  A p-

value of <0.05 was considered statistically significant.  

In order to investigate the MRI risk factors in this dataset, each risk factor was compared in the 

group with metastatic disease and the groups without.  Normally distributed variables were 

compared using the student T-test, non-parametric continuous variables were compared using the 

Mann-Whitney U test, and categorical variables were compared using the Chi-squared test or 

Fisher’s exact test if the any predicted count was 5 or less.  The statistical significance of variation 
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across groups for ordered categorical variables was assessed using the Chi-squared test for trend in 

proportions.  Univariate logistic regression analysis was also used to identify risk factors significantly 

associated with synchronous metastatic disease and to calculate the odds ratio for each variable.  

Variables which demonstrated a significant difference between the metastatic disease and control 

groups were taken forward for multivariate analysis (p < 0.10). Ordered categorical variables were 

partitioned using a recursive partitioning and regression tree (Breiman, 1984).  Continuous variables 

were partitioned using the conditional inference tree method (Hothorn et al., 2006).  These are 

automated processes which use regression identify the optimal partitioning point for an explanatory 

variable using by comparing the reduction in variance at different partitioning points .  A multivariate 

regression analysis was then performed with stepwise forwards, backwards and bidirectional 

variable selection.  Models were compared using the Akaike information criterion (AIC), and the 

model with the lowest AIC was selected for further evaluation (Akaike, 1974).  Goodness-of-fit 

testing was performed using the Hosmer-Lemeshow test, with a p-value < 0.1 considered an 

inadequate model.  Multi-collinearity was assessed using variance inflation factors.  If the square 

root of the variance inflation factor was more than 2 this was considered to represent significant 

collinearity. 

The predictive value of the model was assessed using the area under the curve (AUC) statistic 

calculated from the receiver operator curve (ROC) for model.  The model derived using multivariate 

analysis in this dataset was compared to the clinical model previously investigated in the MERCURY 

dataset using AUC values.  The threshold for the model was set with a relatively low specificity and 

high sensitivity (around 50% and 90%), as this was felt to be a clinically useful cut off for future 

inclusion in trials of neoadjuvant therapy or intensive surveillance. 
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2.4 Results 

2.4.1 Patients 

A total of 230 of 236 eligible patients (97.5%) had all imaging modalities available for review and 

were include for further analysis.  The demographic characteristics of the included patients are 

summarised in Table 2.3: Demographic details.  The mean age of patients was 64.5 years (S.D. 13.0).  

There were 161 male patients (70.0%) and 69 female patients (30.0%). 

Demographic detail Number of patients (%) 

Gender  

Male 161 (70.0) 

Female 69 (30.0) 

Height of tumour  

Low rectal (<5cm) 100 (43.5) 

Mid rectal (5-10cm) 54 (23.5) 

Upper rectal (10-15cm) 76 (33.0) 

Imaging TNM stage  

Stage I 44 (19.1) 

Stage II 97 (42.2) 

Stage III 57 (24.8) 

Stage IV 32 (13.9) 

Table 2.3: Demographic details 
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2.4.2 Identification of distant metastases in high and low risk groups 

In the whole group, there were 32/230 (13.9%, 95%CI 10.0-19.0%) confirmed distant metastases.  In 

the high risk group, there were 28/135 (20.7%, 95%CI 14.8-28.3%) confirmed distant metastases 

compared to 4/95 (4.2%, 95%CI 1.7-10.3%) in the low risk group.  The odds ratio for having distant 

metastases in the high risk group compared to the low risk group was 5.9 (95%CI 2.0-24.0), and the 

difference in rates of distant metastases between the high risk group and the low risk group was 

highly significant p<0.001. 

A flow diagram illustrating the rates of synchronous metastases in the high and low risk groups is 

illustrated in Figure 2.1 

 

Figure 2.1: Incidence of metastatic disease in high and low risk rectal cancer  
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The univariate analysis for each MRI risk factor is presented in Table 2.4, together with the odds 

ratio for risk of metastatic disease and p-value for the significance of any difference between the 

metastatic disease and control groups.  T-stage and depth of extramural invasion were assessed 

separately, and also assessed when combined into T-substage.  Age and gender did not vary 

significantly between the two groups and were not investigated further.  Tumour location, N-stage, 

T-stage, T-substage, depth of extra-mural invasion, circumferential margin involvement, EMVI 

positivity and intersphincteric plane involvement all showed significant variation between the 

synchronous metastatic disease and control groups on univariate analysis. 
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2.4.3 Univariate analysis 

Parameter 
No mets 

(n = 198) 

Mets 

(n = 32) 

Odds ratio (95% 

CI) 
p-value 

p-value (logistic 

regression) 

Age (year) 64.3 (mean) 67.8 (mean) 1.01 (0.98-1.04)  0.45† 0.55 

Gender (male) 140 21 0.79 (0.36-1.8) 0.71‡ 0.56 

Location      

Upper 79 21 0.42 (0.15-1.01) 0.10‡ 0.07 

Middle 49 5 0.56 (0.18-1.43) 0.37‡ 0.26 

Lower 79 21 2.9 (1.3-6.5) 0.01‡ 0.008 

T stage    <0.001₸  

T1 19 0  0.08*  

T2 27 0  0.02*  

T3 111 16 0.78 (0.37-1.7) 0.65‡ 0.52 

T4 41 16 3.8 (1.8-8.4) <0.001‡ <0.001 

EMD (mm) 3 (median) 9 (median) 1.04 (1.01-1.08) <0.001** 0.006 

CRM (involved) 68 23 4.9 (2.2-11.7) <0.001‡ <0.001 

EMVI (positive) 65 22 4.5 (2.1-10.5) <0.001‡ <0.001 

N stage    <0.001₸  

N0 141 14 0.31 (0.14-0.67) 0.004‡ 0.003 

N1 35 8 1.6 (0.61-3.6) 0.46‡ 0.33 

N2 22 10 3.6 (1.5-8.6) 0.006‡ 0.004 

IS plane (involved) 43 19 5.3 (2.4-11.8) <0.001‡ <0.001 
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T substages    <0.001₸  

T1 19 0  0.08*  

T2 27 0  0.02*  

T3a 22 1 0.25 (0.01-1.3) 0.21* 0.19 

T3b 47 5 0.60 (0.19-1.5) 0.37* 0.31 

T3c 32 8 1.72 (0.68-4.1) 0.33‡ 0.23 

T3d 10 2 1.3 (0.19-5.1) 0.68* 0.78 

T4 41 16 3.8 (1.8-8.4) <0.001‡ <0.001 

Table 2.4: Univariate analysis of MRI risk factors for synchronous metastases; separate variables 

† Student T-test, ‡Chi-squared test, * Fisher’s exact test, ** Mann-Whitney U test, ₸ Chi-squared test for trend.  

EMD extra-mural depth of invasion.  IS intersphincteric plane 

Ordered categorical variables (tumour location, T-stage, T-substage and N-stage) and the continuous 

variable (extra-mural depth of invasion) were partitioned using conditional inference and regression.  

This resulted in the following divisions; 

1) Tumour location was divided into Low, and Mid/Upper rectal tumours 

2) T-stage was divided into T4, and T3 or less. 

3) T-substage was divided into T3b or greater, and T3a or less 

4) N-stage was divided into N1 or 2, and N0 

5) Depth of extramural invasion was divided into greater than 7mm, and 7mm or less. 
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Parameter 
No mets 

(n = 198) 

Mets 

(n = 32) 

Odds ratio (95% 

CI) 
p-value* 

p-value (logistic 

regression) 

Location (Low) 79 21 2.9 (1.3-6.5) 0.01 0.008 

T stage (T4) 41 16 3.8 (1.8-8.4) <0.001‡ <0.001 

EMD (>7mm) 64 23 5.4 (2.4-12.8) <0.001 <0.001 

N stage (N1+) 57 18 3.2 (1.5-6.9) 0.004 0.003 

T-substage (T3b+) 130 31 16.2 (3.4-292) <0.001 0.007 

Table 2.5: Univariate analysis of MRI risk factors for synchronous metastases; dichotomous variables 

*Chi-squared test. EMD extra-mural depth of invasion.   

2.4.4 Multivariate analysis 

Multivariate logistic regression was then performed using stepwise backwards, forwards, and 

bidirectional variable selection.  In cases where the backwards, forwards and bidirectional 

procedures derived different models, the models were compared using AIC values and the model 

with the lowest AIC value selected.  A model was initially derived using separate ordered and 

continuous variables, and using separate T-stage and depth of extramural invasion (EMD).  T-stages 

T1-3 had to be combined in this model due to zero cases of metastatic disease in the T1 and T2 

categories.  The procedure was then repeated with T-stage and EMD combined into T-substage, and 

with ordered and continuous variables partitioned as described previously.  This was done in order 

to reduce collinearity and to simplify the model.  The models derived with the separate variables and 

the partitioned variables were the same.  The models derived from regression with T-stage and EMD, 

and the models derived regression with T-substage, included T-stage and T-substage respectively in 

the final model.  However, the AIC value for the model including T-stage was lower (157 compared 

to 159), and so this model was chosen for further evaluation.  The Hosmer and Lemeshow goodness 
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of fit test for this model indicated a p-value of 0.78, suggesting adequate goodness of fit.  Goodness 

of fit was adequate with p>0.1 for all the models tested.  The variance inflation factors for the full 

model indicated significant collinearity for tumour location, intersphincteric plane involvement and 

CRM involvement.  This is not unexpected as the distance from the rectal wall to the mesorectal 

fascia is reduced in low rectal cancers, and in very low tumours the intersphincteric plane forms the 

CRM.  There was no significant collinearity as assessed by variance inflation factors between the 

predictor variables chosen for the final model. 

The multivariate logistic regression analysis for the final model is shown in Table 2.6.  Multivariate 

analysis for the full model is not shown as there were an inadequate number of metastatic cases for 

the number of variables in the full model (seven variables and thirty-two cases, the minimum 

recommended number cases for logistic regression is ten per explanatory variable).  The model 

derived from the multivariate logistic regression is similar to the previous clinical model, including T4 

tumours rather than T3c or greater tumours, and dropping CRM positivity as a predictive variable. 

2.4.5 Model testing 

The model derived from the multivariate logistic regression (T4 disease, EMVI positive, and 

intersphincteric plane involvement) was then compared to the clinical model derived from the 

MERCURY dataset (T3c or greater, EMVI positive, CRM positive and intersphincteric plane 

involvement).  Receiver operator curves (ROC) for both models are shown in Figure 2.2.  Area under 

the curve (AUC) values for both models are very similar; 0.788 (95%CI 0.702-0.873) for the logistic 

Parameter Odds ratio (95% CI) p-value (logistic regression) 

T4 tumour 2.7 (1.2-6.2) 0.02 

EMVI positive 4.8 (2.1-11.9) <0.001 

Intersphincteric plane involved 4.8 (2.1-11.3) <0.001 

Table 2.6: Multivariate analysis of MRI risk factors for synchronous metastases 
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regression model and 0.778 (95%CI 0.690-0.867) for the clinical model from the MERCURY data, with 

a wide overlap in the 95% confidence intervals. 

Including all cases with a score of 1 or greater in both models (i.e. any of the risk factors included in 

the model), the new logistic regression derived model would identify metastases in 28/130 patients 

in the high risk group and 4/100 patients in the low risk group.  This gives an odds ratio of 6.6 (95% 

CI 2.5-22.9), and the difference in incidence of metastatic disease between the groups is significant 

(p<0.001 Chi-squared test).  The previous clinical model would identify metastases in 28/135 

patients in the high risk group compared to 4/95 in the low risk group, OR 5.9 (95%CI 2.2-20.6), 

p<0.001.  The sensitivity of both models is 0.88 (95%CI 0.72-0.95), the specificity of the new model is 

marginally greater at 0.48 (95%CI 0.42-0.55) compared to 0.46 (95%CI 0.39-0.53). 
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Figure 2.2: ROC curves for logistic regression and clinical models 
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2.5 Discussion 

In this study we stratified patients into high and low risk groups on the basis of a set of MRI 

prognostic features which have previously been demonstrated to identify a low risk group of 

patients; these patients had good overall survival and disease free survival when treated with TME 

surgery without neoadjuvant chemoradiotherapy in follow up from the MERCURY study (Taylor et al., 

2011).  Based on this risk stratification, the MRI identified high risk group had a significantly higher 

rate of synchronous metastatic disease confirmed on two imaging modalities; 20.7% in high risk 

versus 4.2% in the low risk group, odds ratio 5.9 (95%CI 2.0-24.0).  This is supportive evidence that 

this risk stratification is valid for predicting risk of systemic disease, and is generalizable to other 

rectal cancer patients having been validated in a separate dataset. 

On univariate analysis in this dataset, tumour location, T-stage, extra-mural depth of invasion, CRM 

involvement, EMVI positivity, N-stage, intersphincteric plane involvement and T-substage were all 

significantly associated with synchronous metastatic disease.  These tumour features are associated 

with more advanced disease, and so it unsurprising that they are also associated with synchronous 

metastatic disease.  Low tumours have also previously been shown to be associated not only with an 

increased risk of local recurrence due to more frequent CRM involvement, but also with an increased 

risk of systemic disease (den Dulk et al., 2007).  This may be related to anatomical differences in the 

low rectum, with lymphatic drainage to the pelvic side wall and iliac lymph nodes and vascular 

anastomoses with the systemic circulation.  Age and gender were not significantly associated with 

synchronous metastases; although they have been shown to be associated with survival in previous 

studies, this may relate more to comorbidity and variation in treatment than to incidence of 

metastatic disease. 

When multivariate logistic regression was performed on this dataset, a slightly different model was 

derived to the prior clinical model.  In the assessment of individual risk factors, the optimum cut off 

for depth of extramural invasion was 7mm rather than 5mm in the previous model and the optimum 
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cut off for T-substage was T3b rather than T3c.  These slight differences are probably related to 

random variation in a relatively small dataset.  There were also some differences in the overall 

model derived from this dataset; the model which included T-stage (T4 cut off) and omitted CRM 

positivity was optimal in terms of AIC values in this dataset.  Both the prior clinical model and the 

new model included intersphincteric plane involvement and EMVI positivity. 

However, when both models were assessed in this dataset using AUC values, they were almost 

identical; 0.788 (95%CI 0.702-0.873) for the new model and 0.778 (95%CI 0.690-0.867) for the 

previous model.  Including patients with a score of one or more to maximise sensitivity (i.e. patients 

with any risk factor), both models would identify 28/32 patients with metastatic disease (sensitivity 

88%) and the new model would identify 96/198 patients without metastatic disease (specificity 48%) 

compared to 91/198 (specificity 46%) with the previous model.  This suggests that the prior clinical 

model performs well in this dataset, although it is slightly more complicated as it includes four risk 

factors (EMVI, intersphincteric plane involvement, T3c or greater and CRM positivity) rather than 

three risk factors in the new model (EMVI, intersphincteric plane involvement and T4).  Whether it 

could be simplified to three rather than four risk factors would need to be validated in an 

independent dataset. 

On multivariate logistic regression, there was significant collinearity between CRM positivity, tumour 

height, and intersphincteric plane involvement.  This is probably due to the fact that the 

intersphincteric plane forms the CRM for very low rectal cancers, and the tapering of the 

mesorectum in the low rectum increases the rate of CRM positivity.  Therefore, although CRM 

positivity and low tumour location were all significant risk factors and had a high odds ratio on 

univariate analysis, they were not included in this model as many of these cases will have had an 

involved intersphincteric plane. 
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The risk factors included in the new model (T4 tumours, EMVI positivity and intersphincteric plane 

involvement) remained significant independent risk factors for synchronous metastatic disease on 

multivariate analysis. 

EMVI was a consistent risk factor for synchronous metastatic disease on both the previously 

validated model and the model derived from this dataset.  This is consistent with previous studies 

which have demonstrated MRI EMVI to be an independent risk factor for synchronous metastases 

(Sohn et al., 2015) and worse recurrence free survival (Smith et al., 2008a). 

T-stage was also a consistent risk factor on both models, with T4 disease on the new model and T3c 

or greater disease on the prior model predicting synchronous metastatic disease.  This is again 

consistent previous studies which have found T3c or greater disease (Sohn et al., 2015) and T4 

disease (Smith et al., 2008a) to be significantly associated with metastatic disease. 

MRI lymph node positivity was not included in the prior clinical model, and was not included in new 

model derived from the multivariate logistic regression in this dataset.  MRI lymph node positivity 

was significantly associated with synchronous metastatic disease on univariate analysis.   This is 

perhaps surprising considering that histopathological lymph node status is a strong predictor of 

metastatic disease, and lymph node positive patients derive the greatest benefit from adjuvant 

chemotherapy colorectal trials.  Previous studies which have examined the association between MRI 

nodal status and metastatic disease have demonstrated conflicting results, with some studies 

suggesting that it is an independent risk factor for synchronous metastases (Sohn et al., 2015), but 

other studies failing to demonstrated it to be associated with recurrence free survival (Smith et al., 

2008a).  MRI nodal status may be a weaker predictor of metastatic disease than histopathological 

nodal status due to MRI inaccuracy; MRI has a relatively low sensitivity of 77% and specificity of 71% 

for the identification of nodal involvement (Al-Sukhni et al., 2012).  The prognostic significance of 

histopathological lymph node status may also have been previously overestimated; the 7th edition of 

the AJCC staging manual recognises that T1-2 node positive patients have better 5 year survival than 
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T3-4 node negative patients.  It also recognises that peritumoural deposits previously categorised as 

lymph node metastases (if they were over 3mm in size in the 5the edition of the AJCC staging 

manual) may represent discontinuous tumour extension, EMVI, or totally replaced lymph nodes, and 

these are now counted in the N1c category (Edge et al., 2010).  It is therefore likely that in trials of 

adjuvant chemotherapy based on previous versions of TNM staging, EMVI and discontinuous tumour 

extension were in some cases misclassified as lymph node positivity. 

The ability of rectal MRI to stratify patients into high and low risk groups preoperatively 

demonstrated in this study is clinical important.  Patients with synchronous metastatic  disease 

increasingly undergo different treatment pathways, that include neoadjuvant systemic 

chemotherapy (Aloia and Fahy, 2008), synchronous metastasectomy (Slupski et al., 2009, Hillingso 

and Wille-Jorgensen, 2009), and even metastasectomy prior to resection of the primary (Mentha et 

al., 2006, Brouquet et al., 2010).  More intensive investigation for synchronous metastatic disease in 

high risk patients may therefore improve outcome by identifying metastatic disease at an operable 

stage.  This is currently being investigated in the SERENADE trial (Cancer Research UK, 2016). 

However, even with optimal systemic staging, micrometastatic disease will lead to late distant 

failure in a proportion of patients without metastases evident on initial staging investigations.  Since 

the work by Dukes and Bussey more than fifty years ago (Dukes and Bussey, 1958, Dukes and Bussey, 

1941), the importance of histopathological features in determining the risk of distant failure has 

been widely recognised.  However, this information is only available to the clinician postoperatively.  

This is problematic for two reasons. 

Firstly, many rectal cancer patients currently receive treatment before surgery.  Long course 

chemoradiotherapy may significantly alter the pathological stage, with pathological complete 

response seen in 15-27% of patients (Maas et al., 2010).  For this reason, the American National 

Clinical Cancer Network (NCCN) guidelines for rectal cancer recommend that adjuvant 
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chemotherapy is given on the basis of the pretreatment MRI stage for patients that receive long 

course chemoradiotherapy (Benson et al., 2012). 

Secondly, there are a number of trials which are currently investigating systemic treatment dose 

chemotherapy in the neoadjuvant setting, on the basis that in the TME era it is largely systemic 

disease that kills rectal cancer patients and that compliance with adjuvant chemotherapy is poor 

(Boland and Fakih, 2014).  Some phase II trials have shown promising results with improved rates of 

pathological complete response, although phase III trials have yet to show benefit in OS or DFS.   

It is therefore very important to be able to stratify rectal cancer patients for risk of metastatic 

disease at the start of their treatment, both for suitable entry criteria for trials of induction 

neoadjuvant chemotherapy, and also to select the correct patients for treatment with adjuvant 

chemotherapy under current guidelines.  This study would support the use of the MRI risk factors 

validated in the MERCURY dataset for the selection of patients to received induction neoadjuvant 

chemotherapy, and indeed these are very similar to the entry criteria for the EXPERT-C trial (EMVI 

positive, T3c or greater tumour, involved CRM, or T3 low rectal cancer) (Dewdney et al., 2012). 

There are a number of limitations to this study.  This was a retrospective analysis performed in a 

subgroup of patients with rectal cancer who had been recruited to a trial investigating the benefits 

of FDG-PET/CT.  All rectal MRI’s were re-reported by an expert in rectal MRI, which ensured high 

quality reporting for the purposes of this study.  However, the MRI scans were not performed 

prospectively for this study.  Although the scans were performed with an adequate high resolution 

T2 weighed protocol, rectal contrast was administered.  This can cause compression of the 

mesorectum and so reduce the accuracy of CRM assessment (Slater et al., 2006).  This may have led 

to underestimation of the importance of CRM involvement as a risk factor for synchronous 

metastatic disease, particularly in mid and upper rectal tumours. 

Data collection was also limited to that which was collected in the original study or which was 

available from the study scans.  I had hoped to assess the added value of FDG-PET/CT in identifying 
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metastatic disease in high and low risk rectal cancer patients, but data on clinical follow up and 

adjuvant therapy was insufficient for this.  For the purposes of this study we therefore required 

lesions to be described as metastases on both FDG-PET/CT and contrast enhanced CT.  While this 

increases the specificity, some true metastases identified on FDG-PET/CT or CT which could not be 

verified on complementary imaging will have been discounted.   

Forty-six patients in this study were T1 or T2 on MRI imaging, and only two of these patients were 

MRI node positive.  This means that forty-four patients in this study were very low risk on the basis 

of their MRI staging (Stage I disease), and indeed none of these patients had synchronous metastatic 

disease.  This does limit the added value of this MRI risk stratification, as we would expect these very 

low risk patients to do well with surgery alone.  However, these results suggest that MRI is 

accurately identifying these very low risk patients and that other MRI risk factors identify a group at 

increased risk within the T3+ tumours. 

The number of patients with metastatic disease in this dataset was quite small (32/230 patients).  

This limited the power of this study to identify risk factors for synchronous metastatic disease.  It is 

generally recommended that there are at least ten events for each risk factor investigated in 

multivariate logistic regression, although some authors have suggested that this could be relaxed to 

five events per variable (Vittinghoff and McCulloch, 2007).  This means that the significance of 

variables in the full model with nine variables would be likely to be underestimated in this dataset.  

Multivariate logistic regression is therefore only presented for the three variables selected by the 

stepwise regression for the optimal model in this dataset (intersphincteric plane involvement, T4 

disease and EMVI positivity) which remain significant.  However, other important covariates in the 

full model may have been omitted. 

In the next section of my thesis I aim to optimise abdominal MRI techniques with a view to obtaining 

high quality MRI scans of tumours in patients with colon cancer in the following section.  I hope that 
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this will ultimately allow the accurate risk stratification of colon cancer patients using MRI, which will 

be important for trials of neoadjuvant chemotherapy such as the FOXTROT trial.  
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3 Optimising MRI protocols for imaging colon cancer 

 
  

CHAPTER 3 

Optimising MRI protocols for imaging colon cancer  



145 

3.1 My role in this chapter 

Ethical approval and funding was already in place before these volunteer scans were performed.  

With the support of my supervisor, I oversaw the scans, performed the data collection and wrote 

this chapter.  I was first author for the published abstract arising from this chapter (Hunter et al., 

2011b). 

3.2 Introduction and rationale 

Magnetic resonance imaging (MRI) is the primary imaging modality for the local staging of rectal 

cancer (Nielsen and Wille-Jorgensen, 2014).  MRI offers accurate assessment of circumferential 

resection margin (CMR) involvement.  MRI also offers fairly accurate assessment of T-stage, although 

endorectal ultrasound (EUS) provides more accurate assessment of early tumours.   In chapter 2, we 

demonstrated that patients with high risk features on rectal MRI are associated with an increased 

risk of synchronous metastatic disease.   

Computed Tomography (CT) is the primary imaging modality for the local staging of colon cancer 

(Scottish Intercollegiate Guidelines Network (SIGN), 2015).  Magnetic Resonance Imaging (MRI) has a 

number of potential advantages.  MRI offers cross-sectional imaging in any plane, three dimensional 

(3D) volume acquisition, does not pose any risk in terms of radiation dose, and has excellent tissue 

contrast resolution in soft tissues.  In chapter 4, I plan to investigate whether it is possible to 

perform more accurate preoperative local staging of colon cancer with MRI than with CT.  In this 

chapter, I describe how I optimised the MRI technique at 1.5T and 3T field strength for imaging the 

colon on a number of healthy volunteers. 

A number of technical problems complicate MRI imaging of the abdomen, and can degrade image 

quality.  The most important of these is motion artefact, which manifests as blurring between the 

limits of displacement of a moving object, and as ghosting in the phase encoding direction (Wood 

and Henkelman, 1985).  In the abdomen, these motion artefacts occur due to peristalsis of the 
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stomach or bowel, respiratory movement of the diaphragm, cardiac motion, and pulsatile flow of 

blood within large vessels.  There are also a number of gas/tissue and gas/fluid interfaces in the 

abdomen, which occur at the lung bases and in the stomach and bowel.  These can cause off-

resonance or susceptibility artefacts and also degrade image quality (Lomas, 2003), causing 

geometric distortion, alteration of tissue intensity on T2 weighted imaging, and bands of increased 

signal intensity and signal void at the gas interface.  The interface between fat and water containing 

tissues, which are again common in the abdomen, can produce chemical shift artefacts.  This can 

cause light and dark bands on either side of a structure, ghost images in the frequency encoding 

direction, or a black line around structure due to phase cancellation.    These technical problems 

have previously degraded image quality to the point that CT has been felt to be superior to MRI for 

imaging the colon, despite inferior contrast resolution. 

The development of Magnetic Resonance Colonography (MRC) and Magnetic Resonance 

Enterography (MRE), have demonstrated that it is possible to overcome some of these technical 

problems to obtain high quality images of the bowel using MRI.  The exact protocols for MRC and 

MRE vary between studies, but typical techniques are as follows: 

MRC is performed after bowel preparation with a laxative such as polyethylene glycol solution.  The 

colon is instilled with around 2L of warmed tap water (CO2 insufflation is used alternatively).  

Hyoscine butylbromide is administered intravenously or intramuscularly.  High resolution T1-

weighted 3-dimensional fat-saturated volumetric interpolated breath-hold examination (VIBE, a 

form of T1 weighted spoiled gradient echo) images are then acquired through the abdomen and 

pelvis following administration of IV gadolinium (Graser et al., 2013).  Images are often acquired in 

both the prone and supine positions. 

MRE is performed following small bowel distension with water, dilute polyethylene glycol, or barium 

sorbitol solution.  Some institutions also perform per rectal distension of the colon with water.  An 

antiperistaltic agent is administered (glucagon or hyoscine butylbromide).  T2-weighted single shot 
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fast spin echo (SS-FSE) and steady-state free precession (SSFP) images are usually acquired in the 

axial and coronal planes, and coronal T1 weighted spoiled gradient echo sequences are obtained 

after gadolinium administration (Pola et al., 2014).  

Over the last few years, 3.0 Tesla (T) MRI scanners have become increasingly available for routine 

clinical use.  3.0T MRI offers a theoretical doubling of signal to noise ratio (SNR) over previous 1.5T 

systems, although this is more likely to represent an increase by a factor of 1.6-1.8 (Erturk et al., 

2009).  This can potentially be traded for a shorter acquisition time or higher spatial resolution, 

maintaining SNR at the same level.  However, increasing magnetic field strength is not without 

potential problems.  Magnetic field homogeneity tends to be lower, existing artefacts such as 

chemical shift and magnetic susceptibility artefacts may be higher, and new artefacts such as the 

“standing wave effect” may degrade image quality. 

The focus of these techniques, however, is to obtain detailed images of the contour of the bowel 

lumen and for the detection of intraluminal lesions (Saar et al., 2007).  In this section of my thesis I 

tried a number of the techniques which have been adopted in other abdominal MRI in an attempt to 

optimise the protocol for the MRI assessment of colon cancer before starting a trial investigating the 

local staging accuracy of MRI in colon cancer.  This section of my thesis has a number of limitations; 

the scans were performed in a small number of healthy volunteers, the average age of the 

volunteers was younger than that of typical colon cancer patients, and only seventy-three test 

sequences were performed.  However, useful improvements were made to the imaging protocol and 

the procedures and findings are described below. 
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3.3 Materials and Methods 

3.3.1 Subjects 

Ethical approval for MRI protocol development was granted by our local Research Ethics Committee, 

and informed consent was obtained from all volunteers.  Four healthy volunteers with no past 

history of gastrointestinal disease or abdominal surgery were included in this study.  The average 

age of subjects was 32 (range 29 to 37).  There were two male and two female volunteers. 

3.3.2 Procedures 

MRI scans were initially performed on a Siemens 1.5T MRI scanner (Magnetom Avanto 1.5T, Siemens 

Medical Solutions, Erlangen, Germany).  Optimal sequences were then converted to their equivalent 

sequences and tested on a Philips 3.0T MRI scanner (Achieva 3.0T, Philips Healthcare, Best, 

Netherlands).  All imaging was performed using a multichannel abdominal phased array 

radiofrequency coil. 

Parallel imaging techniques were employed for all scans.  These use the differential signals from the 

channels of the phased array coils to interpolate some of the MRI data, reducing scan time while 

maintaining signal to noise ratio (Deshmane et al., 2012).  All 1.5T sequences utilised Generalised 

Auto calibrating Partially Parallel Acquisitions (GRAPPA), a k-space based parallel imaging technique.  

All 3.0T sequences used Sensitivity Encoding (SENSE); an image space based parallel imaging 

technique.     

Hyoscine butylbromide 20mg (Buscopan, Boehringer Ingelheim UK limited, Bracknell, UK) 

administered intra-muscularly was used for all imaging.  Hyoscine butylbromide has been 

demonstrated to improve the quality of abdominal MRI imaging by reducing motion artefact due to 

peristalsis (Wagner et al., 2008). 



149 

The names of the MRI sequences used in this study and their acronyms for Siemens and Philips MRI 

scanners are summarised in Table 3.1. 
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Generic name Siemens Philips 

Balanced steady-state gradient echo (BSGE) True fast imaging with steady-state free precession 

(TrueFISP) 

Balanced turbo field echo (BTFE) 

Rapid acquisition with relaxation enhancement 

(RARE) 

Sampling perfection with application optimized 

contrasts using different flip angle evolution (SPACE) 

and Turbo spin echo (TSE) 

Volume isotropic turbo spin echo acquisition (VISTA) 

and fast spin echo (FSE) 

Single-shot fast spin echo (SS-FSE) Half-fourier acquisition single-shot turbo spin echo 

(HASTE) 

Single-shot turbo spin echo (SS-TSE) 

T1 weighted spoiled gradient echo (T1-SGE) Fast low angle shot (FLASH)  T1 fast field echo (T1-FFE) 

Table 3.1: MRI sequence names and acronyms 
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3.4 Results 

3.4.1 MRI Sequences 

Balanced Steady-State Gradient Echo 

True fast imaging with steady-state free precession (TrueFISP) and balanced turbo field echo (BTFE) 

are both balanced steady-state gradient echo (BSSGE) sequences.  These are ultra-fast gradient echo 

sequences which can be acquired in a single breath hold.  They are widely used in magnetic 

resonance enterography (Leyendecker et al., 2009) as breath hold acquisition makes them resistant 

to motion artefact.  Images were acquired in the coronal plane, with a field of view (FOV) of 

350x350mm to 450x450mm, a slice thickness of 1.5mm to 3mm, and echo time (TE) of 1.5ms to 

1.8ms and a repitition time (TR) of 3.5ms to 4ms.  An example is shown in Figure 3.1.   

These sequences did allow us to obtain clear images of the abdomen which were resistant to motion 

arterfact.  However, they are vulnerable to susceptibility artefacts at tissue interfaces, and 

frequently created a black line around the bowel wall.  We were concerned that this would limit our 

ability to assess the relationship between the tumour, the bowel wall and adjacent structures.  

Contrast is also governed by tissue T2/T1 ratio rather than true T2 weighting.  We therefore decided 

to use these sequences to localise the tumour at the start of MRI scanning, but not as the primary 

sequence for the assessment of tumour T-stage. 
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Fast Spin Echo 

Sampling perfection with application optimized contrasts using different flip angle evolution (SPACE), 

volume isotropic turbo spin echo acquisition (VISTA), turbo spin echo (TSE) and fast spin echo (FSE) 

are rapid acquisition with relaxation enhancement (RARE) sequences.  These are spin echo 

sequences which use a refocussing 180 degree RF pulse after the initial 90 degree RF pulse to re-

phase protons which have moved out of phase due to T2* relaxation, producing the echo which is 

detected by the received coils.  RARE sequences use multiple rephasing RF pulses and collect 

multiple phase encoding steps for each pulse sequence repetition, reducing the scan times.  These 

sequences give true T2 weighting, and are resistant to susceptibility artefacts.  We acquired images 

in the coronal plane with a FOV of 250x250mm to 350x350mm, a slice thickness of 1mm to 3mm, a 

TE of 100ms to 150ms, and a TE of 1500ms to 4000ms.  An example is shown in Figure 3.2. 

However, RARE sequences are relatively slow to acquire, taking 5-10 minutes depending on the 

resolution and volume size.  This makes them vulnerable to motion artefact, and necessitated 

Figure 3.1: Balanced steady-state gradient echo sequence 
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respiratory triggering to reduce the effect of respiratory motion artefact.  When not compromised 

by motion artefact, these sequences provided the best visualization of the colon wall and adjacent 

structures with a good signal and contrast to noise ratio.  We therefore decided to use these 

sequences as the principle sequence in our subsequent study of colon cancer staging, except in 

situations respiratory triggering could not be adequately achieved. 

Single-shot fast spin echo 

Half-fourier acquisition single-shot turbo spin echo (HASTE) and single-shot turbo spin echo (SS-TSE) 

sequences are both single shot fast spin echo  (SS-FSE) sequences where the whole volume is 

acquired following a single RF pulse with a long echo train due to multiple refocusing RF pulses.  

These are rapid sequences which can be acquired in a single breath hold, but give true T2 weighting.  

As they are spin echo sequences they are more resistant to magnetic susceptibility artefacts than the 

gradient echo based sequences.  We obtained images in the coronal plane, with a FOV of 

320x320mm, a slice thickness of 4mm, a TE of 100ms and a TR of 8000ms.  An example is shown in 

Figure 3.3. 

Figure 3.2: Fast spin echo sequence 



154 

These sequences were more resistant to motion artefact than the RARE sequences, particularly in 

cases where respiratory triggering was difficult to achieve, as they could be acquired in a single 

breath hold.  However, the signal and contrast to noise ratio was lower than the optimum RARE 

sequences.  We therefore decided to use SS-FSE sequences in cases where adequate RARE 

sequences could not be acquired due to difficulties with motion artefact or respiratory triggering. 

T1 weighted spoiled gradient echo  

Fast low angle shot (FLASH) and T1 fast field echo (T1-FFE) are spoiled gradient echo sequences 

(SGE).  These use low energy RF pulses which produce a low flip angle of 20 to 80 degrees, reducing 

the time taken for return to longitudinal magnetization and hence reduce the repetition time 

between RF pulses.  RF spoiling is used to spoil transverse magnetisation, so that the echo signal is 

produced from T1 weighting without waiting for the transverse magnetisation to decay.  This 

combination allows the repetition time to be kept very low (3-4ms), allowing rapid image acquisition 

in a single breath hold.  We acquired images in the coronal plane with a FOV of 350x350mm to 

Figure 3.3: Single-shot fast spin echo sequence 
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400x400mm, a slice thickness of 2mm, a TE of 1.1ms to 1.4ms and a TR of 3.25ms.  An example is 

shown in Figure 3.4. 

These images were fairly resistant to motion artefact due to their very rapid acquisition, and were 

less prone to susceptibility artefacts than BSSGE sequences.  However, the contrast in images 

derived from these sequences is dependent on T1 weighting.  There is less inherent contrast in T1 

weighted images of the abdominal soft tissues than in T2 weighted images.  To overcome this 

limitation, we elected to use gadolinium enhanced SGE sequences in the colon cancer staging study.  

Examples of pre and post contrast images are shown in Figure 3.5.  Acquisition of pre-contrast 

images and images after multiple time intervals following contrast administration also will also allow 

us to obtain dynamic contrast enhanced images.  

Figure 3.4: T1 weighted spoiled gradient echo sequence 
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3.4.2 Two dimensional and three dimensional acquisition 

MRI sequences can be acquired in 2-dimensional (2D) slices or as a 3-dimensional (3D) volume.  

When acquired as a 2D slice, a gradient is used to select a slice of tissue, the thickness of which is 

determined by the operator.  Each pixel in the slice is encoded using frequency encoding in one axis 

and phase encoding in the second axis.  A separate echo is required for each phase encoding step, 

but all the frequency encoded steps are acquired simultaneously.  The time taken to acquire each 

slice is therefore dependent on the number of phase encoding steps.  When all the information has 

been obtained from one slice, the next slice is selected by the slice selection gradient leaving a small 

gap between each slice. 

For 3D acquisition, a complete volume of tissue is imaged.  Voxels can be kept isotropic, so that they 

are the same size in each dimension, and no gaps need to be left in the imaged volume.  This means 

that the volume can subsequently be reconstructed with slices in any plane without loss of image 

quality.  In order to acquire information about the tissue volume, each voxel is encoded by 

frequency encoding in one plane and phase encoding in two further planes.  This means that the 

Figure 3.5: T1 weighted spoiled gradient echo images pre (left) and post (right) contrast 
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time taken to acquire data from a volume of tissue is dependent on the phase encoding steps for 

two planes. 

Initially, we had anticipated that it would be preferable to obtain 3D scans, which would allow us to 

obtain a single scan of the tumour volume for each sequence and then reconstruct it in all the 

desired planes.  However, 3D volume acquisitions were considerably more degraded by motion 

artefact than 2D sequences.  Examples are shown in Figure 3.6 and Figure 3.7. 

 

Figure 3.6: 3D (left) and 2D (right) balanced steady state gradient echo sequences 

Figure 3.7: 3D (left) and 2D (right) fast spin echo sequence 
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We therefore elected to use 2D imaging for all sequences except the T1 weighted spoiled gradient 

echo sequence, where we felt that the very rapid image acquisition was sufficiently resistant to 

motion artefact to tolerate 3D imaging. 

3.4.3 Patient positioning 

Prone positioning in MR enterography may improve small bowel separation and limit motion 

artefact by providing abdominal compression (Cronin et al., 2008).  The incidence of scan 

termination due to claustrophobia is also lower if patients are imaged in the prone position (Eshed 

et al., 2007).  We therefore compared MRI imaging of the colon in the prone and supine positions.  

Example images are shown in Figure 3.8.  We felt that there might be a small improvement in the 

degree of motion artefact when volunteers were imaged in the prone position.  We therefore 

elected to image patients in the prone position in the colon cancer MRI study, unless they found this 

position uncomfortable and preferred to be imaged supine. 

Figure 3.8: Balanced steady-state gradient echo images obtained in the supine (left) and prone (right) positions 
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3.4.4 Small bowel distension 

The principle problems which we experienced in obtaining high quality MRI images of the colon 

were due to either motion artefacts or off resonance artefacts at interfaces between air, tissue, fluid, 

and fat.  Gourtsoyiannis has suggested that distension of the small bowel with an iso-osmotic  fluid 

which is not absorbed from the bowel lumen can reduce small bowel peristalsis (Gourtsoyiannis et 

al., 2002).  We therefore hypothesised that filling the small bowel with fluid might help to reduce 

that portion of motion artefact related to small bowel peristalsis, reduce off resonance artefacts, 

and therefore increase the quality of abdominal MR images. 

To investigate this, we performed a number of scans in volunteers with no oral preparations, 

following 1L of water, following 1L of Poly-Ethylene Glycol 3350 solution (PEG solution, available 

commercially as Klean Prep, Helsinn Healthcare S.A., Lugano, Switzerland), or 1L of 2.1% w/v barium 

sulphate and 3.2% w/v sorbitol (available commercially as E-Z-CAT, Bracco UK Ltd, High Wycombe, 

United Kingdom).  Example images are shown in Figure 3.9. 

Oral preparation with 1L of E-Z-CAT demonstrated the best small bowel distension, and we felt that 

this was associated with a small reduction in the amount of image degradation due to motion 

artefact.  It did not have any noticeable effect on the off resonance artefacts.  We therefore decided 

to use 1L of oral E-Z-CAT, imbibed 45 minutes before the MRI scan, for patients in the colon cancer 

MRI study. 
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3.4.5 Respiratory triggering 

MRI sequences which can be acquired in less than around thirty seconds can be achieved 

comfortably in a single breath hold for most subjects.  These include the BSSE, SS-FSE and T1-SGE 

sequences.  However, RARE sequences take several minutes to acquire and so need an alternative 

strategy to overcome respiratory motion artefacts.  This is usually achieved using respiratory 

Figure 3.9: Balanced steady-state gradient echo images with no oral prep (top left), 1L of water (top left), 1L of Klean-
prep (bottom left) and 1L of E-Z-CAT (bottom right) 
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triggering; each pulse sequence for a phase encoding step is started at the same point in the 

respiratory cycle, so that the repetition time becomes the interval between successive breaths 

(around 4 seconds).  Other strategies include multiple breath holds, continuous acquisition with a 

high number of averages, and respiratory ordered phase encoding (ROPE).  Each of these strategies 

was tested.  Multiple breath holds tended to cause problems with miss-registration of adjacent slices 

between breath holds, due to breath holding at different points in the respiratory cycle for different 

parts of the scan.  Taking multiple averages for each pixel tended to lead to excessive blurring in 

parts of the image with a large amount of motion due to respiration.  ROPE is a technique where the 

data from the phase encoding steps (the slow part of image acquisition vulnerable to motion 

artefact), rather than being taken sequentially from each slice, are taken from the same slice at the 

same time in the respiratory cycle on successive breaths, but in the intervening period taken from 

different slices at different parts of the respiratory cycle, and reconstructed at the end (Bailes et al., 

1985).  Unfortunately this technique still produced significant motion artefacts and was not helpful 

in our test scans. 

Respiratory triggering can be achieved mechanically (where a bellows placed around the chest 

measures the respiratory cycle) or using a navigator echo trigger.  The navigator echo is a continuous 

Figure 3.10: Navigator echo 
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real time 2D MRI which measures the movement of the diaphragm.  The MRI scanner is set to trigger 

at a set point in the respiratory cycle.  An example of a navigator echo is shown in Figure 3.10.  We 

found navigator echo triggering to be more reliable than mechanical triggering, and so this was used 

in the colon cancer MRI study. 

3.5 Summary 

During this MRI protocol development phase, we performed seventy-three scans in four healthy 

volunteers.  There was considerable improvement in the quality of the abdominal MRI images over 

the course of the protocol development.  The intervention which made the greatest difference was 

reverting to 2D sequences for the T2 weighted images from the more recently introduced 3D 

sequences.  This resulted in a definite reduction in motion artefact.   

A number of other interventions, including parallel imaging, the use buscopan, prone subject 

positioning, and small bowel distension with oral E-Z-CAT, appeared to result in a small 

improvement in scan quality.  These were carried through to the colon cancer MRI study if they were 

adequately tolerated by patients. 

It remained difficult to be certain of the optimal pulse sequence for imaging colon cancer based on 

these scans performed in healthy volunteers.  BSGE sequences were very resistant to motion 

artefact and provided good tissue contrast, but were limited by susceptibility artefacts producing a 

black line around the bowel.  T1-SGE sequences were also resistant to motion artefact but had lower 

soft tissue contrast.  RARE sequences had excellent soft tissue contrast and signal to noise ratio, but 

were vulnerable to motion artefact particularly if there were problems with respiratory triggering.  

SS-FSE sequences had good soft tissue contrast and were more resistant to motion artefact but had 

a lower signal to noise ratio. 

We therefore planned to use a combination of pulse sequences in the colon cancer MRI study to try 

and combine the benefits of each.  A breath hold BSGE sequence was taken through the whole 
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abdomen initially to locate the tumour.  This was used to plan high resolution RARE sequences 

perpendicular to the long axis of the tumour.  If tolerated we obtained these images in 

complimentary planes.  SS-FSE sequences were used in place of the RARE sequences if respiratory 

triggering was inadequate or motion artefact degraded image quality too severely.  Finally, 

gadolinium enhanced 3D T1-FFE sequences were taken through the abdomen which allowed 

multiplanar reconstruction of the abdomen. 

Diffusion weighted imaging was also acquired in the colon cancer MRI study.  This was not tested in 

the volunteer section, as the volunteers did not have any areas of restricted diffusion to image.  It 

was instead adopted from an established protocol for imaging liver metastases. 
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4.1 My role in this chapter 

With the support of my supervisor, I designed and wrote the protocol for this study, obtained 

funding and ethical approval, recruited all the patients for the study, performed the data collection 

and data analysis, and wrote this chapter.  I was the first author for the publication arising from it 

(Hunter et al., 2016).  Suzanne St Rose provided statistical support during the trial design and Tom 

Fanshawe reviewed the statistical analysis following the write up of the trial. 

4.2 Introduction and rationale 

The principle aim of pre-operative staging in colon cancer has historically been to identify patients 

with extensive metastatic disease who would not benefit form primary surgery.  Developments in 

the treatment pathways for patients with colon cancer have made it increasingly important to 

provide patients with accurate pre-operative local staging.  The FOXTROT trial is currently recruiting 

patients with the aim of investigating whether neoadjuvant chemotherapy improves patient 

outcome in operable colon cancer.  Encouraging results were obtained in the pilot phase of the trial 

(Foxtrot Collaborative, 2012b) and similarly encouraging results have been obtained in other small 

studies of neoadjuvant chemotherapy (Arredondo et al., 2013).  This requires patients to be 

accurately stratified into high and low-risk groups on the basis of their local staging prior to 

commencing treatment, to identify patients who might benefit from neoadjuvant therapy. 

The range of surgical treatment options has also increased over time, particularly following the 

introduction of minimally invasive techniques.  These may not be suitable for patients with locally 

advanced tumours who may need more radical surgery.  Patients with T4 disease have a high 

incidence of conversion from laparoscopic to open surgery, which led the Colon carcinoma 

laparoscopic or open resection (COLOR) trial report to recommend that patients considered for  a 

minimally invasive approach undergo pre-operative assessment with CT to identify patients wih 

locally advanced disease who are not suitable for a laparoscopic approach (Buunen et al., 2009). 
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Although CT is currently used to assess the local stage of colon cancers, the accuracy of local staging 

in colon cancer falls short of that achieved using MRI in rectal cancer.  Although small trials of 

endoscopic ultrasound have suggested that it may be more accurate than CT in the local staging of 

colon cancer (Gall et al., 2014), it has not been widely adopted possibly due to a paucity of expertise 

in performing the procedure or possible due to the invasive nature of the test.  MRI offers cross-

sectional imaging in any plane, does not pose any risk in terms of radiation dose, and has excellent 

tissue contrast resolution in soft tissues, is widely available and is non-invasive.  In chapter 2 I have 

also demonstrated that MRI can identify patients with a six fold increased risk of synchronous 

metastatic disease by identifying adverse features on local staging in rectal cancer. 

As discussed in chapter 3, a number of technical problems complicate MRI imaging of the abdomen, 

and have previously degraded image quality.  As a result of these problems, studies investigating 

MRI staging of colon cancer prior to 2003 demonstrated only moderate accuracy in T and N 

staging(Low et al., 2003, Lomas et al., 2001).   

The development of Magnetic Resonance Colonography (MRC) and Magnetic Resonance 

Enterography (MRE), have demonstrated that it is possible to overcome some of these technical 

problems to obtain high quality images of the bowel using MRI.  Saar identified 100% of polyps over 

5mm with excellent diagnostic quality in 94% with a 3D- FLASH sequence and 92% with a 3D-VIBE 

sequence(Saar et al., 2008).  Wong used half-Fourier single shot turbo spin echo (HASTE) axial, 

coronal, and three dimensional fat suppressed gradient echo sequence (VIBE) coronal images to 

identify 100% of obstructing tumours(Wong et al., 2007).  In chapter 3, we used some of these 

techniques in healthy volunteers to develop an MRI protocol for imaging bowel cancer which we 

hope will allow us to obtain high quality images for the local staging of colon cancer using MRI.   

Over the last few years, 3.0 Tesla (T) MRI scanners have increasingly become available for routine 

clinical use.  3.0T MRI offers a theoretical doubling of signal to noise ratio (SNR) over previous 1.5T 

systems, which can be traded for a shorter acquisition time or higher spatial resolution, maintaining 
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SNR at the same level.  This means that it may be possible to obtain higher quality abdominal MRI 

scans using 3T MRI scanners than is possible using 1.5T MRI scanners. 

The aim of this study is therefore to perform preoperative staging 1.5T MRI scans and 3T MRI scans 

on patients undergoing resection of their primary colon cancer, and to compare the accuracy of 

staging on these scans and routine preoperative CT scans using histology as the gold standard. 

4.3 Materials and Methods 

4.3.1 Subjects 

This was a prospective study of diagnostic accuracy, comparing the 1.5T MRI, 3T MRI and CT using 

histological assessment as the gold standard.   Data was collected prospectively.  The study was 

designed according to the Standards for the Reporting of Diagnostic accuracy studies (STARD) 

guidelines (Bossuyt et al., 2003). 

I applied for and obtained ethical approval from the National Research Ethics Service, The Royal 

Marsden Research Ethics Committee, before commencing recruitment (REC reference number 

10/H0801/21).  The study was conducted in accordance with the conditions of ethical approval.  

Local R&D approval was obtained at each site (The Royal Marsden Hospital, Croydon University 

Hospital and Epsom and St Heliers University Hospitals).  All patients provided written informed 

consent prior to recruitment. 

I also applied for and obtained two research bursaries to support this research; from the Bowel 

Disease Research Foundation and from the Mayday University Hospital research fund.  Funding for 

the 3T MRI scans was also provided by the National Institute for Health Research Biomedical  

Research Centre at the Royal Marsden National Health Service Foundation Trust, which I did not 

apply for. 
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Consecutive patients presenting with adenocarcinoma of the colon to Croydon University Hospital, 

The Royal Marsden Hospital or Epsom and St Helier Hospitals who were undergoing primary surgery 

to excise their colon cancer, were included in the study.  Patients were considered eligible if they 

had a biopsy-confirmed adenocarcinoma of the colon (arising 15 cm or more from the anal verge on 

colonoscopy), were over the age of 18 years and were planned for resection of their primary tumour.  

Patients were excluded if they withheld or withdrew consent, were under the age of 18, were 

scheduled to receive neoadjuvant therapy for their colon cancer, or were not fit to undergo a 

potentially curative resection of their tumour.  They were also excluded if they had a 

contraindication to MRI scanning, the or to the administration of gadolinium or small bowel contrast 

agent. 

Patients were withdrawn from the study if metastatic disease was identified on their preoperative 

MRI scan which required neoadjuvant treatment, were unable to tolerate MRI scanning or were 

unable to undergo resection of their primary tumour.  This included patients in whom MRI identified 

metastatic disease resulting in a change of treatment plan to include neoadjuvant chemotherapy. 
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Figure 4.1: Colon MRI study flow diagram 

 

4.3.2 Procedures 

Patients enrolled in the study underwent two preoperative MRI scans of their abdomen and pelvis, 

in addition to their standard preoperative CT scan.  One of these was performed on a 1.5T MRI 

scanner (Magnetom Avanto 1.5T, Siemens Medical Solutions, Erlangen, Germany).  Patients 

recruited from the Royal Marsden Hospital site or the Epsom and St Helier Hospitals site had their 

1.5T MRI scan performed at the Royal Marsden Hospital, Sutton.  Patients recruited at Croydon 

University Hospital had their 1.5T MRI scan performed at Croydon University Hospital, Croydon.  The 

1.5T MRI scanners were the same at both sites (Magnetom Avanto 1.5T, Siemens Medical Solutions, 

Erlangen, Germany).  The second MRI scan was performed on a 3.0T MRI scanner (Achieva 3.0T, 
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Philips Healthcare, Best, Netherlands).  3T MRI scans were performed on the same scanner at the 

Royal Marsden Hospital, Sutton, for all patients. 

Patients were scanned in the prone position where tolerated, using a phased-array body coil.  The 

prone position exerts a mild uniform pressure on the abdominal wall, which reduces intra-abdominal 

volume (Cronin et al., 2008).  Scanning in the prone position is also associated with fewer scan 

terminations due to claustrophobia (Eshed et al., 2007). 

Bowel-cleansing preparation was not performed and rectal contrast were not administered as we 

felt that these procedures would limit patient acceptance.  Patients fasted for 4 hours prior to MRI 

scanning.  Thirty to forty-five minutes prior to the MRI scans, patients imbibed one litre of oral 

contrast media for small bowel distension; 225 ml 4.9% weight/volume barium sulfate diluted in 

water to 1 litre (E-Z-CAT, Bracco UK Ltd, High Wycombe, United Kingdom).  Intraluminal contrast 

helps to separate small bowel loops, and has been demonstrated to be helpful in imaging other 

extrahepatic abdominal malignancies (Low, 2005, Low, 2007).  Twenty milligrams of intramuscular 

hyoscine butylbromide (Buscopan Ingelheim Limited, Bracknell, UK) was administered just before 

commencement of imaging, to reduce bowel motility. 

A breath hold Fully Rewound Gradient Echo sequence (FRGE) coronal scout scan was taken to 

identify the tumour and select the target volume.  This was a True Fast Imaging with Steady-state 

Precession (True-FISP) sequence on the Magnetom Avanto 1.5T and a Balanced Turbo Field Echo 

(BTFE) sequence on the Achieva 3.0T.  A respiratory triggered Rapid Acquisition with Relaxation 

Enhancement (RARE) sequence was then acquired perpendicular to the bowel wall through the 

tumour.  This was a Turbo Spin Echo (TSE) sequence on the Magnetom Avanto 1.5T and a Fast Spin 

Echo (FSE) sequence on the Achieva 3.0T.  This sequence was usually acquired in the transaxial plane 

for ascending and descending colon tumours and in the sagittal plane for transverse colon tumours.   

Where scan time and patient comfort permitted, further TSE sequences were acquired in one or two 

complimentary planes.  In cases where adequate respiratory triggering could not be achieved, which 
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only occurred on the 1.5T MRI scans, breath-hold half-Fourier acquisition single-shot turbo spin-echo 

(HASTE) sequences were acquired instead of the TSE sequences.  

Following the administration of IV gadolinium, dynamically enhanced fat suppressed T1 weighted 

spoiled gradient echo (SGE) sequences were acquired.  These were Fast Low-Angle Shot (FLASH) 

sequences on the Magnetom Avanto 1.5T and enhanced T1 High-Resolution Isotropic Volume 

Excitation (eTHRIVE) sequences on the Achieva 3.0T.  Where possible due to tumour location, the 

liver was also be imaged at this time to look for liver metastases.  Transaxial diffusion-weighted 

imaging (DWI) sequences were obtained through the tumour volume.  

For the 1.5T FRGE scans the field of view was 400x400mm, the in plane resolution was 0.78x0.78mm 

with a matrix size of 512x512 pixels.  Slice thickness was 4mm.  TR was 3.57ms to 4.09ms, and TE 

was 1.51 to 1.77ms. 

For the 3T FRGE scans the field of view was 400x400mm, the in plane resolution was 1.39x1.39mm, 

and the matrix size was 288x288 pixels.  Slice thickness was 3mm.  TR was 4.57ms to 4.86ms, and TE 

was 2.29ms to 2.40ms. 

For the 1.5T TSE sequences, the field of view ranged from 170x170mm to 420x420mm.  This was 

dependent on tumour location, imaging plane and patient size.  The voxel size was maintained with 

an in-plane resolution of between 0.66x0.66mm to 1.3x1.3mm by varying the matrix size from 

256x256 pixels to 320x320 pixels.  Slice thickness was 3mm.  TR ranged from 3750ms to 5469ms due 

to respiratory triggering, and TE was 100ms. 

For the 3T FSE sequences, the field of view ranged from 250x250mm to 420x420mm.  Voxel size (in-

plane) was 0.47x0.47mm 1.01x1.01mm, with the matrix size varying from 256x256 pixels to 640x640 

pixels.  Slice thickness was 2mm.  TR ranged from 818ms to 2049ms, and TE was 80ms.  

For the 1.5T HASTE sequences (where acquired), the field of view ranged from 275x309mm to 

380x400mm.  Voxel size (in-plane) was 1.25x1.25mm to 1.56x1.56mm, with a matrix size of 220x256 



172 

pixels to 240x256 pixels.  Slice thickness was 3mm.  TR ranged from 1000ms to 1500ms, with a TE of 

89ms to 94ms. 

For the 1.5T gadolinium enhanced T1 weighted SGE sequences, spectral attenuated inversion 

recovery (SPAIR) fat suppression was employed.  The field of view was 400x400mm, with an in-plane 

resolution of 1.56x1.56mm and a matrix size of 256x256 pixels.  Slice thickness was 2mm.  TR was 

3.25 to 3.92ms and TE was 1.16 to 1.65ms, with a flip angle of 12 degrees. 

For the 3T gadolinium enhanced T1 weighted SGE sequences, SPAIR fat suppression was also used.  

The field of view was 397x397mm, with an in-plane resolution of 1.38x1.38mm and a matrix size of 

288x288 pixels.  Slice thickness was 3mm.  TR was 2.95ms to 3.03ms and TE was 1.34ms to 1.43ms.  

The flip angle was 10 degrees.  

For both 1.5T and 3T gadolinium enhanced scans, images were acquired 0, 30, 60, 90 and 120 

seconds after the administration of intravenous gadolinium contrast. 

DWI on the 1.5T MRI scans was acquired using a single shot spin echo sequence with echo-planar 

imaging (EPI) and SPAIR fat suppression. Repetition time was 4800 ms and echo time was 68 ms. 

Four b-values were used: 0, 100, 500 and 750 s mm-2. 

DWI on the 3T MRI scans was also acquired with single shot spin echo sequence with EPI, and with 

combined SPAIR and slice selective gradient reversal (SSGR) fat suppression.  TR was 3798ms and TE 

was 51ms.  The same b-values were used (0, 100, 500 and 750 s mm-2). 

The imaging time for each sequence was 4 to 8 minutes, with a total imaging time of 30 to 45 

minutes.  Sequence parameters are summarised in Table 4.1. 

The preoperative CT scans used in the trial were the standard staging CT scans obtained for clinical 

assessment for each patient at each of the participating institutions.  There was therefore some 

variation in the CT scanner and the exact scan sequence utilised between patients.  The CT scans 

were performed on one of two scanners: Siemens SOMATON Sensation 16 (Siemens Healthcare, 
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Erlangen, Germany) or  GE LightSpeed VCT (GE Healthcare, Buckinghamshire, UK).  Imaging was 

performed with intravenous contrast in the portal venous phase.  Images were reconstructed with a 

slice thickness of 2mm or 5mm and an in plane voxel size of 0.61x0.61mm to 0.85x0.85mm.  

Multiplanar reformatting was available. 
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Scan sequence FOV (mm) Resolution (mm2) Matrix (pixels) ST (mm) TR (ms) TE (ms) FA (degrees) 

1.5T FRGE 400x400 0.78 512x512 4 3.57-4.09 1.51-1.77  

3T FRGE 400x400 1.39 288x288 3 4.57-4.86 2.29-2.40  

1.5T TSE 170x170 to 420x420 0.66-1.3 256x256 to 320x320 3 3750-5469 100  

3T FSE 250x250 to 420x420 0.47-1.01 256x256 to 640x640 2 818-2049  80  

1.5T HASTE 275x309 to 380x400 1.25-1.56 220x256 to 240x256 3 1000 to 1500 89-94  

1.5T T1 SGE 400x400 1.56 256x256 2 3.25-3.92 1.16-1.65 12 

3T T1 SGE 397x397 1.38 288x288 3 2.95-3.03 1.34-1.43 10 

1.5T DWI 308x378 1.48 208x256 6 4800 68  

3T DWI 375x375 1.46 256x256 5 3798 51  

FOV – Field of view, ST – slice thickness, TR – repetition time, TE – Echo time, FA – flip angle, FRGE – Fully rewound gradient echo, TSE – Turbo spin echo, 

FSE – Fast spin echo, HASTE – Half-Fourier acquisition single-shot turbo spin-echo, SGE – spoiled gradient echo, DWI – diffusion weighted imaging 

Table 4.1: MRI sequence parameters 
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4.3.3 Evaluation 

Each CT, 1.5T MRI scan and 3.0T MRI scan was reported independently by each of two consultant 

gastrointestinal radiologists, with 10 - 15 years’ experience of reporting GI cancers on CT and MRI.  

Scans were reported using a standard case record form.  Reporting radiologists were informed of the 

tumour location on colonoscopy, but were blind to the results of other investigations.  For the 

assessment of CT, 1.5T MRI and 3.0T MRI, the reporting radiologist had access to all sequences 

acquired in that scanning session (as is normal clinical practice).  All imaging studies were reported 

using a standard form.  Each observer reported each imaging study on a separate occasion more 

than 4 weeks apart.  The order in which the studies were reported (CT, 1.5T MRI and 3T MRI) was 

randomised for each patient.  Histological assessment was performed by a consultant 

histopathologist with 15-20 years’ experience of reporting colon cancer.  The histopathologist was 

blind to the results of the imaging investigations. 

The following clinical features were reported: T-stage, depth of extramural tumour invasion, N-stage, 

presence of EMVI, and any distant metastases. 

T1 tumours were classified as invasive tumours limited to the submucosa.  These tumours were 

identified on MRI by replacement of the normally high signal in the submucosal layer by an 

abnormal intermediate signal which did not extend into the circular muscle layer.  These tumours 

were identified on CT by projection of a colonic lesion without any visible distortion of the bowel 

wall layers.  T2 tumours extend through the submucosa but are limited to the mucularis propria.  

These tumours were identified on MRI by abnormal intermediate signal intensity (higher than 

normal muscle signal, lower than normal submucosal signal) extending into the muscularis propria 

or replacing the muscularis propria but not extending into the peri-colonic fat.  These tumours were 

identified on CT by asymmetrical thickening of the colon wall projecting intraluminally with 

preservation of smooth muscle coat and clear adjacent pericolonic fat.  T3 tumours invade through 

the muscularis propria into the subserosa or peri-colonic fat but do not invade the serosa or 
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adjacent organs.  These tumours were identified on MRI by a broad based bulge or nodular 

projection of intermediate tumour intensity projecting beyond the outer muscle coat, and on CT by 

smooth or nodular extension of a discrete mass of tumour tissue beyond the contour of the bowel 

wall with extension into pericolic fat.  T3 tumours were further classified depending on the depth of 

extramural tumour invasion measured in millimetres; T3a - 1mm or less extramural invasion, T3b – 

more than 1mm to 5mm extramural invasion, T3c – more than 5mm to 15mm extramural invasion, 

T3d more than 15mm extramural invasion.  T4 tumours include those that invade the serosa or 

adjacent organs.  These were identified on MRI by extension of the intermediate tumour signal into 

adjacent organs or through the peritoneal surface, and on CT by presence of nodular penetration of 

the tumour through the peritonealised areas of the muscle coat or an advancing edge of the tumour 

penetrating adjacent organs.  The MRI criteria were adapted from those used in the evaluation of 

rectal cancer (Taylor et al., 2008), and the CT criteria were adopted from established criteria for the 

interpretation of CT images of colon cancer (Dighe et al., 2008). 

Lymph nodes were assessed on MRI based on their border and homogeneity of signal intensity, 

which has been shown to have greater specificity for the identification of metastatic lymph nodes in 

rectal cancer than the use of size criteria alone. (Kim et al., 2004, Brown et al., 2003).  Lymph nodes 

were considered to be involved if they had an irregular border or inhomogeneous signal intensity.  

This was assessed on the T2 weighted TSE imaging, or the T2 weighted HASTE images where the TSE 

images were inadequate.  On CT, any nodal mass larger than 1 cm or a group of three or more nodes 

were considered metastatic, as these are the established criteria for assessing lymph node 

involvement on CT and signal inhomogeneity is not applicable (Dighe et al., 2008).  Tumours with no 

involved nodes were recorded as N0, tumours with 1-3 involved nodes were registered as N1 and 

tumours with 4 or more involved lymph nodes were recorded as N2. 

Extramural vascular invasion (EMVI) was identified on MRI by the intermediate signal intensity of the 

tumour growing into or along a vessel.  Blood vessels were identified on T2-weigted MRI imaging by 

a linear signal void in continuity on adjacent slices (Smith et al., 2008b).  EMVI was identified on CT 
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irregular expansion of peritumoral veins (Dighe et al., 2010a).  EMVI was reported as small, medium, 

or large vessel EMVI on MRI.  Any size of EMVI identified on MRI was considered positive for 

comparison with histopathology, as EMVI is reported as positive or negative on histopathology. 

4.3.4 Statistical analysis 

Sample size: 

The sample size calculation was performed by Suzanne St.Rose, statistician, The Royal Marsden 

Hospital NHS Foundation Trust.  Sample size was based on the primary end point, which was 

comparison of the accuracy of 1.5T MRI and CT in identifying T3 or greater disease using histology as 

the gold standard.  Here, we anticipated an accuracy of 0.70 and 0.90 for CT and MRI, respectively.  

Since MRI and CT will be performed for each patient, a paired design was used for determining 

sample size, with a two-tailed alternative hypothesis.  Given a significance level, α, of 5% and a 

power of 80%, the minimum number of patients required was 62 patients. 

I have subsequently repeated the power calculation myself, and this would appear be a power 

calculation for a Pearson’s Chi-squared test (suitable for an unpaired design).  The power calculation 

for a McNemar test (paired design) requires approximately 65 patients. 

This power calculation also fails to take into account the proportion of patients withdrawing from 

the trial, which is typically around 10% in clinical trials.  This trial should therefore have aimed to 

recruit approximately 72 patients. 

End points: 

The primary end point was the accuracy of 1.5T MRI, 3T MRI and CT in differentiating T1/T2 tumours 

from T3/T4 tumours, using histology as the gold standard, on a per patient basis.  This distinction 

between T2 or less and T3 or greater tumours is the entry criteria for recruitment into the FOXTROT 

study of neoadjuvant chemotherapy in colon cancer for younger patients in good general health 
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(FOXTROT Collaborative, 2012a), and is the most commonly reported endpoint for the assessment of 

T-staging accuracy. 

The following secondary end points were also recorded:  

Nodal involvement, reported as not involved (N0) or involved (N1 or N2).  This is a clinically 

significant endpoint, as patients with pathological nodal involvement (stage III disease) demonstrate 

the most benefit from adjuvant chemotherapy in clinical trials (Andre et al., 2009, Gill et al., 2003). 

EMVI, reported none, small, medium or large.  This feature is increasing recognised as being 

prognostically significant; patients with MRI-detected EMVI in rectosigmoid cancer have similarly 

poor 3-year recurrence free survival to those with pathologically detected EMVI (Smith et al., 

2008a). 

T-substage, with T-stage and depth of extramural invasion were grouped into good prognosis 

tumours (T1, T2, T3a tumours <=1mm extramural invsion or T3b <=5mm extramural invasion) and 

poor prognosis tumours (T3c <=15mm extramural invasion, T3d >15mm extramural spread or T4 

tumours).  Diagnosis with a poor prognosis tumour defined in this way is the entry criteria for the 

FOXTROT trial for older and less fit patients (FOXTROT Collaborative, 2012a).  This distinction has 

been demonstrated to have greater prognostic significance than the distinction between T2 and T3 

tumours both on pathology (Merkel et al., 2001) and to have comparable prognostic significance on 

CT evaluation of colon cancer as on histopathological examination (Smith et al., 2007). 

The accuracy of stage-for-stage T-stage assessment is also reported.  Sensitivity, specifity, PPV and 

NPV are not applicable for this end point.  Description of T-stage and N-stage was based on the TNM 

(version 5) classification.  Essential patient demographics were also recorded, including age, gender, 

tumour location and operative procedure. 
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Descriptive statistics: 

Patient and tumour characteristics are reported using means and standard deviation (SD) for 

normally distributed variables, and medians with interquartile ranges for other continuous variables.  

Categorical variables are reported as a number of patients and percentage. 

Measures of validity: 

The accuracy (percentage of test results that are correct), sensitivity (percentage of true positives 

detected), specificity (percentage of true negatives detected), positive predictive value (percentage 

of positives which are true positives), negative predictive value (percentage of negatives which are 

true negatives) and associated 95% confidence intervals of MRI and CT were compared.  Histology 

was used as the gold standard.  Results for MRI performed on a 1.5 Tesla or 3.0 Tesla MRI scanners 

in assessing these end points were recorded separately.  95% confidence intervals for proportions 

were calculated using the Wilson method (Wilson, 1927).  The statistical significance of the 

difference in accuracy between CT and 1.5T MRI, and between CT and 3T MRI, was assessed using 

McNemar’s test. 

Stage-for-stage accuracy is reported for each imaging modality and a comparison of the accuracy of 

CT, 1.5T MRI and 3.0T MRI was done as a matched analysis comparing the degree of discrepancy in 

individual patients, using the Wilcoxon signed rank test.  

Extra-mural vascular invasion was reported on histopathology as either present or absent, but was 

reported for each imaging modality as an ordered categorical variable depending on the size of EMVI 

identified by the radiologist (None, Small, Medium and Large).  Area Under the Curve (AUC) values 

and 95% confidence intervals (DeLong et al., 1988) are presented for each imaging modality and 

radiologist. Accuracy, sensitivity, specificity, PPV and NPV are reported for each imaging modality 

and radiologist with any size of EMVI reported on imaging considered positive. 

Interobserver agreement for the two radiologists reporting CT and MRI is determined using Cohen’s 

kappa (Cohen, 1960).  The magnitude of the agreement is quantified as described by Landis and 
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Koch (Landis and Koch, 1977); a kappa of <0.2 denotes a slight agreement; 0.2 to 0.4, a fair 

agreement; 0.4 to 0.6, a moderate agreement; 0.6 to 0.8, a substantial agreement, and >0.8, an 

almost perfect agreement.  Before assessing kappa, a McNemar’s test is performed to assess 

whether there is test bias, as indicated by the proportion positive to each test differing. 

The level of significance is set at p < 0.05. Analyses were performed using R 3.0.1 statistical software 

(R Core Team, 2015), including psych (Revelle, 2013), pROC (Robin et al., 2011) and epade (Schulz, 

2013) packages. 

All evaluable subjects are included in the analyses and note has been made of the number eligible 

patients not enrolled into the study from the lower GI MDT agenda lists.   

4.4 Results 

4.4.1 Recruitment 

Recruitment commenced November 2010 and finished in November 2012.  A total of 60 patients 

were recruited, from a total of 158 eligible patients (38%).  Reasons for patients not being recruited 

are listed in Table 4.2. 

Reason patient not recruited Number of patients (%) 

Did not consent 40 (40.8) 

Withdrew consent 1 (1.0) 

Unable to contact in time 35 (35.7) 

Unable to arrange MRI scans 16 (16.3) 

Other 6 (6.1) 

Total 98 (100) 

Table 4.2: Patient recruitment 
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There are a relatively high proportion of patients who could not be contacted in time to discuss the 

study or who for whom we were not able to arrange MRI scans.  This is because, due to ethical 

concerns, patients had to have been discussed in the MDT, be planned for surgery and then told of 

their diagnosis and management plan before discussing the colon MRI study.  Patients were then 

contacted by a member of the clinical team (usually a Colorectal Nurse Specialist) to ask them 

whether they were willing to be contacted about the colon MRI study.  Patients were then contacted 

about the colon MRI study by the research fellow to explain the trial and given a patient information 

sheet.  Patients wishing to proceed with the trial then had to have two MRI scans on separate days 

prior to their surgery date.  The time taken for this process, and the short delay between MDT 

discussion and surgery, meant that for many patients it was either not possible for the research 

fellow to contact them in time to discuss the study and arrange the additional MRI scans prior to 

surgery. 

Of the 60 patients recruited into the study, 5 patients (8.3%) were withdrawn from the study before 

the MRI scans and histopathological assessment of their colon cancer specimen could be made.  The 

reasons for this are listed in Table 4.3. 

Trial ID  Reason for withdrawal 

2175 Failed to attend MRI appointments 

4130 No tumour identified on histopathological assessment 

5260 Did not undergo surgery – liver metastases on MRI requiring neoadjuvant treatment 

5695 Did not undergo surgery – ovarian tumour on MRI imaging 

8958 Did not undergo surgery – liver metastases on MRI requiring neoadjuvant treatment 

Table 4.3: Reasons for withdrawal from trial 

One patient (1.7%) had an unresectable tumour due to duodenal invasion identified at surgery (T4).  

This patient is included for analysis for T assessment of T-stage, but not for other endpoints.  Two 
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patients (3.3%) only underwent 1.5T MRI scans, and did not complete the 3.0T MRI scan.  These 

patients are included for analysis in the assessment of accuracy of 1.5T MRI.   

Figure 4.2 summarises patients recruited to the colon MRI study.   

 

Figure 4.2: Patient recruitment flow diagram 

Fifty-five patients are therefore included in the final analysis, with fity-three patients having 3.0T 

MRI available for analysis. 

 

158 eligible patients 

identified 

98 patients not recruited 

60 patients recruited  5 patients withdrawn  

55 patients had 1.5T MRI 

and CT 

2 patients did not undergo 

3.0T MRI 

53 patients had 3.0T MRI, 

1.5T MRI and CT 
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4.4.2 Patient demographics 

Age: 

The mean age of patients included for analysis in the colon MRI trial is shown in Table 4.4, together 

with suitable patients for the colon MRI trial who were either not recruited or withdrawn.  There is 

no significant difference in the mean age of patients recruited into the trail compared to those not 

recruited into the trial (p=0.22, Welch two sample t-test), and this is a fairly typical age distribution 

for patients undergoing treatment for colon cancer in our population.   

Gender: 

65.5% of patients recruited to the study were male, compared to 48.5% of patients not recruited to 

the study or withdrawn from the study.  These results are shown in Table 4.4.  Although rectal 

cancer is more common in male patients, the sex distribution for colon cancer is fairly even (Ponz de 

Leon and Roncucci, 2000), and one would have expected proportion of male patients recruited to 

the trial to be approximately 50% as it is in non-recruited/withdrawn group.  The difference in 

proportion of male patients between the recruited patient and the non-recruited patients just 

statistically significant using Fisher’s exact test for count data (p=0.046).  All eligible patients were 

invited to take part in the study if they could be contacted, so this may represent random variation, 

or there may have been a slight selection bias in those agreeing to take part in the study.  All 

participants in the trial received the control test (staging CT) and so we would not expect any 

selection bias to have affected the outcome of the study.  However, it is possible that this could 

affect generalizability of the study. 
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 Recruited patients Not recruited/withdrawn 
patients 

p-value 

Mean age, years (SD) 69.7 (13.6) 72.36 (11.7) 0.22† 

Gender   0.046‡ 

Male 36 (65.5%) 50 (48.5%)  

Female 19 (34.5%) 53 (51.5%)  

Tumour location     

Caecum 8 (14.5%)   

Ascending colon 14 (25.5%)   

Hepatic flexure 5 (9.1%)   

Transverse colon 6 (10.9%)   

Splenic flexure 0 (0%)   

Descending colon 4 (7.3%)   

Sigmoid colon  18 (32.7%)   

Procedure    

Right hemicolectomy 32 (58.2%)   

Subtotal colectomy 1 (1.8%)   

Left hemicolectomy 3 (5.5%)   

Sigmoid colectomy 4 (7.3%)   

Anterior resection 14 (25.5%)   

End stoma only 1 (1.8%)   

Pathological T-stage     

T1 2 (3.6%)   

T2 10 (18.2%)   

T3 28 (50.9%)   

T4 15 (27.3%)   

Pathological N-stage    

N0 31 (56.4%)   

N1 19 (34.5%)   

N2 4 (7.3%)   

Unknown 1 (1.8%)   

†Welch two sample t-test, ‡Fisher’s exact test 

Table 4.4: Patient demographic details 
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Tumour Location: 

The majority of patients recruited to the trial had right colon cancer (caecal, ascending or hepatic 

flexure, 49.1% of patients) or sigmoid colon cancer (32.7% of patients).  This is in keeping with large 

series which report approximately 50% of cancers occurring in the right colon and approximately 

30% of colon cancers occurring in the sigmoid colon (Wray et al., 2009).  The location of tumours for 

patients recruited to the study is shown in Table 4.4. 

Operative procedure: 

The operative procedure performed for patients recruited to the trial is listed in Table 4.4. 

This reflects the tumour location for the patients recruited to the study.  The eighteen sigmoid colon 

cancers were resected with either a high anterior resection (14) or sigmoid colectomy (4).  The right 

colonic tumours and transverse colon tumours were treated by a right hemicolectomy or extended 

right hemicolectomy (32), except for one patient with extensive polyps who underwent a subtotal 

colectomy.  The patients with descending colon tumours had a left hemi-colectomy performed, 

except in the case of one patient who had an unresectable tumour who had an end stoma formed. 

Pathological T-stage: 

The majority (50.9%) of patients included in the trial had T3 colonic tumours on their final 

pathological T-stage.  The final pathological T-stage is summarised in Table 4.4 

These results are broadly in keeping with the T-stage at presentation for colon cancer patients in 

large series; around half of patients presenting with T3 disease, around a quarter with T4 disease 

and the remainder with T1 or T2 disease (Jullumstro et al., 2009). 

Pathological N-stage: 

The majority of patients recruited to the trial (56.4) had N0 disease for their final pathological N-

stage, followed by N1 disease (34.5).  These results are summarised in Table 4.4.  These results are 

again in keeping with the N-stage of colon cancers at presentation in large series (Jullumstro et al., 
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2009).  This data is not recorded for one patient (1.8%), who had an unresectable tumour at 

operation. 

Delay from imaging to surgery: 

The median delay from CT scan to surgery was 40 (IQR 29-49.5) days, compared to 9 (IQR 5.5-13.5) 

days for 1.5T MRI, and 9 (IQR 6-14) days for 3T MRI.  The difference in delay from imaging to surgery 

between CT and 1.5T MRI is significant (p<0.001, Wilcoxon signed rank test), as is the difference in 

delay from imaging to surgery between CT and 3T MRI (p<0.001, Wilcoxon signed rank test).  The 

difference in delay from imaging to surgery between 1.5T MRI and 3T MRI was not significant 

(p=0.38 Wilcoxon signed rank test).  These results are illustrated in Figure 4.5. 
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Figure 4.3: Imaging delay to surgery  

The reason for this difference in delay between imaging and surgery for CT and MRI lies in ethical 

constraints on the trial design.  To be eligible for inclusion in the trial, patients had to have a 

confirmed diagnosis of colon cancer and to have been discussed in the colorectal MDT and 

considered suitable for resection of their primary tumour before they could be recruited into the 

colon MRI study.  This meant that all patients had to have received a staging CT before recruitment 

into the colon MRI study.  This could not then be repeated for the purposes of the trial as this would 
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have exposed patients to an additional radiation dose without any benefit.  All patients therefore 

had their CT scans performed prior to their MRI scans. 

To assess whether this may have exerted any systematic bias due to tumour progression we 

therefore compared the overall tumour staging for all patients by both radiologists using CT, 1.5T 

MRI and 3T MRI.  The proportion of patients assessed as positive for T3/T4 disease, N1/N2 disease 

and EMVI are shown in Table 4.6 for CT and 1.5T MRI and Table 4.7 for CT and 3T MRI. 

 

 
CT (%) 

n=110 

1.5T MRI (%) 

n=110 
p-value (Fisher’s exact test) 

T3/4  71.8 51.8 0.004 

N1/2  59.1 26.4 <0.001 

EMVI positive  38.2 26.4 0.08 

Table 4.5: Overall staging on CT and 1.5T MRI 

 

 
CT (%) 

n=110 

3T MRI (%) 

n=106 
p-value (Fisher’s exact test) 

T3/4  71.8 56.6 0.02 

N1/2  59.1 33.0 <0.001 

EMVI positive  38.2 30.2 0.25 

Table 4.6: Overall staging on CT and 3T MRI 

Although the differences in T-stage an N-stage between CT and both 1.5T MRI and 3T MRI were 

significant, the stage was greater when assessed on CT than when assessed on MRI.  As the CT scans 

were performed before the MRI scans, these differences were not due to disease progression in the 
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delay between imaging and surgery.  There is however some relative understaging on MRI compared 

to CT.  

4.4.3 Outcome measures 

Primary outcome measure – Accuracy in identifying T3 disease 

The primary aim was to determine whether there was a significant difference in the accuracy of MRI 

and CT in identifying T3 or greater disease.  As the scans were performed in the same patients, this is 

a paired design and so McNemar’s test was used to compare the accuracy of the CT and MRI scans.  

The accuracy (true positives and true negatives/all results) of each scan for each radiologist, and the 

p values calculated using McNemar’s test, are shown in Table 4.12.  Radiologist 1 achieved the same 

accuracy in identifying T3 disease with CT and 1.5T MRI (70.9%), but achieved greater accuracy 

reporting 3T MRI than CT (75.5% compared to 71.7%).  Radiologist 2 was more accurate reporting T-

stage using CT (65.5% and 66%) than reporting 1.5T and 3T MRI (50.9% and 56.6% respectively).  

There is a slight difference in the accuracy of CT for the same radiologist when evaluating 1.5T MRI 

and 3T MRI because 2 additional patients were included when evaluating 1.5T MRI.  There was no 

significant difference in accuracy between 1.5T MRI and CT, or between 3T MRI and CT, for either 

radiologist. 

 
CT accuracy % 

(95% CI) 

MRI accuracy % 

(95% CI) 

p-value 

(McNemar’s test) 
n 

1.5T MRI, radiologist 1 70.9 (57.9-81.2) 70.9 (57.9-81.2) 1 55 

1.5T MRI, radiologist 2 65.5 (52.3-76.6) 50.9 (38.1-63.6) 0.7518 55 

3T MRI, radiologist 1 71.7 (58.4-82.0) 75.5 (62.4-85.1) 0.1356 53 

3T MRI, radiologist 2 66.0 (52.6-77.3) 56.6 (43.3-69.0) 0.332 53 

Table 4.7: Comparison of scan accuracy in identifying T3/4 disease 
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T3 or greater disease 

The accuracy of each modality in identifying T3 or greater disease has already been reported as the 

primary outcome measure.  The sensitivity, specificity, positive predictive value and negative 

predictive value are shown in Table 4.8  

There was a wide range in the sensitivity for identifying T3 disease, from 41.9% to 81.4%.  Sensitivity 

was consistently lower for radiologist 2 (41.9% to 69.8%) compared to radiologist 1 (74.4% to 81.4%), 

due in part to a trend towards reporting a lower T-stage across all imaging modalities (reflected in a 

greater specificity).  CT was consistently the most sensitive in identifying T3 or greater disease 

(69.8% and 81.4%), followed by 3T MRI (50% and 78.6%), then 1.5T MRI (41.9% and 74.4%). 

Specificity for identifying T3 or greater disease was better for MRI (58.3% to 81.8%) compared to CT 

(33.3% and 50%).  This is the opposite of the trend seen in terms of sensitivity and suggests some 

bias towards under reporting T3 disease on MRI compared to CT.  Radiologist 2 also tended to have 

a higher specificity across all modalities (50% to 83.3%) compared to radiologist 1 (33.3% to 63.6%), 

also the inverse of the sensitivity suggesting some relative under reporting of T3 disease for 

radiologist 1. 

The positive predictive value for both radiologists and all three modalities is high for T3 or greater 

disease (81.4% to 83.3%).  This is important as it is one of the key entry criteria for the FOXTROT 

study, and suggests that a low proportion of patients recruited to the study on any of these imaging 

modalities would in fact be ineligible on the basis of their pathological T-stage.  Positive predictive 

value is highest for 3T MRI (89.2% to 91.3%), then 1.5T MRI (86.5 to 90%), and lowest for CT (81.4% 

to 83.3%). 

The negative predictive value for the identification of T3 or greater disease is fairly low for both 

radiologists for all imaging modalities, ranging from 28.6% to 43.8
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 Accuracy % (95% CI) Sensitivity % (95% CI) Specificity % (95% CI) PPV % (95% CI) NPV % (95% CI) 

CT, Reader 1  70.9 (57.9-81.2) 81.4 (67.4-90.3) 33.3 (13.8-60.9) 81.4 (67.4-90.3) 33.3 (13.8-60.9) 

CT, Reader 2 65.5 (52.3-76.6) 69.8 (54.9-81.4) 50.0 (25.4-74.6) 83.3 (68.1-92.1) 31.6 (15.4-54.0) 

1.5T MRI, Reader 1 70.9 (57.9-81.2) 74.4 (59.8-85.1) 58.3 (32.0-80.7) 86.5 (72.0-94.1) 38.9 (20.3-61.4) 

1.5T MRI, Reader 2 50.9 (38.1-63.6) 41.9 (28.4-56.7) 83.3 (55.2-95.3) 90.0 (69.9-97.2) 28.6 (16.3-45.1) 

3T MRI, Reader 1 75.5 (62.4-85.1) 78.6 (64.1-88.3) 63.6 (35.4-84.8) 89.2 (75.3-95.7) 43.8 (23.1-66.8) 

3T MRI, Reader 2 56.6 (43.3-69.0) 50.0 (35.5-64.5) 81.8 (52.3-94.9) 91.3 (73.2-97.6) 30.0 (16.7-47.9) 

PPV positive predictive value, NPV negative predictive value, R1 reader 1, R2 reader 2 

Table 4.8: T3 or greater disease  
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Table 4.9 compares the proportion of patients reported as having T3 or greater disease by both 

radiologists for each imaging modality, with the proportion of patients positive for each of these end 

points on final pathology.  P-values are reported for the difference in these proportions, assessed 

using Fisher’s exact test.   

Both radiologists report a similar proportion of patient as having T3 or greater disease on CT as is 

identified on histopathology (0.78 and 0.65 compared to 0.78 on histopathology).  However, 

radiologist 2 reported a significantly smaller proportion of tumours as being T3 or greater on MRI 

(0.36 on 1.5T MRI and 0.43 on 3T MRI) than the proportion found to be T3 or greater on pathology 

(0.78 and 0.79).  This bias towards under reporting on MRI will tend to increase specificity at the cost 

of sensitivity, and may reduce overall accuracy.  

Inter-observer agreement for the two radiologists in assessing T3 or greater disease is shown in 

Table 4.15.  There was substantial inter-observer agreement for CT, with moderate inter-observer 

agreement for both 1.5T and 3T MRI.
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p-value Fisher’s exact test, * significant p<0.05 

Table 4.9: Test bias: proportion positive for T3+ disease on pathology and radiology,  

 

Modality Cohen’s kappa (95% CI) Magnitude 

CT 0.61 (0.41 to 0.80) Substantial 

1.5T MRI 0.43 (0.23 to 0.62) Moderate 

3T MRI 0.44 (0.27 to 0.61) Moderate 

Table 4.10: Inter-observer agreement for reporting T3+ disease 

 

 

CT, Reader 1 CT, Reader 2 1.5T MRI, Reader 1 1.5T MRI, Reader 2 3T MRI, Reader 1 3T MRI, Reader 2 

Path Rad Path Rad Path Rad Path Rad Path Rad Path Rad 

Proportion >=T3 0.78 0.78 0.78 0.65 0.78 0.67 0.78 0.36* 0.79 0.70 0.79 0.43* 

p-value  1 0.20 0.28 <0.01* 0.37 <0.01* 
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Stage-for-stage T-stage accuracy 

The stage-for-stage accuracy of CT and MRI are presented in Table 4.16.  The significance of the 

difference in accuracy between CT and MRI are assessed with the Wilcoxon signed rank test, using 

the degree of discrepancy between imaging and pathology. 

Radiologist 1 achieved similar accuracy on CT (46%) and 1.5T MRI (47%), and slightly greater 

accuracy on 3T MRI (55%).  Radiologist 2 was less accurate in reporting 1.5T MRI (38%) and 3T MRI 

(40%) than CT (47%).  None of these differences achieved statistical significance. 

 
CT accuracy % 

(95% CI) 

MRI accuracy % 

(95% CI) 

p-value (Wilcoxon 

signed rank test)  
n 

1.5T MRI, radiologist 1 45.5 (33.0-58.5) 47.3 (34.7-60.2) 0.75 55 

1.5T MRI, radiologist 2 47.3 (34.7-60.2) 38.2 (26.5-51.4) 0.62 55 

3T MRI, radiologist 1 45.3 (32.7-58.5) 54.7 (41.5-67.3) 0.19 53 

3T MRI, radiologist 2 47.2 (34.4-60.3) 39.6 (27.6-53.1) 0.53 53 

Table 4.11: Stage-for-stage T-stage accuracy,  

N1 or greater disease 

The accuracy, sensitivity, specificity, positive predictive value and negative predictive value for both 

radiologists in identifying N1 or greater disease using each imaging modality is reported in Table 4.12.  

Accuracy in identifying N1 or greater disease was generally poor for both radiologists on all 

modalities, with accuracy varying from 55.6% to 63.5%.  Accuracy was marginally higher on 3T MRI 

than 1.5T MRI (61.5% and 63.5% compared to 57.4%).  Accuracy on 3T MRI was slightly higher than 

CT for radiologist 2 (63.5% compared to 55.6%), and similar for radiologist 1 (61.5% compared to 

61.1%).  There is substantial overlap in the 95% confidence intervals for all these values. 

CT is the most sensitive in identifying N1 disease for both radiologists (65.2% and 73.9%), followed 

by 3T MRI (40.9% and 45.5%), followed by 1.5T MRI which has poor sensitivity (26.1% and 34.8%).  
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This is due in part to relative under calling of nodal disease on MRI compared to CT, illustrated by 

the relatively higher specificity. 

The specificity for the identification of N1 disease was higher for both radiologists on 1.5T MRI 

(80.6% and 74.2%) and 3T MRI (76.7%) than on CT 58.1% and 41.9%).  This is due in part to the trend 

towards under reporting nodal disease on MRI compared to CT leading to a higher specificity but 

lower sensitivity. 

The positive predictive value for CT and 1.5T MRI in identifying N1 disease is similar for both 

radiologists (53.6% and 48.6% for CT and 50% for 1.5T MRI).  The positive predictive value for 3T MRI 

is slightly higher (56.2% and 58.8%), although there is substantial overlap in the 95% confidence 

intervals. 

The negative predictive value for identifying N1 disease is greatest for CT (69.2% and 68.4%) 

followed by 3T MRI (63.9% and 65.7%) then 1.5T MRI (59.5% and 60.5%).   

Table 4.13 compares the overall proportion of patients reported as having N1 or greater disease by 

both radiologists for each imaging modality, with the overall proportion of patients reported as 

positive for each of these end points on final pathology to look for any systematic bias.  The 

significance of the difference in these proportions is assessed using Fisher’s exact test.   

There is a trend towards over calling N1 or greater disease on CT for both radiologists, but this is 

only significant for radiologist 2 (rate of N1 disease 0.65 on CT compared to 0.43 on pathology, 

p=0.02).  There is also a trend towards under calling N1 disease for both radiologists on both 1.5T 

and 3T MRI, but this is only significant for radiologist 1 on 1.5T MRI (rate of N1 disease 0.24 on 1.5T 

MRI compared to 0.43 on pathology, p=0.05). 

Inter-observer agreement between the two radiologists for reporting N1 or greater disease on each 

modality is shown in Table 4.19.  Inter-observer agreement was moderate for CT and substantial for 

1.5T MRI, but only fair for 3T MRI although there is substantial overlap in the 95% confidence 

intervals for the Cohen’s kappa values. 
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 Accuracy % (95% CI) Sensitivity % (95% CI) Specificity % (95% CI) PPV % (95% CI) NPV % (95% CI) 

CT, Reader 1  61.1 (47.8-73.0) 65.2 (44.9-81.2) 58.1 (40.8-73.6) 53.6 (35.8-70.5) 69.2 (50.0-83.5) 

CT, Reader 2 55.6 (42.4-68.0) 73.9 (53.5-87.5) 41.9 (26.4-59.2) 48.6 (33.0-64.4) 68.4 (46.0-84.6) 

1.5T MRI, Reader 1 57.4 (44.2-69.7) 26.1 (12.5-46.5) 80.6 (63.7-90.8) 50.0 (25.4-74.6) 59.5 (44.5-73.0) 

1.5T MRI, Reader 2 57.4 (44.2-69.7) 34.8 (18.8-55.1) 74.2 (56.8-86.3) 50.0 (28.0-72.0) 60.5 (44.7-74.4) 

3T MRI, Reader 1 61.5 (48-73.5) 40.9 (23.3-61.3) 76.7 (59.1-88.2) 56.2 (33.2-76.9) 63.9 (47.6-77.5) 

3T MRI, Reader 2 63.5 (49.9-75.2) 45.5 (26.9-65.3) 76.7 (59.1-88.2) 58.8 (36.0-78.4) 65.7 (49.2-79.2) 

PPV positive predictive value, NPV negative predictive value 

Table 4.12: N1 or greater disease 
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p-value Fisher’s exact test, *significant at p<0.05 

Table 4.13: Test bias in reporting N1 or greater disease compared to pathology 

 

Modality Cohen’s kappa (95% CI) Magnitude 

CT 0.55 (0.33 to 0.77) Moderate 

1.5T MRI 0.63 (0.38 to 0.89) Substantial 

3T MRI 0.35 (0.08 to 0.62) Fair 

Table 4.14: Inter-observer agreement for reporting N1 or greater disease

 

CT, Reader 1 CT, Reader 2 1.5T MRI, Reader 1 1.5T MRI, Reader 2 3T MRI, Reader 1 3T MRI, Reader 2 

Path Rad Path Rad Path Rad Path Rad Path Rad Path Rad 

Proportion >=N1 0.43 0.52 0.43 0.65* 0.43 0.24* 0.43 0.29 0.42 0.32 0.42 0.34 

p-value  0.34 0.02* 0.04* 0.17 0.32 0.43 
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Extra Mural Vascular Invasion 

A further aim of this project was to examine the utility of CT, 1.5T MRI and 3T MRI in identifying 

extra mural vascular invasion (EMVI).  EMVI was reported by the radiologists as none, small, medium 

or large, although it was just reported as a binary outcome (positive or negative) on the final 

pathology report.  Area under the curve (AUC) results are therefore reported for each imaging 

modality and radiologist, and the accuracy, sensitivity and specificity are reported at the optimum 

cut off value for each modality and radiologist. 

Table 4.15 lists the area under the curve (AUC) calculated from a Receiver Operator Curve (ROC) for 

each imaging modality and each radiologist for the identification of EMVI.  Radiologist 1 achieved a 

high AUC value on all three imaging modalities, (0.73, 0.77 and 0.78 on 1.5T MRI, 3T MRI and CT 

respectively).  Radiologist 2 achieved a slightly lower value on CT and 1.5T MRI (0.56 and 0.59 

respectively), but a similar value reporting 3T MRI (0.67).  The most consistently accurate reporting 

was therefore achieved using 3T MRI.  There is substantial overlap in the 95% confidence intervals 

for all of these values. 

Table 4.15 shows the accuracy, sensitivity, specificity, PPV and NPV of each imaging modality for 

each radiologist in detecting EMVI.  Imaging is considered positive for EMVI if it is reported as 

present (small, medium, or large) and negative if it is reported as absent (none). 

Accuracy for reporting EMVI was similar for both radiologists across all imaging modalities, ranging 

from 53.7% (CT, radiologist 2) to 79.6%(CT, radiologist 1).  There are no clear trends in the accuracy 

between the imaging modalities or radiologists, and there is substantial overlap in the 95% 

confidence intervals. 

The sensitivity for identifying EMVI was lower for radiologist 2 than radiologist 1 (26.3% to 36.8% 

compared to 57.9% to 73.7%).  This is due in part to a significant bias towards under-reporting EMVI 

compared to the pathological rate of EMVI by radiologist 2 across all imaging modalities.  Sensitivity 
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for radiologist 1 in identifying EMVI was highest on 3T MRI (73.7%) followed by 1.5T MRI (63.2%) 

then CT (57.9%). 

Specificity for identifying EMVI was high for radiologist 2 on all imaging modalities (91.4% to 97%), 

due in part to the bias towards under reporting mentioned previously.  Radiologist 1 had a higher 

specificity on CT (94.3%) than MRI (75.8% and 80%). 

Positive predictive value ranged from 62.5% to 87.5%, and was highest for radiologist 1 on CT (84.6%) 

and radiologist 2 on 3T MRI (87.5%).  Negative predictive value ranged from 69.6% to 83.3%, and 

was highest for radiologist both radiologists on 3T MRI (83.3% and 72.7% for radiologist 1 and 

radiologist 2, respectively). 

The proportion of patients reported as having EMVI on each test by each radiologist is compared to 

the proportion positive on final pathology in Table 4.16.  There is a trend towards under reporting 

EMVI for both radiologists on CT, and for radiologist 2 on all imaging modalities.  Fisher’s exact test 

has been used to assess whether this difference in proportions is significant.  These differences are 

significant for radiologist 2 for all imaging modalities. 

Inter-observer agreement for reporting EMVI positivity for each modality is shown in Table 4.22.  

Inter-observer agreement was only slight for CT and 1.5T MRI, and fair for 3T MRI, although there is 

substantial overlap in the 95% confidence intervals for the Cohen’s kappa values.
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Area under the curve 

(95% CI) 
Accuracy % (95% CI) Sensitivity % (95%CI) Specificity % (95%CI) PPV  % (95% CI) NPV % (95% CI) 

CT, Reader 1 0.78 (0.66-0.91) 79.6 (67.1-88.2) 63.2 (41.0-80.9) 88.6 (74.0-95.5) 75.0 (50.5-89.8) 81.6 (66.6-90.8) 

CT, Reader 2 0.56 (0.41-0.72) 53.7 (40.6-66.3) 47.4 (27.3-68.3) 57.1 (40.9-72.0) 37.5 (21.2-57.3) 66.7 (48.8-80.8) 

1.5T MRI, Reader 1 0.73 (0.60-0.86) 74.1 (61.1-83.9) 63.2 (41.0-80.9) 80.0 (64.1-90.0) 63.2 (41.0-80.9) 80.0 (64.1-90.0) 

1.5T MRI, Reader 2 0.59 (0.48-0.71) 68.5 (55.3-79.3) 26.3 (11.8-48.8) 91.4 (77.6-97.0) 62.5 (30.6-86.3) 69.6 (55.2-80.9) 

3T MRI, Reader 1 0.77 (0.64-0.90) 75.0 (61.8-84.8) 73.7 (51.2-88.2) 75.8 (59.0-87.2) 63.6 (43.0-80.3) 83.3 (66.4-92.7) 

3T MRI, Reader 2 0.67(0.56-0.79) 75.0 (61.8-84.8) 36.8 (19.1-59.0) 97.0 (84.7-99.5) 87.5 (52.9-97.8) 72.7 (58.2-83.7) 

PPV positive predictive value, NPV negative predictive value 

Table 4.15: Extra mural vascular invasion
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p-value Fisher’s exact test, *significant at p<0.05 

Table 4.16: Test bias in reporting EMVI compared to pathology 

 

Modality Cohen’s kappa (95% CI) Magnitude 

CT 0.17 (-0.08 to 0.42) Slight 

1.5T MRI 0.07 (-0.17 to 0.30) Slight 

3T MRI 0.34 (0.12 to 0.56) Fair 

Table 4.17: Inter-observer agreement for reporting EMVI positivity 

 

CT, Reader 1 CT, Reader 2 1.5T MRI, Reader 1 1.5T MRI, Reader 2 3T MRI, Reader 1 3T MRI, Reader 2 

Path Rad Path Rad Path Rad Path Rad Path Rad Path Rad 

Proportion EMVI+ 0.35 0.25 0.35 0.15* 0.35 0.36 0.35 0.16* 0.37 0.43 0.37 0.17* 

p-value  0.30 0.02* 1 0.03* 0.55 0.03* 
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T3c or greater disease 

T-stage can be sub-categorised according to the depth of extramural tumour invasion; T3a (<= 1mm), 

T3b (>1mm, <= 5mm), T3c (>5mm, <=15mm) and T3d (>15mm).  The distinction between tumours 

which are T3c or greater, compared to those which are T3b or less, has been demonstrated to have 

greater prognostic significance than the distinction between T2 and T3 tumours.  Here I examine the 

accuracy, sensitivity, specificity, positive predictive value and negative predictive value of CT, 1.5T 

MRI and 3T MRI in identifying sub-categories of T3c or greater disease. 

The accuracy, sensitivity, specificity, positive predictive value and negative predictive value for both 

radiologists in identifying T3c or greater disease using each imaging modality is reported in Table 

4.18. 

Accuracy is generally good for both radiologists on all three imaging modalities, ranging from 70.9% 

to 79.2%, with substantial overlap for the 95% confidence intervals. 

There is more variation in the sensitivity between the radiologists and modalities.  Sensitivity for 

reader 1 varies from 66.7% using 1.5T MRI to 75% using 3T MRI.  Sensitivity is lower for reader 2, 

varying from 42.9% using 1.5T MRI to 61.9% using CT. 

The opposite trend is seen for specificity, with reader 1 achieving specificity ranging from 70.6% on 

CT to 79.4% on 1.5T MRI, but reader 2 achieving very high specificity ranging from 88.2% on CT to 

94.1% on 1.5T MRI.  This suggests a tendency for relative under-reporting of T3c disease for reader 2. 

Positive predictive value was moderate for reader 1 on all three modalities, ranging from 60% using 

CT to 66.7% using 1.5T MRI.  Positive predictive value was good for reader 2 on all modalities, 

ranging from 76.5% on Ct to 84.6% on 3T MRI. 

Negative predictive value was similar for both radiologist on all modalities, ranging from 72.7 to 

83.3%. 
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 Accuracy % (95% CI) Sensitivity % (95% CI) Specificity % (95% CI) PPV % (95% CI) NPV % (95% CI) 

CT, Reader 1  70.9 (57.9-81.2) 71.4 (50.0-86.2) 70.6 (53.8-83.2) 60.0 (40.7-76.6) 80.0 (62.7-90.5) 

CT, Reader 2 78.2 (65.6-87.1) 61.9 (40.9-79.2) 88.2 (73.4-95.3) 76.5 (52.7-90.4) 78.9 (63.7-88.9) 

1.5T MRI, Reader 1 74.5 (61.7-84.2) 66.7 (45.4-82.8) 79.4 (63.2-89.7) 66.7 (45.4-82.8) 79.4 (63.2-89.7) 

1.5T MRI, Reader 2 74.5 (61.7-84.2) 42.9 (24.5-63.5) 94.1 (80.9-98.4) 81.8 (52.3-94.9) 72.7 (58.2-83.7) 

3T MRI, Reader 1 75.5 (62.4-85.1) 75.0 (53.1-88.8) 75.8 (59.0-87.2) 65.2 (44.9-81.2) 83.3 (66.4-92.7) 

3T MRI, Reader 2 79.2 (66.5-88.0) 55.0 (34.2-74.2) 93.9 (80.4-98.3) 84.6 (57.8-95.7) 77.5 (62.5-87.7) 

PPV positive predictive value, NPV negative predictive value 

Table 4.18: T3c or greater disease



  

204 

Table 4.19 compares the overall proportion of patients reported as having T3c or greater disease by 

both radiologists for each imaging modality, with the overall proportion of patients reported as 

positive for each of these end points on final pathology, to look for any systematic bias.  The 

significance of the difference in these proportions is assessed using Fisher’s exact test.   

There is a trend towards radiologist 1 over reporting T3c disease on all modalities compared to 

pathology, and radiologist 2 under reporting T3c disease on all modalities compared to pathology.  

However, neither of these trends achieves statistical significance on any imaging modality. 

The inter-observer agreement for the two radiologists reporting T3c or greater disease for each 

modality is shown in Table 4.25.  Moderate inter-observer agreement was demonstrated on all three 

imaging modalities.
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p-value Fisher’s exact test 

Table 4.19: Test bias in reporting T3c or greater disease compared to pathology 

 

Modality Cohen’s kappa (95% CI) Magnitude 

CT 0.47 (0.25 to 0.7) Moderate 

1.5T MRI 0.41 (0.17 to 0.64) Moderate 

3T MRI 0.51 (0.29 to 0.73) Moderate 

Table 4.20: Inter-observer agreement for reporting T3c or greater disease

 

CT, Reader 1 CT, Reader 2 1.5T MRI, Reader 1 1.5T MRI, Reader 2 3T MRI, Reader 1 3T MRI, Reader 2 

Path Rad Path Rad Path Rad Path Rad Path Rad Path Rad 

Proportion >=T3c 0.21 0.46 0.21 0.14 0.21 0.32 0.21 0.11 0.21 0.43 0.21 0.07 

p-value  0.09 0.73 0.54 0.47 0.15 0.25 
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4.5 Discussion 

The primary aim of this project was to determine, on a per patient basis, whether the identification 

of T3 or greater disease is more accurate using 1.5T MRI or 3T MRI than using CT.  There was no 

significant difference between the accuracy using CT and 1.5T MRI, or using CT and 3T MRI for either 

radiologist.   

The accuracy of CT in identifying T3 or greater disease was assessed in a meta-analysis by Dighe et al. 

in 2010 which included 19 studies from 1986 to 2008, 17 of which had sufficient data to be included 

in a meta-analysis (Dighe et al., 2010b).  The overall sensitivity for CT in this meta-analysis was 86% 

(95% CI 78-92%), with a specificity of 78% (95% CI 71-84%) and a DOR of 22.4 (95% CI 11.9-42.4).  

The diagnostic odds ratio is a measure of effectiveness of a diagnostic test, defined by the ratio of 

the odds of a test being positive if a patient has the disease compared to the odds of the test being 

positive if the patient does not have the disease.  It is a single measure of the performance of a test, 

like accuracy, but is not depended on the prevalence of the disease (Glas et al., 2003).   

Presenting the results of our study in this way for comparison, using CT radiologist 1 has a DOR of 2.2 

(95% CI 0.5-9.1) and radiologist 2 has a DOR of 2.3 (95% CI 0.6-8.5).  Using 1.5T MRI, radiologist 1 has 

a DOR of 4.1 (95% CI 1.1-15.5) and radiologist 2 has a DOR of 3.6 (95% CI 0.7-18.5).  Using 3T MRI, 

radiologist 1 has a DOR of 6.4 (1.5-26.9) and radiologist 2 has a DOR of 4.5 (0.9-23.4).  There is 

therefore a trend in this study towards all three modalities to being less effective diagnostic test for 

the identification of T3 or greater disease than CT in a recent meta-analysis.  The performance of CT 

is this study is particularly poor, with the 95% CI for the DOR for both radiologists falling below the 

95% CI for the DOR for CT in the meta-analysis.   It is difficult to explain why the diagnostic 

effectiveness of CT in this study would be significantly lower than that reported in the literature; 

both radiologists are experienced consultant GI radiologists and core MDT members.  Although the 

CT scans used in this study were not repeated with a specific trial protocol, they are the standard 
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clinical scans used for pre-operative staging at the participating institutions and were not felt to be 

poor quality by the trial radiologists. 

Stage-for-stage accuracy in reporting T-stage was 45.5% and 47.3% for the two radiologists on CT, 

47.3% and 38.2% for the two radiologists on 1.5T MRI, and 54.7% and 39.6% for the two radiologists 

on 3T MRI.  Two papers report stage-for-stage accuracy for the prediction of T-stage on CT; Smith et 

all report 60% and 61% accuracy for two observers (Smith et al., 2007), and Burton et al. report 35% 

and 51% accuracy for two observers (Burton et al., 2008).  The accuracy of CT, 1.5T MRI and 3T MRI 

in this study for the assessment of stage-for-stage T-stage is, therefore, comparable with CT in the 

Burton study, but slightly lower than the accuracy reported for CT in the Smith study. 

Inter-observer agreement for the reporting of T3 or greater disease was substantial on CT (Cohen’s 

kappa 0.61), and moderate on 1.5T and 3T MRI (Cohen’s kappa 0.43 and 0.44 respectively).  

Although there was a defined criteria for reporting T-stage which was based on rectal MRI T-staging 

criteria (Taylor et al., 2008) and which was agreed before reporting of the trial scans, there was a 

significant under-reporting of T3 or greater disease by radiologist 2 on both 1.5T MRI and 3T MRI 

compared to the pathological rate of T3 or greater disease (36-43% compared to a pathological rate 

of 78%).  This will have had a negative impact on inter-observer reliability and to some extent on 

reporting accuracy.  This may be related to a learning curve in using a new modality for staging colon 

cancer, or lack of confidence in reporting T3 or greater disease when scan quality was suboptimal.   

Another commonly reported endpoint in the assessment of local staging accuracy is the 

identification of nodal metastases (N1 and N2 disease).  There was no significant difference in the 

accuracy of the three modalities in identifying lymph node positive disease for either radiologist.  

This endpoint was also assessed by Dighe et all in his meta-analysis and fifteen studies were included 

for this end point (Dighe et al., 2010b).  The overall sensitivity for nodal detection in this meta-

analysis was 70% (95% CI 59-80%), specificity was 78% (95% CI 66-86%) and DOR was 8.1 (95% CI 

4.7-14.1).   
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Using CT in this study, radiologist 1 had a DOR of 2.6 (95%CI .09-7.9) and radiologist 2 had a DOR of 

2.0 (0.6-6.6).  Using 1.5T MRI, radiologist 1 had a DOR of 1.5 (0.4-5.3) and radiologist 2 had a DOR of 

1.5 (0.5-5.0).  Using 3T MRI, reader 1 had a DOR of 2.3 (0.7-7.6) and reader 2 had a DOR of 2.7 (0.8-

9.0).  These results suggest that in this study all three imaging modalities tended to be less effective 

diagnostic tests than CT in recent meta-analysis, although there is an overlap in the 95% confidence 

intervals. 

Inter-observer agreement was moderate for CT (Cohen’s kappa 0.55), substantial for 1.5T MRI (0.63), 

and fair for 3T MRI (0.35).  The more reproducible results demonstrated for 1.5T MRI were not 

match by more accurate N-staging, as 1.5T MRI actually had the worst DOR of the three modalities. 

Another imaging feature, which has been demonstrated to be prognostically important in colorectal 

cancer on rectal MRI, is EMVI (Smith et al., 2008a, Sohn et al., 2015, Chand et al., 2014).  The 

accuracy of CT for the identification of EMVI is reported in three previous studies; Burton et al. 

reported an accuracy of 55% for observer 1 and 61% for reader 2 (Burton et al., 2008), Dighe et al. 

reported an accuracy of 70% (Dighe et al., 2010a), and Rollven et al. reported an accuracy of 78% for 

reader 1 and 69% for reader 2.  Rollven also reported the accuracy of 1.5T MRI of 78% and 82%.   

In the current study, the accuracy of CT for the identification of EMVI was 80% for radiologist 1 and 

54% for radiologist 2, the accuracy for 1.5T MRI was 74% for radiologist 1 and 69% for radiologist 2, 

and the accuracy for 3T MRI was 75% for both radiologists.  The accuracy of all three modalities in 

this study is therefore comparable with the reported accuracy of CT and slightly less than the 

reported accuracy in the only other study of MRI.  

Inter-observer agreement was therefore surprisingly poor for all three modalities, with slight 

agreement for CT and 1.5T MRI (Cohen’s kappa 0.17 and 0.07 respectively), and fair for 3T MRI 

(Cohen’s kappa 0.34).  There was again significant under reporting of EMVI by radiologist 2 on all 

modalities (15-17%) compared to pathology (35%), but not by radiologist 1. 
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The accuracy of MRI in the identification of poor prognosis disease by T-substage (T4 tumours and 

tumours which have invaded more than 5mm outside the bowel wall) has been demonstrated to be 

of greater prognostic significance than the distinction between T2 and T3 tumours both on 

histopathology (Merkel et al., 2001).  Identification of T3c or greater tumours on CT has been also 

demonstrated to be as prognostically relevant as this distinction on histopathology (Smith et al., 

2007).  This was the initial entry criteria for the FOXTROT study and remains the entry criteria for 

older and frailer patients.  This has previously been reported for CT by Dighe et al. at 70% (Dighe et 

al., 2012), and by Rollven et al. is 79% for observer 1 and 76% for observer 2 (Rollven et al., 2013), 

and.  The Rollven study also reports the accuracy of 1.5T MRI and reports very high accuracy of 90% 

(95% CI 74-96%) for observer 1 and 93% (95% CI 78-98%) for observer 2 in a study of 28 patients.   

In this study, the accuracy of CT was 71% for radiologist 1 and 78% for radiologist 2, the accuracy of 

1.5T MRI was 75% for both radiologists, and the accuracy of 3T MRI was 76% for radiologist 1 and 

79% for radiologist 2. 

The accuracy of all three imaging modalities in this study in identifying T3c or greater disease is, 

therefore, comparable with the reported accuracy of CT, but with a trend towards being less 

accurate than the only other study to report the accuracy of MRI in the assessment of this outcome 

measure.  

There are a number of reasons why this study may have failed to show the level of accuracy for T-

stage illustrated in the Rollven study.  Firstly, this may simply be the effect of random variation in 

small studies.  Our study recruited 60 patients, with 55 patients with sufficient data available to be 

included in the final analysis.  The Rollven study recruited 49 patients, but only 28 patients were 

included in the final analysis.  This small number of cases results in wide confidence intervals for the 

accuracy in both studies, and as mentioned previously there is substantial overlap in the confidence 

intervals.  Given the paucity of published trials on MRI staging of colon cancer over the last ten years 
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it is also possible that the excellent T-staging accuracy demonstrated in the Rollven study are subject 

to a publication bias. 

Secondly, our study is presented on an intention to treat basis for all recruited patients with 

evaluable results.  Five patients out of sixty recruited patients (8.8%) were withdrawn as they did not 

have evaluable results, and two of sixty five patients only had 1.5T MRI performed and therefore are 

not included in the 3T MRI results.  Therefore over 90% of recruited patients were included for final 

evaluation.  In the Rollven study, of forty-nine recruited patients, seven were withdrawn before MRI 

and a further fourteen were excluded from final evaluation after undergoing MRI including six in 

whom “MRI was not performed with the high resolution protocol”.  Therefore just fewer than 60% 

of recruited patients were included for final analysis, and 12% were withdrawn due to inadequate 

quality MRI.  It is therefore possible that the Rollven study that the represents more optimal results 

in patients who are able to tolerate a relatively lengthy MRI scan, and that our study represents 

results which are more likely to be seen if MRI is used for staging in the whole population with 

colorectal cancer.  Our results for subgroups of patients within the trial including the subgroup with 

high quality scans are presented in chapter 5 (page 213).  It is worth noting that our study also only 

successfully recruited 38% of eligible patients, who had a non-significant trend towards younger age 

and a significant trend towards male gender. 

Thirdly, there is a difference in the MRI equipment and protocol used in our study and the Rollven 

study.  Different MRI scanners were used in both studies (Siemens Magnetom Avanto and Phillips 

Achieva in our study, Philips Intera in the Rollven study).  Different anti-motility agents were used in 

both studies (20mg of IM Buscopan in our study, 1 IE IM Glucagon in the Rollven study).  Different 

MRI sequences were also used in both studies.  In our study, patients received a high resolution TSE 

sequence perpendicular to the long axis of the tumour, and where possible TSE imaging in 

complimentary planes, similar to the Rollven study.  However, patients also received contrast 

enhanced T1 weighted sequences and DWI sequences.  In the Rollven study, only respiratory 

triggered T2 weighted TSE sequences were acquired in at least 3 planes and perpendicular to the 
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long axis of the tumour.  Both studies limited total scan time to 40 to 60 minutes for patient comfort, 

but the addition of T1 weighted sequences and DWI sequences limited the number T2 weighted 

sequences and planes which could be acquired in our study.  Although we have yet to analyse in 

detail which sequences were most important for T-staging in our study, the reporting radiologists 

thought that the T2 weighted TSE sequences were the most useful during reporting.  It is therefore 

possible that the MRI methods used for MRI acquisition in the Rollven study allowed superior T-

staging to the methods used in our own study.  The impact of the number of imaged planes and 

image quality on staging accuracy in our own study is examined in more detail in Chapter 5. 

An interesting finding in this study which was not one of our planned endpoints is that two of sixty 

recruited patients were withdrawn from the study because liver metastases requiring neoadjuvant 

chemotherapy were identified on MRI which had not been identified on pre-operative CT when 

discussed in the colorectal MDT.  When the CT scans were reviewed by both radiologists, one of 

these patients had liver metastases which were identified on CT by both radiologists.  However, for 

the other patient neither radiologist identified metastatic disease on the staging CT scan.  This 

suggests that there are a small proportion of patients who would have liver metastases identified on 

MRI which are not identified on CT, even without the use of a liver specific contrast agent (1/60 

patients, 1.6%, 95% CI 0.3% to 8.9%).  This proportion may be an underestimate of the true 

proportion of patients who would have liver metastases identified on liver MRI, as the liver was not 

imaged in its entirety on MRI for a number of patients in this study as this was not the aim of MRI 

imaging. 

Overall, we have achieved a broadly similar accuracy in staging colon cancer using MRI and CT.  MRI 

may therefore be a useful adjunct to current CT staging in situations where CT staging is inadequate, 

for example where patients are unable to receive IV contrast.  MRI may also be useful in situation 

where CT is contra-indicated, such as pregnancy.  However, it would not be possible to recommend 

replacing CT staging with MRI staging on the basis of this study.  Of note, there was considerable 
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variation in the quality of MRI scans obtained in this study.  We will therefore examine the accuracy 

of MRI where optimal images are obtained in chapter 5. 

  



213 

5 Diagnostic accuracy of MRI and CT in subgroups 
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Diagnostic accuracy of MRI and CT in subgroups 
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5.1 My role in this chapter 

With the support of my supervisor, I wrote the trial protocol, obtained the funding and ethical 

approval, and performed the data collection for this chapter, which also formed the data for chapter 

4.  I performed the data analysis and wrote this chapter. 

5.2 Introduction and rationale 

In chapter 4, I compared the overall accuracy of CT, 1.5T MRI and 3T MRI.  Although we attempted 

to keep the scan acquisition technique as consistent as possible for all modalities, there were some 

unavoidable variations in the scan technique and quality between patients. The effect of this 

variation in scan quality on the staging accuracy is investigated further in this chapter.  The scans 

performed as part of the study in chapter 4 were therefore divided into subgroups according to 

tumour location, image quality and number of imaged planes and the accuracy of each modality 

assessed in these subgroups. 

5.2.1 1.5T MRI 

The 1.5T MRI scans were all acquired on a Magnetom Avanto 1.5T (Siemens Medical Solutions, 

Erlangen, Germany) using a phased array body coil.  A coronal breath-hold T2 weighted balanced 

gradient echo (TrueFISP) sequence was acquired through the whole abdomen to identify the tumour.  

These images were then used to plan navigator echo respiratory triggered T2 weighted fast spin 

echo sequences (TSE) through the tumour, first perpendicular to the long axis of the tumour, and 

then in two complimentary planes along the long axis of the tumour.  Free breathing diffusion 

weighted images (DWI) were then obtained through the tumour volume, perpendicular to the long 

axis of the tumour.  Finally, breath-hold T1 weighted ultrafast gradient echo sequences (FLASH) were 

obtained in a coronal plane through the whole abdomen immediately, one minute and 2 minutes 

following the administration of intravenous gadolinium contrast. 
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However, the navigator echo could not always reliably identify respiratory movement in all patients, 

leading to severe degradation in the image quality of the TSE images in some patients.  In this case, 

breath-hold ultra-fast spin echo (HASTE) images were obtained in place of the TSE images.  The 

maximum total scan time available for each patient was forty minutes, and not all patients were able 

to tolerate a full forty minutes scan time.  The TSE sequences took between five and ten minutes to 

acquire depending on the size of the volume being imaged, the respiratory rate of the patient and 

the effectiveness of the navigator echo triggering.  It was therefore not possible to obtain TSE 

images in both long axis planes in most patients, and in either long axis planes in some patients.  

These limitations led to some heterogeneity between patients in the number and type of sequences 

obtained for 1.5T MRI scans.  In addition to these limitations, tumour location and the patient’s 

ability to breath-hold had a notable impact on motion artefact, the principle limitation in the quality 

of the MRI scans. 

5.2.2 3T MRI 

The 3T MRI scans were all obtained on an Achieva 3.0T MRI scanner (Philips Healthcare, Best, 

Netherlands), using a phased array body coil.  A coronal breath-hold T2 weighted balanced gradient 

echo (BTFE) sequence was obtained through the whole abdomen, and was used to identify the 

tumour and plan subsequent sequences.  T2 weighted navigator echo respiratory triggered fast spin 

echo (TSE) sequences were then obtained, first in a plane perpendicular to the long axis of the 

tumour, then in two complimentary planes in the long axis of the tumour.  Free breathing diffusion 

weighted images (DWI) were then obtained through the tumour volume, perpendicular to the long 

axis of the tumour.  Finally, breath-hold T1 weighted ultrafast gradient echo sequences (FLASH) were 

obtained in a coronal plane through the whole abdomen immediately, 30 seconds, one minute and 2 

minutes following the administration of intravenous gadolinium contrast. 

There was no severe image degradation in the T2 weighted TSE images obtained for the 3T MRI 

scans, so it was not necessary substitute these for breath-hold ultrafast spin echo sequences for any 
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of the patients.  Although the TSE images were acquired more rapidly at 3T, the same scan time 

constraint of forty minutes, and a relatively long sequence acquisition of time for TSE images limited 

TSE imaging to two planes for some patients.  In addition, tumour location and patient’s ability to 

remain still and breathe quietly and regularly again noticeably impacted on motion artefacts, which 

had an important impact on scan quality. 

5.3 Materials and Methods 

5.3.1 Subjects 

The scans used for this part of the study are the same scans used in Comparison of the diagnostic 

accuracy of MRI with CT in staging colonic cancer, and the subjects have already been described in 

the subjects section of that chapter (page 167). 

5.3.2 Procedures 

Scan acquisition and reporting has been described in the Procedures section of chapter 4 (page 169). 

For each patient enrolled in the trial, the tumour plane and tumour location were prospectively 

recorded in an Access database.  For each MRI sequence at both 1.5T and 3T, the sequence plane 

and sequence details were also prospectively recorded in the same database. 

Following completion of the trial, all MRI scans were reviewed by one research fellow blinded to the 

pathology, CT and MRI results for each patient.  The overall quality of each MRI scan was graded as 

non-diagnostic, poor, adequate or good.   

5.3.3 Evaluation 

The MRI scans were divided into subgroups based on the following criteria: 



217 

1. Tumour location.  This has been divided into lower abdominal tumours (Caecal and 

sigmoid colon) and upper abdominal tumours (ascending, transverse and descending 

colon) to allow reasonable a reasonable number of patients to be included in each 

subgroup 

2. Overall scan quality.  Scans were grouped into adequate or worse and good for 3T 

MRI, as the number of non-diagnostic or poor scans was low for 3T MRI.  Scans were 

grouped into poor or worse and adequate or better for 1.5T MRI, as the number of 

non-diagnostic and good scans were low at 1.5T MRI. 

3. Number of planes imaged with T2 weighted sequences.  Patients were grouped into 

those imaged in only 1 plane, and those imaged 2 or 3 planes for 1.5T MRI, due to 

the low number of patients imaged in 3 planes at 1.5T.  For 3T MRI patients were 

grouped into those imaged in 1 or 2 planes, and those imaged in 3 planes, due to the 

low number of patients imaged in only 1 plane on 3T MRI. 

5.3.4 Statistical analysis 

The accuracy (percentage of test results that are correct) and associated 95% confidence intervals in 

assessing T-stage (T3 or greater disease), N-stage (N1 or greater disease), presence of EMVI and T3c 

or greater disease was compared for each of the CT and MRI subgroups, using histology as the gold 

standard.  95% confidence intervals for proportions are calculated using the Wilson method (Wilson, 

1927).  Fisher’s exact test was used to determine whether the difference in accuracy between scans 

was statistically significant. 

The level of significance is set at p < 0.05.  Analyses were performed using R 3.0.1 statistical software 

(R Core Team, 2015), including psych (Revelle, 2013), pROC (Robin et al., 2011) and epade (Schulz, 

2013) packages. 
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5.4 Results 

5.4.1 Tumour location 

The location of tumours for each scanning modality is listed in Table 5.1.  The tumour location is the 

same for CT and 1.5T MRI, as all trial patients received both 1.5T MRI and CT, but is slightly different 

for 3T MRI as 2 patients did not receive a 3T MRI.  This is a fairly typical distribution of colon cancers, 

with the majority being right colon cancers (caecal or ascending), followed by sigmoid tumours, with 

a minority being in the transverse or descending colon. 

Tumour location CT (%) 1.5T MRI (%) 3T MRI (%) 

Caecum 9 (16.4) 9 (16.4) 9 (17.0) 

Ascending colon 18 (32.7) 18 (32.7) 17 (32.1) 

Transverse colon 7 (12.7) 7 (12.7) 7 (13.2) 

Descending colon 3 (5.5) 3 (5.5) 3 (5.7) 

Sigmoid colon 18 (32.7) 18 (32.7) 17 (32.1) 

Total 55 (100) 55 (100) 53 (100) 

Table 5.1: Tumour location  

T3 or greater disease 

The accuracy of the three imaging modalities identifying T3 or greater disease for tumours located in 

the upper abdomen (ascending, transverse or descending colon) and lower abdomen (caecum and 

sigmoid colon) are shown for radiologist 1 in Table 5.2 and for radiologist 2 in Table 5.3.  Radiologist 

1 was slightly more accurate for in reporting tumours in the upper abdomen on all imaging 

modalities (75% to 77.8%) compared to tumours in the lower abdomen (66.7% to 73.1%), and most 

accurate reporting 3T MRI.  There is substantial overlap in the 95% confidence intervals.   
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A different trend was seen for radiologist 2.  Radiologist 2 was also more accurate reporting T3 or 

greater disease in the upper abdomen than the lower abdomen on CT (67.9% and 63% respectively).  

However, radiologist 2 was much less accurate reporting T3 or greater disease in the upper 

abdomen on both 1.5T and 3T MRI (35.7% and 40.7% respectively) than on CT (67.9%).  In the lower 

abdomen, radiologist 2 was more accurate in reporting T-stage on MRI (66.7% and 71.1% on 1.5T 

MRI and 3T MRI respectively) than on CT (63%). 

 Accuracy (95% CI) 

Tumour location CT 1.5T MRI 3T MRI 

Upper abdomen (n=28) 75 (56.6-87.3) 75 (56.6-87.3) 77.8 (59.2-89.4) 

Lower abdomen (n=27) 66.7 (47.8-81.4) 66.7 (47.8-81.4) 73.1 (53.9-86.3) 

Table 5.2: Imaging accuracy for T3 or greater disease,  radiologist 1, according to tumour location 

 Accuracy (95% CI) 

Tumour location CT 1.5T MRI 3T MRI 

Upper abdomen (n=28) 67.9 (49.3-82.1) 35.7 (20.7-54.2) 40.7 (24.5-59.3) 

Lower abdomen (n=27) 63 (44.2-78.5) 66.7 (47.8-81.4) 73.1 (53.9-86.3) 

Table 5.3: Imaging accuracy for T3 or greater disease, radiologist 2, according to tumour location 

N1 or greater disease 

The accuracy of the three imaging modalities identifying N1 or greater disease for tumours located 

in the upper abdomen and lower abdomen are shown for radiologist 1 in Table 5.4 and for 

radiologist 2 in Table 5.5.  The accuracy for radiologist 1 in identifying N1 or greater disease is better 

in the lower abdomen (65.4% to 76%) than in the upper abdomen (48.1% to 57%.1%) on all imaging 

modalities.  The difference in accuracy is more marked on MRI and most marked on 3T MRI (76% in 

the lower abdomen compared with 48.1% in the upper abdomen). 
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Radiologist 2 was slightly more accurate in identifying N1 or greater disease in the upper abdomen 

on CT (64.3% in the upper abdomen compared to 46.2% in the lower abdomen), but slightly more 

accurate in the lower abdomen on 1.5T MRI (65.4% in the lower abdomen compared to 50% in the 

upper abdomen).  There was no difference in accuracy between the upper and lower abdomen on 

3T MRI (66.7% on both imaging modalities). 

 Accuracy (95% CI) 

Tumour location CT 1.5T MRI 3T MRI 

Upper abdomen (n=28) 57.1 (39.1-73.5) 50 (32.6-67.4) 48.1 (30.7-66) 

Lower abdomen (n=27) 65.4 (46.2-80.6) 65.4 (46.2-80.6) 76 (56.6-88.5) 

Table 5.4: Imaging accuracy for N1 or greater disease, radiologist 1, according to tumour location 

 Accuracy (95% CI) 

Tumour location CT 1.5T MRI 3T MRI 

Upper abdomen (n=28) 64.3 (45.8-79.3) 50 (32.6-67.4) 66.7 (47.8-81.4) 

Lower abdomen (n=27) 46.2 (28.8-64.5) 65.4 (46.2-80.6) 66.7 (47.8-81.4) 

Table 5.5: Imaging accuracy for N1 or greater disease, radiologist 2, according to tumour location  

EMVI 

The accuracy of the three imaging modalities identifying EMVI for tumours located in the upper 

abdomen and lower abdomen are shown for radiologist 1 in Table 5.6 and for radiologist 2 in Table 

5.7.  Radiologist 1 was slightly more accurate in identifying EMVI in the lower abdomen than the 

lower abdomen on CT and 1.5T MRI, and slightly more accurate in identifying EMVI in the upper 

abdomen than the lower abdomen on 3T MRI.  However, the accuracies are close (within 6%) with 

substantial overlap in the 95% confidence intervals.  
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Radiologist 2 is more accurate in identifying EMVI in the lower abdomen than the upper abdomen 

on all imaging modalities, but the difference most marked on CT (80.8% lower abdomen compared 

to 60.7% upper abdomen).  However, there is still considerable overlap in the 95% confidence 

intervals.  

 Accuracy (95% CI) 

Tumour location CT 1.5T MRI 3T MRI 

Upper abdomen (n=28) 75 (56.6-87.3) 71.4 (52.9-84.7) 77.8 (59.2-89.4) 

Lower abdomen (n=27) 80.8 (62.1-91.5) 76.9 (57.9-89) 72 (52.4-85.7) 

Table 5.6: Imaging accuracy for EMVI, radiologist 1, according to tumour location 

 Accuracy (95% CI) 

Tumour location CT 1.5T MRI 3T MRI 

Upper abdomen (n=28) 60.7 (42.4-76.4) 60.7 (42.4-76.4) 74.1 (55.3-86.8) 

Lower abdomen (n=27) 80.8 (62.1-91.5) 76.9 (57.9-89) 76 (56.6-88.5) 

Table 5.7: Imaging accuracy for EMVI, radiologist 2, according to tumour location  

T3c or greater disease 

The accuracy of the three imaging modalities for identifying T3c or greater disease in the upper and 

lower abdomen are shown in Table 5.8 for radiologist 1 and in Table 5.9 for radiologist 2.   

Radiologist 1 is more accurate in identifying T3c or greater disease on all 3 imaging modalities in the 

lower abdomen than in the upper abdomen.  The difference in accuracy is small on CT, but greater 

on 3T MRI and greatest on 1.5T MRI which achieves the highest accuracy for identifying T3c or 

greater disease in the lower abdomen (92.6%).  The difference in accuracy between the upper 

abdomen (57.1%) and the lower abdomen (92.6%) on 1.5T MRI is significant (p=0.004 Fisher’s exact 

test). 
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These findings were not repeated for radiologist 2, for whom accuracy in the identification of T3c or 

greater disease was similar in the upper and lower abdomen on all three imaging modalities. 

 Accuracy (95% CI) 

Tumour location CT 1.5T MRI 3T MRI 

Upper abdomen (n=28) 67.9 (49.3-82.1) 57.1 (39.1-73.5) 66.7 (47.8-81.4) 

Lower abdomen (n=27) 74.1 (55.3-86.8) 92.6 (76.6-97.9) 84.6 (66.5-93.8) 

Table 5.8: Imaging accuracy for T3c or greater disease, radiologist 1, according to tumour location 

 Accuracy (95% CI) 

Tumour location CT 1.5T MRI 3T MRI 

Upper abdomen (n=28) 75.0 (56.6-87.3) 75.0 (56.6-87.3) 77.8 (59.2-89.4) 

Lower abdomen (n=27) 81.5 (63.3-91.8) 74.1 (55.3-86.8) 80.8 (62.1-91.5) 

Table 5.9: Imaging accuracy for T3c or greater disease, radiologist 2, according to tumour location 

5.4.2 Scan quality 

Table 5.10 shows the quality of images obtained on 1.5T MRI scanning and 3T MRI scanning.  The 

majority of 1.5T MRI scans were scored as either poor (40%) or adequate (41.8%).  A minority of 

scans were scored as either non-diagnostic (7.3%) or good (10.9%).  In contrast, on 3T MRI the 

majority of scans were scored as good (58.5%), with a smaller proportion scored as adequate 

(32.1%).  A minority of scans were scored as either non-diagnostic (1.9%) or poor (7.5%).   

For further analysis, 1.5T MRI scans were divided two groups including poor and non-diagnostic 

scans in one group and adequate or good scans in the other group.  3T MRI scans were divided into 

good scans, and adequate or worse scans.  This was done in order to allow reasonable numbers of 

MRI scans in each subgroup. 
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Scan quality 1.5T MRI (%) 3T MRI (%) 

Non-diagnostic 4 (7.3) 1 (1.9) 

Poor 22 (40.0) 4 (7.5) 

Adequate 23 (41.8) 17 (32.1) 

Good 6 (10.9) 31 (58.5) 

Total 55 (100) 53 (100) 

Table 5.10: 1.5T MRI and 3T MRI scan quality – number of scans 

T3 or greater disease 

Table 5.11 compares the accuracy of poor/non-diagnostic scans and adequate/good scans on 1.5T 

MRI in identifying T3 or greater disease for radiologist 1 and radiologist 2.  The accuracy was 

marginally better for radiologist 1 reporting adequate/good scans compared to poor/non-diagnostic 

scans (72.4% compared to 69.2%).  The accuracy was also better for radiologist 2 reporting 

adequate/good scans compared to poor/non-diagnostic scans, with a greater difference in accuracy 

although a lower accuracy overall (58.6% compared to 42.3%). 

 Accuracy (95% CI)  

Scan Quality Radiologist 1 Radiologist 2 N 

Poor or non-diagnostic 69.2 (50.0-83.5) 42.3 (25.5-61.1) 26 

Adequate or good 72.4 (54.3-85.3) 58.6 (40.7-74.5) 29 

Table 5.11: 1.5T MRI accuracy in identifying T3 or greater disease, according to scan quality 

Table 5.12 compares the accuracy of good scans with the accuracy of adequate or worse scans on 3T 

MRI for radiologist 1 and radiologist 2.  The accuracy was better when reporting good 3T MRI scans 

than when reporting adequate or worse 3T MRI scans for both radiologists (77.2% and 61.3% 

compared to 72.7% and 50%).  The accuracy for radiologist 1 reporting good quality 3T MRI scans 
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(77.4%) was higher than CT (70.9%).  Radiologist 2 was more accurate reporting CT (65.5%) than 

reporting good quality 3T MRI scans (61.3%). 

 Accuracy (95% CI)  

Scan Quality Radiologist 1 Radiologist 2 N 

Adequate or worse 72.7 (51.8-86.8) 50.0 (30.7-69.3) 22 

Good 77.4 (60.2-88.6) 61.3 (43.8-76.3) 31 

Table 5.12: 3T MRI accuracy in identifying T3 or greater disease, according to scan quality  

N1 or greater disease 

Table 5.13 compares the accuracy of adequate/good scans 1.5T MRI scans with the accuracy of 

poor/non-diagnostic 1.5T MRI scans for identifying N1 or greater disease for both radiologists.  The 

accuracy is exactly the same for both radiologists. The accuracy is better for adequate/good scans 

(60.7%) than for poor/non-diagnostic scans (53.8%) for both radiologists.   

 Accuracy (95% CI)  

Scan Quality Radiologist 1 Radiologist 2 N 

Poor or non-diagnostic 53.8 (35.5-71.2) 53.8 (35.5-71.2) 26 

Adequate or good 60.7 (42.4-76.4) 60.7 (42.4-76.4) 28 

Table 5.13: 1.5T MRI accuracy in identifying N1 or greater disease, according to scan quality  

Table 5.14 compares the accuracy of good 3T MRI scans with the accuracy of adequate or worse 3T 

MRI scans in identifying N1 or greater disease.  Accuracy is greater for radiologist 1 reporting good 

3T MRI scans than reporting adequate or worse 3T MRI scans (67.7% compared to 52.4%), although 

not radiologist 2 (61.3% compared to 66.7%).  Accuracy reporting good 3T MRI scans is greater than 

the accuracy reporting CT for both radiologists (61.1% for radiologist 1 and 55.6% for radiologist 2). 
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 Accuracy (95% CI)  

Scan Quality Radiologist 1 Radiologist 2 N 

Adequate or worse 52.4 (32.4-71.7) 66.7 (45.4-82.8) 21 

Good 67.7 (50.1-81.4) 61.3 (43.8-76.3) 31 

Table 5.14: 3T MRI accuracy in identifying N1 or greater disease, according to scan quality  

EMVI 

Table 5.15 compares the accuracy of good/adequate 1.5T MRI scans with poor/non-diagnostic 1.5T 

MRI scans in identifying EMVI for both radiologists.  The accuracy achieved by radiologist 1 was 

surprisingly very high reporting poor/non-diagnostic 1.5T MRI scans and greater than reporting 

adequate/good scans (80.8% compared to 67.9%), although this was not the case for radiologist 2 

(61.5% poor/non-diagnostic compared to 75% good). 

 Accuracy (95% CI)  

Scan Quality Radiologist 1 Radiologist 2 N 

Poor or non-diagnostic 80.8 (62.1-91.5) 61.5 (42.5-77.6) 26 

Adequate or good 67.9 (49.3-82.1) 75 (56.6-87.3) 28 

Table 5.15: 1.5T MRI accuracy in identifying EMVI, according to scan quality  

Table 5.16 compares the accuracy of good 3T MRI scans with adequate or worse 3T MRI scans in 

identifying EMVI for both radiologists.  Surprisingly, the accuracy on adequate or worse 3T MRI scans 

for both radiologists is very high and greater than that achieved with good 3T MRI scans (81% and 

87.5% adequate/worse compared to 71% and 63.6% good).  Accuracy on adequate or worse 3T MRI 

scans was equivalent to or better than that achieved on CT (81.5% and 70.4%) 
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 Accuracy (95% CI)  

Scan Quality Radiologist 1 Radiologist 2 N 

Adequate or worse 81 (60-92.3) 87.5 (52.9-97.8) 21 

Good 71 (53.4-83.9) 63.6 (35.4-84.8) 31 

Table 5.16: 3T MRI accuracy in identifying EMVI, according to scan quality  

T3c or greater disease 

The accuracy for each radiologist in identifying T3c or greater disease on poor/non-diagnostic scans 

and on adequate/good scans on 1.5T MRI is shown in Table 5.17.  As might be expected, the 

accuracy was higher for both radiologist on the scans which were rated as adequate or good than 

those rated as poor or non-diagnostic, with the highest accuracy achieved by radiologist 2 with 

adequate or good scans (88%).  These differences are not statistically significant. 

 Accuracy (95% CI)  

Scan Quality Radiologist 1 Radiologist 2 N 

Poor or non-diagnostic 65.4 (46.2-80.6) 68.2 (47.3-83.6) 26 

Adequate or good 82.8 (65.5-92.4) 87.8 (57.9-87.8) 28 

Table 5.17: 1.5T MRI accuracy in identifying T3c or greater disease, according to scan quality 

The accuracy for each radiologist in identifying T3c or greater disease on good quality scans 

compared to adequate or worse scans using 3T MRI is shown in Table 5.18.  There wasn’t a clear 

trend in the accuracy, with radiologist slightly more accurate using the MRI scans rated good, but 

radiologist 2 marginally more accurate using the lower quality 3T MRI scans. 
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 Accuracy % (95% CI)  

Scan Quality Radiologist 1 Radiologist 2 N 

Adequate or worse 68.2 (47.3-83.6) 81.8 (61.5-92.7) 21 

Good 80.6 (63.7-90.8) 77.4 (60.2-88.6) 31 

Table 5.18: 3T MRI accuracy in identifying T3c or greater disease, according to scan quality 

5.4.3 Number of imaged planes 

Table 5.19 shows the number of imaged planes obtained on 1.5T MRI scanning and 3T MRI scanning.  

The majority of 1.5T MRI scans achieved imaging in either 1 plane (41.8%) or 2 planes (52.7%), with a 

minority of scans (5.5%) achieving imaging in 3 planes.  In contrast, on 3T MRI the majority of scans 

achieved imaging in 2 planes (52.8%) or 3 planes (45.3%), with a minority achieving imaging in only 1 

plane (1.9%).   

For further analysis, 1.5T MRI scans were divided two groups; those imaged in only 1 plane in one 

group and those imaged in 2 or 3 planes in the other group.  3T MRI scans were divided into those 

imaged in 1 or 2 planes, and those imaged in 3 planes.  This was done in order to allow reasonable 

numbers of MRI scans in each subgroup. 

Number of planes 1.5T MRI (%) 3T MRI (%) 

1 23 (41.8) 1 (1.9) 

2 29 (52.7) 28 (52.8) 

3 3 (5.5) 24 (45.3) 

Total 55 (100) 53 (100) 

Table 5.19: 1.5T MRI and 3T MRI number of imaged planes  
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T3 or greater disease 

Table 5.20 compares the accuracy of 1.5T MRI acquired in 2 or 3 planes with the accuracy of 1.5T 

MRI acquired in only 1 plane for the identification of T3 or greater disease for both radiologists.  The 

accuracy for both radiologists is greater on 1.5T MRI where imaging was achieved in 2 or 3 planes 

(71.9% and 56.2%) compared to where imaging was achieved in only 1 planes (69.6% and 43.5%). 

 Accuracy (95% CI)  

Number of planes Radiologist 1 Radiologist 2 N 

1 69.6 (49.1-84.4) 43.5 (25.6-63.2) 23 

2 or 3 71.9 (54.6-84.4) 56.2 (39.3-71.8) 32 

Table 5.20: 1.5T MRI accuracy in identifying T3 or greater disease, according to number of imaged 

planes  

Table 5.21 compares the accuracy of 3T MRI acquired in 3 planes with the accuracy of 3T MRI 

acquired in 1 or 2 planes for the identification of T3 or greater disease for both radiologists.  The 

accuracy for both radiologists was greater where 3T MRI was acquired in 3 planes (79.2% and 66.7%) 

compared to where 3T MRI was acquired in 1 on 2 planes (72.4% and 48.3%).  The accuracy for 

radiologist 1 reporting 3T MRI scans acquired in 3 planes (79.2%) was higher than CT (70.9%), and 

this was the highest accuracy of any modality in identifying T3 disease in this study.  Radiologist 2 

was also slightly more accurate reporting 3T MRI scans acquired in 3 planes (66.7%) than reporting 

CT (65.5%). 
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 Accuracy (95% CI)  

Number of planes Radiologist 1 Radiologist 2 N 

1 or 2 72.4 (54.3-85.3) 48.3 (31.4-65.6) 29 

3 79.2 (59.5-90.8) 66.7 (46.7-82) 24 

Table 5.21: 3T MRI accuracy in identifying T3 or greater disease, according to number of imaged 

planes  

N1 or greater disease 

Table 5.22 compares the accuracy of 1.5T MRI acquired in 2 or 3 planes with the accuracy of 1.5T 

MRI acquired in only 1 plane for the identification of N1 or greater disease for both radiologists.  The 

accuracy for 1.5T MRI acquired in 2 or 3 planes (58.1% for both radiologists) is slightly higher than 

the accuracy achieved on 1.5T MRI acquired in only 1 plane (56.5% for both radiologists). 

 Accuracy (95% CI)  

Number of planes Radiologist 1 Radiologist 2 N 

1 56.5 (36.8-74.4) 56.5 (36.8-74.4) 23 

2 or 3 58.1 (40.8-73.6) 58.1 (40.8-73.6) 32 

Table 5.22: 1.5T MRI accuracy in identifying N1 or greater disease, according to number of imaged 

planes  

Table 5.23 compares the accuracy of 3T MRI acquired in 3 planes with the accuracy of 3T MRI 

acquired in 1 or 2 planes for the identification of N1 or greater disease for both radiologists.  The 

accuracy is higher for radiologist 1 reporting 3T MRI acquired in 3 planes (65.2%) compared to 3T 

MRI acquired in 1 or 2 planes (58.6%).  However, the opposite is true for radiologist 2 who achieved 

greater accuracy reporting 3T MRI acquired in 1 or 2 planes (65.5%) than 3T MRI acquired in 3 planes 

(60.9%).  Accuracy reporting N stage on MRI acquired in 3 planes for both radiologists (65.2% 
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radiologist 1 and 60.9% radiologist 2) is more accurate accuracy reporting CT for both radiologists 

(61.1% for radiologist 1 and 55.6% for radiologist 2). 

 Accuracy (95% CI)  

Number of planes Radiologist 1 Radiologist 2 N 

1 or 2 58.6 (40.7-74.5) 65.5 (47.3-80.1) 29 

3 65.2 (44.9-81.2) 60.9 (40.8-77.8) 24 

Table 5.23: 3T MRI accuracy in identifying N1 or greater disease, according to number of imaged 

planes  

EMVI 

Table 5.24 compares the accuracy of 1.5T MRI acquired in 2 or 3 planes with the accuracy of 1.5T 

MRI acquired in only 1 plane for the identification of EMVI for both radiologists.  Accuracy was 

greater for radiologist 1 when reporting 1.5T MRI acquired in 2 or 3 planes (83.9%) than when 

reporting 1.5T MRI acquired in 1 plane.  Accuracy for radiologist 2 was similar when reporting 1.5T 

MRI acquired in 2 or 3 planes (67.7%) and 1 plane (69.6%). 

 Accuracy (95% CI)  

Number of planes Radiologist 1 Radiologist 2 N 

1 60.9 (40.8-77.8) 69.6 (49.1-84.4) 23 

2 or 3 83.9 (67.4-92.9) 67.7 (50.1-81.4) 31 

Table 5.24: 1.5T MRI accuracy in identifying EMVI, according to number of imaged planes  

Table 5.25 compares the accuracy of 3T MRI acquired in 3 planes with the accuracy of 3T MRI 

acquired in 1 or 2 planes for the identification of EMVI for both radiologists.  For radiologist 1, 

accuracy was similar when reporting 3T MRI acquired in 3 planes (73.9%) and 1 or 2 planes (75.9%).  
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For radiologist 2, accuracy was better when reporting 3T MRI acquired in 1 or 2 planes (86.2%) than 

reporting 3T MRI acquired in 3 planes (60.9%). 

 Accuracy (95% CI)  

Number of planes Radiologist 1 Radiologist 2 N 

1 or 2 75.9 (57.9-87.8) 86.2 (69.4-94.5) 29 

3 73.9 (53.5-87.5) 60.9 (40.8-77.8) 23 

Table 5.25: 3T MRI accuracy in identifying EMVI, according to number of imaged planes 

T3c or greater disease 

The accuracy for each radiologist in identifying T3c or greater disease on 1.5T MRI scans with the 

tumour imaged in 1 plane, and on 1.5T MRI scans imaged in 2 or 3 planes, is shown in Table 5.26.  

There was no difference in accuracy for radiologist 1, with radiologist 2 demonstrating slightly 

greater accuracy when tumours were imaged in only one plane.  There is wide overlap in the 95% 

confidence intervals. 

 Accuracy (95% CI)  

Number of planes Radiologist 1 Radiologist 2 N 

1 73.9 (53.5-87.5) 82.6 (62.9-93.0) 23 

2 or 3 75 (57.9-86.7) 68.8 (51.4-82.0) 31 

Table 5.26: 1.5T MRI accuracy in identifying T3c or greater disease, according to number of imaged 

planes 

The accuracy for each radiologist in identifying T3c or greater disease on 3T MRI with the tumour 

imaged in 1 or 2 planes, and on 3T MRI with the tumour imaged in 3 planes, is shown in Table 5.27.  

There was no difference in accuracy according to the number of imaged planes for radiologist 1, but 
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a slightly higher accuracy for radiologist 2 when the tumour was imaged in 3 planes.  There is again 

wide overlap in the 95% confidence intervals. 

 Accuracy (95% CI)  

Number of planes Radiologist 1 Radiologist 2 N 

1 or 2 75.9 (57.9-87.8) 72.4 (54.3-85.3) 29 

3 75.0 (55.1-88.0) 87.5 (69.0-95.7) 23 

Table 5.27: 3T MRI accuracy in identifying T3c or greater disease, according to number of imaged 

plane 

5.4.4 Discussion 

There are some significant limitations to this study, which necessitate some caution in the 

interpretation of the results.  This was a secondary analysis of the colon MRI trial reported in chapter 

4, performed as a result of the observed variation in scan quality particularly with in upper 

abdominal tumours on 1.5T MRI.  This secondary analysis was not part of the original trial protocol.  

Subdividing of the scans into smaller groups means that the number of patients in each group is 

small (20-30 patients), making the 95% CI for the accuracy values broad.  I have also performed 

multiple hypothesis testing in this chapter, increasing the risk of a type I error.  The results reported 

in this chapter can therefore only be used as an indication of the direction for possible further 

research. 

When examining the local staging accuracy of CT and MRI in subgroups divided on the tumour 

location, we had anticipated that there would be little difference in CT staging between the upper 

and lower abdomen, but that staging on MRI would be more accurate in the lower abdomen than in 

the upper abdomen, and that this difference would be most pronounced for 1.5T MRI.  The rationale 

for this is based on the amount of movement in the upper and lower abdomen.  We already know 

from rectal cancer studies that MRI is fairly accurate for local staging of the rectum in the pelvis, 
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where the bowel is fixed and there is relatively little motion artefact.  However, in the abdomen, 

small bowel peristalsis creates motion artefact which degrades MRI image quality.  In the upper 

abdomen, this is compounded further by movement of the diaphragm from respiration.  1.5T MRI is 

more susceptible to image degradation from motion artefact than 3T MRI due to longer acquisition 

time. 

We did observe this trend in the identification of T3 or greater disease for radiologist 2 at both field 

strengths, the identification of N1 or greater disease for both radiologists and both field strengths, 

the identification of EMVI for radiologist 1 at 1.5T MRI and radiologist 2 at both field strengths, and 

for the identification of T3c disease for radiologist 1 at both field strengths and radiologist 2 on 3T 

MRI.  However, T-staging for radiologist 1 at both field strengths and the identification of EMVI at 3T 

was more accurate in the upper abdomen.  The number of patients in each subgroup is quite small, 

so there is substantial overlap in the 95% confidence intervals and so no definite conclusions can be 

drawn from these results, but overall the trends do suggest that MRI may be more accurate in the 

lower abdomen than the upper abdomen. 

The number of poor quality scans was high, particularly on 1.5T MRI with almost half being graded 

as less than adequate.  This is despite the steps taken to optimise the MRI protocol in a series of 

volunteer scans (chapter 3), and the majority of scans being performed by one of 3 research 

radiographers at the Royal Marsden Hospital site.  The principle limiting factor was motion artefact 

for the T2 weighted imaging, particularly from diaphragmatic movement in the upper abdomen.  

Although a number of ultrafast sequences have been introduced to abdominal MRI in recent years, 

they all have some compromise in terms of susceptibility artefacts, loss of true T2 weighting or 

reduction in signal to noise ratio.  It therefore remains difficult to obtain high quality T2 weighted 

imaging in the presence of motion.  It may be this limitation which has led to the paucity of 

published trials assessing MRI in the staging of colon cancer.  It is interesting to note that in the only 

recent published trial investigating MRI staging of colon cancer 6 of 34 eligible patients (18%) could 

not have an adequate MRI scan performed with the high resolution protocol (Rollven et al., 2013). 



234 

The overall quality of MRI scans obtained at 3T MRI was better than the overall quality of scans 

obtained using 1.5T MRI, with 58.5% compared to 10.9% of scans being graded as good, and 9.4% of 

scans compared to 47.3% of scans being graded as less than adequate.  This is in keeping with the 

anticipated benefits from 3T MRI in terms of better signal to noise ratio and shorter image 

acquisition time.  Unfortunately, the scans were only graded by one observer who was not a 

radiologist which limits the clinical relevance of this finding.  I was not able to obtain grading of the 

scans by expert radiologists, as this was not part of the original trial protocol. 

For radiologist 1, accuracy in identifying T3 disease increased from 69.2% to 72.4% in the adequate 

or better scans compared to the poor or worse scans at 1.5T, and increased from 72.7% to 77.4% in 

the good compared to the adequate or worse scans at 3T.  This compares favourably to 70.9% using 

CT.   

For radiologist 2, accuracy in identifying T3 disease increased from 42.3% to 58.6% in the adequate 

or better scans compared to the poor or worse scans at 1.5T, and increased from 50.0% to 61.3% in 

the good compared to the adequate or worse scans at 3T.  This is compared to an accuracy of 65.5% 

for CT. 

For both radiologists, accuracy in identifying T3 disease increased with better quality scans, as might 

be expected.  Radiologist 1 was able to achieve a greater accuracy in correctly identifying T3 disease 

using adequate or higher quality MRI scans than either radiologist were able to achieve using CT 

scan, although this was not the case for radiologist 2.   

However, caution must be used in the interpretation of these results as the number of scans in each 

subgroup is quite small making the confidence intervals relatively wide, and so these differences in 

accuracy do not achieve statistical significance. 

Similar trends were seen when assessing the accuracy of MRI in identifying N1 or greater disease, 

with both radiologist being more accurate on 1.5T MRI with better quality scans, and radiologist 1 
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also being more accurate on 3T MRI with better quality scans.  Surprisingly, this trend was not 

continued in the assessment of EMVI, accuracy generally being lower on better quality scans. 

I have also assessed the accuracy of both radiologists in the identification of T3c or greater disease.  

This combines assessment of T-stage with assessment of depth of extramural invasion, and as 

previously discussed is a clinically important end point.  This end point was also presented in the 

study by Rollven et al which assessed the accuracy of 1.5T MRI in the assessment of colon cancer 

(Rollven et al., 2013).  Accuracy for radiologist 1 reporting adequate or good 1.5T MRI scans is then 

82.8% (95% CI 65.5% to 92.4%), and reporting good 3T MRI scans is 75.9% (95% CI 57.9% to 87.8%).  

Accuracy for radiologist 2 reporting adequate or good 1.5T MRI scans is 87.8 (95% CI 57.9% to 

87.8%), and good 3T MRI scans 77.4% (95% CI 60.2% to 88.6%).  These accuracies are still lower than 

those reported by Rollven et al (89.7% for observer 1 and 93.1% for observer 2), but are comparable 

with overlap in the 95% confidence intervals.   

The final subgroup analysis involved separating patients according to the number of imaged planes 

using T2 weighted sequences.  There was unsurprisingly substantial overlap between the number of 

imaged planes and the overall scan quality, as patients who were able to lie still and tolerate imaging 

in multiple planes generally had better quality MRI scans than those who were not. 

Similar trends were therefore seen in terms of accuracy for the subgroup of patients imaged in 

multiple planes as the subgroup of patients who had better quality MRI scans.  T stage accuracy was 

better for both radiologists on both 1.5T MRI and 3T MRI when the tumour was imaged in more 

planes.  The highest accuracy in identifying T3 disease was achieved by radiologist 1 on 3T MRI with 

the tumour imaged in 3 planes (79.2%, 95% CI 59.5% to 90.8%). 

The results were also similar in the assessment of N1 disease, with smaller improvements in 

accuracy for images acquired in multiple planes then seen in the T-staging, except for radiologist 2 

on 3T MRI.  There was again no clear trend in the accuracy of the identification of EMVI. 
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Higher accuracies were achieved in the identification of T3c disease with images obtained in multiple 

planes through the tumour.  On 1.5T MRI with images in 2 or 3 planes, radiologist 1 achieved an 

accuracy of 75% (95% CI 58% to 87%) and radiologist 2 achieved an accuracy of 69% (95% CI 51% to 

82%).  On 3T MRI with images in 3 planes radiologist 1 achieved a similar accuracy of 75% (95% CI 

55% to 88%), and radiologist 2 again achieved a very high accuracy of 88% (95% CI 69% to 96%).  This 

is again comparable with the accuracy achieved by Rollven et al (90% for observer 1 and 93% for 

observer 2).   

In summary, although these results need to be interpreted with caution due to the low number of 

patients in the subgroup analysis, it does appear that highly accurate local staging of colon cancer 

may be possible using MRI when high quality T2 weighted images can be acquired in multiple planes, 

and these results are consistent with the only other published recent trial which has examined the 

accuracy of MRI in staging colon cancer.  N-staging is less accurate, but the accuracy achieved on 

high quality MRI again compares favourably to the accuracy achieved using CT.  Staging accuracy of 

EMVI is more inconsistent.  It is interesting to note that this is also the prognostic feature with the 

lowest inter-observer reliability on histopathological assessment, suggesting that histopathological 

assessment of EMVI may be less accurate than other prognostic factors.  In chapter 6, we will 

examine whether the incorporation of high resolution MRI of the ex-vivo specimen can help improve 

the accuracy of histopathological assessment. 
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6.1 My role in this chapter 

With the support of my supervisor, I wrote the trial protocol, obtained ethical approval, 

prospectively recruited the patients for this study, performed the data collection and data analysis, 

and wrote this chapter.  I was the first author for the published abstract arising from it (Hunter et al., 

2012).  Suzanne St Rose provided statistical support during the trial design and Tom Fanshawe 

reviewed the statistical analysis following the write up of the trial. 

6.2 Introduction and rationale 

Prior to microscopic assessment, colorectal cancer specimens must first have histological sections 

prepared.  This is a multi-step process.   

The colorectal cancer specimen is first inspected and macroscopic features are recorded.  These 

include the site of the tumour, the maximum tumour diameter, distance to the nearest end 

resection margin, evidence of tumour perforation, and for rectal tumours the relation of the tumour 

to the peritoneal reflection and grade of surgical excision.  For abdominoperineal resections the 

distance of the tumour from the dentate line is also recorded.  At this stage the non-peritonealised 

resection should be inked so that it can be identified when examining histological sections.   

Next, the specimen is fixed in formalin.  The Royal College of Pathology recommend that the 

specimen is opened except for the segment including 1 or 2 cm above and below the tumour.  The 

specimen pinned out on a cork board and submerged in 10% neutral buffered formalin (4% 

formaldehyde in phosphate buffered saline), for a minimum of 48 hours (Williams et al., 2007).  This 

allows adequate fixation of the specimen to prevent autolysis and preserve the tissues by cross 

linking proteins.  Adequate fixation also allows thin transverse slicing through the tumour and helps 

in the identification of lymph nodes. 
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Following fixation, the colorectal cancer specimen is carefully dissected by the histopathologist, with 

thin transverse slicing through the tumour and attached mesentery.  Tumour blocks are then 

selected from these slices and should aim to represent (Williams et al., 2007): 

• Deepest penetration of the tumour into the bowel wall or surrounding tissue 

• Any involvement of the serosal surface 

• Any extramural venous invasion 

• Any involvement of adjacent organs 

• The closest circumferential resection margin (non-peritonealised resection margin) 

• The distance of the tumour from the proximal or distal resection margins if within 30mm 

• All lymph nodes within the specimen 

The Royal College of Pathologist recommends that a minimum of 4 tumour blocks and any identified 

lymph nodes should be selected for this purpose. 

Next, the selected tumour blocks are dehydrated through submersion in successive baths of 

increasing alcohol concentration and a clearing agent before being embedded in paraffin wax.  This 

creates Formalin Fixed, Paraffin Embedded (FFPE) tissues, the most common type used for light 

microscopy.   

FFPE tissues are then sectioned using a microtome to produce 4µm sections, which can be mounted 

on a glass slide.  The sections are then stained, most commonly with hematoxylin and eosin stain, so 

that they can be viewed on a light microscope. 

According to the Royal College of Pathologist guidelines, if 4 tumour blocks are selected and one 

section is taken from each tumour block, then a total of 4 x 4µm = 16µm thick sample of tissue will 

be examined from the tumour.  In the current study, tumours ranged from 5mm to 130mm in length.  

This means that between 0.32% and 0.012% of the tumour would be viewed in the selected sections 

if whole mount sections were taken through the entire diameter of the tumour.  In practice, the 

tumour diameter is often larger than the maximum tumour block size, so tumour slices are cut down 
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when producing tumour blocks.  This further reduces the proportion of the tumour which is 

examined microscopically. 

Histopathological assessment of colorectal cancer is an accurate process, with UICC/AJCC tumor 

node metastasis stage (TNM) considered the gold standard prognostic indicator (Zlobec and Lugli, 

2008).  However, there is substantial evidence that inadequate tumour sampling at the time of the 

specimen dissection can reduce this accuracy.   

Many prognostic factors, such as peritoneal involvement, are reliably reported when different 

pathologists review the same hematoxylin and eosin (H&E) stained slides with a high level of 

interobserver agreement (Littleford et al., 2009).  However, there is considerable variation in the 

frequency with which the same prognostic factors are reported between pathologist; this varies 

from 7% to 39% for peritoneal involvement, and from less than 10% to more than 30% for EMVI 

(Messenger et al., 2011). 

Previous studies have demonstrated that the number of tumor blocks taken during cut-up impacts 

on the identification of adverse prognostic features; a higher number tumor blocks are associated 

with a greater T-stage (Quirke et al., 2007), an increased incidence of non-peritonealised resection 

margin involvement (Quirke et al., 1986), and increased likelyhood of identifying EMVI (Betge et al., 

2012).  Careful selection of representative tumor blocks by the histopathologist is paramount.  

Inadequate initial dissection of the colorectal cancer specimen and insufficient tumor block selection 

can result in under staging of tumor, and this cannot be redeemed with a sophisticated microscopic 

examination at a later stage (Shepherd and Quirke, 1997). 

Lymph nodes may also be missed during standard specimen dissection and result in under-staging. 

Fat clearance techniques have been demonstrated to identify an average of 10 additional lymph 

nodes per specimen compared to traditional histological examination, and 4.4% of these contain 

tumour deposits increasing the N-stage in 6% of patients (Hernanz et al., 2010). Apparently N0 
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patients with <3 lymph nodes identified on histological examination have a 5% worse disease 

specific survival at 5 years compared to those with >12 lymph nodes identified (Namm et al., 2008). 

We have demonstrated in chapters 4 and 5 that using MRI it is possible in some cases to obtain high 

quality MRI images of colon as well as rectal cancers (although movement artefact degraded image 

quality in a significant number of cases), and that when high quality images MRI images are used to 

stage colon cancers a high degree of staging accuracy can be achieved.  Ex-vivo scanning of 

colorectal cancer specimens offers the potential to obtain higher quality images, as problems of 

motion artefact are removed.   

However, there is an inherent limitation in the spatial and contrast resolution of MRI.  The limit to 

the spatial resolution of standard optical microscopy in the visible light spectrum is around 250nm 

(Nienhaus and Nienhaus, 2014), whereas the lowest resolution achieved in the ex-vivo MRI scans in 

this study was approximately 0.5mm.  Clinical MRI is therefore approximately five orders of 

magnitude lower than that which can be obtained using light microscopy.   

MRI is capable of visualising the entire colorectal cancer specimen, but at a relatively low resolution.  

Optical microscopy used for histology visualises the colorectal cancer specimen with a resolution 

around 2 x 105 greater than MRI, but only examines approximately 0.1% of the specimen.   Although 

the tumour slices are carefully inspected by the histopathologist at dissection, key histological 

features can be obscured within a tumour slice so that the correct tumour slice is not selected or 

sectioned deeply enough.  In addition, the tumour is commonly sliced in only one plane, 

perpendicular to the long axis of the bowel.  This can make it difficult to appreciate the nature of 

tumour extension or deposits running through plane, particularly EMVI (Sternberg et al., 2006). 

We hypothesized that combining the benefits of MRI imaging and histopathology by using high 

resolution ex-vivo MRI scans of the colorectal cancer specimens to select tumour blocks for 

histological assessment might improve the selection of tumour blocks for histopathology.  We 

further hyptothesised that this would increase the T-stage and N-stage of tumours where blocks 
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were selected with the help of MRI, in the same way that selecting additional tumour blocks is 

associated with a higher T-stage (Quirke et al., 2007), and that fat clearance techniques which 

identify more lymph nodes are associated with an increase in N-stage (Hernanz et al., 2010). 

6.3 Materials and Methods 

6.3.1 Subjects 

This was a prospective randomised controlled study, comparing two methods of histological 

examination to determine whether selecting tumour blocks on the basis of a high resolution 

specimen MRI would result in upstaging compared to conventional histology. Patients were 

recruited from Croydon University, and Epsom and St Helier Hospitals. 

Consecutive patients presenting with adenocarcinoma of the colon or rectum who were to undergo 

surgery to excise their colorectal cancer, were included in the study.  Patients were excluded if they 

withheld or withdrew consent, were under the age of 18, or were not fit to undergo a potentially 

curative resection of their tumour. 

Patients in the study were treated according to the plan determined by the multi-disciplinary team 

responsible for their care.  All staging information determined as part of this study was made 

available to the multidisciplinary team.  

Ethical approval was been obtained from the National Research Ethics Service, Kent Research Ethics 

Committee before commencing recruitment (REC reference number 10/H1101/25).  The study was 

conducted in accordance with the conditions of ethical approval.  Local R&D approval was obtained 

at each site.  Informed consent was obtained from all patients prior to recruitment. 
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6.3.2 Randomisation 

Specimens were randomised to undergo “conventional histology” (tumour blocks selected by visual 

inspection only) or “MRI assisted histology” (where an MRI of the specimen was performed and used 

to aid in the selection of tumour blocks), following informed consent and successful surgical 

resection of their colorectal cancer.  Randomisation was performed using a telephone randomisation 

service run by the Institute for Cancer Research, 15 Cotswold Road, Belmont, Sutton, Surrey SM2 

5NG.  This service was based on a computerised block randomisation and the researcher was blind 

to the randomisation result until after allocation. 

6.3.3 Procedures 

All specimens were pinned out anatomically on a cork board, and then underwent formalin fixation 

in a large volume of 10% neutral buffered formalin (4% formaldehyde in phosphate buffered saline) 

for a minimum of 48 hours.  Those specimens randomised to MRI assisted histology were taken in a 

sealed bag to the MRI scanner and high resolution axial and 3D imaging was performed through the 

entire specimen.  

6.3.4 MRI technique 

MR imaging was performed on a Siemens Avanto 1.5T MRI scanner.  The specimen was placed in the 

MRI scanner in a sealed plastic bag, in a head or body coil depending on specimen size.  T2 weighted 

3D SPACE sequence was then performed through the whole specimen, which allows reformatting of 

images in any plane and visualisation of any mesenteric lymph nodes.  The field of view for these 

images varied from 200x200mm to 360x360mm depending on tumour size.  The acquisition matrix 

was 256x256 pixels, giving a voxel size of 0.78x0.78x0.78mm to 1.4x1.4x1.4mm.  The slice thickness 

corresponded the voxel size to maintain isotropic voxels (0.78-1.4mm), with no inter-slice gap.  TR 

was 1500ms and TE was 100ms. 
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Following acquisition of the 3D images, these were used to plan high resolution T2 weighted 2D TSE 

images perpendicular to the long axis of the tumour through the entire tumour and adjacent 

mesentery.  The field of view was kept constant at 160x160mm, with a matrix size of 256x256 pixels 

and resulting pixel size of 0.625x0.625mm.  The slice thickness was 3mm, with a 10% inter-slice gap.  

The number of slices varied from 22 to 47 to include the entire length of the tumour with a margin 

at each end.  TR was 4300ms and TE was 100ms.   

Finally, DWI was obtained through the same region and in the same orientation as the 2D TSE 

weighted sequences. DWI was acquired using a single shot spin echo sequence with echo-planar 

imaging (EPI) and SPAIR fat suppression. Repetition time was 4800 ms and echo time was 68 ms. 

Three b-values were used: 0, 350 and 750 s mm-2. 

6.3.5 Specimen MRI assessment 

Prior to dissection of the colorectal cancer specimen, all specimen MRIs were reviewed by one 

consultant specialist GI radiologist with more than 10 years’ experience interpreting colorectal 

cancer imaging.  The maximum depth of invasion, closest non-peritonealised resection margin, any 

areas of serosal involvement, any extra mural vascular invasion and all lymph nodes were identified 

on the specimen MRI.  These were highlighted for the research fellow who attended cut up on each 

with graphical markers highlighting these features in each relevant MRI slice. 

6.3.6 MRI-Specimen correlation 

Prior to dissection of the colorectal cancer specimen, each MRI slice was printed on to a sheet of 

plain A4 paper to allow annotation in the cut up room.  In addition, the specimen MRI was also 

available on a DICOM viewer in the cut up room.  The DICOM viewer allowed multi-planar 

reformatting to aid in correlation between the specimen MRI and the colorectal cancer specimen if 

the orientation of the MRI slices and the specimen slices was not exact.  Colonic size and shape, 

tumour morphology, shape and location of the mesentery, size and location of blood vessels and any 
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lymph nodes were used to correlate each histological slice with the corresponding MRI slice.  An 

example of the correlation between the specimen MRI slices and the specimen slices is shown in 

Figure 6.1 and Figure 6.2.  In Figure 6.2 the specimen MRI slice and histological sections are taken at 

slightly different angles, so lymph nodes (a and b) are seen in adjacent slices on the specimen MRI 

 

Figure 6.1: Specimen MRI and histological section correlation 

a) Blood vessel in transverse section b) Lymph node c) Blood vessel in longitudinal section d) EMVI 
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Figure 6.2: Correlation of off axis specimen MRI and histological section 
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6.3.7 Tumour block selection 

All histopathological assessments were performed by one of four consultant histopathologists with 

more than 10 years’ experience and a subspecialty interest in gastro-intestinal pathology.  For all 

specimens, the histopathologist performed their usual examination of the specimen.  Axial 

sectioning of the specimen was performed at 5mm intervals, and the tissue slices were laid out and 

inspected.  The pathologist chose the tumour blocks from which they would normally take sections 

for microscopic examination. The pathologist was then asked to select four additional tumour blocks.  

The Royal College of Pathologists recommends that the minimum number of tumour blocks taken 

for the assessment of a colorectal cancer is four, with as many additional blocks taken as necessary 

to ensure that the tumour has been adequately sampled.  The number of tumour blocks taken varies 

widely, with some studies routinely taking a mean of 24 tumour blocks (Sternberg et al., 2006).  It 

was important in this study to standardise the number of additional tumour blocks taken in both 

arms, so that any difference between the two groups was not due to a higher number of sampled 

tumour blocks.  Four additional tumour blocks were agreed by the two principle pathologists 

participating in the study (Louis Temple and Abed Arnaout), as being a good compromise with a 

reasonable chance of detecting additional pathological features while being attainable in the 

majority of tumours. 

For specimens randomised to MRI assisted histology four additional tumour blocks were selected by 

the research fellow to include any areas which had previously been marked as significant on MRI 

scans by the consultant GI radiologist, and which had not been included in the initial tumour blocks 

selected by the consultant histopathologist.   

For specimens assigned to conventional histology, the four additional tumour blocks selected by the 

histopathologist by visual inspection were taken for histological examination, so that the number of 

additional slices taken was the same in both arms.   
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A histology report was then prepared from the selected tumour blocks (standard blocks and 

additional blocks selected by visual inspection in the conventional histology arm, standard blocks 

and additional blocks selected by MRI in the MRI arm). In some small tumours, it was not possible to 

take four additional tumour blocks in addition to the standard tumour blocks, in which case all 

available additional blocks were taken.  The T-stage, N-stage, depth of invasion and presence of 

EMVI, number of lymph nodes identified, and overall AJCC stage (American Joint Committee on 

Cancer stage which incorporates T and N-stage) was recorded.   

In addition, blocks were taken to include all lymph nodes identified in by visual inspection and 

palpation in both groups.  Any additional lymph nodes identified with the aid of the MRI in the 

specimen MRI group were also taken.  A flow diagram illustrating the trial is shown in Figure 6.3. 
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Figure 6.3: Specimen MRI trial flow diagram 

6.3.8 Evaluation 

The primary end point was overall stage in the MRI assisted histology and conventional histology 

groups. 
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Secondary end points were; T-stage, N-stage, number of involved lymph nodes, number of examined 

lymph nodes, apical lymph node involvement, depth of extramural spread, tumor perforation, CRM 

distance and presence of EMVI.  These endpoints were also considered as dichotomous adverse 

features; T3 or greater disease, lymph node positive disease, less than twelve examined lymph 

nodes, apical node involved, more than 5mm extramural spread, tumor perforation, involved CRM 

(<1mm) and EMVI positive.  Histological staging was based on the TNM version 5 classification. 

Essential patient demographics were also recorded, including age, gender, tumour location, 

operation performed, method of resection (open/laparoscopic), surgeon experience,  TNM stage 

based on pre-operative assessments, and any neoadjuvant therapy received. 

6.3.9 Statistical analysis 

Power calculation: 

The study was designed to have 80% power to detect a 15% difference in the proportion of patients 

with an overall AJCC stage of IIB or greater in each group, with a significance level (or α) of 0.05.  This 

was an unpaired design, so a Chi-squared test was used.  I anticipated that 65% of patients in the 

control group would be AJCC stage IIB or greater, and that 80% of patients in the intervention arm 

would be AJCC stage IIB or greater.   A Chi-square test with a one-sided significance level of 0.05 

therefore required 109 tissue specimens in each arm.  This required a total of 218 tissue specimens 

and 218 patients (109 in each arm) undergoing histological assessment.   

This power calculation was initially for a two-sided significance level, but was changed at the request 

of the Royal Marsden committee for clinical research (CCR), as they felt that the MRI intervention 

could only result in upstaging.  On reflexion, this was a mistake as selecting additional tumour blocks 

by visual selection may be superior to selecting additional tumour blocks using MRI, and we should 

have continued with a two-sided significance level.  This would have resulted in a power calculation 

requiring 152 patients in each arm, or 304 in total. 
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I also failed to take account of drop outs following recruitment.  Anticipating a dropout rate of 

approximately 10%, which is typical for clinical trials, the total number of patients that would have 

needed to be recruited was 334 patients. 

Descriptive statistics: 

Patients were included in the analysis if they had histology available on the basis of their intended 

group (evaluable patients on intended method for histological examination).  Descriptive statistics 

were used to summarize patient baseline characteristics (including age, sex, tumour location, pre-

operative staging, pre-operative chemo-radiotherapy, operation performed). Quantitative variables 

were expressed as means with standard deviation (SD) if normally distributed or as medians with 

interquartile range (IQR).  Qualitative variables were expressed as frequencies and percentages.  

Summary statistics: 

The Welch 2 sample t-test was used to compare whether difference in the mean of normally 

distributed variables was significant between the conventional histology group and the MRI assisted 

histology groups. 

The non-parametric Wilcoxon rank sum test was used for non-normally distributed continuous and 

ordinal variables.  Chi-square or Fisher’s exact test was used to test whether there was a significant 

difference in proportions (that is, proportion of EMVI positivity and involvement of non-

peritonealised resection margins) between the two groups.  

The level of significance is set at P<0.05. Missing data is recorded.  Analysis was performed using R 

statistics (version 3.2.1) software (R Core Team, 2015). 



252 

6.4 Results 

6.4.1 Recruitment 

Recruitment commenced September 2010 and ended in August 2012.  During this period, 260 

potentially suitable patients were identified at two trusts (Croydon University Hospital NHS Trust 

and Epsom and St Helier University Hospitals NHS Trust).  Of these, 145 patients were recruited into 

the specimen MRI study (55.8%).  Reasons for patient non recruitment are listed in Table 6.1. 

Reason Number of patients Percentage of suitable patients 

Unable to contact before surgery 42 16.2 

Unable to arrange specimen MRI 29 11.2 

Did not consent 24 9.2 

Other 20 7.7 

Total 115 44.3 

Table 6.1: Reasons patients not recruited to specimen MRI trial  

Of the 145 patients recruited into the study, 15 (10.4%) were withdrawn from the study prior to 

randomisation into MRI assisted or conventional histology group.  The reasons for withdrawal prior 

to randomisation are listed in Table 6.2. 
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Reason Number of patients Percentage of recruited patients 

Trial pathologist unavailable 9 6.2 

Did not undergo surgery 3 2.1 

Lab error 2 1.4 

Operation performed at different trust 1 0.7 

Total 15 10.4 

Table 6.2: Reasons for withdrawal from specimen MRI trial  

Of the 130 patients randomised, 64 (49.2%) were allocated to the conventional histology group, and 

66 (50.7%) were allocated to the specimen MRI group.  One patient (0.8%) allocated to the specimen 

MRI group was incorrectly processed in the conventional histology group, due to lab error.  However, 

the results were analysed on an intention to treat basis so this patient was analysed in the specimen 

MRI group. 

6.4.2  Demographics 

Essential demographic data for the whole group, patients randomised to the conventional group and 

patients randomised to the MRI group are shown in Table 6.3. 

Age: 

The mean age and standard deviation of patients randomised as part of the study are shown in Table 

6.3.   The mean age of patients randomised to the specimen MRI group is slightly lower than that of 

patients randomised to the conventional group, and this difference almost achieves statistical 

significance (p=0.05), using the Welch two sample t-test for normally distributed data.  However, as 

the patients were blindly randomly assigned to conventional or MRI groups this is probably due to 

random chance.  It is also unlikely to have had an impact on the outcome of the study.  The normal 
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Q-Q plot for the age of patients in the trial indicates that the age of patient included in the trial is 

fairly normally distributed. 

Gender: 

The gender of patients included in the trial, and randomised to each group, is shown in Table 6.3.  

Overall, 60% of patients were male, and there is no significant difference between the conventional 

group and the MRI groups. 

Tumour location: 

The locations of tumours for patients recruited to the study, and randomised to each arm, are 

shown in Table 6.3.  The largest number of tumours is located within the rectum, followed by the 

sigmoid colon and right colon.  There is no significant difference in the distribution of tumours 

between the two groups. 

Pre-operative T-stage 

The T-stage, as assessed on pre-operative imaging, is listed in Table 6.3.   The majority of tumours 

are T3 tumours (64.5%).  Importantly there is no significant difference in the pre-operative T-stage of 

tumours in the conventional and MRI group, as it might have been expected to influence the results 

if there was a significant bias in pre-operative staging between the groups. 

Pre-operative N-stage 

The pre-operative N-stage on imaging of patients recruited to the specimen MRI trial and 

randomised to each group is shown in Table 6.3.  Half of patients are N0, with the majority of the 

remainder N1 and around 10% of patients having N2 disease.  There is no significant difference 

between the conventional group and MRI group.  Again this is important, as if there was a 

substantial difference in the pre-operative staging between the two groups this might have been 

expected to influence the outcome of the study.
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 All patients 
(n=130) 

Control group 
(n=64) 

MRI Group 
(n=66) 

p-value 

Mean age, years (SD) 71.6 (12.6) 73.8 (11.4) 69.5 (13.4) 0.05†* 

Gender 

 

   0.47‡ 

Male 78 (60%) 36 (56.3%) 42 (63.6%)  

Female 52 (40.0%) 28 (43.8%) 24 (36.4%)  

Tumour location     0.75₸ 

Caecum 14 (10.8%) 7 (1.1%) 7 (10.6%)  

Ascending colon 16 (12.3%) 10 (15.6%) 6 (9.1%)  

Hepatic flexure 6 (4.6%) 3 (4.7%) 3 (4.5%)  

Transverse colon 12 (9.2%) 7 (10.9%) 5 (7.6%)  

Splenic flexure 2 (1.5%) 0 (0.0%) 2 (3.0%)  

Descending colon 7 (5.4%) 2 (3.1%) 5 (7.6%)  

Sigmoid colon  33 (25.4%) 15 (23.4%) 18 (27.3%)  

Rectum 40 (30.8%) 20 (31.3%) 20 (30.3%)  

Pre-operative T-stage     0.97§ 

T1 6 (4.8%) 5 (8.3%) 1 (1.6%)  

T2 26 (21.0%) 9 (15.0%) 17 (26.6%)  

T3 80 (64.5%) 41 (68.3%) 39 (60.9%)  

T4 12 (9.7%) 5 (8.3%) 7 (10.9%)  

Missing 6 4 2  

Pre-operative N-stage    0.97§ 

N0 62 (50.0%) 30 (50.0%) 32 (50.0%)  

N1 48 (38.7%) 23 (38.3%) 25 (39.1%)  

N2 14 (11.3%) 7 (11.7%) 7 (10.9%)  

Missing  6 4 2  

Pre-operative M-stage     1.0‡ 

M0 118 (95.2%) 57 (95.0%) 61 (95.3%)  

M1 6 (4.8%) 3 (5.0%) 3 (4.7%)  

Missing 6 4 2  

†Welch two sample t-test, ‡Fisher’s exact test, §Wilcoxon rank sum test, *Statistically significant  

Table 6.3: Demographic details 
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Pre-operative M-stage 

The pre-operative M-stage of patients recruited to the study are shown in Table 6.3.  Only a small 

proportion (around 5%) of patients recruited to the study had metastatic disease on pre-operative 

imaging, as patients had to be undergoing resection of their primary tumour to be recruited into the 

study.  Again, there was no significant difference between the conventional group and the MRI 

assisted histology group with significant overlap in the 95% confidence interval for the difference in 

proportions. 

Operation performed 

The operation performed for patients recruited to the study and randomised to each group is listed 

in Table 6.4.  The most commonly performed operations were right hemicolectomy (38.4%) and 

anterior resection (38.4%).  There was no significant difference between the two study groups. 

Laparoscopic surgery 

The type of surgery performed (Laparoscopic, converted to open, or open) for each group is shown 

in Table 6.3.  There was a trend towards a higher number of cases which were converted to from 

laparoscopic to open in the conventional group compared to the MRI group (28% compared to 11%), 

and a lower number of primary open operations in the conventional group compared to the MRI 

group (44% compared to 52%).  These trends did not reach statistical significance but did approach it 

(p=0.07 Fisher’s exact test). 

Surgeon experience 

The grade of surgeon completing the surgery for each group is shown in Table 6.3.  Over 90% of 

operations in both groups were completed by consultant surgeons and there was no significant 

difference between the two groups. 
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Pre-operative radiotherapy 

The proportion of patients receiving pre-operative radiotherapy in the whole study group, and 

randomised to each arm, is shown in Table 6.4.  Overall, 10.8% of patients received pre-operative 

radiotherapy, which is approximately 1/3rd of the rectal cancer patients.  This is a relatively low 

proportion of patients, due in part to the small proportion of patients receiving short course 

radiotherapy locally.  Some patients participating in other studies also had their histopathology 

performed centrally rather than at the participating hospitals and therefore were not eligible for 

recruitment.  More patients in the MRI group (9, 13.6%) received radiotherapy than the 

conventional group (5, 7.8%).  However, this difference did not achieve statistical significance. 

Pre-operative chemotherapy 

The number of patients recruited to the study undergoing pre-operative chemotherapy overall and 

in each arm of the trial is listed in Table 6.4.  Overall, 11.5% of patients received pre-operative 

chemotherapy.  There was no significant difference between the conventional histology group and 

the MRI group. 
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 All patients 
(n=130) 

Control group 
(n=64) 

MRI Group 
(n=66) 

p-value 
(Fisher’s 

exact test) 

Operation    0.65 

Right hemicolectomy 48 (38.4%) 26 (42.6%) 22 (34.4%)  

Subtotal colectomy 1 (0.8%) 1 (1.6%) 0 (0.0%)  

Transverse colectomy 1 (0.8%) 1 (1.6%) 0 (0.0%)  

Left hemicolectomy 7 (5.6%) 3 (4.9%) 4 (6.2%)  

Sigmoid colectomy 9 (7.2%) 4 (6.6%) 5 (7.8%)  

Anterior resection 48 (38.4%) 21 (34.4%) 27 (42.2%)  

APER 7 (5.6%) 2 (3.3%) 5 (7.8%)  

Hartman’s procedure 4 (3.2%) 3 (4.9%) 1 (1.6%)  

Missing data 5 3 2  

Laparoscopic surgery    0.07 

Laparoscopic 41 (32.8%) 16 (28.1%) 25 (36.8%)  

Converted to open 24 (19.2%) 16 (28.1%) 8 (11.8%)  

Open 60 (48.0%) 25 (43.9%) 35 (51.5%)  

Missing data 5 3 2  

Surgeon experience    0.37 

Consultant 108 (91.5%) 52 (91.2%) 56 (91.8%)  

SpR 8 (6.7%) 3 (5.3%) 5 (8.2%)  

Staff Grade 2 (1.7%) 2 (3.5%) 0 (0%)  

Missing data 12 7 5  

Pre-operative radiotherapy    0.40 

Received 14 (10.8%) 5 (7.8%) 9 (13.6%)  

Not received 116 (89.2%) 59 (92.2%) 57 (86.4%)  

Pre-operative chemotherapy    1.0 

Received 15 (11.5%) 7 (10.9%) 8 (12.1%)  

Not received 115 (88.5%) 57 (89.1%) 58 (87.9%)  

Table 6.4: Pre-operative treatment 
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6.4.3 Specimen characteristics 

Specimen length 

The median length of colorectal cancer specimens is listed in Table 6.5.  The median length of 

specimens in the conventional group was slightly greater (220 mm compared to 200 mm), but this 

difference did not achieve statistical significance. 

Number of Tumour Blocks 

The median number of tumour blocks taken for histological assessment in the conventional histology 

group and the specimen MRI groups is listed in Table 6.5.  The median number of tumour blocks was 

the same in both arms of the trial (5 tumour blocks). 

Histological type 

The proportion of tumours of each histological type in the conventional histology group and the 

specimen MRI group is listed in Table 6.5.  The large majority in both groups are adenocarcinomas 

(84.4% and 87.9% in the conventional and MRI groups, respectively).  Approximately 10% of tumours 

were mucinous adenocarcinomas in both groups.  There was a single neoplasm in the specimen MRI 

group which was an adenoma on final histological assessment, and five specimens in the control 

group where no residual tumour could be identified, despite the fact that adenocarcinoma had been 

confirmed on biopsy prior to recruitment into the trial.  

Histological grade: 

The histological grade of tumours in the conventional histology group and specimen MRI group are 

listed in Table 6.5.  The histological grade was very similar in both groups with the large majority 

being well or moderately differentiated (95% and 93.9% in the conventional and specimen MRI 

groups respectively), with the remainder being poorly differentiated.  
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 All patients 
(n=130) 

Control 
group (n=64) 

MRI Group 
(n=66) 

p-value 

Specimen length, mm    0.27§ 

Median (IQR) 200 (155-260) 220 (168-260) 200 (144-257)  

Number of tumor blocks    0.96§ 

Median (IQR) 5 (4-7) 5 (4-7) 5 (3-6.25)  

Histological type    0.46‡ 

Adenocarcinoma 111 (85.4%) 53 (82.8%) 58 (87.9%)  

Mucinous adenocarcinoma 13 (10.0%) 6 (9.4%) 7 (10.6%)  

Adenoma 1 (0.77%) 0 (0.0%) 1 (1.5%)  

No residual tumor 5 (3.9%) 5 (7.8%) 0 (0.0%)  

Histological grade    1‡ 

Well/moderately differentiated 117 (94.4%) 56 (94.9%) 61 (93.8%)  

Poorly differentiated 7 (5.7%) 3 (5.1%) 4 (6.2%)  

Not applicable 6 5 1  

‡Fisher’s exact test §Wilcoxon rank sum test  

Table 6.5: Specimen characteristics 
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6.4.4 Primary outcome measure 

AJCC stage 

The primary outcome measure for this study was the proportion of patients in each group with an 

AJCC stage of IIB or greater, which formed the basis of the power calculation for this study.  The 

proportion was similar in the two groups, with 45.3% of patients in the conventional group having an 

AJCC stage of IIB or greater compared to 40.9% in the MRI group.  The difference between the two 

groups was not significant (p=0.74, Pearson’s Chi-squared test).  The difference in proportions was 

4.4% (95% CI -14.2% to +23.0%).  Although the study was underpowered due to poor recruitment, 

our predicted difference in AJCC stage III disease of -15% in the control group compared to the MRI 

group does not lie within the 95% confidence interval for the difference in proportions. 

The overall AJCC stage for the whole group and both randomization groups is shown in Table 6.6.  

The median AJCC stage in the both groups was stage IIA, and there was no significant difference 

between the two groups (p=0.66, Wilcoxon rank sum test).   

  

Pathological AJCC stage All patients (n=130) Control group (n=64) MRI Group (n=66) 

0 6 (4.6%) 5 (7.8%) 1 (1.5%) 

I 29 (22.3%) 11  (17.2%) 18 (27.3%) 

IIA 39 (30.0%) 19  (29.7%) 20 (30.3%) 

IIB 13 (10.0%) 6 (9.4%) 7 (10.6%) 

IIIA 3 (2.3%) 2 (3.1%) 1 (1.5%) 

IIIB 30 (23.1%) 15 (23.4%) 15 (22.7%) 

IIIC 10 (7.7%) 6 (9.4%) 4 (6.1%) 

IV 0 (0.0%) 0 (0.0%) 0 (0.0%) 

Total 130 (100%) 64 (100%) 66 (100%) 

Median IIA IIA IIA 

p=0.66 (Wilcoxon rank sum test) 

Table 6.6: Primary end point (AJCC stage) 
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6.4.5 Secondary outcome measures 

A summary of the secondary outcomes measures is shown in Table 6.7.  There were no significant 

differences in overall T-stage, N-stage, number of involved lymph nodes, number of examined lymph 

nodes, number of involved apical lymph nodes, depth of extramural spread, proportion of patients 

with tumor perforation, distance to the CRM, or proportion of patients with EMVI.   
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 All patients 
(n=130) 

Control 
group (n=64) 

MRI Group 
(n=66) 

p-value 

T-stage    0.68§ 

T0 6 (4.6%) 5 (7.8%) 1 (1.5%)  

T1 6 (4.6%) 3 (4.7%) 3 (4.5%)  

T2 26 (20.0%) 10 (15.6%) 16 (24.2%)  

T3 64 (49.2%) 30 (46.9%) 34 (51.5%)  

T4a 3 (2.3%) 2 (3.1%) 1 (1.5%)  

T4b 25 (19.2%) 14 (21.9%) 11 (16.7%)  

N-stage    0.46§ 

N0 87 (66.9%) 41 (64.1%) 46 (69.7%)  

N1 33 (25.4%) 17 (26.6%) 16 (24.2%)  

N2 10 (7.7%) 6 (9.4%) 4 (6.1%)  

Involved lymph node number    0.36§ 

Median (IQR) 0 (0-1) 0 (0-1.25) 0 (0-1)  

Examined lymph node number     0.44§ 

Median (IQR) 13 (9-19) 13 (10-19) 11 (8-18)  

Missing data 2 1 1  

Apical lymph node involvement    0.67‡ 

Involved 5 (3.9%) 3 (4.8%) 2 (3.0%)  

Not involved 123 (96.1%) 59 (95.2%) 64 (97.0%)  

Missing data 2 2 0  

Depth of extramural spread, mm    0.25§ 

Median (IQR) 1.5 (0-5) 2.75 (0-6) 1 (0-3.5)  

Missing data 33 12 11  

Tumor perforation    0.60‡ 

Present 16 (12.3%) 9 (14.1%) 7  (10.6%)  

Absent 114 (87.7%) 55 (85.9%) 59 (89.4%)  

CRM distance, mm    0.55§ 

Median (IQR) 9.5 (4-39.5) 9 (5.25-11) 10 (9-16)  

Missing data 16 9 7  

EMVI    0.28‡ 

Present 48 (36.9%) 27 (42.2%) 21 (31.8%)  

Absent 82 (63.1%) 37 (57.8%) 45 (68.2%)  

‡Fisher’s exact test, §Wilcoxon rank sum test  

Table 6.7: Secondary end points 
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The secondary end points are also presented as dichotomous outcomes, with the difference in 

proportion positive in the control and MRI groups and associated 95% confidence intervals (Table 

6.8).  There were non-significant trends toward a higher proportion of patients with the following 

adverse features in the control group; T3 or greater disease, lymph node positive disease, apical 

lymph node involvement, more than 5mm extramural spread, tumor perforation, CRM involvement 

and EMVI positivity.  The only adverse feature with a trend towards greater prevalence in the MRI 

group than the control group is examination of less than twelve lymph nodes, which although an 

adverse risk factor is also a marker of lower quality histopathological assessment.  All of these results 

therefore support a non-significant trend towards better histopathological assessment in the control 

group than the MRI group. 

 

 Control group  MRI Group  Difference in 
proportions 
(%/95% CI) 

p-value 
(Fisher’s 

exact test) 

T3 or greater 46 (72%) 46 (70%) 2 (-15 to +19) 0.85 

N1 or greater 23 (36%) 20 (30%) 6 (-12 to +23) 0.58 

<12 examined lymph nodes 24 (38%) 34 (52%) -14 (-33 to +4) 0.11 

Apical lymph node positive 3 (5%) 2 (3%) 2 (-7 to +10) 0.67 

>5mm extramural spread 15 (29%) 11 (20%) 9 (-9 to +27) 0.37 

Tumor perforation 9 (14%) 7  (11%) 3 (-9 to +16) 0.60 

CRM involved 7 (11%) 6 (9%) 2 (-10 to +14) 0.78 

EMVI positive 27 (42%) 21 (32%) 10 (-8 to +28) 0.28 

Table 6.8: Secondary end points (binary outcomes) 
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6.5 Discussion 

There were no significant differences between the “conventional histology” group and the “MRI 

assisted histology” group for any of the demographic measures (age, gender, tumour location, pre-

operative T-stage, pre-operative N-stage, pre-operative M-stage, operation performed, mode of 

surgery, pre-operative radiotherapy or pre-operative chemotherapy).  The difference in mean age of 

the patients in the two groups was the closest demographic measure to reaching significance 

(p=0.05), although the difference in mean age was only 4 years.  None of the specimen 

characteristics (specimen length, number of tumour blocks, histological type or histological grade) 

approached significance.  This suggests that the two groups were equivalent and that there was no 

systematic bias in group allocation as would be expected given the blind randomisation technique. 

None of the outcome measures for this study have shown a significant difference between the 

“conventional histology” group and the “MRI assisted histology” group.  This study has therefore 

failed to demonstrate any benefit in the addition of high resolution specimen MRI to help guide the 

dissection of the colorectal cancer specimen prior to histological assessment.  This is contrary to our 

hypothesis, and a number of previous studies have shown that techniques which improve sampling 

during colorectal cancer specimen dissection result in upstaging of tumours (Betge et al., 2012, 

Hernanz et al., 2009).  It is also contrary to one previous study which suggested that MRI-guided 

histological assessment resulted in the identification of more ypT4 disease following neoadjuvant 

treatment in locally advanced rectal cancer (Hole et al., 2013). 

There are a number of reasons why the current study might have failed to demonstrate any benefit 

in the addition of specimen MRI to help specimen dissection.  Firstly, this study under-recruited.  The 

power calculation also failed to take account of a two-tailed alternative hypothesis and drop outs 

following recruitment.  As a result this study was therefore under powered.   However, the 95% CI 

for the difference in proportions for adverse features (Table 6.8) suggests that any benefit from MRI 



266 

assisted histology would be less than the 15% benefit which we felt would be sufficiently clinically 

significant to justify the additional cost and time associated with MRI assisted tumour block selection. 

The non-significant trends for difference mean number of involved lymph nodes, mean number of 

lymph nodes retrieved, proportion of apical lymph nodes involved, mean depth of extra-mural 

spread, proportion of perforated tumours, proportion of tumours with an involved circumferential 

resection margin, mean distance from tumour edge to circumferential resection margin and 

proportion of tumours with extra mural vascular invasion all support a mild upstaging in the 

conventional histology group compared to the MRI assisted histology group. 

These data would suggest that there is no advantage to MRI assisted dissection in histopathological 

assessment of colorectal cancer.  This is despite anecdotal examples where both the research fellow 

and the histopathologist felt that the specimen MRI definitely helped to identify important features 

in certain colorectal cancer specimens which might otherwise have been missed, such as extra mural 

vascular invasion or involved lymph nodes.  

One weakness of this study is that it was not possible to blind the histopathologist as to which study 

group the specimen belonged to.  This is because histopathologist had to be present in the cut up 

room to perform the initial macroscopic description and dissection of the colorectal cancer specimen, 

to select the standard tumour blocks, and select four extra tumour blocks in the “conventional 

histology” group.  In the MRI group, the research fellow had to show the histopathologist which 

additional blocks had been selected on the basis of the specimen MRI and point out any lymph 

nodes identified on the specimen MRI not identified by the histopathologists standard visual 

inspection and palpation.  This process prevented blinding of the histopathologist at this stage. 

It is possible that the inability to blind the histopathologist introduced some bias into the study.  The 

histopathologist may subconsciously have felt that the specimen MRI would identify key tumour 

areas and lymph nodes, and therefore not performed such a thorough a visual search and palpation 
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of the specimen in the “MRI assisted histology” arm as they did in the “conventional histology” arm 

where this was not available. 

 A limitation of the technique of using high resolution MRI to select tumour blocks is correlating the 

specimen MRI with the correct area of the colorectal cancer specimen.  This is particularly difficult 

when the MRI slices have been acquired in a different orientation to the tumour slices cut by the 

histopathologist during cut up.  Although the MRI radiographers aim to image the specimen 

perpendicular to the tumour and the histopathologist aims to slice the specimen perpendicular to 

the long axis of the specimen, precise orientation of both slices can vary.  This is a particularly the 

case in certain parts of the colon, when the long axis of the bowel and the tumour may curve such as 

in the sigmoid colon and at the flexures.  Although multiplanar reformatting of 3D volume acquired 

images can mitigate against these difficulties to some extent by allowing the MRI scan to be 

reformatted in a different plane to match the specimen slices, these images are lower resolution and 

have a lower SNR than the 2D TSE slices which makes image interpretation more difficult. 

A further limitation of this study is that the area of interest on the specimen MRI may not be 

included in the histological section even when the correct tumour block is selected.  Each section is 

approximately 4μm thick, whereas each tumour block is typically 5mm thick, and may be thicker if 

the tumour is difficult to slice.  Therefore approximately 0.1% of each tumour block is represented in 

each section.  It is therefore possible that a key histological feature may have been correctly 

identified on the specimen MRI and that the correct tumour slice may have been selected on the 

basis of the specimen MRI without this histological feature being visible on the final histological 

section.  It is possible to go back to the tumour block and to take multiple sections from each tumour 

block (taking “deeper levels”), but this is not done routinely and time and cost constraints prevented 

us from doing so in this study. 

The histopathologists involved in this study were all consultant histopathologists with more than 10 

years’ experience and with a subspecialty interest in gastrointestinal histopathology.  This means 
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that the quality of histopathology reporting in both arms of the trial was very high.  This is 

demonstrated by the high mean lymph node yield seen in both the “conventional histology” arm 

(15.1) and the “MRI assisted histology” arm (14.5), and by the high rate of EMVI pick up in both the 

“conventional histology” arm (42.2%) and the “MRI assisted histology” arm (31.8%).  These 

measures are commonly used to assess the quality of colorectal cancer histopathology.  Mean lymph 

node yields of more than 12 and EMVI pick up rates over 25% are generally considered to be 

indicative of high quality histopathology reporting in colorectal cancer (Williams et al., 2007).  It is 

therefore likely that the expert selection of colorectal cancer tumour blocks in the control arm 

reduced the potential for improvement in the intervention arm using specimen MRI in this study.  

Studies which have used various techniques to increase lymph node yield and rate of EMVI detection, 

on which the power calculation for this study were based, have had a lower baseline consistent with 

non-specialist histopathology reporting (Betge et al., 2012, Crucitti et al., 1992, Scott and Grace, 

1989). 

In order not to perform and inadequate histological assessment for any patient included in the trial, 

and in view of the fact that MRI assisted tumour block selection is a previously untried technique, all 

tumours had four standard blocks selected as normal by the histopathologist, with additional blocks 

for the study selected where possible either on by the histopathologist or on the basis of the 

specimen MRI depending on group allocation.  However, 25% of tumours in the trial were 2.5 cm or 

less in size.  This made additional tumour block selection impossible in some cases, and a quarter of 

patients in the trial were only able to have the four standard blocks selected from the tumour, with 

additional tissue blocks taken for any additional lymph nodes.  There was therefore limited 

opportunity for MRI assisted histology to benefit these patients. 

The selection of additional tumour blocks in both the control and intervention arms of this trial may 

also have improved the standard of histopathological assessment in both arms of the trial.  Previous 

studies have shown that selecting additional tumour blocks increases the T-stage (Quirke et al., 

2007), rate of CRM invovlement (Quirke et al., 1986), and rate of EMVI positivity (Betge et al., 2012).  



269 

These studies have selected tumour blocks on the basis of visual inspection by an expert 

histopathologist, as was done in the control group in this study. 

On the basis of this study, it is not possible to recommend the addition of high resolution specimen 

MRI to the assessment of colorectal cancer specimens.   
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7 General discussion 
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7.1 Summary 

I have demonstrated that it is possible to stratify patients into high and low risk groups on the basis 

of adverse features identified on rectal MRI, and that patients in the high risk group have a 6 fold 

increased risk of synchronous metastatic disease compared to patients in the low risk group.  High 

risk patients are those with EMVI, T3 tumours with more than 5mm extramural invasion or T4 

tumours, an involved circumferential resection margin or an involved intersphincteric plane for low 

rectal cancers.  Of note, this risk stratification does not include N-stage, which is difficult to identify 

on imaging compared to other adverse features. 

I have developed an MRI imaging protocol at 1.5T and 3T which allows high quality images to be 

obtain of the colon wall in healthy volunteers.  The quality of images obtained colon cancer patients 

was more variable, but similar staging accuracy was achieved with MRI to that achieved with CT. 

In the subgroup of patients where high quality MRI images were obtained in multiple planes through 

the tumour, accurate T-staging was achieved.  This was particularly true for the identification of T3c 

or more advanced disease, a distinction which has previously been demonstrated to be of particular 

prognostic significance. 

I was not able to demonstrate any benefit in the addition of high resolution ex-vivo MRI of the 

colorectal cancer specimen to aid selection of tumour blocks for histopathological assessment. 

7.2 Further work 

Despite the work undertaken with volunteers at the start of this project to optimise the MRI 

protocol, there was substantial variation in the quality of the acquired images, particularly on 1.5T 

MRI.  If the T-staging accuracy achieved in subgroups in the colon MRI study is to be achieved in a 

representative colon cancer population, then the further work is needed to increase the overall 

quality of MRI imaging in the target population.  The consistency of the navigator echo triggering to 
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acquire TSE images in eupnoea was a particular problem in this study, and resolving these technical 

difficulties would substantially improve the overall image quality. 

If the proportion of patients with good quality MRI imaging could be improved in this way, then it 

may be worth repeating the colon MRI trial.  The MRI protocol in such a trial should focus on 

obtaining high quality T2 weighted images in three planes through the tumour, as this resulted in 

optimum T-staging accuracy in the subgroup analysis of the our colon MRI trial and in the trial of 

Rollven et al which reported excellent accuracy in the assessment of T-stage with colon cancer MRI 

(Rollven et al., 2013). 

The colon MRI trial also identified one patient with synchronous liver metastases, despite the fact 

the liver was incompletely imaged in a large proportion of patients in the study.  This suggests that 

there are a small but significant proportion of patients with liver metastases who are not identified 

on routine pre-operative staging with CT.  This is consistent with a meta-analysis of the sensitivity of 

CT and MRI in the identification of liver metastases which suggested that MRI was superior to CT 

(Bipat et al., 2005).  These patients are likely to have small volume and therefore potentially 

resectable liver metastases, and so may benefit from early diagnosis.  A prospective trial could 

establish whether routine pre-operative liver MRI for colorectal cancer patients identified additional 

patients with liver metastases who might benefit from early treatment of their metastatic disease. 

Although we have established that the patients with adverse features on rectal MRI have a higher 

incidence on synchronous metastatic disease, we have not done so for patients with adverse 

features on colon MRI.  It would be interesting to examine the disease free survival in patients 

stratified into high and low risk groups on the basis of their colon MRI to see if adverse features 

predict systemic disease in colon cancer. 

Although accuracy of T-stage assessment on MRI, and to a lesser extent N-stage assessment, 

improved with improved image quality, the same trend was not observed in the assessment of EMVI.  

EMVI has been shown to be commonly missed in patients with disease recurrence and good 
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prognostic tumours on initial histopathological assessment, when histopathology is reviewed 

(Stewart et al., 2007).  This raises the possibility that some of the “inaccuracy” observed in the 

identification of EMVI on imaging is actually due to under-reporting on histopathology.  A large scale 

cohort study comparing the incidence of disease recurrence in pathological EMVI positive/negative 

and radiological EMVI positive/negative patients could determine which has whether pathological 

EMVI status or radiological EMVI status has greater prognostic significance.   

7.3 Conclusion 

The multiplicity of treatment options for colorectal cancer means that there is no “one size fits all” 

treatment.  It is therefore becoming ever more important to be able to identify patients who are 

likely to benefit from different treatment pathways.  Although there are a number of exciting 

developments in our genetic and molecular understanding of colorectal cancer, accurate staging 

remains the best way of stratifying patients to receive different treatments.  Increasing emphasis on 

pre-operative treatment, and the increasing variety of surgical treatments, means that much of this 

staging must be performed radiologically. 

CT is the workhorse of systemic staging in rectal cancer, and the local and systemic staging of colon 

cancer.  However, MRI offers superior contrast resolution and therefore better differentiation 

between soft tissues than CT in optimum settings.  This has already seen it supersede CT in the local 

staging of rectal cancer, and as technical advances continue it may also replace CT in the local 

staging of colon cancer and in the identification of liver metastases in colorectal cancer. 

Accurate nodal staging remains an elusive goal for all imaging modalities.  It seems unlikely that the 

steadily improving spatial and contrast resolution of CT and MRI will ever allow the accurate 

identification of solitary small nodal metastases.  It is possible that functional imaging may improve 

this aspect of radiological staging in the future.  In the interim, perhaps focussing on risk 

stratification based on radiologically apparent features, rather than trying to imitate histopathology 
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as accurately as possible, will allow selection the best pre-operative and operative treatments for 

our patients. 
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