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Abstract

Cardiovascular disease and colorectal cancer are major causes of death
worldwide. The interaction between host and tumour in patients with operable
colorectal cancer may be influenced by the presence of cardiovascular disease.
Recently, the burden of abdominal aortic calcification has been identified as a
potential driver of inferior outcome following abdominal surgery. The present
thesis systematically examines the relationship between the degree of aortic
calcification and outcome following elective colorectal cancer resection with

particular focus on:

e Derivation and validation of an objective score reflecting the burden of

calcification

e The relationship between the degree of aortic calcification, postoperative

complications and survival

e Response to radiotherapy and tolerance and completion of adjuvant

chemotherapy
e The degree of tumour hypoxia evident on immunohistochemical staining

e Potential mediating factors including the presence of systemic

inflammation and comorbidity

e The correlation between aortic calcification and dynamic measures of

cardiorespiratory fitness

e The use of a novel imaging technique for preoperative assessment of

mesenteric flow



Table of Contents

ABSTRACT ..o iiiiicteittetteeenetenerescresctasesnserassesssesssssssssssssssesssnsssasssnsssssssssessssssssssssssssasssssesasssnsssnsssnsesnssanses 2
LIST OF TABLES ......cuteuiieituecreneenncteceneesssesseesssescssssssscsasssnssssssssssssssssssssssasssssssnsesasssnsesssessssssssasssssssasssnsenes 6
LIST OF FIGURES.....cuteuiienituecreneenncteceneenssessesserescsssesascsnsssnssssssssssssssssssssssasssssssnsesssssnssssssssssssssasssssssasssnsenes 9
ACKNOWLEDGEIMENT .....ccuteeitieieeereectenceeeenscesseesssesssascsssesassssssssssssssssssssssssssssssasssnsssssssssssnsssssssssssnssassnnne 10
DECLARATION ....cucttutteereeetuecreeencesssesssessrescsssssascsssssnssssssssssssssssssssssasesssssssessssssssssssssssssssssssnsesasssnsesnsesnses 11
PUBLICATIONS ... ceiiiieieietietereeceneteeseeserescsesssascsssssnssssssssssssssasssssssasssssssssssnssssssssssssssssssasssnsesasssnsennsssnnes 12
DEDICATION .....ccuiieuiiinerencreeetereecesssesseessrescsssssascssssssssssssssssssssasssssssassssssssssssssssssssssasssssssassensesasssnsesnsssnnes 13
1 1\ 200110 Ton i [0 ]\ T 14
1.1 [0 ] =V 1T0] Ko T RNt 14
1.2 AAETIOLOGY .. ieeetttiieieeeteett i eeeeeeeeetat et eeereestaaaeeessesssaaneeessasssnneeesssssntanseeesssssannseeessssssnnnseeessssssnnneeeeseres 16
1.2.1 (€ 1< 1< s Tol Yo 0 s~ SRS 16
1.2.2  Colorectal CanCer PAtNWAYS ........cccccverierierieiierieeiesieeeeteetesseestesseesesseessesseessesssessesssessesssensenns 20
1.2.3  The phenomenon Of PIZENELICS .......c.evveriirieriiiierie ettt ete e sesteessesteessesseensesaeensenes 23
1.2.4  Inherited SYNAIOMES. .......ccuieciiriieieiieieieeie ettt e et esteeseesaeesaesaeessesaeensessaessessaensensaensenns 23
1.3 RISK FACTORS FOR COLORECTAL CANCER .1uuutttuueeetueeetuneeernneeersneeessnneeessneeessnnsessnnseessneeessnnsesssnneessnneessnnnes 26
1.3.1 RISK FACTOTS ...ttt e et e e et e e e e e eaae e e enaeeeeeaeeeeesneeesnseeeeseeeenes 26
1.4 INVESTIGATION AND MANAGEMENT OF COLORECTAL CANCER .evvvvuunieeerrerrniieeeeererstneeeeeeeesssnesessssssssnneseesenes 36
O B (o) (TS 1113V TSP PP 36
1.4.2  Investigation for suspected cOlorectal CaNCETr ...........cccvervieieriieierieieseeie et 37
L1.4.3  MANAZEMICNL . ....c..iiietieiieieeiesteetesteete et eteeteesseeseessesseessesssessesssessesssenseessanseessensenssenssensesseensenses 41
1.4.4  Patholo@ical StAZING ......c.ccveeieriieieitieieieeieeteie et ete et eteerte st eseesseesaesseessesseensessaessessaensenseensenns 52
145  AdJUVANTE tRETAPY ....eeitiiiieiieiesiieiesttete ettt ettt te st sbe st e be st e bessbesbeesbeseessensaessesseensenseensennes 63
1.5 HOST FACTORS INFLUENCING SURGICAL OUTCOME ...ceeeieeeeeeeeeeeeeeeeerereeeeseesesssesssesssssssssssssssssssssssnsssssnsnsnnnns 70
0 T S N« (< TSP 71
1.5.2  COMOIDIAILY ..evieniieeieiieiecie ettt sttt ettt ettt e e e st e b e eseesseasaesseessessaensesssensessnensensaensenns 71
1.5.3  Cardiovascular disease and COlOrectal CANCET ............cccuevevuvieereireeeeee et 77
1.5.4  PRYSICAL ACHIVILY c.viouieiieiiriieiesie ettt st ettt et e et et e estesteeseesaeesaesseessesseensessaensessnensensaensenns 81
1.5.5  Adverse body COMPOSIHION ......eevervieieriieiieiietietesiestestestessessesseesesseessesseessessaessesseessesseessenses 85
1.5.60  SIMOKINEG ...viiuiieiieiieiieie ettt sttt ettt e st et e e st esseeseesseasaesseessesseensesssensesssensenseensenns 86
1.6 PREOPERATIVE EVALUATION ..etuuiiitieeeettieeetneeeetneeessnneeesnneeessneesssneesssnesessnnsessnneesssnaeesssnsesssnneessnneesnnnnes 87
1.6.2  Preoperative cardiovascular riSK aSSESSIMENL .........cc.eeveriierieriieieriesieseeeeseeseseesesenessessnenseens 94
1.6.3  Cardiovascular disease and cytotOXiC therapy ..........cccevvrviererieriirieriieeesieeee e 99
1.6.4  Evaluation of a cardiovascular risk factor as a marker of outcome in the treatment of
COLOTECTAL CANCET ........eveieieeeieeeee e ettt e et e et e e et e e et e e et e e eeaeeeeenteeeenneeeeteeeennnesennnes 103
2 SUMMARY AND AlMS ... ccttuitiiieeereectenerectanseecesssssseessssssessssssesasssssssassssssssssssssssssesssssssssssasssnsesnses 114
2.1 SUMIMARY .ttt ettt et ettt ettt ee et e eeeeab e eeeessesa st eeesssssssassseesssssaanseessssssssnnseeesssstsnneeessessnsnnseseseesssnnns 114
2.2 AAIVIS ettt ettt e ettt e et e e ettt e e e eeee et et e eee et aa b ——eeeeet et ab——eeet et traateeeraatra—eeaertrrraaeeeerrrranaaaaes 116
3 A COMPARISON OF VISUAL AND SOFTWARE SCORING METHODS FOR THE EVALUATION OF
AORTOILIAC CALCIFICATION. ..cuuteuieenerencrenceanceecesscesnsesssesssasssssesasssssessssssssssssssssssssssssssssssesasssnsesnsssnsssnsses 119
3.1 INTRODUCGTION 1uuuieeieertuneeeeerersnsieseeessssssseeeessessssnnsesesssssssnaeeesssssssnnsesssssssssssesesssssssnnsessssssssnsneseessses 119
3.2 1Y/ 0] 5P 121
32,1 StatiStiCAl ANALYSIS...ccuieviriieiieiieriieeereete st ete e ete e et e s e e besta et eeta e seesa e seesa e seesaesaeenaessaensennean 124
3.3 YU I 1P 125
3.4 (DT Yol U Y [0 ] PP 127
4 THE RELATIONSHIP BETWEEN AORTIC CALCIFICATION AND POSTOPERATIVE COMPLICATIONS
FOLLOWING COLORECTAL CANCER RESECTION. ...ccteuiteuerencrencennceancenneesesescsssssascrssssnscssssssssssssasssnsssnsesnnes 138
4.1 INTRODUCGTION uuuuieereeruuneeeeerersssieseeesessssneeeessessssnnsesessssssnnaeeesssssssnnsesssssssssssesesssssssnnsessssssssnnesesseses 138
4.2 IVEETHODS «ottuieete e eettee ettt e e et e ettt ee e e et e e etaeeseaaeessaneesanneasstnesssnnaessnneesntesasssnneessnneesnnnnesssnneessnnneennns 140
421 StatistiCal ANALYSIS......cccovirierieiierieiierteete sttt ettt ettt te sttt et e et e st e nbeetaenseeraenseeseeneenes 141
4.3 YU I 1 143
4.4 (DT Yol U Y [0 ] PP 146



5 THE RELATIONSHIP BETWEEN AORTIC CALCIFICATION AND SURVIVAL FOLLOWING COLORECTAL

CANCER RESECTION .....ccuitiituieeieenerenceencrencrescenscrassenscesssesssssssssssssssssesssssnsesasssssesssssnsessssssssnsssasssnsesnsesnnes 160
5.1 INTRODUCGTION 1uuuieeieertuneeeeerersnsieseeessssssseeeessessssnnsesesssssssnaeeesssssssnnsesssssssssssesesssssssnnsessssssssnsneseessses 160
5.2 1Y/ 0] 5P 162

5.2.1  StatiStical ANALYSIS......ccvieieriieieriiiierie ettt ettt et bese b e s ree b e ssnebeesaesseessenreens 163
5.3 YU I 1P 164
5.4 (DT Yol U Y [0 ] PP 167

6 AORTIC CALCIFICATION AND RESPONSE TO NEO-ADJUVANT THERAPY IN LOCALLY ADVANCED

RECTAL CANCER .....coctueterteietnereeceencrescrencrnscesssesssssssesssssssasesasssssssssssssessssasssssssssesssssnsssssssnsessssassansssnsesnnes 187
6.1 INTRODUCGTION 1uuuieeieertuneeeeererssseseeesrssssneeeessesssanseesssssssnseeeesssssssnnsesessssssnnsesesssssssnnsesssessssnsnesesssses 187
6.2 IVIETHODS «ottuiette e eettee e et e ettt ee ettt e e e et e e eta e e e et e esaan e esanneeratneessnnaessnnesntnsasssnneessnnsesnnnnesssnneessnnneennnn 190

6.2.1  StatiStiCAl ANALYSIS...cc.eecvireieiieieiieierte et eee st ete e eae s e ebesta e beete e b e ess e seesaesseeseesreensessaensenaean 192
6.3 YU I PP 193
6.4 (Dol U Y [0 PP 196

7 AORTIC CALCIFICATION AND TOLERANCE OF ADJUVANT THERAPY FOLLOWING COLORECTAL

CANCER RESECTION .....ccuiteituieeieencrenceenctencrescenscrassenscesssesssssssesssssssasssssssnsesasssssesssssnssssssssssnsssasssnsssnsesnnes 213
7.1 INTRODUCGTION uuuuieeieertuneeeeerersssieseeesessssnaeeesssssssnseesssssssnsaeeesssssssnnsessssssssnssesesssssssnnsesessssssnneseessses 213
7.2 1Y/ 0] 5P 215

7.2.1  StatiStiCAl ANALYSIS....c.eeviriieiieiesiieiete et ete st ete e ete s e esessaeseessesseessesseessenseesaesseensessaenseneean 216
7.3 YU I PP 217
7.4 Dol Uy [0 PP 220

8 ASSESSMENT OF THE RELATIONSHIP BETWEEN AORTIC CALCIFICATION AND TUMOUR HYPOXIA IN

COLORECTAL CANCER ...c.ceeuetueeeieenerenceenceescrescenscrasssnscssssssssssssssssssssssssssssnsesssssssssssssnssssssssssssssasssnsssnsesnnes 229
8.1 INTRODUCGTION 1uuuieereeruuneeeeerersssieseeessssssneeeessessssnnsesessssssnneeeesssssssnnsesesssssssnsesesssssssnnsessssssssnnesesssses 229
8.2 1Y/ 0] 5P 231

8.2.1  StatiStiCal ANALYSIS......ccvieieriieieiiiierieeier ettt ettt et e s teebe e b e s e e s e snnebeenbesreessenreens 232
8.3 YU I 1P 233
8.4 (Dol Y [0 PP 235

9 AN INVESTIGATION OF THE RELATIONSHIP BETWEEN AORTIC CALCIFICATION AND SYSTEMIC

INFLAMMATION IN PATIENTS UNDERGOING CURATIVE COLORECTAL CANCER RESECTION.........cccccueueee 248
9.1 INTRODUCGTION uuuuieereeruuteeeeeressntieeeeersssssnneeeeesessssnsesesssssssneeesssssssnnsesessssssnnsesesssssssnnsesessssssneneseessees 248
9.2 1Y/ 0] 5P 250

0.2.1  StatiStiCAl ANALYSIS ...ccueevireieiieieriieiesieete st ete st etesteeae s e ebessaesseesaeseessesseessenseeseesseensessaenseneean 250
9.3 YU I 1P 252
9.4 Dol Uy [0 ] PP 254

10 COMPARISON OF THE INFLUENCE OF AORTIC CALCIFICATION AND COMORBIDITY ON OUTCOME

FOLLOWING COLORECTAL CANCER RESECTION ....ccteuiteeetencrencenncenncenneessescsessssscsasssnscssssssssssssassansssnsesnnes 266
10.1 INTRODUCTION «.etietteee et eeeeeeeeeeeesesaae e eeeeessesaaaesetetesssesaaassseeeeessssaaassseesesssesaasseaeeeessesaannnneee 266
10.2 IVIETHODS ettt ettt ettt e e e e e e e e et eeeeeesesaaseeeteeesesaaasseeeeeesssasaasenaeeeesesaaasnseneresesanans 268

10.2.1  StatiStICAl ANALYSIS.....eecverieieeieitieiestietesttete st eteseeaesseesessaesseessesseessesseessesseessesseessesssensessees 269
10.3 RE S UL TS ettt ettt ettt et ettt e e e e e e e e et eeeeeesesaaseeeteeesesaaa s eeeeeesssasassaaeeeeesesaaaanseresesesanans 271
104 IS CUSSION ... eeeeee et eeeeeee et e e e e e e ettt e e e e eeae s eteeeesesesaaseeereeesesaaasseeeeeesssasanneneeeeesssaaaansereresssanans 273

11 THE RELATIONSHIP BETWEEN AORTIC CALCIFICATION AND CARDIOPULMONARY FITNESS IN

PATIENTS UNDERGOING COLORECTAL CANCER RESECTION ....cccctuireeeennrencrencrencrencenncenssensesssencansesnsernnes 284
11.1 INTRODUCGTION 1uuuieereertuneeeeerersssieseeessesssneeeessessssnnsesessssssnseeesssssssnnsesssssssssnsesesssssssnnsesessssssnsneseeseses 284
11.2 VI ETHODS «ovtieetteeeettee ettt ettt ee ettt e e e et e e eta e e s et eessaneesanneesstnesssnnaessnnesnnnsesssnneessnneesssnneessnneessnnneeennnn 286

[1.2.1  StatiStiCAl ANALYSIS......eecveriieieeieiieiesieeiesteetesteeteseeaesseesessaessaessesseessesseessesseessesseessesseensessees 287
11.3 RESULTS «eitttieieite ettt ettt ettt ettt ee e e et e eeeta e e e et e esaan e esaaneeestnesssnnaessnnseennnesssnneesnnnsesnnneessnneessnneesnnes 288
11.4 Dol Uy [0 ] PP 291

12 DYNAMIC IMAGING OF THE MESENTERIC HAEMODYNAMIC RESPONSE TO EXERCISE ................... 300
12.1 INTRODUCGTION 1uuuieereeruuneeeeerersssieseeessssssneeeessessssnnsesessssssnneeeesssssssnnsesesssssssnsesesssssssnnsessssssssnnesesssses 300
12.2 1Y/ 0] 5P 302

[2.2.1  StatiStiCAl ANALYSIS....c.eecveriieieeieiieiestietesteete st eteseebe e esestaesseessesseessenseessesseessesseessesseensesses 304



12.3 YU I 1P 305

12.4 DISCUSSION ...etitiiiiiiiiiitti ettt e s s b e a e e e e s e s aa st et e e s s e snbaaeeeeesesennnnnes 306
13 CONCLUSIONS.......cuetiiiiiisnntiieisssnetsisssssssessssssssnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssanssssssssanses 314
14  REFERENCES.......cccovttiiiiiinnniiiissnnetsiissssssisssssssssssssssssessssssssssssssssssssssssssssssessssssssssssssssssansessssssanses 322
APPENDIX 1 ..cuuviiiiiiinnniiniiisunessiisssssessissssssnesssssssssessssssssssssssssssssssssssssssesssssssssssssssssssssssssssansesssssssnsessssssns 401
APPENDIX 2 ..cuviiiiiiinnniiniiisneesiiissssssisssssnesssssssssessssssssssssssssssssssssssssssesssssssssssssssssssssssssssansesssssssnssssssssns 402
APPENDIX 3 ...eueiiiiiiiiuniiiiiiieneesiiisssessisssssnessssssssessssssssssssssssssssssssssssnsessssssssssssssssssssssssssssnsesssssssnssssssssns 404
APPENDIX 4 ..coveiiiiiinnniiiiiiuneesiiisssesiisssssnesssssssssessssssssssssssssssssesssssssssessssssssssssssssssssssssssssssesssssssnssssssssns 406



List of Tables

Table 1-1 - WHO physical activity guidelines for adults adapted from Global

Recommendations on Physical Activity for Health .............ccoociiiiiiiiiiiiiiiiieeeees 31
Table 1-2 - ACPGBI pathway for investigation of suspected colorectal cancer................. 38
Table 1-3 - Enhanced recovery after surgery CoOmponents..............eceeeveevveereeerieeneeeneennes 51
Table 1-4 - Early pathological staging of colorectal cancer.............cccceceeevuverieecieeneeeneenne. 53
Table 1-5 - AJCC TNM staging of cancers of colon and rectum, 5th edition. ................... 54
Table 1-6 - Combined TNM stage and survival for cancers of the colon and rectum. ....... 55
Table 1-7 - Royal College of Pathologists’ assessment of response to preoperative therapy.
............................................................................................................................................. 60
Table 1-8 Comorbidity scores and INAICES ..........cecueeriieriierieeriienieeieeere e ereesee e 72
Table 1-9 Metabolic equivalent tasks..........cccveeviieiieriieiiierieeieeee e 82
Table 1-10 - Randomised controlled trials of preoperative exercise including patients with
resectable COlOTECtal CANCET .........iiuiiiiiiieiieeee et 84
Table 1-11 - ASA Physical Status Classification System. .........cccccecvveriieviienieecieeneeeneene. 88
Table 1-12 - ECOG performance status deSCriptors ..........cccveeeveeruieeieereenieeneeereeneeeenneas 102
Table 1-13 - Characteristics of studies examining AC and AL following colorectal

LLCRISTo1 51013 TSSOSO PR USTSRRPR 106
Table 1-14 - Overview of studies assessing degree of aortic calcification in patients
undergoing COlOTECtal SUIZETY. ..oovuiiiiieriieeiieiie ettt ettt ebe e enes 109
Table 1-15 - Reported risk factors for AL and relationship with AL in patients undergoing
ASTIOINEESINAL TESECTION. 1..vvieiiiiiiieiieeiie ettt ettt et e et eeb e e seesabeebeeesseesaesnseas 111
Table 3-1 - Description of calcification SCOTES. ........ccvveeivieriiriieriieeieeree e 130
Table 3-2 - Prevalence of calcification according to AC scoring method. ....................... 131
Table 3-3 - Associations between van Rossum score and software scores (Chi-square test,
PO.00T). ettt b ettt ettt ettt ettt ne st et et et e s e nae e 132
Table 3-4 - Associations between van Rossum score and semi-quantitative score (Chi-
square test, P<O.00T). coeeiieiieeee e e e e s 132
Table 3-5 - Associations between semi-quantitative AC score and software scores (Chi-
square test, P<O.00T). coeeiieeieeee e e e s 133
Table 3-6 - Intra-class correlation coefficient for intra-observer agreement (single
measures, absolute AIEEMENL). ........cuiivuiieiieiiieeieeiieeie ettt e e eeseeebeesaeeenreeseeeensaes 134
Table 3-7 - Inter-class correlation coefficient for inter-observer agreement between 4 raters
(single measures, absolute AZrEEMENLt). .......cccuievuieiiieiieeieeiee ettt eene s 134
Table 4-1 - Definition and incidence of infective complications............cccceerveereenerennen. 150
Table 4-2 - Definition and incidence of non-infective complications.............c.cceevueennee. 151
Table 4-3 - Baseline characteristics of patients undergoing elective resection of non-
metastatic colorectal cancer between 2008 - 2016 (N = 657). .c.c.ccocvveerierieeciienieeieeee e 152
Table 4-4 - Frequency of complications by tyPe.......ccceeecvierieriienieeiieiecie e 154

Table 4-5 - Association between the degree of proximal and distal aortic calcification and
clinico-pathological characteristics of patients undergoing colorectal cancer resection
(Mantel-Haenszel test, significance level p<0.05). .......ccccoviiriieiiieiiieiiecieeeeeeeee e 155
Table 4-6 - Associations between the degree of proximal and distal aortic calcification and
postoperative complications in patients undergoing colorectal cancer resection (Mantel-
Haenszel test, significance level p<0.05). .....c.cooieiiiiiiieiiiniieieceecee e 157
Table 4-7 - Analysis of the relationship between clinico-pathological characteristics and
postoperative complications in patients undergoing colorectal cancer resection (Binary

logistic regression, significance level p<0.05). ........cccceeviiiiiiriiienieeiieeeeie e 158
Table 5-1 - Baseline characteristics of patients undergoing resection of non-metastatic
colorectal cancer between 2008 - 2016 (N=651). .....oevueeeiieriieiieiieeieeee e 171

6



Table 5-2 - Associations between the degree of proximal AC and clinico-pathological

CharacteriStiCS (NT0S51). c.viiiiiiiieeiieieeeie ettt et e e e et e et e sabeebeeesseeseesnseas 173
Table 5-3 - Association between the degree of distal AC and clinico-pathological

CharacteriStiCS (NT0S51). c.viiiiieiieeiieiieeie ettt ettt e b et e sbeebeeesseeseesnseas 175
Table 5-4 - Cox regression analysis of factors associated with overall survival............... 177

Table 5-5 - Cox regression analysis of factors associated with cancer-specific survival. 179
Table 5-6 - Cox regression analysis of factors associated with cancer-specific survival in

patients with right colon cancer (N=231).......cccueiviieiiiiiiieiecieee e 181
Table 5-7 - Cox regression analysis of factors associated with cancer-specific survival in in
patients with left colon cancer (N=190). ........cccoeiviieiiiiiiieiecieee e 182

Table 6-1 - Tumour regression grades and the corresponding histopathological criteria. 200
Table 6-2 - Baseline demographics of patients undergoing neoadjuvant chemoradiation

(179 ettt ettt h e h e a e a e n ettt h e b he st ne e st et et e tenan 201
Table 6-3 - Associations between baseline clinico-pathological characteristics and response
to NACRT by histopathological reSPONSE. .........c.eevvieriieriieriieiieeie ettt eenees 203

Table 6-4 - Associations between baseline clinico-pathological characteristics and response
to NACRT graded by the Royal College of Pathologists, Mandard and Rédel tumour

regression grades (TRG). .ioviiiiiiiiiiicicee e ettt eena s 204
Table 6-5 - Associations between baseline clinico-pathological characteristics and response
to NACRT by T- and N-dOWNStaZING. .....cc.eevvirriiiiiieeieeiienieeieeeeeereeseeeveesieeeveeseeeennees 206
Table 6-6 - Associations between baseline clinico-pathological characteristics and response
to NACRT by Neoadjuvant Rectal (NAR) SCOTE. .....ccceeeiiiriiiiieiieiiecie e 207
Table 6-7 - Comparison of response to NACRT by the degree of calcification. .............. 208
Table 6-8 - Baseline demographics of patients undergoing neoadjuvant chemoradiation (St
Mark’s COROTE, NT49)...coiiiiiieeiieeece ettt et ebeestee e e nneeensees 210
Table 6-9 - Associations between baseline clinico-pathological characteristics and response
to NACRT by histopathological response in St Mark’s cohort...........cccceeevveriieiieninennnn. 211

Table 6-10 - Associations between baseline clinico-pathological characteristics and
response to NACRT by histopathological response in the combined Glasgow Royal and St

Mark’s cOROTt (NT128). ..ottt ettt eeees 212
Table 7-1 - Baseline characteristics of patients with resected colorectal cancer by adjuvant
chemotherapy status (N-404). ....ccuieiuieiiieiiecie ettt et e sbeesreeesseesaeensaes 223
Table 7-2 - Associations between clinicopathologic characteristics and adjuvant
chemotherapy completion among patients with resected colorectal cancer (n=194)........ 225
Table 7-3 - Associations between degree of AC and adjuvant chemotherapy type and dose
reduction among patients with resected colorectal cancer. ...........ccecvevieeciienieeieenneennen. 227
Table 8-1 Baseline demographics and clinico-pathological features of patients undergoing
curative colorectal cancer resection with available TMA cores (n=223)........ccccceevuvennnnn. 238

Table 8-2 Associations between tumour cell CA IX expression and clinico-pathological
characteristics among patients undergoing curative colorectal cancer resection (n=223).240
Table 9-1 - Baseline characteristics of study population (n=640)............ccceerveecreerrennnenn 257
Table 9-2 - Associations between the site and degree of calcification and systemic
inflammation in patients undergoing elective curative colorectal cancer resection (n=640).
........................................................................................................................................... 258
Table 9-3 - Associations between SIR status as denoted by mGPS and clinico-pathological
characteristics in patients undergoing elective curative colorectal cancer resection (n=640).

........................................................................................................................................... 259
Table 9-4 — Cox regression analysis of factors associated with overall survival in patients
undergoing curative colorectal cancer resection (N=640). ............cccverveevrieneeeireeneeereennes 261
Table 9-5 - Cox regression analysis of factors associated with cancer-specific survival in
patients undergoing curative colorectal cancer resection (n=640). .........ccccecvervveerreeneenne. 262
Table 9-6 - Cox regression analysis of factors associated with cancer-specific survival in
patients with resected right colon cancer (N=231).......ccceevveeviieririiiienieeieeee e 263

7



Table 10-1 - Distribution of comorbidity among patients undergoing elective curative

resection of colorectal cancer by different indices and scores (n = 657). .....ccceeevveevennnen. 276
Table 10-2 - Associations between comorbidity scores and aortic calcification among
patients undergoing elective curative resection of colorectal cancer ( (n = 657).............. 277

Table 10-3 - Relationship between clinico-pathological factors, AC, comorbidity scores
and all complications among patients undergoing elective curative resection of colorectal
CANCET (117 057 ). eviieiiie ettt ettt e ettt e et e e st e e s bt eesataeessbeeensseessnseeenseeennseesnnees 278
Table 10-4 - Relationship between clinico-pathological factors, AC, comorbidity scores
and overall survival among patients undergoing elective curative resection of colorectal
CANCET (117 057 ). utiieiie ettt ettt e ettt e et e e st e e s bt e e saaaeeesseeensseesnnseesnnseeennseeensnes 280
Table 10-5 - Relationship between clinico-pathological factors, AC, comorbidity scores
and cancer-specific survival among patients undergoing elective curative resection of

COlorectal CANCET (1= 057). ..iecuieeiieiieeieeieeete ettt ettt st e e et esebeebeeesseesaesnseas 282
Table 11-1 - Baseline characteristics of patients with operable colorectal cancer
undergoing preoperative CPET (1= 281). c.c.ccoviiiiieiiieiieieeieeie et 294
Table 11-2 - Associations between clinicopathologic characteristics and CPET variables
among patients with operable colorectal cancer (N = 281).......cccccveeciierieniiienieeiieie e 296
Table 11-3 - Relationship between clinicopathological factors and oxygen uptake at
anaerobic threshold among patients with operable colorectal cancer (n = 281). .............. 297
Table 11-4 - Relationship between clinicopathological factors and peak oxygen uptake
among patients with operable colorectal cancer (N = 281).......cccccveeviieniivciienieeiieeeeenn 298
Table 12-1 - Mean net portal vein flow pre- and post-exercise (n=10). ........cceeevrervrennen. 309
Table 12-2 - 4D MRA portal vein flow pre- and post-exercise (mL/S) ........ccceeeveerveennen. 310



List of Figures

Figure 1-1 Mesenteric arterial SUPPLY ....ccccveerieiiiiiiiieiieriee ettt s es 45
Figure 3-1 - Examples of proximal aortic calcification and corresponding semi-quantitative
SCOTES. .eutteruteentteauteeteesuteeteeaste e bt e sat e e bt e ebb e e bt e sat e e bt e s et e e bt e sa et e bt e ebt e e bt e nab e e bt e ehbeebeenateebeeea 135
Figure 3-2 - Examples of distal aortic calcification and corresponding semi-quantitative
SCOTES. .eutteruteentteauteenteesuteeteeesae e bt e sat e e bt e ebt e e bt e sat e e bt e s et e e b e e sat e e bt e eab e et e e sat e e bt e eabeebeenateebeeen 136
Figure 3-3 - Examples of common iliac arterial calcification and corresponding semi-
QUANTIEALIVE SCOTES. 1eeuvvieurieieieeiierieeteenteeteessteesseeseseeseessseeseessseeseessseeseessseenseessseesseesses 137
Figure 5-1 - Kaplan-Meier curves demonstrating the relationship between proximal AC
and OVerall SUIVIVAL .......oooiiiiiii et 183
Figure 5-2 - Kaplan-Meier curves demonstrating the relationship between proximal AC
and OVerall SUIVIVAL ........coouiiiiiiiiie ettt 184
Figure 5-3 - Kaplan-Meier curves demonstrating the relationship between proximal AC
and cancer-specific SUTVIVAL .......ccoooiiiiiiiieiiiceece et s 185
Figure 7-1 Kaplan-Meier curve demonstrating cancer-specific survival in patients
undergoing ACT by degree of proximal AC (p=0.975). .cccecevieriiriieieeiieee e 228
Figure 7-2 - Kaplan-Meier curve demonstrating cancer-specific survival in patients
undergoing ACT by degree of distal AC (p=0.712)...ccceeriiriiiiniieiienieeieeee e 228
Figure 8-1 - Examples of positive (left) and negative (right) staining using cell pellets. . 243
Figure 8-2 - Negative (no antibody) CONtrol. ..........cccceeveriinieniiiieniiieeeeeeeeee e 243
Figure 8-3 - Examples of low (left) and high (right) membranous CA IX expression. .... 243
Figure 8-4 - Examples of low (left) and high (right) cytoplasmic CA IX staining........... 243
Figure 8-6 - Kaplan-Meier curves demonstrating the relationship between membranous CA
IX expression and cancer-specific survival (P=0.511)....c.cccccoiiriiniiiiiniiiiieeeeee, 244
Figure 8-7 - Kaplan-Meier curves demonstrating the relationship between membranous CA
IX expression and overall survival (P=0.427).......ccccocieiiriiniininierieeeeeee e 244
Figure 8-8 - Kaplan-Meier curves demonstrating the relationship between cytoplasmic CA
IX expression and cancer-specific survival (P=0.077).......ccccccovverviievieniiniienieeieeee e 245
Figure 8-9 - Kaplan-Meier curves demonstrating the relationship between cytoplasmic CA
IX expression and overall survival (P=0.189)..........cccceeviiiiiiiiiiieeeceee e 245
Figure 8-10 - Scatter plot of membranous CA IX scores between 2 raters..........c..ce........ 246
Figure 8-11 - Bland-Altman plot of membranous CA IX scores between 2 raters............ 246
Figure 8-12 - Scatter plot of cytoplasmic CA IX scores between 2 raters. ..........c.cce.e..... 247
Figure 8-13 - Bland-Altman plot of cytoplasmic CA IX scores between 2 raters. ........... 247
Figure 9-1 - Overall survival by SIR and AC status in patients undergoing elective curative
colorectal cancer resection (N=040). .....c.ccoieeiieiieiiieieee ettt ere et eesaeeeenees 264
Figure 9-2 - Cancer-specific survival by SIR and AC status in patients undergoing elective
curative colorectal cancer resection (N=640)..........ceeveerviieriiriieenieeieeree e e ereeneee e 265
Figure 11-1 - ROC curve - oxygen uptake at estimated anaerobic threshold and any
comPlication (P=0.653). ..ecovieiiieeiieiieeie ettt et teeenbeas 299
Figure 11-2 - ROC curve - oxygen uptake at peak and complications and any complication
(DT0.300). ettt ettt ettt b e neeneene e st et et et nan 299
Figure 12-1 — 4D MRA image showing confluence of portal vein (1), splenic vein (2) and
SUPETIOr MESENLETIC VEIN (3). cuviervreiiieriieeiieriieeieestteeteesteeeaeesteeesseessaessseesseessseensaesnseenseanns 312
Figure 12-2 - Mean net portal vein flow in healthy volunteers pre- and post-exercise (n=5,
error bars indicate standard €ITOT). ........cc.ececviieiiieeiie e 313
Figure 12-3 - Mean net portal vein flow in patients pre- and post-exercise (n=5, error bars
indicate Standard ITOT).........cooiieiieiiieiie ettt ettt e e e seesaeeseessseeseeenseas 313



Acknowledgement

| am very grateful to the following individuals for extending their guidance,

support and expertise to me during this period of research.

Dr Campbell Roxburgh

Dr James Park

Professor Paul Horgan

Professor Donald McMillan

Professor Joanne Edwards

Dr Jean Quinn

Professor Giles Roditi

Dr Pauline Hall-Barrientos

Dr Stuart Gray

Mr Lewis Steell

Institute of Cancer Sciences

University of Glasgow

School of Medicine, Dentistry & Nursing
University of Glasgow

School of Medicine, Dentistry & Nursing
University of Glasgow

School of Medicine, Dentistry & Nursing
University of Glasgow

Institute of Cancer Sciences

University of Glasgow

Institute of Cancer Sciences

University of Glasgow

Institute of Cardiovascular & Medical Sciences
University of Glasgow

Institute of Cardiovascular & Medical Sciences
University of Glasgow

Institute of Cardiovascular & Medical Sciences

University of Glasgow

Institute of Cardiovascular & Medical Sciences

University of Glasgow
10



Declaration

| declare that the work presented in this thesis was undertaken by myself. In

addition, the following individuals contributed:
Mrs Roseanne Gorman assisted with the illustrations in Table 1.4 and Figure 1.1.

Miss Kate Boland, Mr Daniel Dolan and Mr Allan Golder undertook co-scoring in
Chapter 3.

Mr Chui Hon Fei undertook co-scoring in Chapter 4.

Dr Janet Graham and Ms Christine Crearie facilitated access to the data used in
Chapter 7.

Dr Jean Quinn and Professor Joanne Edwards provided assistance and supervision
for the performance and analysis of immunohistochemistry for CA IX in Chapter
8.

Mr Henry Tilney, Dr Judy Gudgeon, Mr Chris Ray, Dr Laura McGarrity, Mr James
Saldanha and Dr Grant Haldane facilitated access to data contributing to Chapter
11. Dr Gordon Cooper and Mr Ross McMahon assisted with data collection. Miss

WeiHan Ong undertook co-scoring of AC for this cohort.

Dr Pauline-Hall Barrientos provided assistance in the analysis of 4D flow.
Professor Giles Roditi reported the MRAs for study participants. Dr Stuart Gray
and Mr Lewis Steell assisted in the design and supervision of the exercise

protocol undertaken in Chapter 12.

11



Publications

The work presented in this thesis has resulted in the following publications:

Knight KA, Fei CH, Boland KF, Dolan DR, Golder AM, McMillan DC, Horgan PG,
Black DH, Park JH, Roxburgh CSD. Aortic calcification is associated with non-
infective rather than infective postoperative complications following colorectal
cancer resection: an observational cohort study. Eur Radiol. 2021
Jun;31(6):4319-4329. doi: 10.1007/s00330-020-07189-7.

Hall Barrientos P, Knight K, Black D, Vesey A, Roditi G. A pilot study
investigating the use of 4D flow MRI for the assessment of splanchnic flow in
patients suspected of mesenteric ischaemia. Sci Rep. 2021 Mar 15;11(1):5914.
doi: 10.1038/s41598-021-85315-1.

Knight KA, Drami |, McMillan DC, Horgan PG, Park JH, Jenkins JT, Roxburgh CSD.
Vascular calcification and response to neoadjuvant therapy in locally advanced
rectal cancer: an exploratory study. J Cancer Res Clin Oncol. 2021 Mar 12. doi:
10.1007/s00432-021-03570-1. Epub ahead of print.

Knight KA, Horgan PG, McMillan DC, Roxburgh CSD, Park JH. The relationship
between aortic calcification and anastomotic leak following gastrointestinal
resection: A systematic review. Int J Surg. 2020 Jan;73:42-49. doi:
10.1016/j.1jsu.2019.11.023.

12



Dedication

This thesis is dedicated to the memory of Jim, Stuart and Andrew Knight, and to

my sister Roseanne, for helping me to see it through.

13



1 Introduction

1.1 Epidemiology

Colorectal cancer is the third most common cancer and the second most
common cause of cancer death worldwide '. In 2012, over 1.4 million new cases
of colorectal cancer and in excess of 690,000 deaths due to colorectal cancer
were recorded globally '. The majority of cases occur in developed countries
with the highest incidence currently in Australia and New Zealand, followed
closely by Europe and North America 2. The incidence of colorectal cancer in low
and middle-income countries is projected to rise significantly by 2030 as Western

dietary habits and lifestyle patterns become prevalent in these regions 3.

In the United Kingdom, colorectal cancer is the fourth most common cancer and
accounted for 12% of all new cases of cancer in 2016 “. In total, 42,555 new
cases were recorded in the UK in 2016; of these, 23,529 developed in males and
18,626 in females. There is a degree of variation in incidence across the
devolved nations, with the highest crude rate per 100,000 persons in 2016
reported at 63.6 in Scotland, compared with 55.0 in England, 61.7 in Wales and
54.5 in Northern Ireland “. A deprivation gradient in the incidence of and
mortality from colorectal cancer in Scotland has also been reported. The age-
standardised incidence rate was 88.4% in the most deprived regions compared
with 77.2% in the least deprived between 2010 and 2014, while age-standardised

mortality rates of 39.1% and 31% respectively were reported °.

Incidence rates have increased by approximately 4% since the 1990s, reflecting
stable rates in females and increased rates in males 4. This is however a smaller
increase than that seen in the preceding decade, where rates were around 8%.
Survival has gradually improved since the 1970s. Five-year age-standardised
survival in men has risen from 25% during 1971-72 to 59% in 2010-11 with a
similar trend evident for females, increasing from 24 to 58%. Survival for those
diagnosed with colorectal cancer in the UK is currently around 54%, lower than

the European average of 56% “.

The largest proportion of cases affect the rectum, followed by sigmoid colon and

caecum. Rectal cancer is more common in males and caecal cancer more
14



common in females. UK statistics for incidence by site between 2010 and 2012
reported 7,327 new cases of rectal cancer in males and 4,240 new cases in
females. By contrast, 3,145 cases of caecal cancer in females and 2,829 cases in

males were recorded in the same time period.

In non-hereditary cases, incidence increases with age, with a sharp increase
from age 50 onwards. Incidence by age varies according to gender, with the
most notable difference occurring between 60 to 65 years old, where the
incidence rate in men is 1.7 times that of females*. The highest incidence rates
are currently in those aged over 85. However, in the last 25 years, an increasing
proportion of patients are being diagnosed with colorectal cancer under the age
of 50, leading to proposals to lower the age at which screening is offered in

certain high-risk groups, such as those with a family history of colorectal cancer.
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1.2 Aetiology

1.2.1 Genetic factors

Colorectal cancer (CRC) most commonly arises sporadically but can evolve on a
background of inherited genetic mutations which predispose to its development.
Germline mutations in certain key genes inherited in an autosomal dominant or
recessive pattern are pathognomonic of hereditary CRC. Somatic mutations in
non-germ cells acquired throughout a person’s lifetime can lead to the

development of sporadic colorectal cancer.

In addition to being categorised as sporadic or hereditary, CRC can be broadly
regarded as hypermutated or non-hypermutated °. Regardless of the overall
burden, a minimum number of mutations is required to induce invasive cancer.
Such mutations are classified as driver mutations 7 which confer a selective
growth advantage to a tumour, increasing the net replication rate of cells.
Passenger mutations are found in every cell affected by a driver mutation but do
not confer any active advantage to the tumour and occur by chance during the

process of cell division and clonal expansion 8°.

Mutations in tumour suppressor genes and oncogenes are central to the
development of cancer. Under normal conditions, control of cell proliferation is
achieved by the regulatory function of tumour suppressor genes. Most mutations
in tumour suppressor genes are initially recessive, requiring a further mutation
affecting the remaining non-mutated allele before progression to CRC may
occur. Consequent loss of heterozygosity results in the tumour suppressor gene
becoming homozygous for the mutated gene. Oncogenes differ in this regard: a
single copy of a mutation can lead to activation and loss of control of cell
proliferation. In health, oncogenes provide stimuli which promote cellular
replication and often encode cell cycle regulators, growth factors and receptors
and signalling molecules. During carcinogenesis, overstimulation can result from
changes in oncogenes arising from translocations, point mutations,
amplifications or epigenetic alterations. Over-expression or mutations of
oncogenes including RAS, MYC, BRAF, EGFR, AKT1 and PIK3CA are key players in

colorectal carcinogenesis.
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1.2.1.1 Oncogenes — KRAS and BRAF

The oncogenes BRAF and KRAS are key elements of colorectal carcinogenesis.
The mitogen-associated protein kinase (MAPK) pathway involves a signalling
cascade that influences cell proliferation, differentiation, migration and
angiogenesis. The RAS oncogene encodes a small GTP-binding protein which
activates several signalling pathways. Of the four known RAS proteins, KRAS is
the most potent stimulator of this pathway and the most commonly mutated RAS

isoform in cancer.

Following binding of an inducer (cytokine, growth factor or mitogen), RAS
transitions to its active form and stimulates RAF proteins, among them BRAF, to
move to the cell membrane. In colorectal cancer, KRAS mutations occur with a
frequency of approximately 33%, compared with HRAS at 0% and NRAS at 2% 1°.
Constitutional activation results from KRAS mutations, leading to promotion of
proliferation via BRAF signalling, as well as inhibition of apoptosis mediated by
phosphoinositol kinases such as PI3K. The resulting dysregulated growth and
survival results in adenoma formation and eventually, progression to invasive

cancer ",

KRAS mutation status is important in determining appropriate chemotherapy in
the setting of metastatic colorectal cancer '2. Epidermal growth factor receptor
(EGFR) blockade using monoclonal antibodies prevents ligand-induced activation,
blocking signalling via MAPK and PI3K pathways 3. However, mutant KRAS
constitutionally activates these pathways. EGFR blockade therefore is
ineffective, as it acts upstream of KRAS and cannot deactivate mutant KRAS-

driven cellular proliferation.

BRAF mutations are found in approximately 8 to 12% of patients with metastatic
disease '*'8, The majority result in a valine amino acid substitution in exon 15
(V600E), enhancing BRAF activity in the region of 10 to 100-fold compared to its
non-mutated state. BRAF-mutated colorectal cancer is associated with older age
of onset ', female gender ', proximal colonic location "' and large tumour
size 2'. Pathological correlates of BRAF-mutated cancer include poor
differentiation 2", mucinous histology ?* and a tendency for peritoneal

recurrence 2325,
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In sporadic colorectal cancer, BRAF mutations are not regarded as key driver
mutations. By contrast, colorectal cancer arising via the serrated pathway is
often characterised by BRAF driver mutations, particularly in right-sided
serrated sessile cancers and their precursors (right-sided hyperplastic polyps and
serrated adenomas) 2¢. Similarly, sporadic colorectal cancer with microsatellite
instability commonly feature aberrations in BRAF as part of the genomic
background %2027, This does not routinely feature in MSI tumours arising in
patients with Lynch syndrome, previously known as hereditary non-polyposis
colorectal cancer. Indeed, BRAF status forms a component of the criteria used to
distinguish MSI-H tumours arising in Lynch syndrome from those arising

sporadically 28.

1.2.1.2 Colorectal stem cells

The precursor lesion to colorectal cancer is the adenoma, a dysplastic lesion
which over time accumulates repeated mutations and has the potential to result
in the development of colorectal cancer. Adenomas arise from aberrant crypt
foci found within the millions of crypts which form the epithelial lining of the

colon and rectum.

Stem cells and proliferating progenitor cells are found at the crypt base. At the
tip of the crypt, a proportion of differentiated cells (enterocytes, goblet cells
and enteroendocrine cells) proceed to apoptosis. In cells with mutated genes,
apoptosis does not occur and such cells continue to proliferate, forming aberrant

crypt foci.

Cancer stem cells are defined by capacity to undergo extensive self-renewal.
Cancer stem cells can also produce differing progeny and can be reprogrammed

from one cell type to another through the process of de-differentiation 2°:3°,

1.2.1.3 Role of clonal expansion

Colorectal cancers are not composed purely of cancer cells each possessing

equal proliferative and tumorigenic properties. Instead, sub-populations of
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cancer stem cells exist with the ability to initiate and maintain a tumour as well

as the capacity to metastasise 3'.

Clonal expansion is the process by which cancers progress by selection of more
fit tumour populations 32. Mutations in the initiating cancer stem cell are present
in all tumour cells through the process of clonal expansion. Subsequent
replication errors generate new mutations that are limited to sub-populations of
tumour cells (subclones). The result is a tumour populated by multiple sub-
clones. It is this feature that renders each cancer unique and also determines
treatment response: selection pressure resulting from genotoxic therapies

enables more virulent sub-clones to survive and ultimately develop resistance.

1.2.1.4 The adenoma to carcinoma sequence

Almost 30 years ago, Fearon and Vogelstein described a model of colorectal
carcinogenesis consisting of multiple sequential steps characterised by activation
of oncogenes and inactivation of tumour suppressor genes on chromosomes 5,

12, 17 and 18 33. While several major advances in the intervening years have
provided refinement, the adenoma to carcinoma model remains a defining

paradigm of colorectal carcinogenesis.

The initiating event involves loss of heterozygosity of the adenomatous polyposis
coli (APC) gene located on chromosome 5g21. Inactivation of APC results in
activation of the Wnt pathway and has multiple effects on the normal crypt cell
function, influencing mitosis, adhesion, migration and apoptosis 3433, APC
regulates intracellular B-catenin levels, which accumulate in the presence of
APC mutations, leading to nuclear translocation and stimulation of transcription
of multiple genes involved in tumour growth and formation 3637, APC mutations
are regarded as driver-gene mutations enabling hyperproliferation and early

adenoma formation.

Following the initiation phase, an expansion phase characterised by allelic loss
of chromosome 12p, the locus of the ras oncogene, occurs. The subsequent
oncogenic activation of KRAS predisposes to the development of an intermediate
adenoma. Originally, a further driver-gene mutation occurring through the loss

of chromosome 18q was thought to inactivate the tumour suppressor gene
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Deleted in Colorectal Cancer (DCC). However, subsequent studies have
highlighted inactivation of other tumour suppressor genes located on
chromosome 18q such as SMAD4 and SMAD2 383 which exert regulatory functions
in cell growth, differentiation and apoptosis. The resulting late adenoma
remains a benign tumour. In the final invasive phase, a driver mutation
inactivates tumour suppressor genes including TP53, enabling transition from

adenoma to high-grade dysplasia and later invasion and metastasis “°.

The temporal order of the events described in the adenoma to carcinoma
sequence is important. For example, a KRAS mutation may result in formation of
an adenomatous polyp but alone does not induce progression to cancer. In
combination with a preceding APC mutation, tumour progression can occur.
However, mutations affecting the APC gene are not the sole route of initiation of
colorectal carcinogenesis. Mutations in other driver genes in the APC pathway
including catenin beta-1 (CTNNB1) 4! and SRY-box transcription factor 9 (SOX9) 42
are recognised as initiating events in the adenoma to carcinoma sequence.
Moreover, in a subset of colorectal cancer, the adenoma to carcinoma sequence
does not apply, reinforcing that this model likely over-simplifies some of the

genetic events leading to tumour development.

1.2.2 Colorectal cancer pathways

Loss of stability enables development of colorectal cancer by facilitating
mutations. While colorectal cancer is a genetically heterogenous tumour type,
certain pathways of genomic instability commonly characterise its development.
These include the chromosomal instability, microsatellite instability and
serrated pathways. Overlap between pathways has been documented and new

pathways continue to emerge.

1.2.2.1 Chromosomal instability

Chromosomal instability (CIN) is the most common form of genomic instability in

colorectal cancer and is responsible for approximately 65-70% of cases of
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sporadic cases “3. Point mutations and loss of heterozygosity are hallmarks of CIN
and give rise to aneuploidy, where whole chromosome numbers within a cell
differ from the usual euploid state of 46. Copy number alterations are changes
to chromosome structure that lead to gain or loss of copies of DNA segments
including loss of wild type copy of APC, p53 or SMAD4 which under normal
circumstances perform tumour suppressor functions. Changes in chromosome
structure, for example by translocation, can lead to rearrangement of genes and

activation of oncogenes.

It is not yet clear whether CIN arises as a consequence of the associated
mutational changes or provides the landscape that enables initiating events such
as APC activation to take place. CIN is involved in the transformation of normal
stem cells to cancer stem cells both in vitro and in vivo 44434647 in other tumour

types, suggesting it is an early event.

1.2.2.2 Microsatellite instability

DNA replications errors occurring in regions with frequent short tandem base
repeats known as microsatellites, of which there are over 100,000 throughout
the genome, give rise to microsatellite instability (MSI). Mutations within these
regions often do not affect protein-coding domains, but more commonly result in
activation or inactivation of proteins essential to the normal control of cell cycle
processes. Mismatch repair (MMR) proteins exist to recognise and excise such
errors. Approximately 15% of sporadic colorectal cancers and almost all cases of
Lynch syndrome, a disorder characterised by germline mutations in MMR genes,

are characterised by MSI.

MSI is observed more commonly in young patients, females and the proximal
colon and the associated cancer is often less invasive and less likely to be
characterised by KRAS mutations 4647, In hereditary colorectal cancer, the
identification of widespread deletion mutations in microsatellite sequences in
the tumours of patients with Lynch syndrome led to the identification of MMR
genes “¢-32, Under normal circumstances, DNA mismatches occurring during
replication are recognised and bound by MMR proteins. In patients with defective
MMR (dMMR) genes, recognition of replication errors and subsequent repair of

these mismatches does not occur. A high rate of mutations affecting MMR genes
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across the genome is referred to as MSI-high (MSI-H). MSI-low tumours are
characterised by methylation-associated abnormalities and are associated with
poorer prognosis in stage Il colorectal cancer 3. Microsatellite-stable cancers do
not display the characteristics of MSI-H or MSI-L and are often marked by other

forms of genetic instability e.g. CIN.

Germline mutations in the MMR pathway are found in Lynch syndrome which is
characterised by multiple tumours, most commonly by endometrial, colon and
gastric cancers and accounts for approximately 3% of all cases of colorectal
cancer >4, Most colorectal cancers with MSI are sporadic and occur in older
patients than those affected by Lynch syndrome. Acquired MMR deficiency can
arise from epigenetic changes such as methylation of the MLH1 promoter region
which results in transcriptional silencing of MMR genes 6%’ The latter is

common in tumours with the CG island methylator phenotype (CIMP).

1.2.2.3 The serrated pathway

Historically, serrated polyps were regarded as benign hyperplastic lesions lacking
the potential to progress to CRC. Named due to the histological saw-toothed
pattern of their crypt epithelium, serrated polyps were later recognised as a
separate entity with significant malignant potential 2. Serrated colorectal
polyps include hyperplastic polyps, traditional serrated adenomas, mixed
serrated polyps and sessile serrated adenomas. The latter are associated with

abnormal proliferation and the development of serrated adenocarcinoma *°.

Clinically, serrated adenocarcinoma (SAC) is associated with cancers which
develop in the interval between colonoscopic examinations (interval cancers).
SAC is also associated with synchronous advanced neoplasia ¢°. The molecular
characteristics of the serrated pathway differ in several ways from the
traditional adenoma-carcinoma sequence. BRAF mutations are found in most
serrated polyps and are thought to be an early event in serrated aberrant crypt
foci 1. KRAS is less commonly mutated than in conventional adenoma-carcinoma
pathway ¢'. Aberrant methylation is common and colorectal cancer arising in the

region of serrated polyps is often associated with MSI and CIMP status 2.
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1.2.3 The phenomenon of epigenetics

Epigenetic instability represents a further pathway which plays a significant role
in colorectal carcinogenesis. Epigenetics encompasses heritable changes
occurring in the absence of direct alterations to DNA sequences that lead to
alterations in gene expression by modifying interactions between the regulatory
portions of DNA or messenger RNAs (mRNAs). DNA methylation is an example of

an epigenetic alteration in which a methyl group is added to a cytosine base.

CpG islands are clusters of dinucleotides formed by a cytosine nucleotide
preceding a guanine nucleotide. They are widespread in gene promoter regions
and hypermethylation of these islands can lead to silencing of genes encoding
tumour suppressor genes 893, This is recognised as the CpG island methylator
phenotype (CIMP) ¢4, It is commonly associated with sporadic MSI tumours but
can be found in MSS stable tumours %7 and is often found in serrated
adenomas. In the latter, aberrant methylation mediates transcriptional silencing

of several genes within the WNT/B-catenin pathway %,

Interaction between the genetic and epigenetic pathways occurs, for example,
when epigenetic alterations result from a mutation or sequence variation in a
gene or regulatory element distant from the gene being regulated. These
pathways should therefore not be regarded as independent but interconnected
in the molecular biology of colorectal cancer 7°. The role of nutrient-derived
dietary factors in modulating and preventing epigenetic events such as DNA
methylation exemplifies the interaction between environment, genetic and
epigenetic pathways 7'. Such interactions may be manipulated through dietary
supplementation and modification to potentially reduce the incidence of

colorectal cancer.

1.2.4 Inherited syndromes

Early descriptions of colorectal carcinogenesis were largely contingent on
observations drawn from forms of hereditary colorectal cancer, most notably
Familial Adenomatous Polyposis (FAP) and Lynch syndrome (formerly known as
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hereditary non-polyposis colorectal cancer). Germline mutations in APC
characterise FAP and are considered the hereditary correlate of sporadic
colorectal cancers. Multiple adenomas distributed throughout the colorectum
occur in FAP, but only a proportion progress to invasive cancer. The requirement
for an enabling characteristic in the form of genetic instability is thus
highlighted. However, as demonstrated by the diploid state of MSI cancers
compared with the widespread aneuploidy evident in tumours displaying CIN,

genetic instability can take differing forms.

The difference between genotype and phenotype is demonstrated in the
differing manifestations of FAP in patients with the same germline mutation
deletion of chromosome 5q 72. FAP can be associated with extra-colonic lesions
including brain tumours, desmoid lesions and osteomas. However, a relatively
small number of patients with FAP develop such manifestations despite having
identical germline mutations 7374, Attenuated FAP results from truncating
mutations of APC and patients affected develop a lower burden of polyps
compared with other forms of APC mutations 7>. Pathogenic variants of FAP
include MUTYH-associated polyposis which is characterised by defects in base
excision repair 6. Cowden disease, an autosomal dominant disorder
characterised by variants in the PTEN tumour suppressor gene, gives rise to
hamartomatous polyposis. Among thyroid, breast and renal cell cancer, patients

with Cowden disease are also at higher risk of colon cancer /-8,

Lynch syndrome arises due to germline mutations in MMR genes coupled with
somatic inactivation of the wild-type allele 7°. Familial clustering of colorectal
and endometrial cancers was initially documented as early as 1913. However, it
was not until its genetic aetiology was established in the 1990s that the
genotype associated with Lynch syndrome was uncovered. Prior to this, Lynch
syndrome was referred to as hereditary non-polyposis colorectal cancer (HNPCC)
to differentiate it from FAP. Clinical features associated with Lynch syndrome
colonic tumours include proximal tumour location, young age of onset and

increased rates of synchronous and metachronous lesions.

Identification of individuals at risk of Lynch syndrome is critical as prevention of

colorectal cancer can be achieved through screening colonoscopy which begins
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at the age of 18. Jarvinen et al reported a 62% reduced risk of colorectal cancer
in at-risk individuals who underwent surveillance colonoscopy every 3 years
when compared with an at-risk group who declined surveillance &. Several other
heritable syndromes exist, including Peutz-Jeghers syndrome, juvenile polyposis
syndrome and oligopolyposis. Between 2 to 5% of all colorectal cancer cases

arise on a background of inherited syndromes 3'.
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1.3 Risk factors for colorectal cancer

1.3.1 Risk factors

Genetic mutations and epigenetic modifications may form the foundation for
development of colorectal cancer but do not act alone it its pathogenesis. Risk
of colorectal cancer is increased by non-modifiable factors including advancing
age, male gender and a family history of first-degree relatives with colorectal
cancer. Modifiable risk factors include smoking, alcohol consumption, obesity,
physical inactivity and dietary factors such as high intake of red and

processed meat.

1.3.1.1 Gender and colorectal cancer

Trends in colorectal cancer incidence differ by gender. Male gender is
consistently associated with higher incidence, with some studies suggesting an
association with poorer outcome when compared with female gender

82,83 Multiple interacting factors are likely at play: lower rates of screening
uptake in males may predispose to cancers which are more advanced by the time
of diagnosis; higher rates of right-sided colon cancers are seen in women with
often more favourable pathological characteristics; oestrogenic hormones are
associated with a reduced risk of colorectal cancer 8. Both overall and cancer-
specific survival following colorectal cancer are significantly better in females
than males #. Female gender has also been associated with positive response to
adjuvant chemotherapy 8¢.

1.3.1.2 Age and colorectal cancer

Age is a further important non-modifiable risk factor for colorectal cancer
development and disease outcome. The effect of accumulated somatic
mutations, epigenetic silencing and environmental risk factors over time likely
contributes to higher rates of colorectal cancer with increasing age 888,

Between 2012 and 2014, over 40% of colorectal cancer deaths occurred in
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patients aged 80 or older 4. Advancing age is associated with higher rates of
morbidity and mortality following surgical resection, even when adjusted for
other patient factors and comorbidities 8. The incidence of cardiorespiratory
complications and prolonged length of stay is higher among patients aged 80 and
over undergoing colorectal surgery %. In patients over 70 years, the survival
benefit from adjuvant chemotherapy is modest when compared with patients
aged under 70. Analysis of six trials of contemporary adjuvant regimens
suggested no benefit in terms of time to recurrence, disease-free survival or
overall survival °'. Defining the fit older patient from those with comorbidity,
functional dependency and/or disability is required to improve patient selection

for surgical and cytotoxic therapy.

1.3.1.3 Demographics

The demographics, both geographic and socio-economic, of colorectal cancer
are of interest due to their influence on outcome. Swift increases in the
incidence of colorectal cancer have been observed in regions including east Asia
and eastern Europe, as well as countries such as Spain which were previously
regarded as low-risk °2:93, This is largely attributed to the adoption of a
Westernised lifestyle, with its attendant association with physical inactivity and
dietary patterns. The counter argument for the influence of Western lifestyle on
colorectal cancer incidence arises when considering the stable or in some cases
declining rates seen in North America and UK, among other developed
countries®?. This is likely to be influenced by national screening programmes and

the increased use of colonoscopy with polypectomy in these regions.

The socioeconomic circumstances of patients who develop colorectal

cancer offer an insight into the complex interaction between genetics and the
environment. In a prospective cohort of over 500,000 Americans, those with
lower levels of educational attainment experienced a disproportionately

high risk of developing colorectal cancer %4. In Scotland, similar health
inequalities are manifest: deprivation is independently associated with higher
rates of postoperative mortality and poorer 5 year survival %>, Again,

environmental factors including diet, physical inactivity and harmful behaviours
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such as smoking are likely to be responsible in part for the increased risk and
lower survival rates, but host factors such as systemic inflammation are

of particular importance. Systemic inflammation is more frequent in those from
deprived backgrounds °7, while both smoking and deprivation are related to
comorbidity, which in turn is an independent predictor of colorectal cancer

survival %.

It is clear that interventions both to reduce incidence rates of colorectal
cancer and optimise outcomes are required. Their design requires
comprehensive acknowledgment of both environmental and socioeconomic

influences.

1.3.1.4 Smoking

Current smokers experience a higher risk of developing colorectal cancer but are
also at risk of poorer outcome should they develop it. Those who smoke 40
cigarettes per day have a 40% increased risk of colorectal cancer compared with
non-smokers %°. In the Cancer Prevention Study Il, patients with colorectal
cancer who smoked prior to diagnosis were at higher risk of all-cause and
cancer-specific mortality . The impact of smoking is also manifest in short-
term outcomes: 30 day mortality was significantly higher among current

smokers in Walter and colleagues’ meta-analysis of 16 studies addressing survival
and smoking in colorectal cancer patients '°!'. Smoking cessation therefore
remains a priority in the public health campaign to reduce colorectal cancer

incidence rates.

1.3.1.5 Alcohol

In 2007, the International Agency for Research on Cancer confirmed alcohol as
a carcinogenic substance which increased the risk of developing colorectal
cancer 92, Regular daily consumption of approximately 50 grams of alcohol
increased the relative risk to 1.4 for colorectal cancer when compared with

those who did not consume alcohol 193194, While consumption is highest in
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Europe, it is rising in other parts of the world including Asia. This may be a
contributing factor to the changing patterns of disease incidence which are
emerging. It may also be implicated in the higher rates of colorectal cancer seen
in men, who are more likely to consume excessive amounts of alcohol than
women, although this pattern is also changing with increasing rates in

women "%, Subsequent meta-analyses have confirmed a dose-response
relationship, with even light drinkers (<10 grams ethanol/day) having a 7% higher

risk of colorectal cancer than non-drinkers, and subsequent higher mortality ¢,

1.3.1.6 Diet

Cancers of the gastrointestinal tract are influenced by dietary intake. This
reflects the direct contact which ingested agents have with the Gl tract, where
carcinogens that are not metabolised in the small intestine can

interact directly with the colorectal mucosa. According to the World Cancer
Research Fund (WCRF), strong evidence supports the link between red and
processed meat and increased colorectal cancer risk, although other dietary

components may act to reduce the risk'?’.

The role of red and processed meats in colorectal carcinogenesis has been
investigated extensively. Both types of meat produce carcinogens such

as polycyclic aromatic hydrocarbons (PAHs) %819 heterocyclic amines (HCAs)
110 and N-nitroso compounds (NOCs) """ when cooked for prolonged durations at
high temperatures. The PAH benzo-a-pyrene is generated when grilling meat
over an open flame, or during processing that uses smoking methods. Reactive
metabolites form during PAH metabolism that can damage DNA. HCAs are
mutagenic compounds generated during high-temperature cooking that, when
metabolised by the liver, become genotoxic. NOCs are alkylating agents that
can institute DNA base changes in target tissues, initiating

carcinogenesis ''2. Smoking of meats at high temperatures oxidises nitrogen to
nitrogen oxide that then alkylates amines present in the meat resulting in NOC
generation. Limiting intake of red meat to 500 grams per week and avoiding

processed meat is advised by the WCRF 17,
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1.3.1.7 Obesity

Obesity, defined as an excess of body fat, has consistently been associated with
higher risk of colorectal cancer. In a recent UK Biobank study

of 472,526 subjects, higher body mass index (BMI), waist circumference, waist-
to-hip ratio and total body fat percentage were associated with an increased risk
of colorectal cancer in men 3. In women, only waist-to-hip ratio was associated
with higher risk suggesting that males are at a greater risk due to overall
adiposity, while in females, abdominal adiposity appears to carry significant

risk.

Anthropometric measures are readily available but cannot distinguish between
lean and fat mass. Bioelectric impedance and dual-energy x-ray absorptiometry
are capable of assessing both lean and fat mass, but the most accurate measures
are made on cross-sectional imaging such as computed tomography (CT) and

magnetic resonance imaging (MRI).

Obesity results in higher circulating insulin levels, which are implicated at
cellular level in promotion of cell growth and inhibition of apoptotic

processes. When coupled with the pro-inflammatory state induced by excess
adiposity, these factors can promote colorectal carcinogenesis. A dose-response
relationship is evident, with an increased relative risk per 5kg/m? increase in
BMI. The relative risk of colorectal cancer increases from 0.98 in those with a
BMI of 18, to 1.34 in those with a BMI of over 30 "4,

The effect of weight loss on modulation of colorectal cancer risk is unclear.
Reduced risk with intentional weight loss has been reported''>'"¢ but other

large studies do not support this association '7:''8, Data from small observational
studies of obese patients following diet-induced intentional weight loss reported
reductions in circulating glucose, cholesterol and triglycerides and changes in
the inflammatory profile of the colorectal mucosa. Lower levels of TNF-a, IL-18
and IL-8 were found in rectosigmoid biopsies, combined with down-regulation of
proinflammatory signalling pathways and transcription factors '*°. While these
results are preliminary, the potential for weight loss obtained through dietary
and physical activity interventions to alter the risk of colorectal carcinogenesis is

nonetheless promising.
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1.3.1.8 Physical inactivity

Physical inactivity is endemic, with 3.2 million attributable deaths each

year worldwide ', In Scotland, only 65% of adults attain the recommended
amount of physical activity each week '2'. It is estimated that 10% of cases of
colon cancer are related to physical inactivity '22. Multiple intrinsic factors such
as age, gender and weight interact with extrinsic factors including the built
environment and public transport availability to promote inactivity. A meta-
analysis of 126 studies reported a potential 7% reduction in cancer risk should
the current WHO weekly physical activity guidelines be followed (Table 1.1). The
majority of this risk reduction was accounted for by the association

between higher leisure-time physical activity and a reduced risk of breast and

colon cancer 123,

Patterns of physical activity differ across the spectrum of economic
development. In developed countries, approximately 40% of 12.8 million deaths
due to cardiovascular disease, diabetes and selected cancers are related to
physical inactivity 24, Of significant concern is the uniformly low activity levels
in school-going adolescents, with 80% insufficiently active '2°. Rates of colorectal
cancer may rise as this population carry forward their inactive

lifestyles into adulthood.

Table 1-1 - WHO physical activity guidelines for adults adapted from Global
Recommendations on Physical Activity for Health

Exercise type Duration Intensity Frequency
Aerobic physical At least 150 Moderate Weekly at intervals of
activity minutes at least 10 minutes
OR
At least 75 Vigorous
minutes
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Muscle-strengthening | Not specified | Not specified | 2 or more days weekly

1.3.1.9 Inflammatory bowel disease

Severe inflammation, for example in the context of Crohn’s disease or ulcerative
colitis, disrupts mucosal homeostasis and enables mutations that can lead to
increasing degrees of dysplasia and eventually, invasive cancer. Sporadic
colorectal cancer develops in otherwise macroscopically normal mucosa. While
both are characterised by similar molecular features, differing sequences of
molecular events occur: early inactivation of the tumour suppressor TP53 is seen
in colitis-associated cancer, an event that occurs late in the development of
sporadic colorectal cancer '?¢. Conversely, APC mutations are generally initiating

events in sporadic colorectal cancer but occur later in colitis-associated cancer.

The incidence of colorectal cancer in patients with inflammatory bowel disease
(IBD) is influenced by the time elapsed since diagnosis, the use of maintenance
anti-inflammatory therapy such as aminosalicylates and colectomy rate.
Emerging evidence points towards a potential reduction in IBD-related cancer
risk in patients who received and respond to modern immunologic therapy '%’.
IBD-related cancer is thought to account for 2% of colorectal cancer annually '28.
For ulcerative colitis, the probability of developing colorectal cancer is
estimated to be 2%, 8% and 18% at 10, 20 and 30 years post-diagnosis
respectively '2°. For Crohn’s disease affecting the colon, the relative risk of

developing colorectal cancer is estimated to be 2.59 39,

1.3.1.10 Cardiovascular disease and colorectal cancer

As the most common cause of death globally, cardiovascular disease (CVD) is

frequently encountered in patients with colorectal cancer. Several studies have
demonstrated an association between the presence of coronary arterial disease
and colorectal cancer or its precursor lesion, the adenoma. This has been drawn

from study populations undergoing colonoscopy as part of screening
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programmes. Questionnaires or medical history are most often used to
determine the presence of CVD as invasive diagnostic measures are not justified
in asymptomatic populations 3'. The true incidence of colorectal neoplasms
(advanced adenomas and colorectal cancer) in patients with angiogram-
confirmed CVD is unclear. In one cross-sectional study, advanced colonic lesions
were associated with angiographic evidence of CVD (OR 2.51, 95% ClI 1.43 - 4.35,
p<0.001); the presence of metabolic syndrome and smoking were independently
related to the co-existence of CVD and colorectal neoplasms '32. Metabolic
syndrome represents a cluster of traditional risk factors implicated in
cardiovascular disease and type 2 diabetes mellitus (DM). Its association with
obesity, physical inactivity and western dietary patterns mean it is also an

important risk factor for colorectal cancer.

1.3.1.11 Metabolic syndrome

Metabolic syndrome is underpinned by insulin resistance and is defined by
abnormally high waist circumference, elevated triglycerides, blood pressure and
fasting glucose and reduced HDL cholesterol 33, The hyperinsulinaemia,
hyperglycaemia and gluconeogenesis that characterise metabolic syndrome
generate excess reactive oxygen species which are genotoxic, driving mutations
and altering the cell cycle through prevention of apoptosis and promotion of

proliferation 34,

Metabolic syndrome is associated with increased colorectal cancer incidence and
poorer prognosis. In an international study of over 500,000 people, the incidence
of colorectal cancer incrementally increased with the number of components of
the metabolic syndrome present 3>, Mortality from colorectal cancer follows a
similar trend: an increased risk of colorectal cancer-related death (HR 2.15, 1.27
- 3.62) was reported in a cohort of 9268 patients with metabolic syndrome
followed for 14 years '3, Taken together, it is plausible that the metabolic
derangement acts to promote carcinogenesis '3’ and may act as a nexus for the
interaction between CVD and colorectal cancer. The potential to modify lifestyle

risk factors and to reverse components of the metabolic syndrome is therefore a

33



key aspect of strategies to reduce the incidence of cardiovascular disease and

colorectal cancer.

1.3.1.12 Systemic inflammation

Systemic inflammation is thought to occur when active termination of an acute
inflammatory response fails, resulting in a state of sustained chronic
inflammation. It is of a lower order of magnitude than an acute inflammatory
response '3 and involves stimulation of both the haematopoietic and hepatic
systems, resulting in detectable alterations in circulating levels of white cells
including neutrophils, lymphocytes, monocytes, platelets and acute-phase
proteins, such as C-reactive protein (CRP) and albumin. While many association
studies have demonstrated higher circulating levels of inflammatory markers
such as CRP and increased risk of incident cancer, it remains unclear whether
causative or a result of early neoplastic change. It is also possible that raised
CRP levels in study participants reflect inflammation as a result of factors with a

pro-inflammatory aetiology such as cardiovascular disease or obesity.

In a longitudinal population study of 10,408 Danish individuals without a history
of cancer at inclusion, 1,624 patients developed cancer during the 16 year follow
up period. Following adjustment for age, sex, smoking, alcohol intake and BMI,
participants with a CRP greater than 3 mg/L had a hazard ratios of 1.3 (95% Cl,
1.0 to 1.6) for any cancer type compared with those with a CRP less than 1mg/L
139, This was not significant when assessed in patients who developed colorectal
cancer (HR 1.9 (95% Cl 0.8 to 4.6)). Similar findings have been reported in other
studies; however, meta-analysis of ten studies suggested a minor increase in risk
of developing colorectal cancer in patients with an elevated CRP %, Pre-existing
systemic inflammation represented by a raised CRP has been strongly linked with
later development of colon cancer but not rectal cancer '#'. The latter findings
fit with the established association between inflammatory bowel disease and
subsequent development of colorectal cancer. It is unclear whether elevated
CRP is a cause or effect of increasing dysplastic change in the colonic mucosa.
However, higher circulating levels of inflammatory markers have been

associated with all-cause, colorectal cancer and cardiovascular mortality 42,
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suggesting that regardless of mechanism, systemic inflammation is a risk factor

with prognostic utility.

1.3.1.13 Summary

It is clear that there is a multitude of risk factors for colorectal cancer
potentially amenable to modification or optimisation. Striking overlap is evident
between several of these risk factors, with lifestyle factors such as smoking and
repeated exposure to dietary toxins interacting to potentially influence the
development of systemic and mucosal inflammation. Cardiometabolic
dysregulation is a common feature of the phenotype associated with physical
inactivity, obesity and impaired glucose tolerance, features that are shared with
colorectal carcinogenesis. The related increase in proliferation and loss of
regulatory control over cell cycle processes induced by many of these risk
factors likely contributes to higher incidence of colorectal cancer in such
individuals. With over 50% of these risk factors related to lifestyle, concentrated
efforts in these areas to reduce risk, coupled with progressive translational
research, could translate to improvements in the prevention and management of

colorectal cancer.
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1.4 Investigation and management of colorectal
cancer

In asymptomatic patients, colorectal cancer can be detected via screening.
Symptomatic presentation most commonly occurs by presentation to primary
care but also includes emergency presentation to secondary care. There

are several symptoms and signs associated with colorectal cancer, some of which
vary with the anatomical location of the tumour. Right-sided tumours often
manifest clinically with iron-deficiency anaemia, while left-sided and rectal
cancers may present with passage of blood per rectum. Left-sided tumours are
more likely to present with obstructive features due to the smaller calibre of the
left colon compared with the right colon. Altered bowel habit (diarrhoea or
constipation) and abdominal pain can occur regardless of anatomical

location. Signs include weight loss and the presence of a palpable abdominal or

rectal mass.

Clinical features are of limited predictive value in identifying patients who have
colorectal cancer. In a meta-analysis of the diagnostic accuracy of colorectal
cancer symptoms which included 19,443 patients, both the positive and negative
likelihood ratios of symptoms centred around 1, suggesting symptom presence or
absence does not hold reliable value in detecting colorectal cancer 4. This was
echoed by Jellema et al, who reported wide variability in the sensitivity and
specificity in risk of detecting a colorectal cancer based on common symptoms
alone but found combinations of symptoms, most notably rectal bleeding and

altered bowel habit, improved sensitivity and specificity significantly '44.

1.4.1 Screening

The aim of bowel screening is to detect colorectal cancer at an early stage and
thereby increase the chance of achieving cure. Polypectomy during colonoscopy
can also reduce the risk of future colorectal cancer.

The first phase of the Scottish Bowel Screening Programme began in 2007 and
was rolled out to all Scottish NHS health boards in 2010. Faecal occult blood
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testing was originally used as the primary mode of screening but was replaced in
2017 with faecal immunochemical testing (FIT). This is offered to individuals
aged between 50 and 74. FIT uses an immunoassay of antibodies to the globin
moiety of haemoglobin to detect microscopic traces of blood in a faecal sample.
A threshold of 80 pugHb/g is used to determine an abnormal result. Individuals
with an abnormal result are invited for colonoscopy following an assessment of
their suitability for invasive investigation. Individuals with a normal result are

screened every 2 years.

Uptake of bowel screening since its inception has typically been in the region of
50%, with lower rates in males and areas of socioeconomic deprivation. Between
2007 and 2014, over 5 million individuals were invited. Of these, 56% completed
the initial screening test and 2% returned a positive result. In those undergoing

complete colonoscopy, detection rates are 7% for cancer and 37% for adenomas
145

1.4.2 Investigation for suspected colorectal cancer

Investigation consists of initial investigation to reach a diagnosis followed by

staging investigations. The latter are used to determine treatment.

In the UK, patients referred urgently for investigation of symptoms suggestive of
colorectal cancer are governed by the two-week wait policy (2WW) ', In
Scotland, the policy differs: all patients referred urgently on suspicion of cancer
should be diagnosed and proceed to treatment within 62 days. Patients deemed
fit for colonoscopy without prior clinic review proceed directly to test. The
pathway for investigation of suspected colorectal cancer is outlined in Table 1.2,
adapted from the Association of Coloproctology of Great Britain & Ireland
(ACPGBI) guidelines '#. A positive result generates a referral to the colorectal
MDT.
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Table 1-2 - ACPGBI pathway for investigation of suspected colorectal cancer.

Symptom  |Age 2-week wait indication Recommended
category investigation
Change in  |Over 55 |Loose and/or more frequent Colonoscopy

bowel habit |years [stools for more than

6 weeks without rectal bleeding

Rectal Over 40 [Rectal bleeding with change in Colonoscopy

bleeding years  |bowel habit as above

Over 55 [Rectal bleeding without change in [Flexible

years  |bowel habit sigmoidoscopy

Mass All ages [Rectal mass Flexible

sigmoidoscopy

All ages [Abdominal mass Colonoscopy or CT

colonography

Anaemia All ages |Males - unexplained Hb less than OGD + colonoscopy

110 g/l or CT colonography

Non-menstruating Females - OGD + colonoscopy

unexplained Hb less than 100 g/l for CT colonography

Any of the |Over 75 |Change in bowel habit, rectal 2WW outpatient
above years |pleeding, mass or anaemia clinic then proceed
to test if fit

Abbreviations: OGD oesophagogastroduodenoscopy, 2WW 2 week wait, Hb haemoglobin.
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1.4.2.1 Flexible sigmoidoscopy and colonoscopy

Colonoscopy involves examination of the rectum and colon in its entirety and
remains the reference standard investigation for suspected colorectal cancer .
It enables biopsy and thereby histological confirmation of colorectal cancer.
Other relevant pathology including pre-cancerous polyps and inflammatory
bowel disease may be visualised and therapeutic procedures including
polypectomy carried out. Associated risks include perforation and bleeding from
biopsy or polypectomy; a population-based study of over 97,000 patients
undergoing outpatient colonoscopy reported these as 0.85 and 1.64 per 1,000
colonoscopies respectively '*°. The procedure requires bowel cleansing with oral

osmotic laxatives to enable adequate visualisation.

Flexible sigmoidoscopy aims to assess the lower 65cm of the colon and rectum
130 1t is recommended by both NICE and ACPGBI for the investigation of
suspected colorectal cancer presenting with rectal bleeding or a palpable rectal
mass. Advantages include the use of a self-administered enema in place of oral
bowel preparation and reduced procedure length. However, two large series
reported rates of synchronous colorectal cancer in 3.8% and 3.9%

respectively ':152, Both found an increased risk of synchronous tumours in men,
with a third occurring in distinct anatomical locations '32. Flexible sigmoidoscopy
alone, particularly in males, may be associated with failure to identify

synchronous cancers.

1.4.2.2 CT colonography

This radiological investigation uses 2D and 3D reconstruction of cross-sectional
images of the abdomen and pelvis acquired following bowel preparation and
faecal tagging. Visualisation is achieved by insufflation of carbon dioxide or air
via a rectal catheter. CT colonography is advantageous in patients with distal
stenosing or obstructing lesions which prevent complete colonoscopic
examination. Pooled analyses have suggested the sensitivity of CT colonography
to be comparable to that of colonoscopy for the detection of cancer and
advanced neoplasia (polyps >10mm) '3. The main disadvantage is the inability to
obtain histology for tissue diagnosis.
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1.4.2.3 Clinical staging of colorectal cancer

The purpose of staging is to enable risk stratification and define appropriate
treatment. Clinical staging commonly involves imaging investigations which
characterise the primary tumour and assess the presence and extent of
metastatic disease. All patients with colorectal cancer should undergo CT of
thorax, abdomen and pelvis to assess for distant metastatic disease (most
commonly lung, liver and peritoneum) and provide local staging information. The
degree of spread beyond the bowel wall and involvement of adjacent organs and
structures can be determined by CT but accuracy is limited by restricted
definition of bowel wall morphology 4. It is therefore recommended that in
patients with rectal cancer, locoregional staging by MRI is undertaken in addition
to CT. The enhanced visualisation of the mesorectum and circumferential
resection margin enables discrimination of patients with resectable disease from
those with margin-threatening disease who may benefit from neoadjuvant

therapy.

Endorectal ultrasound is an adjunct to MRI in patients with early stage rectal
cancer that may be amenable to organ-preserving surgical approaches. Staging
accuracy is reported to be at least equivalent to MRI '3 but inter-observer
variability and incomplete visualisation of pelvic nodes have led to its use being
restricted to early rectal cancers with prior assessment by MRI or in those with

contraindications to MR| 147,148,

Additional imaging modalities may be used to further characterise metastatic
lesions. MRI of the liver can be useful in defining hepatic lesions which are
equivocal on CT. In recent years, use of positron emission tomography (PET) CT
has increased as a higher number of patients undergo non-anatomical resection
of locally advanced colorectal cancer. Occult metastases may be identified

preoperatively using PET CT, facilitating appropriate patient selection .
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1.4.3 Management

The goal of treatment for cancer is to achieve cure. This is most often attained
through surgical resection. In cases of locally advanced rectal tumours,
neoadjuvant therapies such as chemo- and/or radiotherapy are administered

prior to surgery to increase the likelihood of achieving complete resection.

1.4.3.1 Multidisciplinary team

Accurate identification of patients with primary operable disease and those who
may benefit from neoadjuvant therapy are central tenets of the colorectal
cancer multidisciplinary team. Teams consist of colorectal surgeons, Gl
radiologists, pathologists and oncologists as well as palliative care physicians,
specialist nurses and administrators. This facilitates integrated review of each
patient’s clinical, radiological and pathological data and enables a
comprehensive discussion of the treatment plan. Multidisciplinary management
is governed within the framework of a managed clinical network responsible for

auditing performance and ensuring quality.

1.4.3.2 Neoadjuvant therapy

Until recently, neoadjuvant chemotherapy for locally-advanced colon cancer
outside the trial setting was not standard practice in the UK. Initial results from
the Fluoropyrimidine, Oxaliplatin and Targeted-Receptor preOperative Therapy
(FOXTROT) trial point towards a significantly reduced rate of incomplete tumour
(R1 or R2) resection and increased rates of pathological down-staging 7. Full
trial results have yet to be published but use of neoadjuvant chemotherapy for

high risk colon cancer is gradually increasing.

In rectal cancer with involvement of the circumferential resection margin by
tumour, lymph nodes, lymphovascular or perineural spread, neoadjuvant
radiotherapy is recommended. High resolution MRI is used to identify such

features. Reduced rates of local recurrence have been consistently reported in
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randomised trials comparing preoperative radiotherapy to surgical resection by
total mesorectal excision (TME) alone in patients with locally advanced rectal

cancer %8161 However, no benefit in overall survival has been demonstrated.

Radiotherapy is often combined with a radio-sensitising chemotherapeutic
agent, most commonly a fluoropyrimidine. This pushes cells into the S-phase,
making them more vulnerable to DNA double-stranded breaks induced by
radiation. A Cochrane review in 2012 reported a reduction in local recurrence
rates without an impact on overall survival in patients who received neoadjuvant
chemoradiotherapy prior to TME compared with neoadjuvant radiotherapy 2.
However, one of the trials of 3,480 patients included in the pooled analysis of
overall survival was performed before the era of TME. The analysis of local
recurrence rates is also subject to the bias introduced by the differing
radiotherapy schedules and chemotherapy regimens as well as length of time

between completion of neoadjuvant treatment and surgery.

1.4.3.3 Short versus long course radiotherapy

The optimal format of neoadjuvant radiotherapy for rectal cancer is an ongoing
source of debate. Short course radiotherapy (SCRT) is delivered in five fractions
of 5 Gray while long-course radiotherapy is given in 25 fractions totalling 45 to
50 Gray. Proponents suggest that this is convenient and less expensive while
opponents point to the lack of time for tumour response to develop as the major
deficiency of short course when compared to long course radiotherapy. It has
been suggested that short course radiotherapy may be appropriate for patients
with cancer of the mid to upper rectum without circumferential resection
margin involvement while long course chemoradiation is preferable in patients
with mid to low rectal cancer where the circumferential resection margin is

involved by tumour and/or nodal disease '63.
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1.4.3.4 Ongoing evolution of neoadjuvant therapy

Neoadjuvant chemoradiation in the UK consists of radiation in combination with
a chemotherapy drug that primarily acts to enhance radiosensitivity. With
strategies to reduce local recurrence rates established, ways to optimise
neoadjuvant therapy to target a reduction in distant recurrence are now being
considered. The introduction of systemic chemotherapy to the neoadjuvant
treatment schedule has been proposed. By delivering systemic chemotherapy
upfront, micro-metastatic disease present preoperatively may be treated.
Perceived benefits include increased completion rates of systemic chemotherapy
and the eradication of delays to treatment caused by postoperative
complications. The recently reported Rectal cancer and preoperative induction
therapy followed by dedicated operation (RAPIDO) trial assessed the role of
neoadjuvant systemic chemotherapy in combination with SCRT '¢4. Lower rates
of disease-related treatment failure, defined as the first occurrence of
locoregional failure, distant metastasis, new primary colorectal tumour, or
treatment-related death, were observed in the experimental arm compared with
standard of care (24% vs 30%, p=0.0019), supporting the transition of
chemotherapy from the postoperative to preoperative setting as the new
standard of care in high risk rectal cancer. The Chemotherapy Alone or
Chemotherapy Plus Radiation Therapy in Treating Patients With Locally
Advanced Rectal Cancer Undergoing Surgery (PROSPECT) trial examines the use
of selective radiotherapy following neoadjuvant systemic chemotherapy in
patients with locally advanced rectal cancers (T2N1 or T3NO-1) suitable for low

anterior resection'®. This is due to complete in 2023.

1.4.3.5 Surgical resection

Curative treatment of colorectal cancer centres on surgical resection of the
tumour en bloc with the surrounding segment of bowel and its associated
lymphovascular pedicle. This may be performed using an open or minimally
invasive approach. Right colonic tumours are excised by right hemicolectomy,
transverse colonic and splenic flexure tumours by extended right hemicolectomy
and left colonic tumours by left hemicolectomy. Subtotal colectomy may be
performed for synchronous tumours arising in distinct colonic segments, or for
splenic flexure tumours.
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The arterial supply of the colorectum is outlined in Figure 1.1. The superior
mesenteric artery (SMA) arises from the abdominal aorta at the level of the first
lumbar vertebra and supplies the second part of the duodenum to mid-
transverse colon. From there, the inferior mesenteric artery (IMA), a more distal
aortic branch, forms the arterial supply of the remaining colon down to the
superior rectal artery. The arc of Riolan extends from the middle colic vessels
arising from the SMA to the left colic branches of the IMA and is present in 7 to
10% of individuals %, The marginal artery refers to a series of arterial arcades
along the border of the colon formed by terminal branches of the SMA and IMA.
The lymphatic drainage follows the arterial supply. Together with the venous
drainage, the arteries and lymphatics form lymphovascular pedicles supplying
discrete segments of the colon, the borders of which are used in standard

colectomy to define the limits of resection.

Avascular planes delineate the retroperitoneum from the colon laterally and
posteriorly. Dissection along these planes can be approached from the lateral
aspect along the line of Toldt or from a medial perspective. This achieves
mobilisation of the colon and is completed by ligating and dividing the
lymphovascular pedicle. The colon is then divided at its proximal and distal

margins.

44



Figure 1-1 Mesenteric arterial supply
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The concept of complete mesocolic excision (CME) was described by
Hohenberger in 2009 as dissection in the embryological plane between the
visceral and parietal peritoneum, resulting in an intact mesocolic envelope
which is ligated at the root of the arteriovenous supply and incorporates
extended lymphadenectomy '¢’. The potentially higher morbidity rates
associated with CME and the impact on oncologic outcome are ongoing subjects

of debates %819 with trials designed to address these concerns in progress.

The principles guiding resection of rectal tumours are similar and also influenced
by tumour site. The superior rectal artery arises from the IMA, the middle and
inferior rectal arteries from the internal iliac artery. Upper rectal cancers may
be resected with a mesorectal transection point 5cm from the distal tumour
margin 7% while mid and low rectal tumours require TME. The concept of TME
was introduced in 1982 "', Long-term follow up demonstrated significantly lower
rates of local recurrence in patients who had TME compared with patients who
had traditional rectal resection in which much of the mesorectum was left in situ
172 Anterior resection is performed for mid and low rectal cancers. Transanal
approaches to TME have been described 73 and are the subject of ongoing
randomised trials 4. Tumours involving or close to the sphincter or levator ani
muscles require abdominoperineal resection which may be performed in the
intersphincteric or extralevator planes. Locally advanced rectal cancers with
involvement of adjacent organs or structures may be amenable to en bloc
resection involving multivisceral surgery and reconstruction. Such procedures
extend beyond standard anatomical planes and involve multidisciplinary teams

including plastic, orthopaedic, urological and other surgical specialities.

Anastomotic healing following colorectal resection requires adequate arterial
perfusion and absence of tension among other factors. If perfusion is
compromised or a tension-free join is not feasible, end stoma formation may be
chosen to avoid the morbidity of anastomotic leak, particularly in patients with
significant comorbidity. The lack of non-invasive, readily available preoperative
imaging techniques that reliably identify suboptimal arterial perfusion to the
colon and rectum means that decisions regarding end stoma formation are often

made either intraoperatively or based on subjective assessment in the
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preoperative period. The development of dynamic imaging to assess mesenteric

flow is an area of unmet clinical need.

1.4.3.6 Arterial supply

Following colonic or rectal resection, the arterial supply is altered. In the right
colon, the ileocolic branch of the SMA is ligated and divided. The middle colic
branches perfuse the remaining transverse colon. In left-sided colectomy or
rectal resection, the IMA is divided and the remaining colon is perfused by
branches of the SMA. It can be seen that the health of the arterial supply is
integral to sufficient perfusion of the anastomosed region. Moreover, in the
setting of rectal resection, a significant distance between the anastomosis and

main arterial supply results.

The arc of Riolan and marginal artery branches provide collateral mesenteric
circulation in so-called watershed areas such as the splenic flexure (Griffith’s
point) and the rectosigmoid junction (Sudeck’s point) where supply from the
branches of the SMA and IMA is tenuous. High ligation of the vascular pedicle is
recommended to ensure adequate lymph node yield '%’. In left and rectal
resections, this potentially risks the collateral circulation to the proximal
anastomotic segment. Failure of anastomotic healing due to ischaemia may be
increased in patients with poor collateral circulation. However, the literature on
mesenteric arterial disease and outcome following colorectal resection is
limited. One single-centre study assessing asymptomatic mesenteric vascular
disease in patients undergoing colectomy reported no significant difference in
anastomotic leak rate among those with <50% occlusion of the main mesenteric

arteries compared with >50% or total occlusion 17>,

While arterial perfusion is relevant to the surgical management of colorectal

cancer, it is unclear whether arterial supply plays a role in colorectal

carcinogenesis. There is no description in the literature of incidence of colon or

rectal cancer in relation to well perfused versus watershed areas. However,

differences in the outcomes of patients with right versus left colon cancer have

been reported and may relate to differing vascular supply. Wang and colleagues
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reported higher prevalence of cardiovascular disease, both in terms of risk
factors and established disease, in patients with right colon cancer when
compared with left 176, In patients with atherosclerosis of mesenteric arteries,
tumours may develop against a backdrop of relative hypoxia compared with
those in patients without evidence of mesenteric vascular disease. Similarly, in
watershed areas such as the splenic flexure and the rectosigmoid junction where
arterial supply may be less consistent, the characteristics of the tumour may
differ from those in areas supplied directly by mesenteric arteries. It is unknown
whether differences in perfusion characteristics influence clinical outcomes

including complications and survival.

1.4.3.7 Surgical approach

The first laparoscopic colectomy was reported in 1991 77 but translation to
oncologic surgery was hampered by an initial report demonstrating a 20% port
site recurrence rate '78. This was subsequently countered by other series 23179
and by randomised controlled trials showing oncologic safety and equivalence to
open surgery '80-183 The benefit to short-term outcomes including enhanced
postoperative recovery and reduced analgesic requirement was also highlighted

by these trials.

The uptake of a laparoscopic approach for rectal cancer resection was not
straight-forward. The Medical Research Council CLASICC trial reported higher
rates of circumferential margin (CRM) positivity in patients with rectal cancer
who underwent laparoscopic anterior resection 83, This was not significant when
compared with patients undergoing open anterior resection but prompted
further trials. The Colorectal Cancer Laparoscopic or Open Resection (COLOR) Il
found no difference in CRM positivity rates by either laparoscopic or open
approach 8, Long-term follow up confirmed no significant differences in
locoregional recurrence rates, disease-free and overall survival between the two

approaches '8,

To provide data on short and long-term outcome within an acceptable time
frame, a series of subsequent randomised trials used composite oncological
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endpoints and a noninferiority design. Long term follow up data from the
American College of Surgeons Oncology Group (ACOSOG) Z6051 trial '8¢, the
COREAN trial '8 and Australasian Laparoscopic Cancer of the Rectum Trial
(ALaCaRT) '8 have demonstrated equivocal outcomes between open and
laparoscopic rectal cancer resection. The importance of optimal pre-treatment
imaging to guide appropriate selection of patients for a minimally invasive

approach is a key finding in these trials.

1.4.3.8 Robotic Surgery

Technology continued to evolve in response to the uptake of minimally invasive
approaches. Robotic surgery overcomes some of the limitations of laparoscopic
surgery including the 2-dimensional view and the restricted dexterity of non-
articulating instruments while capitalising on the reduced surgical trauma
associated with minimally invasive surgery. Advantages of robotic surgery stem
from the three-dimensional view offered by the console headset, a fixed
platform for the camera and the increased dexterity of the wristed instruments
189, Such benefits are most notable in procedures involving restricted areas such
as the pelvis and therefore rectal cancer surgery is particularly enhanced by the
use of a robotic approach '°. Disadvantages include longer operating times, the
2-dimensional view available to the assistants and the cost of the system and its

maintenance.

Several small randomised controlled trials comparing robotic and laparoscopic
rectal cancer resection have been reported from centres in the USA, Europe and
Asia. Comparable pathological outcomes including lymph node harvest 11192 and
completeness of TME "' were noted in the laparoscopic and robotic arms in
these studies. Clinical benefits including shorter length of stay '*', reduced
conversion rate '3 and better preservation of urinary and sexual function in
males '°# offset the longer set up and operative time '92. The Robotic vs.
Laparoscopic Resection for Rectal Cancer (ROLARR) study '* is the largest
randomised controlled trial comparing minimally invasive approaches to date. No
significant differences in pathological outcomes including CRM positivity,

complications or quality of life at 6 months were noted. To date, only one study
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has reported survival outcomes. In 76 patients, Patriti and co-workers reported
similar overall and disease-free survival between the laparoscopic and robotic
arms 93, However, follow up was limited, extending to a mean of only 18 months

in the laparoscopic group and 29 months in the robotic arm.

1.4.3.9 Enhanced recovery after surgery (ERAS)

Protocol-driven perioperative management has become standard of care
following elective colorectal surgery. Key elements include preoperative patient
education and optimisation (smoking and alcohol cessation), limited fasting prior
to and early mobilisation and diet following surgery 96197, Additional
components include avoidance of routine bowel preparation, use of
carbohydrate-loading drinks preoperatively, tailored anaesthesia and analgesia,
restricted use of drains and NG tubes and early removal of catheter and

cessation of intravenous fluid supplementation (Table 1.3).

The use of minimally invasive surgery where possible is a guiding principle in
minimising surgical trauma and supports the main aim of ERAS in limiting surgical
stress and shortening time to functional recovery. The superiority of
laparoscopic colectomy combined with ERAS to open colectomy and ERAS was
demonstrated in the LAFA trial '8, Similar findings were reported by the UK-
based EnROL trial that included participants undergoing colon and rectal cancer
resection '%°. Laparoscopic resection shortened length of stay when combined
with ERAS programme when compared with open surgery and ERAS (Median 5,
IQR 4-9 vs 7, IQR 5-11, p=0.033).

Randomised controlled trials of enhanced recovery protocols have been
challenging to run due to difficulties with blinding and comparison of multimodal
pathways consisting of multiple components with traditional care. The latter has
evolved in parallel, often encompassing ERAS elements. Reductions in length of
stay and postoperative complications have been reported following
implementation of ERAS protocols 209201 |t is unclear which elements contribute
directly to improved outcomes. Avoiding unnecessary mechanical bowel
preparation 2°2 and nasogastric decompression 2% are supported by high quality
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evidence while preoperative carbohydrate loading and early re-introduction of

diet following surgery have been independently associated with reduced

morbidity and length of stay 204206,

Table 1-3 - Enhanced recovery after surgery components

Preoperative

Intraoperative

Postoperative

Patient education

Antibiotic prophylaxis

Early mobilisation

Alcohol and smoking

cessation

Goal directed fluid
therapy

Early feeding

Carbohydrate loading

Minimally invasive surgery

Discontinuation of IV
fluids

Limited fasting

Avoidance of abdominal &

NG drainage

Early removal of

catheter

Avoidance of hypothermia

Thromboprophylaxis

51




1.4.4 Pathological staging

Principles similar to those that guide curative resection of colorectal cancer
apply to the pathological staging process. The presence or absence of high-risk
tumour features is central to the provision of adjuvant chemotherapy with the
intention of minimising the risk of recurrence 2929, The third edition of the
standard dataset for histopathological reporting of colorectal cancer by the
Royal College of Pathologists is in use at the time of writing and incorporates the
International Union in Cancer/American Joint Committee on Cancer Tumour,

Nodes, Metastases staging system version 5.

The degree of infiltration of the bowel wall by tumour and the presence or
absence of locoregional lymph node involvement form the basic components of
pathological staging. Cuthbert Dukes of St Marks hospital proposed Dukes’
classification of rectal cancer in 1932 2'9, Dukes A described tumours limited to
the rectal wall, Dukes B applied to tumours extending beyond the bowel wall
into the adjacent tissue but not regional lymph nodes and Dukes C described
tumour involving adjacent tissues and regional nodes (Table 1.4). This system
and all subsequent staging systems reflect the increasingly poor prognosis as
disease stage increases. Dukes stage was refined in 1949 by Kirklin, Docherty and
Waugh 2! to acknowledge depth of invasion in relation the layers of the bowel
wall (mucosa and muscularis propria) with subdivision of Dukes B to B1 (lesions
extending into but not infiltrating muscularis propria) and B2 (lesions
penetrating the muscularis propria) (Table 1.4). Astler and Coller of the
University of Michigan further subdivided Dukes C into C1 where tumours were
confined to the bowel wall with involved nodes and C2 in which tumours
penetrated through all layers and had involved nodes (Table 1.4) 2'2, In 1957,
the American Joint Committee on Cancer (AJCC) derived the tumour, node,
metastasis (TNM) cancer staging system to standardise the language used to
describe tumour burden (Table 1.5) 2'3. Continuous expert review of existing and
new data relating to prognosis has led to the release of updated versions
reflecting modifications. TNM staging can be applied to clinical data derived
from imaging and therefore clinical TNM staging in the preoperative period is
possible, in contrast to previous staging which relied on examination of the

pathological specimen.
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Table 1-4 - Early pathological staging of colorectal cancer.

wall into
adjacent tissues
but not regional

lymph nodes

penetrating
muscularis
propria with

negative nodes

B2 Tumour
penetrating
muscularis
propria with

negative nodes

Dukes’ stage ?'° | Modified Dukes’ | Astler and
stage 2! Coller 212

A Tumour limited | Tumour limited As Modified

to rectal wall to mucosa Dukes’
classification

B Tumour B1 Tumour As Modified

extending extending into Dukes’

beyond bowel but not classification

SO0 -

C Tumour
involving
adjacent tissues
and regional

nodes

B1 or B2 with

involved nodes

C1 Limited to
bowel wall with

positive nodes

C2 Through all
layers of bowel
wall with

positive nodes
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Table 1-5 - AJCC TNM staging of cancers of colon and rectum, 5th edition.

Tumour Tis Carcinoma in situ: intraepithelial or invasion of lamina
(T) stage propria

T1 Tumour invades submucosa

T2 Tumour invades muscularis propria

T3 Tumour invades through muscularis propria and invades

subserosa

T4a | Tumour invades or perforates the visceral peritoneum

T4b | Tumour directly invades other organs or structures
Nodal (N) | NO No regional lymph node metastasis
stage

N1 Metastasis in 1 - 3 regional lymph nodes

N2 Metastasis in 4 or more regional lymph nodes
Metastasis | MO No distant metastasis
(M) stage

M1 Distant metastasis detected
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1.4.4.1 Prognosis by stage

Currently, data on survival by TNM stage is not published for patients with
colorectal cancer in Scotland. Data on survival by stage in England is based on
years 2002 to 2006 and is derived from one region in England 2'4. As such,
applicability is limited as changes in investigation and management as well as
the introduction of the Scottish National Bowel Screening programme are likely
to have impacted on survival over the last 10 to 15 years. Indicative figures for

5-year overall survival by stage are displayed in Table 1.6 [170, 171].

Table 1-6 - Combined TNM stage and survival for cancers of the colon and rectum.

TNMstage | T N M 5-year overall survival
Females | Males
I T1 NO MO 100% 95%
T2 NO MO
A T3 NO MO 90% 80%
1B T4 NO MO
A T1-T2 N1 MO 65% 65%
1B T3-T4 N1 MO
1c T (any) N2 MO
\% T (any) N (any) M1 10% 5%
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Over time, the components of the early staging systems which stratified
prognosis according to anatomical features have expanded to include inherent

tumour characteristics recognised to confer additional prognostic information.

1.4.4.2 Tumour type

Tumours are typed according to the WHO classification based on histologic
appearance rather than molecular characteristics 2'>. Most colorectal cancers are
adenocarcinomas. The main morphological subtypes of relevance are mucinous
adenocarcinomas, containing over 50% extracellular mucin, and signet ring cell
adenocarcinomas which consist of more than 50% intracytoplasmic mucin. The
latter confers an adverse prognosis that is independent of stage 2'¢ and is
associated with advanced disease. Mucinous adenocarcinoma is estimated to
account for between 10 and 15% of all colorectal cancers while signet ring cell
adenocarcinoma constitutes approximately 1% of all colorectal cancers.
Mucinous differentiation has an impact on outcome that depends on the context.
MSI-H tumours often show mucinous differentiation 2'7. In this setting, survival is
improved compared with patients with mucinous microsatellite stable and non-

mucinous colorectal cancer 218,

1.4.4.3 Differentiation

In adenocarcinoma, the degree of differentiation has been shown to be a stage-
independent prognostic factor 2'°22', It is most commonly determined by
assessment of tumour architecture focusing on the degree of gland or tubule
formation. Morphological heterogeneity within colorectal tumours is a well-
recognised characteristic. To take account of this, low-grade tumours (well or
moderately differentiated) are identified by the presence of greater than 50%
gland formation while high grade (poorly differentiated) tumours are classified

as those exhibiting less than 50% gland formation.



1.4.4.4 Venous invasion

This adverse feature is considered extramural or intramural with the latter
consisting of submucosal and intramuscular venous invasion. Histological
evidence of venous invasion in over 50% of rectal cancers was reported in 1938
and correlated with the development of distant metastases 222. Venous invasion
can be identified by the presence of tumour within the endothelium-lined
compartment surrounded by a rim of muscle or red cells. It can also manifest as
rounded satellite regions of tumour next to arteries. Extramural venous invasion
is well-established as an independent predictor of haematogenous spread and
mortality in colon #2327 and rectal cancer #2¢22°, Intramural venous invasion
225,227,230 has also been reported to be prognostic of inferior survival. Node-
negative disease in the presence of venous invasion is associated with inferior
survival and can be used to risk stratify such patients and allocate adjuvant
therapy. It is therefore critical that venous invasion is accurately recorded.
Assessment using elastica staining has been shown to be superior to standard
haematoxylin and eosin staining in identification of venous invasion, particularly

among non-Gl pathologists 22¢.

1.4.4.5 Lymphatic invasion

The presence of tumour within endothelium-lined spaces of the submucosal
layer denotes lymphovascular invasion. Accurately distinguishing lymphatic from
venous invasion can be challenging, the main difference being that lymphatic
vessels have no muscle in their walls. Additional immunohistochemical stains

may be helpful in identifying lymphatic from venous invasion.

The rationale for reporting lymphatic invasion separately lies in its strong
association with lymph node metastases. This is particularly relevant in early
stage disease where local resection may be considered as definitive treatment. A
meta-analysis demonstrating the significance of lymphatic invasion reported a 7-
fold increased risk of lymph node metastases in the presence of lymphatic
invasion in early colorectal cancer 2'. While the definition of early disease was

not clear, it can be seen that the presence of lymphatic invasion conveys
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additional relevant information on the risk of lymph node involvement which

may be useful in guiding treatment decisions.

1.4.4.6 Perineural invasion

Perineural invasion is also a poor prognostic indicator which can be used to
identify patients at high risk of recurrence and inferior survival in whom
adjuvant chemotherapy may be of benefit. The involvement of nerves by tumour
and spread within nerve sheaths is pathognomonic of perineural invasion. In a
retrospective review of 249 patients who had undergone resection between 1995
and 2000, less than 1% had perineural invasion reported 232. When the
pathological specimens were reviewed, this rose to 22% and was associated with
a fourfold decrease in disease-free survival 232, In combination with other
negative prognostic indicators, perineural invasion was found to influence
disease-free survival in a prospective study of 448 patients with stage Il colon
cancer 233, A further retrospective study in 255 patients from Korea with stage
lIA colon cancer reported perineural invasion to be the only independent
predictor of disease-free survival when adjusted for lymphovascular invasion,

elevated preoperative CEA and features of obstruction 234,

1.4.4.7 Response to neoadjuvant therapy

A proportion of patients who undergo neoadjuvant therapy have a significant
response to treatment, such that there is minimal or no viable tumour within the
resection specimen. This is associated with an improved outlook when compared
with those who experience minimal response to preoperative therapy 233238,
Multiple tumour regression grades have been described but high rates of
interobserver variability are commonly associated with such systems 239,
Moreover, variation in pathological complete response (pCR) rates across
institutions may be attributable to differences in the thoroughness of

pathological examination 2%°, In the UK, the Royal College of Pathologists

59



recommend the use of a tumour regression grade modified from that reported by
Ryan and colleagues 24! (Table 1.7).

Table 1-7 - Royal College of Pathologists’ assessment of response to preoperative therapy.

Tumour Description

regression

grade

0 No viable cancer cells (complete response)

1 Single cells or rare small groups of cancer cells (near-complete
response)

2 Residual cancer with evident tumour regression, but more than
single cells or rare small groups of cancer cells (partial response)

3 Extensive residual cancer with no evident tumour regression
(poor or no response)

1.4.4.8 Peritoneal involvement

Similar to mesorectal involvement, tumours breaching the peritoneal layer
confer a poor prognosis. Peritoneal involvement can be defined as tumour
breaching the serosa with cells identifiable on the peritoneal surface, within the
peritoneal cavity or separated from the serosa by a layer of inflammatory cells
only 223, Initially highlighted in the Gloucester Colorectal Cancer study,
involvement of the peritoneum was found to be prognostic of local recurrence in
rectal cancer 22° and later to be related to intra-peritoneal recurrence in colon
cancer 224, The presence of peritoneal involvement is therefore regarded as a

high-risk feature for which adjuvant chemotherapy may be of some benefit.
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1.4.4.9 Tumour perforation

The presence of a perforation within the tumour resulting in a communication
between the bowel lumen and the external surface of the resection specimen is
of extreme adverse prognostic significance. This is regarded as an entity distinct
from a perforation occurring proximal to the site of an obstructing tumour.

Intrinsic tumour perforation indicates T4 stage disease.

Patients with colon cancer and adverse features such as peritoneal involvement
or tumour perforation are at high risk of peritoneal carcinomatosis 224.223,229,242
This is the second most common cause of death after liver metastases in

colorectal cancer 243,

1.4.4.10 Margin involvement

There are three margins in each specimen: proximal and distal (together
referred to as longitudinal) and circumferential. Tumours with clear resection
margins are categorised as RO while those with microscopic involvement of any
margin defined as tumour present within 1mm are categorised as R1; R2 status
denotes macroscopic involvement of the resection margin. In rectal cancer,
involvement of the circumferential resection margin is an independent predictor
of local recurrence and survival 244246, Margin involvement is an independent
predictor of poor prognosis and is particularly relevant in stage Il colon cancer
225 Tumours of the distal caecum and proximal ascending are at potential risk of
retroperitoneal margin involvement through direct extension. The
retroperitoneal margin can also be involved by a lymph node harbouring
metastatic disease, venous invasion, tumour deposits or perineural invasion

within 1mm of the margin.

1.4.4.11 Plane of surgery

Two prospective trials 247:248 examining the macroscopic appearance of the TME

plane in rectal cancer resection specimens demonstrated its relevance to clinical
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outcomes, in particular local recurrence. In 180 patients participating in the
Dutch trial of radiotherapy plus TME, a quarter of patients were found to have
an incomplete mesorectal specimen 24°. This was associated with an increased
risk of local and distant recurrence of 36% versus 20% when compared with those
who had a complete mesorectal specimen. In 1,130 patients involved in two
trials (CRO7 and NCIC-CTG CO16) run between 1998 and 2005 '%°, Quirke and co-
workers classified the plane of surgery as good (mesorectal), intermediate
(intra-mesorectal) and poor (muscularis propria) and reported 3-year local
recurrence rates in relation to this as 4%, 7% and 13% respectively ##’. Disease-
free survival at 3 years was similarly related to the TME plane, with good,
intermediate and poor resection specimens associated with survival of 79%, 75%
and 70% respectively. Plane of surgery has subsequently become an important
indicator not only of the quality of surgery, but of prognosis. Moreover, the data
highlighted that preoperative radiotherapy and mesorectal plane of excision
combined to produce an additive effect on improving recurrence and survival

rates, with corresponding local recurrence rates of 1% in this trial.

Application of similar pathological standards to colon cancer specimens have
been reported in retrospective studies. In 399 specimens from patients operated
at one UK centre between 1997 and 2002, the plane of excision was
intramesocolic in 44% and muscularis propria in 24% 2°°. Improved survival was
associated with an intact mesocolic plane of excision. This benefit was
particularly marked in curative-intent stage lll disease: among 154 patients, a
27% improvement in 5-year overall survival was noted (HR 0-39 [0-21-0-72],
p<0-0001). Local recurrence is less frequent in colon cancer when compared
with rectal cancer and it remains unclear whether a significant benefit would be

derived from adoption of techniques such as complete mesocolic excision 2!,

1.4.4.12 Lymph node status

Assessment of lymph node status enables accurate staging, prognostic
stratification and guides provision of adjuvant chemotherapy. The minimum
number of nhodes recommended for evaluation in the pathological staging of

colorectal cancer is 12 %% and is a quality indicator in both colorectal cancer
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surgery and its pathological reporting. However, in a population-based study of
111,730 patients in the USA, inadequate lymph node sampling occurred in 37% of
patients who underwent resection with curative intent 2°3. Several studies have
shown that an increased number of nodes harvested and examined is associated
with improved survival 42%¢, The survival benefit is seen in patients with node-

positive disease, suggesting the effect is not limited to more accurate staging
257

1.4.5 Adjuvant therapy

Adjuvant therapy following surgical resection of colorectal cancer aims to
eliminate residual circulating tumour cells or micrometastatic disease. This is
considered in patients with high risk pathological features or node-positive
(stage lll) disease. The concept of high-risk disease is broad and encompasses T4
tumours, those presenting with bowel obstruction or as an emergency, the

presence of tumour perforation, lymphatic invasion or venous invasion.

The heterocyclic compound 5-fluorouracil (5FU) forms the backbone of
chemotherapy for colorectal cancer. 5FU disrupts nucleoside metabolism and is
incorporated into DNA and RNA in place of uracil or thymine, leading to cell
death. It is administered intravenously while capecitabine is an oral precursor of
5-FU. Both are associated with cardiovascular side effects including coronary
vasospasm, acute myocardial ischaemia, myocarditis, pericarditis and

arrhythmias.

Chemotherapy regimens commonly combine 5FU with drugs such as oxaliplatin
and irinotecan. Oxaliplatin is a water-soluble platinum-based cytotoxic drug that
cross-links DNA, preventing replication and cell division. It can be associated
with neurotoxic side effects, most commonly peripheral neuropathy. The pro-
drug irinotecan is activated in vivo to SN-38, a cytotoxic metabolite that induces

cell cycle arrest by inhibiting the enzyme topoisomerase.

Toxicities associated with these agents can limit treatment. In the acute setting,

these range from diarrhoea, severe neutropenia and cardiotoxicity while
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peripheral neuropathy can be chronic. The presence of adverse host

characteristics is central to decision-making regarding adjuvant therapy.

1.4.5.1 Adjuvant chemotherapy and colon cancer

The National Surgical Adjuvant Breast and Bowel Project NSABP-CO3 trial 2°8 was
the first to demonstrate improved disease-free and overall survival in patients
with resected Dukes B and C colon cancer receiving 5FU plus leucovorin (LV), a
folinic acid derivative that enhances the activity of fluorouracil. The addition of
levimasole, an anti-parasitic drug, to 5FU in patients with stage Ill disease colon
cancer was associated with a 16% absolute reduction in both recurrence and
mortality in a randomised trial comparing observation with 12 months levimasole

plus 5FU or levimasole alone 2*°.

The value of adding leucovorin to 5FU alone and in combination with levimasole
for high risk stage Il and stage lll disease was definitively assessed in the
Intergroup-0089 trial. No statistically significant differences were reported in
disease-free and overall survival between the treatment regimens (low dose
leucovorin and 5FU, high dose leucovorin and 5FU, both with or without
levimasole, and levimasole alone) 2. It was evident that treatment courses of 6
to 8 months were as effective as 12 months and the addition of levimasole to
5FU/LV did not confer additional benefit. This was confirmed in five
contemporary trials 224261264 Sybsequently, 5FU plus leucovorin was established

as the standard of care.

1.4.5.2 Adjuvant therapy in stage Il disease

Studies demonstrating a survival benefit from adjuvant 5FU/LV were not
powered to detect differences in stage Il disease 228261264, To address this issue,
pooled analyses were undertaken. Opposing conclusions were drawn from pooled
analysis of the NASBP C-01 to C-04 trials 2% and the International Multicentre
Pooled Analysis of B2 Colon Cancer (IMPACT B2) 266, The NASBP results suggested
additional benefit but of a smaller degree in stage Il disease when compared

with stage lll disease. Among the caveats, the study design was highlighted: arms
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using inferior and outmoded chemotherapy were included, as well as

comparisons of contemporary standard of care regimens to no treatment.

The IMPACT B2 trial, however, compared 5FU/LV with no treatment but failed to
demonstrate a statistically significant benefit in stage Il disease. This trial
included patients with B2 disease from 5 trials with evidence of significant
heterogeneity. The comparatively low event rate when contrasted with stage IlI
disease requires larger numbers to demonstrate a benefit in this group, a fact
that highlights the small proportion of patients who derive benefit from adjuvant
chemotherapy in earlier stage disease. The baseline prognosis of 80% survival at
5 years with observation alone necessitates a minimum estimated sample size of
5,000 patients to detect a difference in patients with stage Il disease receiving
adjuvant therapy compared with controls receiving observation only?¢’.
Furthermore, in patients with stage Il disease without high risk features, it has
been estimated that a sample size of over 9,000 would be required to detect a
meaningful survival advantage 2¢8. Lack of benefit was confirmed in the QUASAR
study where an absolute difference in survival of less than 3% was demonstrated,
reinforcing that adjuvant therapy in stage Il without high risk features is not

warranted?®,

1.4.5.3 Double-agent chemotherapy

The addition of oxaliplatin to 5FU/LV was considered in the adjuvant setting
following trials in patients with metastatic colorectal cancer 2¢%272, In the
Multicentre International Study of Oxaliplatin/5FU/Leucovorin in Adjuvant
Treatment of Colon Cancer (MOSAIC), a 23% reduction in the relative risk of

recurrence was reported in patients receiving oxaliplatin plus 5FU/LV 2%,

Similar results were reported in the NASBP-C07 trial 273, Comparing

oxaliplatin/bolus 5FU/LV with standard bolus 5FU/LV, the relative risk reduction

in recurrence adjusted for age and number of involved nodes was 19%. However,

diarrhoea was a significant side effect of oxaliplatin, resulting in severe

enteropathy requiring inpatient care 2’4. XELOXA compared oxaliplatin in

addition to oral 5FU (XELOX) with bolus 5FU/LV in stage Il colon cancer 2. On
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Figure 12-1 — 4D MRA image showing confluence of portal vein (1), splenic vein (2) and superior
mesenteric vein (3).
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Figure 12-2 - Mean net portal vein flow in healthy volunteers pre- and post-exercise (n=5, error
bars indicate standard error).
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Figure 12-3 - Mean net portal vein flow in patients pre- and post-exercise (n=5, error bars indicate
standard error).
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13 Conclusions

At the beginning of the research period, it was proposed that aortic calcification
may influence the outcome of treatment for colorectal cancer in patients with
operable disease. At host level, this was hypothesised to act via increased
complication rates resulting from impaired tissue oxygenation compounded by a
greater burden of comorbidity, in particular cardiovascular disease. At tumour
level, it was hypothesised that patients with a significant degree of AC were
more likely to harbour hypoxic tumour microenvironments that predisposed to
aggressive tumour biology. The latter was proposed to correlate with more
advanced tumour stage, higher rates of recurrence and inferior survival.
Moreover, the pro-inflammatory aetiology of atheroma formation was considered
to represent an explanatory factor in the aetiology of systemic inflammation in
patients with colorectal cancer. It was postulated that the efficacy of
radiotherapy and chemotherapy would be reduced in those with significant
calcification as a consequence of reduced oxygen delivery and higher rates of
toxicity respectively. As a radiographic marker that is readily assessed on CT, AC
was hypothesised to be a more clinically applicable comorbidity measure than
validated but rarely used comorbidity indices. In this way, AC was thought to
have a role in identifying patients who could benefit from more detailed
preoperative assessment using tools such as CPET. Finally, the potential for the
haemodynamic characteristics of patients with significant AC to be characterised

by novel imaging with dynamic flow measurement was to be explored.

The derivation of a semi-quantitative aortic calcification score was described in
Chapter 3 and compared with other methods of visual and software
quantification. Previous work assessing AC in patients undergoing surgery
employed differing approaches to quantification resulting in a lack of
standardisation. Reproducibility was excellent both within and between raters
using the novel score derived here. Moreover, a clinically relevant method of
stratifying patients in relation to the degree of AC present was undertaken,
contrasting previous literature in this area that focused on binary approaches
denoting absence or presence of calcification. This method allowed for the fact
that vascular calcification increases with age. Therefore, a mild degree of

calcification was considered separately to a heavy burden of calcification, with
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the latter more likely to reflect a pathological degree of atheroma formation.
Finally, the score was validated in an external cohort in Chapter 6, representing
the first study of its kind in patients with colorectal cancer. In future, the
development of dedicated software with the potential for automated analysis
would aid clinical translation of AC assessment. This could reduce the burden
associated with manual scoring. It has been interesting to observe during this
period of research the increased incidence of reporting of coronary artery
calcification as an incidental finding on non-dedicated imaging. Indeed, this is
now supported by the British Society of Cardiovascular Imaging and the Scottish
Intercollegiate Guidelines Network. The development of algorithms that could
reliably identify and measure the degree of abdominal AC would enable routine

reporting of this data and facilitate its clinical use.

A systematic exploration of the relationship between aortic calcification and
postoperative morbidity was undertaken in Chapter 4. The degree of aortic
calcification was not independently related to complications considered
together or categorised as major, infective or non-infective. Associations with
non-infective complications were evident, representing morbidity including
cardiac (acute coronary and venous thromboembolic events as well as
tachyarrhythmias) and non-cardiac events (ileus, wound dehiscence). This
represents an important contribution to the literature as it is the first study in a
homogenous patient group with a large sample size in which multivariate
analysis was undertaken. A trend towards significance was noted with higher
anastomotic leak rate in patients with a significant burden of aortic
calcification. Due to its relative rarity in elective colorectal cancer resection, a
multicentre prospective study with sample size in the thousands would be
required to definitively address whether AC is an independent factor in
anastomotic leak. Integrating AC assessment into current trials of intra-operative
mesenteric haemodynamic assessment would help to clarify its role in
preoperative identification of patients who may be at higher risk of anastomotic
leak.

Chapter 5 reported inferior survival following colorectal cancer resection in
patients with significant aortic calcification. This was most marked when

examining overall survival. However, higher rates of poorer cancer-specific

315



survival were noted on subgroup analysis of colonic tumour site. Patients with
right-sided tumours and significant aortic calcification had the poorest
prognosis. Cautious interpretation is necessitated by the limited subgroup
sample size (n=223) and the low number of events (23 cancer-related deaths).
Higher rates of cardiovascular disease in patients with right colon cancer
compared with left have, however, previously been reported. Validation in a
large external cohort, along with examination of host-specific (comorbidity,
race, cardiometabolic risk factors) and tumour-specific factors (mismatch repair
deficiency, degree of tumour necrosis) is warranted. It was notable that 5 year
survival in the whole cohort was high at 71%. Factors associated with inferior
survival that are not amenable to significant change in the period prior to

surgery are unlikely to contribute to a marked improvement in survival rates.

Further examination of the potential mechanisms underlying the relationship
between the degree of calcification and survival was demonstrated in Chapters 6
and 7. It was hypothesised that the degree of aortic calcification may
correspond to reduced efficacy of neoadjuvant radiotherapy in patients with
rectal cancer and to impaired tolerance and completion of chemotherapy in
patients receiving adjuvant therapy for colon and rectal cancer. While no
association between calcification grade and neoadjuvant therapy response was
evident, this study incorporated an external cohort in which similar findings
were reported. This provided validation of the technique of AC assessment used
in this thesis and confirmed excellent reproducibility. Studies examining patient
factors as potential determinants of neoadjuvant response are scarce, in
comparison to those assessing tumour and treatment characteristics. Therefore,
although negative, publication of this work highlights the need to focus further
on host characteristics that may interact with tumour and treatment factors to
influence outcome. This may be particularly relevant in patients with locally
advanced disease and borderline fitness for neoadjuvant therapy in whom
objective pre-treatment markers that correlate with treatment outcome could

be used to underpin shared decision-making on treatment intent.

Similarly, the findings of Chapter 7 highlighted that patients with a significant
burden of AC are less likely to receive adjuvant chemotherapy and more likely to

be undertreated if they do proceed to adjuvant treatment. Although not possible
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to characterise, AC likely correlates with the oncologist’s subjective assessment
of patient fitness for treatment. Future integration of AC assessment to clinical
trial protocols as a proxy measure of comorbidity may improve generalisability of
trial results. Furthermore, examining recurrence and survival among eligible
patients based on receipt of chemotherapy with reference to adverse host
characteristics such as AC may highlight whether undertreatment, represented
by single agent and reduced dose regimens in contrast to full dose combination
chemotherapy, impacts long term outcome. However, the multitude of
interacting factors that influence such treatment decisions renders

interpretation of this type of data complex.

To investigate the hypothesis that a high burden of aortic calcification may
result in tumour hypoxia, immunohistochemical analysis of tissue microarrays
available in a subset of patients was undertaken in Chapter 8. The hypoxic
marker carbonic anhydrase IX was noted to be low in the cytoplasm of tumour
cells in patients with a higher burden of aortic calcification, a characteristic that
was associated with poorer cancer-specific survival. Moreover, an association
between high membranous CA IX expression and right sided tumour location was
clear. This study would have been strengthened by the inclusion of a wider range
of hypoxic markers and use of broader scope techniques including omics
profiling. This was limited by the restricted access to laboratory space due to
the pandemic. A more comprehensive assessment of hypoxic markers including
transcriptomic and mutational analysis in a larger sample size is planned. This
will facilitate exploration of the associations between AC, molecular subtypes
and signalling pathways within hypoxic microenvironments. This work will enable
a clearer appreciation of the mechanisms by which tumour hypoxia may
contribute to the inferior cancer-specific survival noted in right colon cancer in
this thesis.

Chapter 9 focused on clarifying the relative prognostic importance of AC and
systemic inflammation. Neither the relationship between AC and survival nor the
mechanisms by which they interact have been examined outside the work
presented in this thesis. The results of this chapter are particularly relevant as
both cardiovascular disease and colorectal cancer share systemic inflammation

as an aetiological factor but studies examining this nexus are few. While the
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presence of a systemic inflammatory response was more closely associated with
inferior overall survival than the degree of AC, it was not related to cancer-
specific survival in the whole cohort or in patients with right colon cancer. By
contrast, an increasing degree of AC remained independently related to cancer-
specific survival in patients with right colon cancer. This contrasts previous
literature where a raised mGPS in patients with operable colorectal cancer has
been demonstrated to be independently related to poorer overall and cancer-
specific survival. Further interrogation of the tumour characteristics is required,
particularly as right sided tumours are often associated with differing host
(female gender, advanced age) and tumour (MSI-high, higher T stage)
characteristics. Factors including the influence of oestrogenic hormones on
cardiovascular disease risk and the higher rates of necrosis in large tumours
more typical of right colon cancer may contribute. These are two areas among
others that are worthy of further examination as potential drivers of the

relationship highlighted here.

In order to assess whether AC simply reflects underlying comorbidity or has
independent clinical value, a comprehensive investigation of its role in
comparison to validated comorbidity indices was undertaken in Chapter 10.
Previous studies have focused on single endpoints, overlooking the impact of
postoperative morbidity on survival. By assessing the relationship with
postoperative morbidity and survival, it was possible to determine that neither
the mGPS score nor degree of AC was associated with all complications, but that
both were related to overall survival, independent of recognised adverse host
factors and the comorbidity measures assessed. No single comorbidity measure
was independently associated with both inferior short and long-term outcome.
However, the RCRI, a simple 6 item score based on routine clinical data, was
independently related to the development of postoperative complications and
associated with inferior cancer-specific survival. Its integration into preoperative
assessment may highlight high risk patients and trigger further investigation and
implementation of preoperative optimisation strategies. This study confirmed
that AC alone does not identify patients at risk of poor outcome but may

represent a valuable phenotypic feature of the vulnerable patient.
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To further characterise the clinical relevance of aortic calcification, Chapter 11
examined the correlation between the degree of aortic calcification and
cardiopulmonary fitness in a multicentre UK cohort. The first study of its kind,
the results suggest that AC assessment may have a role as a screening tool for
preoperative cardiopulmonary exercise testing, a limited resource. Significantly,
patients with more advanced tumours had higher odds of suboptimal
cardiorespiratory fitness, suggesting that such patients may warrant early
identification and more detailed preoperative assessment and intervention.
Cardiometabolic factors such as cross talk between circulating inflammatory
mediators and skeletal muscle and adipose tissue metabolites may be influenced
by regional tumour progression. Exploring these potential underlying mechanisms
is an important target of future work. Work to determine the relative
importance of aortic calcification, adverse body composition and functional
measures of frailty alone and in combination in the preoperative assessment and

optimisation of patients with colorectal cancer is in progress.

Finally, the feasibility of using novel dynamic MRA imaging to quantify
mesenteric flow was examined in Chapter 12. The sample size was smaller than
planned, preventing assessment of the relationship between the degree of
calcification and mesenteric perfusion. However, it was possible to characterise
changes in mesenteric blood flow in response to exercise, resulting in proof of
concept for this prototype imaging technique. Work is underway to restart
recruitment following suspension due to the pandemic. The correlation between
mesenteric venous and arterial flow in response to exercise in patients with
varying degrees of AC will be assessed in the expanded cohort. The role of 4D
MRA in preoperative work up of patients considered high risk for anastomotic

leak then requires to be investigated in future prospective studies.

Overall, the work presented in this thesis represents a systematic exploration of
the relevance of aortic calcification visible on preoperative CT imaging to
outcomes both at host and tumour level in patients with colorectal cancer.
Potential confounders including comorbidity and systemic inflammation were
examined to ensure clinical relevance, as well as attempts to understand the
mechanisms by which relationships with complications and survival may have

arisen. This adequately meets the aims of the thesis as outlined in Chapter 2.
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However, it must be noted that the use of aortic calcification as a measure of
cardiovascular health is primitive given that it reflects only the presence of
calcified atheromatous plaque and does not capture functional aspects such as
pump efficacy and electrophysiological function. This work would have been
strengthened by inclusion of such measures to provide a fuller appreciation of
cardiovascular status. Only 63 patients (10%) had a history of recent or previous
echocardiogram, however, suggesting further clinical data would not have been

readily available.

Moreover, the work presented in this thesis does not take account of patient
reported outcomes and other important measures such as acceptability and
tolerability of more detailed preoperative investigation, factors that require to
be addressed as preoperative assessment continues to evolve. Finally, it was
originally planned to incorporate a prospective study of a preoperative exercise
intervention for high-risk patients to improve postoperative outcome. Ethical
approval was gained but funding difficulties compounded by the commencement
of a large multicentre randomised controlled trial of preoperative exercise
restricted this work. By contributing to the recruitment, supervision and delivery
of this trial locally, experience was gained and feasibility demonstrated. Full

trial results are awaited.

Future work includes exploring in a geographically distinct population the
incidence of aortic calcification and its relevance to outcome in patients with
colorectal cancer. This work is currently in progress as a result of collaborations
with Serlandet Hospital, Kristiansand, Norway and Dokkyo Medical University
Hospital, Tochigi, Japan. This will provide data on the effect of race and
environmental factors on the presence of aortic calcification. A study comparing
the value of body composition measures and aortic calcification alone and in
combination as preoperative markers of inferior outcome is planned. This is
multicentre and will address the potential to use phenotypic features as
screening tools for more detailed preoperative investigation and optimisation.
Finally, combining self-reported and objectively-measured tests of functional
capacity with radiographic markers including aortic calcification and body
composition is planned as part of a pilot study examining whether such

multimodal approaches can be used at preoperative assessment to highlight
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patients for preoperative optimisation and high risk clinic review. The use of
these measures as factors by which exercise prescription can be personalised

will also be trialled in a subset of the patients recruited.

At the outset of the research period, it was intended that external validation in
several large cohorts would be undertaken. Despite forging collaborations with
teaching hospitals in the UK, Japan and Norway, the absence of mature and
sufficiently detailed data prevented meaningful comparison during the study
period. Enhanced data collection continues in collaborating centres in Japan and

Norway to facilitate validation of the findings in Chapters 4 and 5.

In conclusion, the work presented in this thesis supports the use of aortic
calcification as a measure associated with inferior outcome that may assist in
identification of patients who may benefit from further investigation and
optimisation. Combining its use with independent risk factors and dynamic
measures of function is required to holistically assess relevant host factors
influencing outcome among patients awaiting curative colorectal cancer

resection.
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Appendix 1

Example search strategy (MEDLINE)

The relationship between aortic calcification and anastomotic leak following

gastrointestinal resection: a systematic review.

1. anastomosis, surgical/ or elective surgical procedures/ or colorectal
neoplasms/ or esophageal neoplasms/ or gastric neoplasms/ or
colectomy/ or esophagectomy/ or gastrectomy/ or digestive system

surgical procedures/

2. (colorectal surgery* or colectomy* or colon cancer* or rectal cancer® or
esophagectomy* or esophageal cancer* or gastrectomy* or gastric

cancer*).mp
3. or/1-2

4. vascular calcification/ or calcinosis/ or arterial occlusive disease/ or

atherosclerosis/ or iliac artery/ or aorta, abdominal/ or aorta, thoracic/
5. (aortic calcification* or calcium score* or calcium volume*).mp
6. or/4-5

7. postoperative complications/ or treatment outcome/ or risk factors/ or

anastomotic leak/
8. (anastomotic leakage* or prognostic factor* or risk factor*).mp
9. or/7-8

10.3 and 6 and 9
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Appendix 2

Immunohistochemistry protocol - CA IX in Colorectal Cancer Tissue
De-wax and rehydrate

2 x 3 minutes Histoclear

2 x 2 minutes 100% ethanol
2 minutes 90% ethanol

2 minutes 70% ethanol

10 minutes water

Antigen Retrieval

Prepare Citrate buffer pHé6 (0.346¢g citric acid and 2.41g sodium citrate, 1 Litre
H20)

Heat for 12-14 minutes in microwave

Add slides, seal and lid, heat for 2 minutes/ until yellow button pops up
Heat for 5 minutes under pressure

Remove lid, cool for 30 minutes

Rinse in water 10 minutes

Staining

30 minutes 3% Hydrogen Peroxide
Rinse in water
Block in 10% Casein for 60 minutes

Blot, then add CA IX (1 in 800) Bioscience
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Incubate overnight in cold room

Bring slides to room temperature

Wash 2 x 5 minutes in Tris Buffered Saline

Incubate at room temperature with ImnmPRESS reagent for 30 minutes
Wash 2 x 5 minutes in Tris Buffered Saline

Add DAB substrate (1 drop in 1mL) for 5 minutes

Wash in water

Counter Staining

30 seconds Haematoxylin

2 minutes water

10 seconds acid/alcohol

2 minutes water

2 minutes Scotts Tap Water
1 minute water

Dehydration and Mounting

1 minute 70% ethanol

1 minute 90% ethanol

2 x 1 minute 100% ethanol
2 x 1 minute Histoclear

Mount using Pertex
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Appendix 3

Imaging of the abdominal vasculature was undertaken using True FISP fat
saturated breath hold with a Repetition Time/Echo (TR/TE) Time 246/1.31 ms,
Field of View (FoV) 340 mm, resolution 1.3 x 1.3 mm, slice thickness 2.4 mm, flip
angle 36° and acquisition time of 20 s in the transverse, sagittal and coronal
planes. Additional images of the portal and splenic veins (PV and SV) were
obtained to facilitate perpendicular planning of 2D flow slices across these

vessels using the following sequences:

1. True FISP single shot fat saturated breath hold, orthogonal to the vessel,
TR/TE 986/3.26 ms, FoV 400 mm, resolution 1.6 x 1.6 mm, slice thickness
4 mm, flip angle 36°, TA 20 s.

2. Breath hold True FISP cine planned perpendicular to the middle of the
imaged vessel, FoV 340 mm, resolution 1.3 x 1.3 mm, slice thickness
7 mm, flip angle 44°, TA 4.7 s.

The cine sequence captured pulsatile motion of the PV and was subsequently
used for the positioning of the 2D flow scans.

Half-Fourier Acquisition Single-shot Turbo spin Echo (HASTE) imaging was used to
acquire 2D flow data of the aorta at three levels: above the coeliac axis, at the
superior mesenteric artery (SMA) and below the renal arteries. Planning of the
superior mesenteric vein (SMV), PV and SV was undertaken as previously
described.

2-dimensional, time resolved, phase contrast MRI (PC-MRI) were acquired with
the following parameters using retrospective ECG gating: resolution 1.8 x 1.8,
slice thickness 6 mm, TR/TE 3.7-5.3/2.47-3.1 ms, with a scan time of 14 s
(breath-hold) and 30 time frames between each R-R interval. The velocity
encoding value (Venc) was set at 50 cm/s for the veins with the option to
increase the Venc if aliasing was apparent. The acquisitions used retrospective
ECG gating.
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The research 4D flow sequence provided by Siemens (WIP 785A, Siemens
Healthcare GmbH, Erlangen, Germany) was used with ECG and respiratory gating
combined with navigation. Parameters were: imaging volume 288 x 288 x 72 mm,
1.8 mm acquired resolution, 1.8 mm slice thickness, TR/TE =4.8-5.9/ 2.25-

3.19 ms, iPat 3, with a scan time of approximately 8 min and 20 time frames

between each R-R interval.

2D flow was acquired initially to help determine the Venc settings for 4D flow of
the PV. For 4D flow, the Venc was set at 30 cm/s (pre-exercise) and 40 cm/s
(post-exercise) for volunteers and 20 cm/s (pre-exercise) and 30 cm/s (post-
exercise) for patients. A lower Venc setting was selected for patients as it was
found from 2D acquisitions that these patients typically had a lower peak
velocity when compared to the healthy volunteers. It was crucial that the Venc
set for venous flow matched the real velocity within the vessel. Mismatch leads
to a higher signal to noise ratio in the region of interest 22, The Venc settings
for healthy volunteers and patients were capable of sufficiently visualising flow

in the portal vein.
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Appendix 4

The Effect of Acute Exercise on Human Colonic Blood Flow in Health and Disease:
4D MRA Scan Protocol

Protocol Version: 1

Date: 12 December 2018

REC Reference Number: 18/SW/0166

Sponsor’s Protocol Number: GN18HS661

Sponsor: NHS Greater Glasgow & Clyde

Funder: Royal College of Physicians & Surgeons Glasgow

Healthy volunteers: Baseline scan
e Localisers
e Axial trufisp fs
Coronal truefisp fs
4D flow - venc 30 cm/s

Healthy volunteers: Post-exercise scan
o Localisers
e Axial trufisp fs
e Coronal truefisp fs
e 4D flow - venc 40 cm/s

Patients: Baseline scan
e Localisers
e Axial trufisp fs
e Coronal truefisp fs
e Contrast MRA
e 4D flow - venc 20 cm/s

Exercise: Post-exercise scan
e Localisers
e Axial trufisp fs

e Coronal truefisp fs
e 4D flow - venc 30 cm/s
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