
Colorectal Cancer 
Diagnosis, Screening and Management

Edited by Jindong Chen

Edited by Jindong Chen

With international experts sharing their experience and knowledge on these different 
aspects in the management of colorectal cancer, this book has this opportunity to offer 

all physicians treating colorectal cancer, as well as researchers, updated information 
concerning the biology, diagnosis, screening, and treatment of colorectal carcinoma. 
This book provides a detailed evaluation of diagnostic modalities, in-depth analysis 
of screening for colorectal cancer, recent advances in treatment, and principles and 

trends in the management of colorectal cancer. This updated knowledge will be 
an interesting and informative read for any clinician involved in the management 
of patients with colorectal cancer. In addition, readers such as related physicians, 

researchers, and colorectal cancer patients are potential beneficiaries of this book.

Published in London, UK 

©  2018 IntechOpen 
©  tussik13 / iStock

ISBN 978-1-78923-100-7

C
olorectal C

ancer - D
iagnosis, Screening and M

anagem
ent



COLORECTAL CANCER -
DIAGNOSIS, SCREENING

AND MANAGEMENT

Edited by Jindong Chen



COLORECTAL CANCER -
DIAGNOSIS, SCREENING

AND MANAGEMENT

Edited by Jindong Chen



Colorectal Cancer - Diagnosis, Screening and Management
http://dx.doi.org/10.5772/intechopen.68430
Edited by Jindong Chen

Contributors

Murat Ferhat Ferhatoglu, Abdulcabbar Kartal, Romina Briffa, Simon Langdon, Godfrey Grech, David J Harrison, Octav 
Ginghina, Cornelia Nitipir, Hamid Elia Daaboul, Mirvat El-Sibai, Racho Ribarov, Igor Richter, Josef Dvořák

© The Editor(s) and the Author(s) 2018
The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright, Designs and 
Patents Act 1988. All rights to the book as a whole are reserved by INTECHOPEN LIMITED. The book as a whole 
(compilation) cannot be reproduced, distributed or used for commercial or non-commercial purposes without 
INTECHOPEN LIMITED’s written permission. Enquiries concerning the use of the book should be directed to 
INTECHOPEN LIMITED rights and permissions department (permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons Attribution 3.0 
Unported License which permits commercial use, distribution and reproduction of the individual chapters, provided 
the original author(s) and source publication are appropriately acknowledged. If so indicated, certain images may not 
be included under the Creative Commons license. In such cases users will need to obtain permission from the license 
holder to reproduce the material. More details and guidelines concerning content reuse and adaptation can be 
foundat http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not necessarily those 
of the editors or publisher. No responsibility is accepted for the accuracy of information contained in the published 
chapters. The publisher assumes no responsibility for any damage or injury to persons or property arising out of the 
use of any materials, instructions, methods or ideas contained in the book.

First published in London, United Kingdom, 2018 by IntechOpen
eBook (PDF) Published by IntechOpen, 2019
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales, registration number: 
11086078, The Shard, 25th floor, 32 London Bridge Street  
London, SE19SG – United Kingdom
Printed in Croatia

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Additional hard and PDF copies can be obtained from orders@intechopen.com

Colorectal Cancer - Diagnosis, Screening and Management
Edited by Jindong Chen

p. cm.

Print ISBN 978-1-78923-100-7

Online ISBN 978-1-78923-101-4

eBook (PDF) ISBN 978-1-83881-320-8

DBF_prva objava


Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

3,450+ 
Open access books available

151
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

110,000+
International  authors and editors

115M+ 
Downloads

We are IntechOpen,  
the first native scientific 

publisher of Open Access books

 





Meet the editor

Jindong Chen, PhD, is an AACR active member and 
chief technology officer in Exploring Health, LLC; a 
professor in Cancer Biology Section at the Department of 
Medical Genetics, Zunyi Medical University, China; and 
a former research associate professor and kidney labo-
ratory codirector at the University of Rochester Medical 
Center, New York. He earned his PhD degree in Karolin-

ska Institute, Sweden. Then, he served as a research scientist at Van Andel 
Research Institute, USA, and a senior scientist at the National Cancer Cen-
tre Singapore and Duke-NUS University Medical School. He has worked 
on colorectal carcinoma, breast cancer, and kidney cancer for more than 
20 years. He identified two cancer-related genes, NORE1 and LSAMP, and 
was awarded in the 94th AACR Annual Meeting. He developed several 
FLCN and HRPT2 knockout mouse models and was awarded in the 100th 
AACR Annual Meeting. With those models, he conducted a few anticancer 
drug tests and has been working on antimetastasis drug screening.



Contents

Preface VII

Chapter 1 Diagnostics in Colorectal Surgery   1
Murat Ferhat Ferhatoglu and Abdulcabbar Kartal

Chapter 2 Liquid Biopsy for Colorectal Cancer Screening, A Modern
Approach for Patients Stratification and Monitoring   15
Octav Ginghina and Cornelia Nitipir

Chapter 3 Treatment Strategies in Colorectal Cancer   33
Hamid Elia Daaboul and Mirvat El-Sibai

Chapter 4 Acquired and Intrinsic Resistance to Colorectal Cancer
Treatment   57
Romina Briffa, Simon P. Langdon, Godfrey Grech and David J.
Harrison

Chapter 5 The Prognostic Significance of the Expression Change of EGFR
during Neoadjuvant Chemoradiotherapy in Patients with
Rectal Carcinoma   83
Igor Richter

Chapter 6 Our Experience in Self-Management Support following
Colorectal Cancer Treatment   105
Racho Ribarov



Contents

Preface XI

Chapter 1 Diagnostics in Colorectal Surgery   1
Murat Ferhat Ferhatoglu and Abdulcabbar Kartal

Chapter 2 Liquid Biopsy for Colorectal Cancer Screening, A Modern
Approach for Patients Stratification and Monitoring   15
Octav Ginghina and Cornelia Nitipir

Chapter 3 Treatment Strategies in Colorectal Cancer   33
Hamid Elia Daaboul and Mirvat El-Sibai

Chapter 4 Acquired and Intrinsic Resistance to Colorectal Cancer
Treatment   57
Romina Briffa, Simon P. Langdon, Godfrey Grech and David J.
Harrison

Chapter 5 The Prognostic Significance of the Expression Change of EGFR
during Neoadjuvant Chemoradiotherapy in Patients with
Rectal Carcinoma   83
Igor Richter

Chapter 6 Our Experience in Self-Management Support following
Colorectal Cancer Treatment   105
Racho Ribarov



Preface

Colorectal cancer is the third most common cancer in men and the second in women world‐
wide. Approximately 1.4 million people were diagnosed with colorectal cancer, and 700,000
people die from it each year, which represents a major public health problem. Updated
knowledge, information, techniques, and innovative ideals are required for dealing with col‐
orectal cancer.

Here, thanks to international experts for sharing their experience and knowledge on these
different aspects in the management of colorectal cancer, this book has this opportunity to
offer all physicians treating colorectal cancer, as well as researchers, updated information
concerning the biology, diagnosis, screening, and treatment of colorectal carcinoma.

This book provides a detailed evaluation of diagnostic modalities, in-depth analysis of
screening for colorectal cancer, recent advances in treatment, and principles and trends in
the management of colorectal cancer. This updated knowledge will be an interesting and
informative read for any clinician involved in the management of patients with colorectal
cancer. In addition, readers such as related physicians, researchers, and colorectal cancer pa‐
tients are potential beneficiaries of this book.

Finally, I express my deepest thanks to all the authors in this book and InTech teams includ‐
ing Ms. Martina Usljebrka and Mr. Slobodan Momcilovic (publishing process managers).
Without their efforts, this book would not have been completed smoothly.

Jindong Chen, MD, PhD
Chief Technology Officer, Exploring Health, LLC

Professor, Cancer Biology Section, Department of Medical Genetics
Zunyi Medical University, China
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Abstract

The rapid development in radiological examinations has opened a new chapter in colo-
rectal surgery. Unlike classical books, in this section we preferred to use more modern and
everyday practical methods such as endoscopy or magnetic resonance imaging or
endorectal ultrasonography, rather than sparing less used examinations such as X-rays
and barium graphs.

Keywords: colorectal cancer, diagnostic tests, endoscopy, endoultrasonography

1. Endoscopy

1.1. Rectosigmoidoscopy

A rectosigmoidoscopy is an examination of the rectum and pelvic colon with a sigmoidoscope.
In this procedure an endoscopic vision equipment is introduced for visualization of the anus,
rectum and sigmoid colon. No special preparation is required, except “fleet-enema” applica-
tions. It is helpful in the research of hemorrhoidal disease, as well as in the diagnosis of
diseases of the rectum and the first portions of the large bowel, for example, Crohn’s disease,
ulcerative rectocolitis, diverticula, polyps and colorectal cancer.

1.2. Colonoscopy

Colonoscopy is an examination of lower part of the alimentary tract. Colonoscopy is a safe
procedure that gives information other tests may not be able to give. Often, people have
colonoscopy as a screening test to check for polyps or cancer in the colon or rectum [1].
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Indications: Colonoscopy can be performed for both diagnostic and therapeutic indications.
Diagnostic indications include screening and surveillance for colon cancer, evaluating signs
and symptoms suggestive of possible colonic or distal small bowel disease, assessing a
response to treatment in patients with known colonic disease, and evaluating abnormalities
found on imaging studies. Therapeutic indications include stricture dilation, stent placement
and foreign body removal [2].

Contraindications: Colonoscopy is contraindicated in the following situations.

• When the risks of the colonoscopy outweigh the expected benefits.

• Consent cannot be obtained for a non-urgent procedure.

• A perforation is known or suspected.

• Documented acute diverticulitis.

• Fulminant colitis.

It is important that the expected benefits of colonoscopy be carefully weighed against the risks,
particularly in older adults and patients with comorbid illnesses because these patients are at
increased risk for serious complications from colonoscopy. A suspected poor preparation is a
relative contraindication to colonoscopy.

Important considerations: A high-quality examination requires careful investigation of
colonic mucosa. High-quality examination requires appropriate tissue acquisition and endo-
scopic removal of all polyps less than 2 cm. Removal of polyps larger than 2 cm may require
special endoscopic skills.

1.3. Patient preparation

Diet: Patients need to consume a low-residue diet or clear liquids for at least 1 day prior to
elective colonoscopy. Liquids that are red can be mistaken for blood in the colon or can obscure
mucosal details and should be avoided [3, 4].

Medications: Most medications may be continued up to the time of colonoscopy and are taken
with a small sip of water the day of the colonoscopy. Some medications may need to be
adjusted prior to colonoscopy, such as medications for diabetes, due to decreased oral intake
prior to the procedure. Oral iron should be stopped at least 5 days before the colonoscopy since
it makes the residual feces black, viscous, and difficult to purge. Management decisions about
antithrombotic agents should be made following discussion with the patient and the clinician
prescribing the medications. Aspirin and nonsteroidal anti-inflammatory drugs in standard
doses may be continued safely in patients having colonoscopy [5].

Bowel preparation: An adequate bowel preparation is critical for colonoscopy because it
permits visualization of the entire colonic mucosa and increases the safety of therapeutic
maneuvers. Poor preparation leads to increased procedure time, risk of complications, and
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probability of missing lesions. It is important to consider the patient’s comorbid illnesses and
the timing of the preparation when choosing an appropriate preparation or combination of
preparations [6].

Sedation assessment: Options for sedation include no sedation, moderate procedural sedation,
or deep sedation. Deciding upon the appropriate approach requires an assessment of the
patient’s sedation needs and risks prior to the colonoscopy. This includes a complete history of
factors that might make sedation more difficult such as prior difficulties with sedation, chronic
narcotic or benzodiazepine use, diminished mental capacity, and agitation or severe anxiety [7].

Informed consent: Informed consent includes full disclosure with a clear and complete expla-
nation of all portions of the procedure. Discussion of the possible risks of colonoscopy, includ-
ing frequent and less frequent but severe complications, must occur and be tailored to the
specific patient and procedure. Incidences of possible complications should be mentioned.
Written documentation of the consent process is mandatory [8].

Equipment: Routine colonoscopy is performed using a high-definition white-light colono-
scope. Both adult and pediatric colonoscopes are available. Adult colonoscopes have a diame-
ter of approximately 13 mm, whereas pediatric colonoscopes have a diameter of approximately
11 mm. An ultra-slim colonoscope with a diameter of 9.5 mm may be particularly helpful in
patients with tight turns [9]. Various accessories are available that can be passed through the
accessory channel of a colonoscope. These include biopsy forceps, brushes, snares, baskets,
nets, injection needles, hemostatic clips, and argon plasma coagulation probes (Figure 1).

Figure 1. Basic materials used in colonoscopy. A: colonoscope, B: endoscopic clip shooter, C: biopsy forceps, D: endo-
scopic sclerotherapy needle, E: polypectomy snare, F: foreign body forceps.
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Tissue sampling: Visible lesions identified during colonoscopy should be sampled or removed
for pathology [10]. Tissue sampling includes biopsies, brushings, and polypectomy. Specimens
obtained can be sent for histology, cytology, microbiology, or virology, depending upon the
clinical situation.

Polypectomy: Most polyps less than 2 cm in size can be removed endoscopically, as well as
many larger polyps. Small polyps may be completely removed using biopsy forceps, while
larger polyps require snare resection, with or without electrocautery. Advanced endoscopic
mucosal resection and endoscopic submucosal dissection techniques are used for large polyps
(greater than 2 cm). Nearly all pedunculated polyps without invasive cancer can be removed
endoscopically. If polyps are too numerous for removal, representative samples should be
obtained (Figure 2).

Photodocumentation and reporting: All colonoscopic procedures should include a complete
report detailing the extent of the colon examined, quality of the preparation, and all normal
and abnormal findings encountered [11]. Photodocumentation greatly enhances the record
and should be included when possible.

1.4. Virtual colonoscopy

Computed tomographic colonography gives a computer-simulated endoluminal vision of air-
filled distended colon. This technique uses both spiral or helical CT scan images acquired as an
uninterrupted volume of data and employs sophisticated post-processing software to generate
images that allow the operator to evaluate a cleansed colon in any chosen direction [12].

Figure 2. Normal and pathologic images on colonoscopy. A: normal view of caecum, B: normal view of ascending colon,
C: normal view of transvers colon, D: reverse image of the rectum, E: sessile polyp of the rectosigmoid junction, F: tumor
image at the sigmoid colon.

Colorectal Cancer - Diagnosis, Screening and Management4

Indications: Potential indications for virtual colonoscopy include the following:

• Screening for colorectal cancer: virtual colonography is an method for colorectal cancer
screening in asymptomatic patients over the age of 50 years. There is consensus that CT
colonography should not be used for screening in patients at increased risk for colorectal
cancer (e.g., history of adenomas, inflammatory bowel disease, familial colorectal cancer
syndrome).

• Evaluation for synchronous colorectal cancer: in patients with a colorectal cancer in whom
a complete colonoscopy cannot be performed due to the inability to pass the colonoscope
beyond an obstructing tumor, a CT colonography can rule out a proximal synchronous
colorectal cancer (Figure 3).

• Evaluation of patients with signs or symptoms suggestive of colorectal cancer: while
colonoscopy is the preferred initial diagnostic test in patients with signs or symptoms of
a colorectal cancer as it permits biopsy of the lesion, a CT colonography may be performed
in patients with an incomplete or failed colonoscopy or in whom a colonoscopy is
contraindicated [13, 14].

• Evaluation of with signs or symptoms suggestive of divertiküler disease.

Contraindications: The following situations are relative contraindications for CT colonography:

• Active colonic inflammation

• Symptomatic colon-containing abdominal wall hernia

• Recent acute diverticulitis

• Recent colorectal surgery

• Recent deep endoscopic biopsy/polypectomy/mucosectomy

• Known or suspected colonic perforation

• Symptomatic or high-grade bowel obstruction

Figure 3. In the image of three-dimensional endoluminal CT colonography, a 9 mm diameter polyp.
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Patient preparation: Patient preparation consists of dietary restriction with a low-residue diet
and clear liquids for 24 h or more and bowel preparation with a laxative. Patient preparation is
critical for computed tomographic (CT) colonography as stool can obscure underlying polyps
or mass lesions, and in some cases, can simulate polyps. Several regimens (e.g., polyethylene
glycol, phospho soda, magnesium citrate) have been used. It is important to consider the
patient’s comorbid illnesses when choosing an appropriate preparation or combination of
preparations.

Even with the use of cathartic colon preparations, retained fluid in the lumen may obscure or
mimic small polyps. Residual material is therefore tagged with oral administration of water-
soluble contrast alone (typically with several meals prior to the examination) or in combination
with a low-volume barium contrast agent. The contrast-enhanced residual material can then be
differentiated from the surrounding colonic mucosa. While bowel preparation is required at the
present time, CTcolonographywithout a cathartic bowel preparation is also being evaluated [15].

1.5. Procedure

Technique and data acquisition: Following placement of a thin and flexible rectal catheter, the
colon is distended with air or carbon dioxide throughout its length. Carbon dioxide has an
improved patient tolerance as compared with air due to more rapid post-procedure absorp-
tion. Distension is also facilitated by use of smooth muscle relaxants, such as glucagon or
hyoscine, which reduce peristalsis. Colonic distension is evaluated on the computed tomo-
graphic (CT) table immediately prior to image acquisition by reviewing the planar CT scout
image in order to ensure technical adequacy of the resultant acquisition.

Following this, an uninterrupted volume of data is then acquired through the abdomen in
several seconds during a single breath-hold. Because of the presence of stool, fluid, or bowel
spasm, data are often acquired in both the supine and prone positions in order to redistribute
fluid and colonic gas, thereby facilitating polyp detection. Scanning parameters are designed
to cover a large volume of data with thin slices in order to optimize subsequent image
reformation.

Intravenous injection of iodinated contrast medium is reserved for patients with known colo-
rectal cancer in order to improve staging, in patients with symptoms of colorectal cancer, or in
whom the extracolonic organs need to be further evaluated.

Image processing and reconstruction: Once image data are acquired, post-processing is
performed on a computer using a variety of commercially available software packages [16].
The data are then used to render multiplanar reformatted images (in coronal, sagittal, and
axial planes), mucosal relief profiles, or hybrid surface-shaded or volume-rendered endolu-
minal perspectives (picture).

1.6. Capsule endoscopy

Capsule endoscopy is a noninvasive diagnostic method and designed for imaging of the small
intestine, which is hard to visualize. Images of esophagus, stomach, and proximal colon can

Colorectal Cancer - Diagnosis, Screening and Management6

also be obtained. Images have a 1:8 amplification and resolution is higher than conventional
endoscopes. This better images allow visualization of individual villi. Capsule endoscopy
gives the concept of physiological endoscopy since the capsule moves in a passive state, does
not inflate the bowel, and get images of the mucosa in the collapsed state. Capsule endoscopy
is usually used for the diagnosis of small intestine disorders.

1.6.1. Small bowel capsule endoscopy

Indications: Primary indication is suspected intestinal bleeding, Crohn’s disease and intestinal
tumors. Capsule endoscopy can be used to diagnose small bowel injury due to the use of
nonsteroidal anti-inflammatory drugs (NSAIDs), to evaluate abdominal pain of unclear etiol-
ogy, to investigate for polyps in patients with familial polyposis syndromes and small bowel
malignancies in patients with Lynch syndrome, and celiac disease [17–19].

Contraindications: The contraindication of the procedure are listed below:

Dementia, gastroparesis, an esophageal stricture or swallowing disorders, those patients who
are inoperable or refuse surgery, partial or intermittent small bowel obstruction, patients who
have defibrillators or pacemakers and pregnant women [20, 21].

Procedure: The video capsule (PillCam SB, EndoCapsule, and MiRo capsule) is swallowed
with water after 12 h fasting. Following ingestion of the video capsule, clear liquids can be
taken after 3 h, and foods can be taken 5 h later. Capsules are disposable and are excreted with
defecation. The sensor arrays are removed 8–12 h after ingestion, and the recorded images are
downloaded and being processed on Workstation computers. The recorders obtain about
50,000 images in duration of 8–24 h. Review of the video, selection of images, and production
of a report may take 30–90 min [22–24].

1.6.2. Colon capsule endoscopy

A colon capsule for the screening of colorectal cancer has been approved by the US Food and
Drug Administration and by the European Medicines Agency. Guidelines suggest that colon
capsule endoscopy is a suitable and good alternative to colonoscopy for colorectal cancer in
average-risk patients. However, it is not recommend for patients at increased risk for colon
cancer or for patients with alarm symptoms [25].

Like conventional colonoscopy, a bowel preparation should be given to patients. The evening
prior to the examination, patients should take about 3 L of polyethylene glycol. The morning of
the procedure, the patient drinks another liter of polyethylene glycol between 6:00 and 7:00 am,
and then the capsule is ingested at 8:00 am. Additional drugs (phospho soda and bisacodyl)
can be given during the procedure for increasing transit of the capsule [25].

The colon capsule can be used to screen for colon cancer and polyps. Unfortunately, colonic
capsule endoscopy cannot allow for biopsy polyp removal. Colonoscopy is required for lesions
detected during the colon capsule endoscopy, subsequently for further evaluation and/or
treatment.
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2. Magnetic resonance imaging

Magnetic resonance imaging (MRI) is one of the most important methods for local staging of
patients with rectal cancer. There are three different modalities of MRI as body coil MRI,
endorectal coil MRI and pelvic phased-array coil MRI. Body coil MRI is not superior to CT
scan in staging and it is insufficient in local staging.

ERC-MRI is used to provide images of the rectum and the area surrounding the rectum with a
probe inserted into the rectum through the anal canal. ERC-MRI is an important method for
staging of the anal canal and rectal cancers and diagnosis of anorectal fistulas and abscesses.
ERC-MRI can make T-staging with an accuracy of 70–90% particularly for T1–T2 and early T3
tumors [26]. Despite this, likelihood of success in evaluation of T3 and T4 tumors decreases
due to narrow field of view and implementation difficulty of ERC-MRI. Additionally,
endorectal coil MRI cannot visualize the mesorectal fascia and it is an important disadvantage.
Likelihood of success is less in conditions where the patient is noncompliant and not tolerating
anal coil insertion, in tumors with a longitudinal length of more than 5 cm, tumors invading ¾
of the lumen, tumors located above the level of 10 cm from the anal verge [27].

More detailed images were obtained by using pelvic phased-array coil MRI (PP-MRI) which
was developed recently and providing high-resolution images. Thus, local staging of rectal
tumor resulted in a higher accuracy rate. Obtaining a wide angled image is its superiority to
endorectal coil MRI.

Distension of rectal lumen and rectal wall with use of preoperative intrarectal contrast material
such as water or gel, air insufflation, premedication with spasmolytic agents improve the
quality of both of ERC-MRI and PP-MRI [28].

T-staging: The accuracy rate of staging performed with PP-MRI is markedly higher compared
to CT. Excellent imaging of layers of the rectal wall, mesorectum and mesorectal fascia partic-
ularly in middle and upper rectal cancers improved description of T3 tumors.

It is very important to be able to determine the distance between the mesorectal fascia and
tumor in detail as mm for local recurrence. This distance shows compliance reaching 95% with
pathological measurement performed in specimen removed by using PP-MRI and total
mesorectal excision. This feature enabled us to make preoperative substaging of T3 tumors
[29]. In T3 tumors, if tumor invasion into the mesorectum is <5 mm then tumor is classified as
T3a and if it is >5 mm then tumor is classified as T3b. While less number of lymph node
involvement was observed in T3a tumors, lymph node involvement was seen in a more
aggressive manner in T3b tumors. PP-MRI fell behind endoanal ultrasonography to show the
relationship between the tumor and the anal sphincter muscles particularly in patients requir-
ing intersphincteric resection.

Besides, endoanal ultrasonography is more successful than PP-MRI in discrimination between
T1 tumor and T2 tumor in lower rectal cancers compared to PP-MRI.

N-staging: Regardless of T stage, N positivity shows locally advanced tumor and there is also a
higher risk of local recurrence. These patients are candidates for neoadjuvant hormone
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therapy. Distinguishing tumor and involved lymph node from reactive lymph node is impor-
tant. PP-MRI has a success rate reaching 85% in evaluation of lymph node.

3. Contraindications for MRI

Absolute Relative

1. Presence of pacemaker 1. Pregnancy

2. Cochlear implant 2. Claustrophobia

3. Metallic implant/object in the
eyeball

3. Metallic implant/object in the soft tissue

4. If communication cannot be
established with patient

4. Prosthetic heart valve

5. Dental implant

6. Intrauterine device

7. Monitored patient

8. Permanent makeup and tattoo

4. Endorectal ultrasonography

ERUS is being increasingly commonly used as a method in preoperative staging of rectal
cancer. It is an ultrasonic method enabling simultaneous investigation of rectal wall layers
and perirectal tissues in a 360� axis with a probe inserted into the rectum. A probe within a
balloon inflated with water and inserted into the rectum detect the sound waves echoes of its
own level by continuously rotating 360�. Axial length of tumor, its extension into rectal wall
layers (T) and lymph nodes in perirectal tissues (N) are detected by moving the probe forward
and backward through the anal canal and rectum (Figure 4). The structures of anal sphincters
are established at the level of anal canal. The relationship between the tumor and anal sphinc-
ter is determined. However, inability to visualize the mesorectal fascia is the most important
disadvantage. Therefore, it causes errors in staging of advanced T3 and T4 tumors. Besides, the
lymph nodes far from the rectum may not be determined. Additionally, since higher staging
can be made an erroneously, care should be exercised during interpretation of locally advanced
cancer or desmoplastic tumors [30].

The other negative aspects of ERUS are as followings: inability to use in obstructive tumors,
decline in diagnostic accuracy of T-staging in patients undergoing preoperative radiotherapy
due to increased echogenicity of the rectal wall [31].

Lymph node staging by ERUS is problematic. It is difficult to determine whether lymph node
is metastatic or not. Sensitivity and specificity of ERUS in determining lymph node are
approximately 55 and 78%; respectively [33].
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The accuracy rate of ERUS in determining perirectal lymph node is about 70 and 75%. If
sonographic appearance of lymph node is round in shape and its size is greater than 1 cm, it
is suggestive of a malignancy. Malignant lymph nodes are hypoechoic and hypervascular.
Lymph nodes with a diameter of greater than 0.5 cm are 50–70% malignant, the probability of
malignancy is less than 20% if its diameter is less than 4 mm [32].

When ERUS, MRI and CT are compared for staging of rectal cancer, a marked superiority of
ERUS andMRI is observed in Tand N-staging compared to CT. While the accuracy rates of CT,
ERUS and endorectal coil MRI in T-staging were reported to be 73, 87 and 84%, respectively;
the accuracy rates of CT, ERUS and endorectal coil MRI in N-staging were reported to be 66, 74
and 82%, respectively [33].

Also localization and size of tumor affect the accuracy rates of methods. While the results with
ERUS are better in tumors located within the 1/3 lower part of the rectum, PP-MRI provides a
higher rate of accuracy in the middle and upper rectum. While ERUS is better in T1 and T2, a
more detailed evaluation can be performed with PP-MRI in T3 and T4. Currently, since
importance of the distance of the tumor to the mesorectal fascia became evident, the value of
PP-MRI in local staging increased. Because, ERUS cannot visualize the mesorectal fascia. This
is an important part of evaluation which will be performed before decision-making process for
neoadjuvant chemotherapy. Performing PP-MRI in the preoperative assessment of rectal
tumors should be considered mandatory. However, there is a risk for higher staging (due to
desmoplastic reaction). This might cause initiation of unnecessary neoadjuvant chemotherapy
in some patients. ERUS is superior in assessment of anal sphincter involvement.

Figure 4. Rectal layers. Yellow arrow: mucosal surface, green arrow: mucosa, red arrow: submucosa, black arrow: proper
muscle layer, blue arrow: perirectal fatty tissue.
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In conclusion, when these two stagings are performed together the accuracy rate in local
staging increases, in other words these two methods are complementary. Reporting higher or
lower stage T is in question for both methods. This can be observed much more in PP-MRI for
discrimination of T2/T3 and in ERUS for discrimination of T3/T4. In recent years, tumor
extension can be determined well with development of three-dimensional ERUS.
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Abstract

Despite great advances have been made in oncologic approaches, the morbidity and 
 mortality caused by colon cancer are still overwhelming. Particularly, the intra- and 
inter-tumour heterogeneity makes accurate sampling challenging and often leads to fail-
ure of even modern therapeutic strategies. Moreover, tumour molecular genotype can 
suffer alterations over time, triggering suboptimal therapeutic outcomes as a result of 
irrelevant information provided by histological biopsies. Daily, tumour cells shed into 
the bloodstream at the early stages of the disease. These circulating tumour cells (CTCs) 
can be detected and analysed after enrichment, providing this way valuable informa-
tion in real time. Furthermore, apoptotic and/or necrotic tumour cells discharge DNA 
fragments into the circulating bloodstream. Elevated levels of these so-called circulating 
tumour DNA (ctDNA) fragments can be identified in the peripheral blood of patients as 
compared to healthy individuals. In this view, the detection and characterization of the 
CTCs and ctDNA are a real-time “liquid biopsy” that has been developed for accurate 
tumour monitoring and molecular characterization. This modern non-invasive analyti-
cal approach allows consecutive sampling to monitor CTC number and tumour genetic 
changes over time without the need of tissue biopsy. Consequently, “liquid biopsies” can 
be used to screen for cancer, stratify patients to the optimum treatment and to monitor 
the patient’s response to treatment or identify treatment resistance. This chapter offers 
an overview of the following approaches with respect to liquid biopsies: CTCs and 
ctDNA. Some of the analytical techniques and challenges in the detection of these rare 
events will also be presented here.
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1. Introduction

Uncontrolled division and growth of human cells and subsequent invasion to other tissue via 
the circulatory and the lymphatic systems are commonly known as cancer.

One of the cancer types known to affect the gastrointestinal (GI) tract and rated third most 
commonly diagnosed form irrespective of gender is colorectal cancer (CRC).

In a context outlined by alarming figures of both prevalence (with a lifetime CRC risk of 5.1%) 
and high mortality rate, CRC being second in line among cancer-related causes of deaths in 
both genders, advances in therapy have become particularly significant; thus, in addition to 
established liver resection, outcomes in survival rate have been greatly improved in recent 
years due to better means for earlier detection, advances in chemotherapy and therapies 
based on biological agents.

Largely studied nowadays, factors influencing the likelihood of developing CRC are a close 
family history of genetic changes in that respect (20% of cases), notably associated with cer-
tain genetic syndromes such as the Lynch syndrome (hereditary nonpolyposis colorectal can-
cer, HNPCC) in ca. 3% of cases [1] and familial adenomatous polyposis with its variant the 
Gardner syndrome (in a further ca. 1% of CRC instances).

HNPCC-related CRC risk factors include early onset (ca. 44 average age) triggered by an auto-
somal dominant inheritance, development in 70% of cases in splenic flexure proximity as well 
as a surplus of synchronous (18% of all patients) and metachronous CRC (45% of patients) 
following segmental resection or hemicolectomy. In addition to a CRC cause, Lynch syn-
drome frequently also results in other carcinoma types such as ovary and endometrial, other 
gastrointestinal location (stomach, small intestine), pancreas as well as transitional carcinoma 
in the renal pelvis and the ureter [2].

This high metastatic disease potential is the main cause of CRC lethal outcome and may be 
attributed to the contribution of a specific gene (I(MACCI)); already isolated [3], this is a tran-
scriptional factor able to influence the expression of the hepatocyte growth factor and there-
fore associated with proliferation of CRC cells, scattering and new tissue invasion and further 
tumour growth and metastasis, as shown in cell cultures and animal studies in mice. MACCI 
close involvement as contributor to occurrence of metastasis makes it a novel target for CRC 
approach, which needs confirmation by further studies and clinical trials [4].

Contribution of genetic factors in CRC development combines with action of epigenetic ones 
at cell level.

However important the role of genetic features, most CRC may rather be the outcome of 
chronic intestinal inflammation preceding tumour development, gut microbiota and such 
environmental factors as life style (diet included) and food and environmental-borne muta-
gens [5, 6].

Among chronic intestinal inflammations responsible for CRC risk, inflammatory bowel  disease 
(under 2% of CRC cases every year [7]), Crohn’s disease and ulcerative colitis need special 
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mention for being the frequent cause of tumour growth [8], the risk growing with the sever-
ity of inflammation and the duration of the disorder [9]. Statistically, in that respect, 10 years’ 
duration of Crohn’s disease results in CRC in 2% of patients, and the risk increases four times 
and nine times for 20 and 30 years’ durations, respectively [7]. On the other hand, a history of 
over 30 years of ulcerative colitis results in development of some type of cancer precursor or 
CRC in ca. 16% patients [7].

2. Tumour progression

As regards CRC development, it typically originates in benign, premalignant or malignant 
polyps occurring at the level of the colon or rectum epithelial lining (as, for instance, hyper-
plastic polyps, tubular adenoma or colorectal adenocarcinoma, respectively). Such abnormal-
ities are the result of inherited or acquired oncogenic and inactivating mutations revealed by 
complex genome scale analysis, which has shown the existence of hypermutated and non-
hypermutated CRC tumour categories [10].

Among non-hypermutated types, one commonly occurring mutation affects the Wnt signal-
ling pathway, leading to increased signalling activity and emerging at the level of the intesti-
nal crypt stem cell [11].

Most frequently, the mutated CRC-related gene is the APC gene. APC protein prevents 
β-catenin protein accumulation. The absence of APC leads to β-catenin accumulation and 
translocation to the cell nucleus, where it binds to the DNA, thus activating transcription of 
proto-oncogenes. Although normally playing an important role in stem cell renewal and dif-
ferentiation, when inappropriately expressed and highly accumulated, these proto-oncogene 
products can induce cancer.

In addition to the absence of the APC protein, high β-catenin-related CRC may also be deter-
mined by β-catenin (CTNNB1) mutation, blocking its very own breakdown, or occurrence of 
mutations in other APC similarly operating genes (e.g., AXINI, AXIN2, NKDI, TCF71.2) [12].

Besides deficient Wnt signalling pathways, realization of the cancer potential requires addi-
tional mutations. Usually, action of Wnt pathway defects is prevented by intervention of the 
cell division monitoring p53 protein, a product of the TP53 gene, which normally eliminates 
flawed cells. Thus, a mutation arising in the TP53 gene may reverse the potential from benign 
epithelial tumour cell into invasive epithelial cell.

If not affecting the p53-encoding gene, mutations may instead target a different protein play-
ing a protective role, i.e., the BAX12 but also ARDI A, CTNNB I, SOX9, FAM123B and ATM.

On the other hand, hypermutated tumours progress through specific genetic events and dis-
play MSH3, MSH6, TGFBR2, ACVR2A, SLC9A9, BRAF and TCF71.2 mutated forms.

Whichever the tumour type, all these genes are involved in the Wnt and TGF-β signalling path-
ways, leading to higher MYC activity, as major CRC factor [13]. Role of “field defects”/“field 
cancerisation”, the concept first emerged in the early 1950s to refer to an area of the epithelium 
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featuring a preconditioning responsible for cancer predisposition of the area in question [14]. 
Despite unclear origins at the time of their introduction, the terms define premalignant tissue 
as potential sites for new cancer.

In time, research has progressively emphasized the importance of “field defects” in advance 
to CRC, and the assumption was confirmed by studies showing almost the exclusive use of 
discrete neoplastic foci for in vitro research and well-defined tumours for in vivo studies [15] 
in all cancer research.

In addition, as research further indicated, the majority of somatic mutations occurring at 
tumour level emerged during development of apparently normal cells [16], at the site of “field 
defects” (and therefore in preneoplastic stage).

A further addition to terminology refers to the term “aetiologic field effect”, based on the 
“field defect” concept and referring to molecular and pathologic changes in preneoplastic 
cells at molecular level. The term also covers the extent to and manner in which exogenous 
environmental factors as well as molecular changes in the local microenvironment influence 
neoplastic progression throughout [17].

3. Epigenetic factors in tumour growth

However important mutation-induced genetic alterations, epigenetic alterations are significantly 
more common in CRC and involve hundreds of genes. As revealed by research, (Vogelstein and 
colleagues) oncogene mutations and suppressor mutations (both known as “driver mutations”) 
are rather limited in average CRC forms (1–2 and 1–5, respectively), although accompanied by 
an estimated 60 additional so-called “passenger” mutations [18].

Common types of epigenetic cancer-related alterations modifying gene expression levels 
by action on the different types of RNA (miRNAs) may involve abnormal methylation 
of DNA in tumour suppressor promoters [19], such as reduced expression of miR-137 
because of methylation of the miR-137-encoding DNA sequence in the CpG island [20]. 
Altered miR-137 expression triggers drastic (2- to 20-fold) alteration of mRNA expression 
of the target genes and related slighter changes in expression of proteins produced by the 
genes.

There are further microRNAs, of comparable numbers of target genes, which undergo even 
more frequent epigenetic alterations of field defects in the colon, resulting in specific CRC 
forms [21].

As common is direct hyper-/hypo-methylation of CpG islands of protein-encoding genes as 
well as histone alterations or modification of chromosomal architecture, with influence on 
gene expression [22]. Research has recently outlined the potential of early epigenetic decline 
in expression of DNA repair enzyme as cause of cancer characteristic genomic and epig-
enomic instability [18].
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4. Colorectal cancer (CRC)

4.1. CRC clinical manifestations

Although CRC clinical signs vary with tumour location in the intestine as well as with the pres-
ence of metastases, medical practice has outlined certain warning signs and symptoms now 
considered typical, such as loss of appetite, weight loss, vomiting and/or nausea, rectal bleed-
ing and anaemia in the over 50 age group [23], severe and persistent constipation and modified 
stools (accompanied by blood elimination and/or diminished thickness) [24]; weight loss and 
changed bowel habit may be considered a warning only if accompanied by bleeding [22].

4.2. CRC diagnosis

4.2.1. Diagnostic steps

Typically, CRC may be diagnosed by the sampling of colon areas suspected of tumour devel-
opment during procedures suitable for the lesion site, i.e. colonoscopy or sigmoidoscopy.

Once the tumour is confirmed, the level of the disease needs to be determined, which is gener-
ally done by a CT scan involving the chest, abdomen and pelvis, but also by position imaging 
tomography and MRI, for certain cases.

The next diagnostic step is to determine the stage of the tumour, based on the TNM cancer 
staging system (where T stands for primary tumour stage, N for the presence of regional 
lymph nodes and M for remote metastasis). Staging criteria include the extent of initial 
tumour spreading, the presence and site of lymph nodes and the metastasis level [25].

4.2.2. Microscopic examination

Adenocarcinoma is a malignant tumour of the epithelium, whose source lies in the superfi-
cial glandular epithelial cells of the colon and cecum lining. This tumour invades the colon/
cecum wall and further progressively permeates the respective layers (first the muscularis 
mucosae, then the submucosa and lastly the muscularis propria). Tumour cells in question 
are organized as irregular tubular, multistratified structures, featuring multiple lumens and 
decreased stroma (in a back-to-back growth pattern). In addition, in some cases, tumour cell 
lacks of cohesion may be observed, as well as a secretion of mucus pervading the interstitium 
and resulting in extensive mucus/colloid (optically “empty” spaces) pools (forming the so 
called “mucinous (colloid)”), poorly differentiated adenocarcinoma. Mucus remaining within 
the walls of the tumour cell drives the nucleus towards the cell membrane, and the “signet-
ring cell” emerges.

In fact, differentiation may vary in adenocarcinoma, contingent on cellular pleomorphism, 
glandular architecture and muco-secretion of the predominant pattern; thus, three variants of 
adenocarcinoma may be observed as regards the degree of cell differentiation: well differenti-
ated, moderately differentiated and poorly differentiated [26].
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in all cancer research.

In addition, as research further indicated, the majority of somatic mutations occurring at 
tumour level emerged during development of apparently normal cells [16], at the site of “field 
defects” (and therefore in preneoplastic stage).

A further addition to terminology refers to the term “aetiologic field effect”, based on the 
“field defect” concept and referring to molecular and pathologic changes in preneoplastic 
cells at molecular level. The term also covers the extent to and manner in which exogenous 
environmental factors as well as molecular changes in the local microenvironment influence 
neoplastic progression throughout [17].

3. Epigenetic factors in tumour growth

However important mutation-induced genetic alterations, epigenetic alterations are significantly 
more common in CRC and involve hundreds of genes. As revealed by research, (Vogelstein and 
colleagues) oncogene mutations and suppressor mutations (both known as “driver mutations”) 
are rather limited in average CRC forms (1–2 and 1–5, respectively), although accompanied by 
an estimated 60 additional so-called “passenger” mutations [18].

Common types of epigenetic cancer-related alterations modifying gene expression levels 
by action on the different types of RNA (miRNAs) may involve abnormal methylation 
of DNA in tumour suppressor promoters [19], such as reduced expression of miR-137 
because of methylation of the miR-137-encoding DNA sequence in the CpG island [20]. 
Altered miR-137 expression triggers drastic (2- to 20-fold) alteration of mRNA expression 
of the target genes and related slighter changes in expression of proteins produced by the 
genes.

There are further microRNAs, of comparable numbers of target genes, which undergo even 
more frequent epigenetic alterations of field defects in the colon, resulting in specific CRC 
forms [21].

As common is direct hyper-/hypo-methylation of CpG islands of protein-encoding genes as 
well as histone alterations or modification of chromosomal architecture, with influence on 
gene expression [22]. Research has recently outlined the potential of early epigenetic decline 
in expression of DNA repair enzyme as cause of cancer characteristic genomic and epig-
enomic instability [18].
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4. Colorectal cancer (CRC)

4.1. CRC clinical manifestations

Although CRC clinical signs vary with tumour location in the intestine as well as with the pres-
ence of metastases, medical practice has outlined certain warning signs and symptoms now 
considered typical, such as loss of appetite, weight loss, vomiting and/or nausea, rectal bleed-
ing and anaemia in the over 50 age group [23], severe and persistent constipation and modified 
stools (accompanied by blood elimination and/or diminished thickness) [24]; weight loss and 
changed bowel habit may be considered a warning only if accompanied by bleeding [22].

4.2. CRC diagnosis

4.2.1. Diagnostic steps

Typically, CRC may be diagnosed by the sampling of colon areas suspected of tumour devel-
opment during procedures suitable for the lesion site, i.e. colonoscopy or sigmoidoscopy.

Once the tumour is confirmed, the level of the disease needs to be determined, which is gener-
ally done by a CT scan involving the chest, abdomen and pelvis, but also by position imaging 
tomography and MRI, for certain cases.

The next diagnostic step is to determine the stage of the tumour, based on the TNM cancer 
staging system (where T stands for primary tumour stage, N for the presence of regional 
lymph nodes and M for remote metastasis). Staging criteria include the extent of initial 
tumour spreading, the presence and site of lymph nodes and the metastasis level [25].

4.2.2. Microscopic examination

Adenocarcinoma is a malignant tumour of the epithelium, whose source lies in the superfi-
cial glandular epithelial cells of the colon and cecum lining. This tumour invades the colon/
cecum wall and further progressively permeates the respective layers (first the muscularis 
mucosae, then the submucosa and lastly the muscularis propria). Tumour cells in question 
are organized as irregular tubular, multistratified structures, featuring multiple lumens and 
decreased stroma (in a back-to-back growth pattern). In addition, in some cases, tumour cell 
lacks of cohesion may be observed, as well as a secretion of mucus pervading the interstitium 
and resulting in extensive mucus/colloid (optically “empty” spaces) pools (forming the so 
called “mucinous (colloid)”), poorly differentiated adenocarcinoma. Mucus remaining within 
the walls of the tumour cell drives the nucleus towards the cell membrane, and the “signet-
ring cell” emerges.

In fact, differentiation may vary in adenocarcinoma, contingent on cellular pleomorphism, 
glandular architecture and muco-secretion of the predominant pattern; thus, three variants of 
adenocarcinoma may be observed as regards the degree of cell differentiation: well differenti-
ated, moderately differentiated and poorly differentiated [26].
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CRC cell characteristics may be determined by analysis of tissue samples harvested by biopsy 
or during surgery. The pathology report provides data on cell type and grade. In CRC, the 
most common cell (98% of cases) is adenocarcinoma, but other types may also occur in rare 
cases (squamous cell carcinoma and lymphoma) [27].

4.2.3. Immunochemistry

It is generally considered that more than half of CR adenomas and up to 90% of CRC tumours 
present overexpression of the COX (cyclooxygenase)-2, normally absent from healthy colon 
tissue but acting as fuel for abnormal cell growth [28].

The cancer variant may be determined by histologic examination.

4.2.4. Macroscopic examination

In order to predict the likely course of tumour progression and adequate management, mac-
roscopic examination looks closely at the site of the tumour in the intestine; thus, tumour 
development on the ascending colon and cecum (the right side of the large intestine) is most 
often exophytic (growing outwards from the bowel wall), which may in infrequent cases 
result in faecal obstruction, accompanied by anaemia.

Tumours growing on the left bowel side are largely peripheral and may result in obstruction 
of the bowel lumen and thinner stools [27].

4.3. CRC prevention

One key approach to CRC (as for other cancers, in fact) and unanimously recognized as such 
is prevention; closer surveillance and healthier lifestyle can essentially contribute to CRC 
prevention.

Therefore, research has greatly been focused on effective means in that respect, in all areas of 
intervention.

As regards lifestyle, diets are currently recommended to include more significant amounts of 
vegetables, fruits and whole grains and decrease consumption of white flour products, sugars 
and red meat.

As in other areas of healthcare, physical exercise has been proved to be beneficial, though 
less significant for preventing or reducing colon cancer risk [29, 30]. However, avoiding pro-
longed sitting as a daily routine is important [31].

Medication has also been the target of research, which has shown the potential of aspirin and 
celecoxib to reduce CRC danger in high-risk groups as determined by assessment of family 
medical history and other personal risk factors, though not in average risk ones [32–35].

Calcium supplementation is currently under study as well, not with sufficient evidence yet.

As for protection factors, in vitro studies have shown that intake and blood levels of vitamin 
D act as one, as have lactic acid bacteria, due to their antioxidant activity, immunomodulation 
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as well as promotion of programmed cell death, proliferative effects and epigenetic alteration 
of cancer cells [36].

Screening is an important and effective means for prevention and early detection of cancer in 
general and CRC in particular, the more so as most CRC cases (>80%) originate in adenoma-
tous polyps [37].

As mentioned above, screening is also a very important means for cancer diagnosis before the 
emergency of actual symptoms (by 2–3 years) [25].

Close relatives of HNPCC patients need accurate and structured screening, according to a 
well-designed programme and schedule [38], as in certain countries such as Canada, the 
United Kingdom, Australia and the Netherlands [39–41].

Therefore, these should undergo a first routine colonoscopy at the age of 25, which, as a rou-
tine, should be repeated every 3 years, in the case of negative results, and every year should 
an adenoma be found. In cases where routine colonoscopy reveals the presence of cancer, 
subtotal colectomy needs to be performed.

In addition, for women, ovarian ultrasound and endometrial biopsy need to be performed as 
early as 25 years old.

Screening tests have been devised and researched, current practice now relying mostly on 
colonoscopy (both standard and virtual via CT scan), faecal occult blood testing, multitarget 
stool DNA screening and flexible sigmoidoscopy [25].

Although with proven efficacy in other respects, sigmoidoscopy is the only procedure able to 
provide screening of the right side of the colon, the site for almost half (42%) of malignancies  [42].

Equally effective, standard colonoscopy is less costly than virtual colonoscopy via CT scan 
and avoids the additional risk of exposure to radiation and also able to eliminate any potential 
abnormal growth found [25].

In the 50–75 age group with standard risk factors, screening should include faecal occult 
blood testing or immunochemical testing every 2 years; an alternative is performance of sig-
moidoscopy every 10 years, to the detriment of colonoscopy [43].

For patients with familial adenomatous polyposis, the high-malignancy risk may be offset by 
total proctocolectomy, ensuring elimination of the risk of both colon and rectal cancers [44].

4.4. CRC management

Given CRC’s incurable character, therapeutic decisions in that respect can only be directed to 
either cure or as a palliative, largely depending on tumour stage [45] but also on other factors 
as well, such as the patient’s health status and even preferences.

4.4.1. Therapy

Surgery can be a means leading to cure but in early stages only, whereas at later stages, when 
the metastatic disease has also been initiated, the curative potential of surgery decreases, and 
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Therefore, these should undergo a first routine colonoscopy at the age of 25, which, as a rou-
tine, should be repeated every 3 years, in the case of negative results, and every year should 
an adenoma be found. In cases where routine colonoscopy reveals the presence of cancer, 
subtotal colectomy needs to be performed.
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and avoids the additional risk of exposure to radiation and also able to eliminate any potential 
abnormal growth found [25].

In the 50–75 age group with standard risk factors, screening should include faecal occult 
blood testing or immunochemical testing every 2 years; an alternative is performance of sig-
moidoscopy every 10 years, to the detriment of colonoscopy [43].

For patients with familial adenomatous polyposis, the high-malignancy risk may be offset by 
total proctocolectomy, ensuring elimination of the risk of both colon and rectal cancers [44].

4.4. CRC management

Given CRC’s incurable character, therapeutic decisions in that respect can only be directed to 
either cure or as a palliative, largely depending on tumour stage [45] but also on other factors 
as well, such as the patient’s health status and even preferences.

4.4.1. Therapy

Surgery can be a means leading to cure but in early stages only, whereas at later stages, when 
the metastatic disease has also been initiated, the curative potential of surgery decreases, and 
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palliation (alleviation of tumour-related symptoms and patient’s comfort and quality of life) 
becomes prevalent [25].

For the very first stage, one colonoscopy intervention can suffice to eliminate cancer [46], 
while the curative potential of surgery decreases with the tumour stage.

Therefore, one stage further, in localized cancers, cure may still be attempted through ample 
removal associated with ensuring adequate margins, which can be achieved laparoscopically 
or more often by open laparotomy [25], with colon reconnection, or by colostomy [46].

In the stage of a few emerging metastases, those in the lungs or liver may be eliminated.

In certain cases at this stage, surgery may be preceded by chemotherapy, in an attempt to 
minimize the tumour before removal.

If recurrence occurs, this mainly involves the lungs and liver [25].

4.4.2. Chemotherapy

This is administered in cases beyond stage 1 CRC, given the curing potential of surgery. No 
chemotherapy is also customary in CRC stage II; on condition no such risk factors as threats 
from negative lymph node sampling or the presence of a T4 tumour are present.

Chemotherapy is also not feasible in patients with identified abnormal mismatched repair 
genes.

On the contrary, chemotherapy is a must and an integral therapy component in stage II and 
stage IV CRC25, characterized by cancer spreading to remote organs or the lymph nodes; the 
use of the chemotherapeutic agents oxaliplatin, fluorouracil or capecitabine is instrumental in 
increasing life expectancy, with the disadvantage of debatable chemotherapy benefits in the 
case of cancer-free lymph nodes.

Turn to palliative care becomes necessary where CRC has become extensively metastatic or 
may not be resected, opening the alternative for several different chemotherapy medications 
[25], including, oxaliplatin, fluorouracil, capecitabine, irinotecan and tegafur/uracil [47, 48].

4.4.3. Radiotherapy

Given bowel sensitivity to radiation, patient with colon cancer treatment cannot benefit from 
addition of radiation to chemotherapy, although this may be effective for rectal cancer [25]. 
The same was for chemotherapy; radiotherapy may be used as neoadjuvant and adjuvant in 
certain rectal cancer stages only [49].

4.4.4. Palliation

For patients with incurable CRC forms, palliative care, though not a promising cure, may 
bring the benefit of better quality of the patient’s life both directly and indirectly, via the life 
of their families, lessening symptoms and anxiety and also reducing the need of hospital 
admission [50].
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Palliation is typically symptom directed and consists of procedures designed to improve 
symptoms or minimize the possibility of complications such as abdominal pain, tumour 
bleeding and/or bowel obstruction [51], thus contributing to improved quality of life.

Such procedures may include surgery, for elimination of cancer tissue to some extent, without 
attempting to cure, placement of a stent or performing a bypass of part of the bowel.

Non-surgical palliative care approaches include pain medication and/or radiotherapy aiming 
to reduce the tumour size [52].

4.4.5. Follow-up

The main purpose of follow-up is to obtain the earliest identification of later metachronous 
lesions, i.e., metastases or tumours not originating from the initial cancer [53].

As an underlying measure for cancer survivors, exercise as a mainstay of lifestyle may 
be useful as secondary therapy, as shown by results indicating important reduction in 
8- oxo-dG in the urine of patients after taking moderate exercise for 2 weeks of following 
primary therapy [54].

4.5. CRC prognosis

The most commonly used prognosis criterion is the 5-year survival rate, which is under 60% 
for CRC in Europe, whereas this is the cause of death for one third of CRC patients [25] in 
most developed countries. The reason for these unexpectedly low outcomes despite evident 
progress in new therapeutic means and their improved availability worldwide is mainly CRC 
late identification (stage IV already present in 20% of patients seeking medical attention), with 
potentially resectable isolated liver metastasis in ca. 25% of these patients. Of these 25%, one 
third of patients undergoing resection achieve 5-year survival [55, 56].

5. Liquid biopsy

Despite the major advances in cancer therapies, the morbidity and mortality associated with 
this disease are still enormous. Tumour heterogeneity holds the main responsibility underly-
ing inefficient treatment and failure of current therapeutic strategies, including the targeted 
therapies. For efficiency reasons, the molecular targeted therapies require constant monitor-
ing of the tumour genome, but harvesting consecutive tissue biopsies is very difficult and 
inconvenient for medical and economic reasons. Therefore, the lack of real-time information 
regarding tumour heterogeneity during the disease evolution most commonly results in the 
treatment failure and requires the development of novel approaches. In this view, liquid biop-
sies offer a tool for real-time screening of disease particularities, stratify patients for the best 
treatment and also monitor the response of the treatment. Due to their non-invasive nature, 
liquid biopsies can be used for repeated sampling to monitor tumour genetic alterations 
over time, avoiding this way consecutive tissue biopsies. Liquid biopsies analyse circulating 
tumour cells, cell-free tumour DNA and/or exosomes, known as tumour-circulating markers.
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5.1. Circulating tumour cells (CTCs)

Circulating tumour cells (CTCs) have been identified during the 1800s and presumed 
responsible for the metastatic process [57]. These cells are of epithelial origin and shed from 
the tumours in the peripheral blood of patients where they can be enriched, detected and 
analysed.

The detection of CTCs in the peripheral blood of patients with cancer holds a great promise 
for the future development of efficient anticancer therapies. However, due to the very low 
concentrations of CTCs in the peripheral blood (one tumour cell for millions of normal blood 
cells), their detection and identification still remain challenging and require high analytical 
sensitivity and specificity methods, which usually consist in a combination of enrichment and 
detection [58].

CTC enrichment strategies include a wide range of technologies based on those CTC particu-
larities that can discriminate them out of the normal haematopoietic cells. Concrete CTCs can 
be detected based on physical properties such as size, density, electric charges, deformability 
or biological properties such as cell surface marker expression and viability. CTC separation 
based on their physical properties holds the great advantage of being done without labelling 
the cells. Some of these methods include density gradient centrifugation, filtration, photo-
acoustic flow cytometry, microfluidics, etc. [59, 60].

Nevertheless, the biological properties of the CTCs hold a major role in their identification, 
mainly based on immunobead assays. These assays use antibodies targeting tumour-asso-
ciated antigens (positive selection) or leukocyte-specific antigens such as CD45 (negative 
selection) in order to detect and separate CTCs from the blood cells. The positive selection 
usually targets the epithelial cell adhesion molecule (EpCAM). Subsequently, CTCs are 
confirmed with antibodies against cytokeratins (CKs) [59]. Among the current EpCAM-
based technologies, the US Food and Drug Administration approved CellSearch® sys-
tem (Veridex) which is the current “gold standard” for all new CTC-detection methods. 
According to this standard, CTCs are nucleated cells that express the epithelial cell adhesion 
molecule and cytokeratins but lack the expression of the common leukocyte CD45 marker 
(EpCam+_CK18/19+_DAPI+_CD45− cells).

Interestingly, some CTCs undergo the epithelial to mesenchymal transition (EMT) and loose 
critical epithelial markers. Capturing CTCs’ lacking EpCAM expression requires the use of 
antibody cocktails against a panel of epithelial cell surface antigens such as HER2, MUC-1, 
EGFR and folate-binding protein receptor and against mesenchymal or stem cell antigens 
such as c-MET, N-cadherin and CD318 [61].

Regardless of the enrichment method, the isolated CTCs still contain a significant number of 
normal blood cells, and therefore CTCs should be next identified by a method that can dis-
criminate between malignant cells and normal blood cells. The CellSearch® system as well as 
other assays is based on the fluorescent staining of the cells for the following markers: CKs 
(positive marker), the common leukocyte antigen CD45 (negative marker) and a nuclear dye 
(4,6-diamidino-2-phenylindole, DAPI).
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Functional EPISPOT (for EPithelial ImmunoSPOT) assay has been introduced for CTC analy-
sis in order to detect only the viable CTCs, able to produce metastases [62].

Other alternatives to immunologic assays of viable CTC-detection target specific mRNAs. 
A commercially available RNA-based CTC assay is the AdnaTest™ (AdnaGen), which uses 
nonquantitative RT-PCR to identify cells that express the transcripts of tumour-specific genes 
after immunomagnetic capture of MUC-1, HER2 and EpCAM cells [63].

5.2. Circulating tumour DNA (ctDNA)

Cell-free DNA (cfDNA) is a powerful tool for its potential use in a wide range of clinical fields 
such as cancer research [64, 65], non-invasive prenatal testing [66] and transplant rejection 
diagnostics [67]. Most cfDNA in plasma is highly fragmented (150–180 bp) [68] with a higher 
prevalence of tumour-associated mutations in the shorter fragments [69]. In patients suffering 
from cancer, a fraction of the cfDNA is tumour-derived and is known as circulating tumour 
DNA (ctDNA).

cfDNA reaches the systemic circulation by various pathologic or normal physiologic mecha-
nisms [70]. However, with respect to solid tumours, the ctDNA is usually released as a result 
of necrosis or autophagy [71]. Notably, unlike apoptosis, necrosis generates larger DNA frag-
ments [72]. Cancer patients generally have much higher levels of cfDNA than healthy indi-
viduals [73, 74]. ctDNA carries genomic and epigenomic alterations according to the tumour 
genomic alterations (copy number variation, point mutations, microsatellite instability, 
degree of integrity, loss of heterozygosity, rearranged genomic sequences, DNA methylation, 
etc.) [75]. Only on the basis of these biological characteristics, ctDNA can be discriminated 
from normal cfDNA. Consequently, after its validation ctDNA could be used as a specific bio-
marker that provides personalized information to detect residual disease or monitor tumour 
progression during therapy.

Due to the high degree of fragmentation as well as the small fraction of ctDNA within the 
cfDNA, the analysis of ctDNA is challenging and requires highly sensitive techniques. Classical 
methods of analysis include qRT-PCR, fluorescence and spectrophotometric approaches [76–78]. 
Digital droplet PCR has been developed as a high sensitive tool to detect ctDNA [79]. This 
technique consists in a droplet-based system [80, 81], a microfluidic platform [82, 83] and the 
so-called BEAMing strategy [84, 85]. Additionally, next-generation sequencing technology is 
currently used in plasma DNA analysis in order to identify ctDNA alterations [86–88].

6. Conclusions

There is increasing evidence that circulating tumour markers such as CTCs and ctDNA 
offer real-time information regarding cancer progression and tumour genotype in the view 
of a better systemic therapy management with direct impact on patient’s disease progno-
sis. Additionally, future characterization of these circulating markers could contribute to 
approach-specific-targeted therapies to a certain population of cancer patients.
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larities that can discriminate them out of the normal haematopoietic cells. Concrete CTCs can 
be detected based on physical properties such as size, density, electric charges, deformability 
or biological properties such as cell surface marker expression and viability. CTC separation 
based on their physical properties holds the great advantage of being done without labelling 
the cells. Some of these methods include density gradient centrifugation, filtration, photo-
acoustic flow cytometry, microfluidics, etc. [59, 60].

Nevertheless, the biological properties of the CTCs hold a major role in their identification, 
mainly based on immunobead assays. These assays use antibodies targeting tumour-asso-
ciated antigens (positive selection) or leukocyte-specific antigens such as CD45 (negative 
selection) in order to detect and separate CTCs from the blood cells. The positive selection 
usually targets the epithelial cell adhesion molecule (EpCAM). Subsequently, CTCs are 
confirmed with antibodies against cytokeratins (CKs) [59]. Among the current EpCAM-
based technologies, the US Food and Drug Administration approved CellSearch® sys-
tem (Veridex) which is the current “gold standard” for all new CTC-detection methods. 
According to this standard, CTCs are nucleated cells that express the epithelial cell adhesion 
molecule and cytokeratins but lack the expression of the common leukocyte CD45 marker 
(EpCam+_CK18/19+_DAPI+_CD45− cells).

Interestingly, some CTCs undergo the epithelial to mesenchymal transition (EMT) and loose 
critical epithelial markers. Capturing CTCs’ lacking EpCAM expression requires the use of 
antibody cocktails against a panel of epithelial cell surface antigens such as HER2, MUC-1, 
EGFR and folate-binding protein receptor and against mesenchymal or stem cell antigens 
such as c-MET, N-cadherin and CD318 [61].

Regardless of the enrichment method, the isolated CTCs still contain a significant number of 
normal blood cells, and therefore CTCs should be next identified by a method that can dis-
criminate between malignant cells and normal blood cells. The CellSearch® system as well as 
other assays is based on the fluorescent staining of the cells for the following markers: CKs 
(positive marker), the common leukocyte antigen CD45 (negative marker) and a nuclear dye 
(4,6-diamidino-2-phenylindole, DAPI).

Colorectal Cancer - Diagnosis, Screening and Management24

Functional EPISPOT (for EPithelial ImmunoSPOT) assay has been introduced for CTC analy-
sis in order to detect only the viable CTCs, able to produce metastases [62].

Other alternatives to immunologic assays of viable CTC-detection target specific mRNAs. 
A commercially available RNA-based CTC assay is the AdnaTest™ (AdnaGen), which uses 
nonquantitative RT-PCR to identify cells that express the transcripts of tumour-specific genes 
after immunomagnetic capture of MUC-1, HER2 and EpCAM cells [63].

5.2. Circulating tumour DNA (ctDNA)

Cell-free DNA (cfDNA) is a powerful tool for its potential use in a wide range of clinical fields 
such as cancer research [64, 65], non-invasive prenatal testing [66] and transplant rejection 
diagnostics [67]. Most cfDNA in plasma is highly fragmented (150–180 bp) [68] with a higher 
prevalence of tumour-associated mutations in the shorter fragments [69]. In patients suffering 
from cancer, a fraction of the cfDNA is tumour-derived and is known as circulating tumour 
DNA (ctDNA).

cfDNA reaches the systemic circulation by various pathologic or normal physiologic mecha-
nisms [70]. However, with respect to solid tumours, the ctDNA is usually released as a result 
of necrosis or autophagy [71]. Notably, unlike apoptosis, necrosis generates larger DNA frag-
ments [72]. Cancer patients generally have much higher levels of cfDNA than healthy indi-
viduals [73, 74]. ctDNA carries genomic and epigenomic alterations according to the tumour 
genomic alterations (copy number variation, point mutations, microsatellite instability, 
degree of integrity, loss of heterozygosity, rearranged genomic sequences, DNA methylation, 
etc.) [75]. Only on the basis of these biological characteristics, ctDNA can be discriminated 
from normal cfDNA. Consequently, after its validation ctDNA could be used as a specific bio-
marker that provides personalized information to detect residual disease or monitor tumour 
progression during therapy.

Due to the high degree of fragmentation as well as the small fraction of ctDNA within the 
cfDNA, the analysis of ctDNA is challenging and requires highly sensitive techniques. Classical 
methods of analysis include qRT-PCR, fluorescence and spectrophotometric approaches [76–78]. 
Digital droplet PCR has been developed as a high sensitive tool to detect ctDNA [79]. This 
technique consists in a droplet-based system [80, 81], a microfluidic platform [82, 83] and the 
so-called BEAMing strategy [84, 85]. Additionally, next-generation sequencing technology is 
currently used in plasma DNA analysis in order to identify ctDNA alterations [86–88].

6. Conclusions

There is increasing evidence that circulating tumour markers such as CTCs and ctDNA 
offer real-time information regarding cancer progression and tumour genotype in the view 
of a better systemic therapy management with direct impact on patient’s disease progno-
sis. Additionally, future characterization of these circulating markers could contribute to 
approach-specific-targeted therapies to a certain population of cancer patients.
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Abstract

Colorectal cancer is known to be one of the most commonly diagnosed cancers world-
wide. It maintains a high mortality rate despite the newest methodological therapeutic 
approaches adopted in various academic establishments. The treatment modalities in 
colorectal cancer follow the degree of disease progression based on staging information. 
Earliest the cancer is diagnosed, the highest the possibility to be cured. Different strate-
gies are being involved in treating colorectal cancer, starting from simple endoscopic 
polypectomy to remove a potential malignant polyp, to wider surgical intervention to get 
rid of a primary unmetastasized tumor, to other concomitant radio-chemotherapy com-
binations to reduce a bulky tumor rendering it operable, ending in more sophisticated 
chemotherapeutical regimens combined with targeted drugs to shrink the metastatic 
lesions and prolong survival rate. Different new treatments are being investigated with a 
sole aim to preserve the patient’s quality of life and extend life span.

Keywords: colorectal cancer, colorectal polyps, chemotherapy, targeted therapy, 
immunotherapy, Lynch syndrome, familial adenomatous polyposis syndrome

1. Introduction

Colorectal cancers (CRC) are considered the third most commonly diagnosed cancers in the 
world. The incidence and mortality rates vary worldwide from lowest in Africa and Asia to 
highest in Australia, North America, and Europe. The etiology is mainly due to changes in 
dietary habits, from low-fiber ingestion to high-fat diet, increased body mass index (BMI), 
low physical activity, cigarette smoking, alcohol consumption, diabetes mellitus, ulcerative 
colitis, Crohn’s disease, some inherited syndromes (familial adenomatous polyposis syn-
drome and nonpolyposis colorectal cancer or Lynch syndrome (LS), MUTYH-associated 
and Turcot-associated polyposis syndromes, Peutz-Jeghers syndrome, Juvenile polyposis 
syndrome, and Cowden syndrome), in addition to radiation therapy for another abdominal 
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cancer [1–3]. Early diagnosis is necessary to get full remission, and screening has proved to 
be fundamental in decreasing the mortality rate. The treatment of CRC is multidisciplinary 
and implies a collaboration of many therapeutic teams including surgical, chemotherapy, 
as well as radiotherapy experts. In the following chapter, we will be studying the different 
treatment modalities and strategies approved and administered worldwide, according to 
CRC stages.

The staging classification of CRC has been conceived according to collaboration between the 
Union for International Cancer Control (UICC) and the seventh edition of the American Joint 
Committee on Cancer (AJCC-7), taking into consideration the Dukes’ staging with its modifi-
cations by Astler-Coller (MAC) and Kirklin system (Table 1).

Stage UICC/AJCC Dukes MAC

0 Tis N0 M0 — —

I T1 N0 M0 A A

T2 N0 M0 A B1

II A T3 N0 M0 B B2

B T4a N0 M0 B B2

C T4b N0 M0 B B3

III A T1–T2 N1–N1c M0 C C1

T1 N2a M0 C C1

B T3–T4a N1–N1c M0 C C2

T2–T3 N2a M0 C C1–C2

T1–T2 N2b M0 C C1

C T4a N2a M0 C C2

T3–T4a N2b M0 C C2

T4b N1–N2 M0 C C3

IV A Any T Any N M1a D D

B Any T Any N M1b D D

Tis, Tumor confined to the mucosa; T1, tumor invades the submucosa; T2, tumor invades the muscularis propria; T3, 
tumor invades subserosa or beyond, without invading other organs; T4, tumor invades nearby organs (T4a, without 
perforation of visceral peritoneum; T4b, with perforation of visceral peritoneum); N1, metastasis to one to three regional 
lymph nodes (RLNs) (N1a, metastasis to one RLN; N1b, metastasis to two to three RLNs; N1c, metastasis into areas of 
fat near lymph nodes but not the nodes themselves); N2, metastasis to four or more RLNs (N2a, metastasis to four to six 
RLNs; N2b, metastasis to seven or more RLNs); M1, distant metastases present (M1a, metastasis to distant organ, as the 
liver or lung, or distant set of lymph nodes; M1b, metastasis to distant organs, to distant set of lymph nodes, or to distant 
parts of the peritoneum as the lining of the abdominal cavity).

Table 1. Anatomic AJCC-7 staging for CRC.
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2. Treatment of CRC by stage

2.1. Treatment of stage 0 CRC

In stage 0 colorectal cancer, the tumor is still confined to the inner lining of the colon (T in situ). 
A surgical removal of the cancer is all that is needed. A polypectomy or a colonoscopic local 
excision is usually sufficient. Partial colectomy is required in case of bigger tumors.

2.2. Treatment of malignant polyps

2.2.1. Definition, classification, and staging

Malignant polyps are adenomas that have been identified histologically, after endoscopic 
excision, to be adenocarcinomas which have invaded through the muscularis mucosa into 
the basic submucosa (pT1) [4]. They can occur sporadically or as part of a polyposis syn-
drome. They can be classified endoscopically by their size and morphology and histologically 
as favorable (low risk) and unfavorable (high risk). In 1985, Haggitt reconceived the Japanese 
society classification and the Paris endoscopic classification into a new one taking into consid-
eration the level of invasion depth (Table 2).

Despite the big advantage and wide use of Haggitt’s classification in assessing the quality 
of resection of endoscopic polypectomies, the sessile, flat, or depressed lesions yet were not 
successfully evaluated using this classification. In the early 1990s, Kikuchi succeeded in quan-
tifying the grade of vertical and horizontal submucosal invasion, dividing the invasion into 
three levels (Table 3).

Morphologically, polyps are known to be either pedunculated or sessile. Pedunculated pol-
yps are usually attached to the colonic mucosa via a stalk of variable length, while sessile 
polyps are devoid of stalk, are flattened in shape, and overlay the mucosa with less separation 
of the adenomatous epithelium part from the underlying layers of the colon [5].

Histologically, polyps can be divided into low-risk versus high-risk features (Table 4) [4].

Level Location of carcinoma

0 Carcinoma in situ or confined to the mucosa. Not invasive

I Carcinoma invading through the muscularis mucosa into the submucosa but limited 
to the head of the polyp

II Carcinoma invading the level of the neck of the polyp

III Carcinoma invading in any part of the stalk of the polyp

IV Carcinoma invading into the submucosa of the bowel wall below the stalk of the 
polyp but above the muscularis propria

Table 2. Haggitt’s classification according to the level of invasion.
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A surgical removal of the cancer is all that is needed. A polypectomy or a colonoscopic local 
excision is usually sufficient. Partial colectomy is required in case of bigger tumors.

2.2. Treatment of malignant polyps

2.2.1. Definition, classification, and staging

Malignant polyps are adenomas that have been identified histologically, after endoscopic 
excision, to be adenocarcinomas which have invaded through the muscularis mucosa into 
the basic submucosa (pT1) [4]. They can occur sporadically or as part of a polyposis syn-
drome. They can be classified endoscopically by their size and morphology and histologically 
as favorable (low risk) and unfavorable (high risk). In 1985, Haggitt reconceived the Japanese 
society classification and the Paris endoscopic classification into a new one taking into consid-
eration the level of invasion depth (Table 2).

Despite the big advantage and wide use of Haggitt’s classification in assessing the quality 
of resection of endoscopic polypectomies, the sessile, flat, or depressed lesions yet were not 
successfully evaluated using this classification. In the early 1990s, Kikuchi succeeded in quan-
tifying the grade of vertical and horizontal submucosal invasion, dividing the invasion into 
three levels (Table 3).

Morphologically, polyps are known to be either pedunculated or sessile. Pedunculated pol-
yps are usually attached to the colonic mucosa via a stalk of variable length, while sessile 
polyps are devoid of stalk, are flattened in shape, and overlay the mucosa with less separation 
of the adenomatous epithelium part from the underlying layers of the colon [5].

Histologically, polyps can be divided into low-risk versus high-risk features (Table 4) [4].

Level Location of carcinoma

0 Carcinoma in situ or confined to the mucosa. Not invasive

I Carcinoma invading through the muscularis mucosa into the submucosa but limited 
to the head of the polyp

II Carcinoma invading the level of the neck of the polyp

III Carcinoma invading in any part of the stalk of the polyp

IV Carcinoma invading into the submucosa of the bowel wall below the stalk of the 
polyp but above the muscularis propria

Table 2. Haggitt’s classification according to the level of invasion.
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2.2.2. Treatment

All of the aforementioned classifications are mandatory for accurate assessment of the degree 
of malignancy and aggressiveness of the resected polyp for rational clinical decision. Studies 
have shown polyps smaller than 5 mm in diameter, have negligible risk of malignancy, and 
are easily managed by standard techniques of endoscopic snare removal. Protruding polyps 
(Haggitt levels I, II, or III) with favorable histological features should be subjected to local exci-
sion or endoscopic polypectomy. Haggitt level IV lesions with favorable histology are consid-
ered low risk and can be favorably managed with endoscopic polypectomy provided margins 
are safe (>2 mm). Haggitt level IV protruding polyps and/or polyps exhibiting unfavorable fea-
tures should be surgically excised due to the high incidence of lymph node metastasis. Excision 
can be performed either through traditional open approach or via more conservative laparo-
scopic techniques [7]. For sessile non-protruding polyps, a wider excision should be recon-
sidered requiring endoscopic mucosal resection (EMR) or endoscopic submucosal dissection 

Low-risk features (favorable) High-risk features (unfavorable)

• Pedunculated (levels 1–3 according to Haggitt 
classification)

• Tumor budding

• Well-differentiated adenocarcinoma • Poorly differentiated adenocarcinoma (grade 3)

• Free resection margin (2 mm) • Positive, indeterminate, or <1 mm resection 
margin

• En bloc resection • Piecemeal removal

• Neither lymphatic nor vascular invasion • Presence of either lymphatic or vascular invasion

• Submucosal invasion Sm < 1 mm • Submucosal invasion Sm* >1 mm

*While Sm1a + b lesions have a very low risk for metastasis, the malignant potential increases with depth of submucosal 
invasion [6].

Table 4. Polyp classification according to histological criteria.

Submucosal level Submucosal invasion

Sm1* Characterizes lesions that are limited to the upper third of the submucosal layer

Sm1a Submucosal invasion under one fourth of tumoral width

Sm1b Submucosal invasion between one fourth and a half of the tumoral width

Sm1c Horizontal affection of the superior third of the submucosa over half of the 
tumoral width

Sm2 Characterizes lesions that are limited to the middle third of the submucosal layer

Sm3 Characterizes lesions that are limited to the lower third of the submucosal layer

*Sm1 lesions are further subdivided into three categories (a, b, and c) with regard to the degree of horizontal involvement 
of the upper submucosal layer (B), to the horizontal involvement of the total lesion (A). B/A ratios of 0.25, 0.25–0.5, and 
>0.5 correspond to a, b, and c, respectively.

Table 3. Kikuchi’s classification according to submucosal invasion level.
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(ESD) [4]. Endoscopic mucosal resection is more specific for removal of sessile polyps limited 
to the mucosa and submucosa (Sm1a + b) and is typically used for complete excision of lesions 
up to 2 cm [8]. Endoscopic submucosal dissection is usually adopted for larger gastrointestinal 
lesions, where it more easily promotes the en bloc resection, yet it carries greater risk of perfo-
ration (31%) and late bleeding (15%) [9]. Lesions with a deep level of invasion (Sm1c, Sm2, or 
Sm3) or rectal lesions (specifically those of the distal third) showed higher incidence of lymph 
node metastasis 12–25% and should be treated by a definitive oncologic segmental resection 
due to the high risk of regional lymph node involvement.

2.2.3. Surveillance

Local recurrence is basically common in managed malignant polyps. Regular endoscopic fol-
low-up is recommended to detect any disease recurrence; however, the duration of subsequent 
surveillance varies [10, 11]. In favorable histological criteria, protruding (levels I, II, or III), and 
noninvasive Sm1a + b polyps, it is recommended that a colonoscopy be carried out 3 months 
after the polypectomy [12, 13]. Further regular checkup is advised within 1, 3, and 5 years [14]. 
In malignant pedunculated polyps with unfavorable histological criteria, the risk of relapse or 
residual lesions reached 39% in treated patients. These patients are also found to have distant 
metastasis on follow-up, even 5 years after surgery [15]. Accordingly, in addition to the regu-
lar endoscopic surveillance, monitoring the serum level of carcinoembryonic antigen (CEA) 
and imaging techniques as computerized tomography or magnetic resonance imaging would 
enable early detection of disease recurrence. According to the American Cancer Society and the 
US Multi-Society Task Force on Colorectal Cancer’s guidelines, shorter follow-up intervals are 
recommended in case of senility, positive family history, or hereditary nonpolyposis colorec-
tal cancer (HNPCC). Furthermore, endoscopic ultrasound or flexible sigmoidoscopy at 3- to 
6-month intervals for the first 2 years after polypectomy can be considered for detecting early 
curable recurrences.

2.3. Treatment of stage I CRC

Stage I CRC includes T1 and T2, where cancer is still limited to and has not yet invaded 
the layers of the colon into other nearby organs. T1 cancers are usually parts of polyps that 
were discussed hereinabove. For T2 cancers, the standard of care consists of partial colectomy 
with regional lymph node dissection. A laparoscopic-assisted colectomy can be an acceptable 
choice for patients who are not candidates for open colectomy.

Stage I adenocarcinoma of the rectum is relatively rare, and a surgical removal of the cancer is 
usually curable. For the low-risk stage I rectal cancer, both endoscopic resection and transanal 
excision can be used. Transanal endoscopic microsurgery (TEM) is a transanal operation suit-
able for small tumors and not too far from the anus. It involves wide excision of all layers of 
the invaded rectum with the surrounding tissue to secure negative margins. If the cancer is 
located in the upper part of the rectum, a low anterior resection (LAR) is recommended, where 
the incision takes part across the abdomen to remove the affected rectum along with some 
surrounding tissue and lymph nodes, and followed by anorectal anastomosis. If the cancer 
occupies the lower part of the rectum (alongside the anus), an abdominoperineal resection 
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2.2.2. Treatment

All of the aforementioned classifications are mandatory for accurate assessment of the degree 
of malignancy and aggressiveness of the resected polyp for rational clinical decision. Studies 
have shown polyps smaller than 5 mm in diameter, have negligible risk of malignancy, and 
are easily managed by standard techniques of endoscopic snare removal. Protruding polyps 
(Haggitt levels I, II, or III) with favorable histological features should be subjected to local exci-
sion or endoscopic polypectomy. Haggitt level IV lesions with favorable histology are consid-
ered low risk and can be favorably managed with endoscopic polypectomy provided margins 
are safe (>2 mm). Haggitt level IV protruding polyps and/or polyps exhibiting unfavorable fea-
tures should be surgically excised due to the high incidence of lymph node metastasis. Excision 
can be performed either through traditional open approach or via more conservative laparo-
scopic techniques [7]. For sessile non-protruding polyps, a wider excision should be recon-
sidered requiring endoscopic mucosal resection (EMR) or endoscopic submucosal dissection 

Low-risk features (favorable) High-risk features (unfavorable)

• Pedunculated (levels 1–3 according to Haggitt 
classification)

• Tumor budding

• Well-differentiated adenocarcinoma • Poorly differentiated adenocarcinoma (grade 3)

• Free resection margin (2 mm) • Positive, indeterminate, or <1 mm resection 
margin

• En bloc resection • Piecemeal removal

• Neither lymphatic nor vascular invasion • Presence of either lymphatic or vascular invasion

• Submucosal invasion Sm < 1 mm • Submucosal invasion Sm* >1 mm

*While Sm1a + b lesions have a very low risk for metastasis, the malignant potential increases with depth of submucosal 
invasion [6].

Table 4. Polyp classification according to histological criteria.

Submucosal level Submucosal invasion

Sm1* Characterizes lesions that are limited to the upper third of the submucosal layer

Sm1a Submucosal invasion under one fourth of tumoral width

Sm1b Submucosal invasion between one fourth and a half of the tumoral width

Sm1c Horizontal affection of the superior third of the submucosa over half of the 
tumoral width

Sm2 Characterizes lesions that are limited to the middle third of the submucosal layer

Sm3 Characterizes lesions that are limited to the lower third of the submucosal layer

*Sm1 lesions are further subdivided into three categories (a, b, and c) with regard to the degree of horizontal involvement 
of the upper submucosal layer (B), to the horizontal involvement of the total lesion (A). B/A ratios of 0.25, 0.25–0.5, and 
>0.5 correspond to a, b, and c, respectively.

Table 3. Kikuchi’s classification according to submucosal invasion level.
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(ESD) [4]. Endoscopic mucosal resection is more specific for removal of sessile polyps limited 
to the mucosa and submucosa (Sm1a + b) and is typically used for complete excision of lesions 
up to 2 cm [8]. Endoscopic submucosal dissection is usually adopted for larger gastrointestinal 
lesions, where it more easily promotes the en bloc resection, yet it carries greater risk of perfo-
ration (31%) and late bleeding (15%) [9]. Lesions with a deep level of invasion (Sm1c, Sm2, or 
Sm3) or rectal lesions (specifically those of the distal third) showed higher incidence of lymph 
node metastasis 12–25% and should be treated by a definitive oncologic segmental resection 
due to the high risk of regional lymph node involvement.

2.2.3. Surveillance

Local recurrence is basically common in managed malignant polyps. Regular endoscopic fol-
low-up is recommended to detect any disease recurrence; however, the duration of subsequent 
surveillance varies [10, 11]. In favorable histological criteria, protruding (levels I, II, or III), and 
noninvasive Sm1a + b polyps, it is recommended that a colonoscopy be carried out 3 months 
after the polypectomy [12, 13]. Further regular checkup is advised within 1, 3, and 5 years [14]. 
In malignant pedunculated polyps with unfavorable histological criteria, the risk of relapse or 
residual lesions reached 39% in treated patients. These patients are also found to have distant 
metastasis on follow-up, even 5 years after surgery [15]. Accordingly, in addition to the regu-
lar endoscopic surveillance, monitoring the serum level of carcinoembryonic antigen (CEA) 
and imaging techniques as computerized tomography or magnetic resonance imaging would 
enable early detection of disease recurrence. According to the American Cancer Society and the 
US Multi-Society Task Force on Colorectal Cancer’s guidelines, shorter follow-up intervals are 
recommended in case of senility, positive family history, or hereditary nonpolyposis colorec-
tal cancer (HNPCC). Furthermore, endoscopic ultrasound or flexible sigmoidoscopy at 3- to 
6-month intervals for the first 2 years after polypectomy can be considered for detecting early 
curable recurrences.

2.3. Treatment of stage I CRC

Stage I CRC includes T1 and T2, where cancer is still limited to and has not yet invaded 
the layers of the colon into other nearby organs. T1 cancers are usually parts of polyps that 
were discussed hereinabove. For T2 cancers, the standard of care consists of partial colectomy 
with regional lymph node dissection. A laparoscopic-assisted colectomy can be an acceptable 
choice for patients who are not candidates for open colectomy.

Stage I adenocarcinoma of the rectum is relatively rare, and a surgical removal of the cancer is 
usually curable. For the low-risk stage I rectal cancer, both endoscopic resection and transanal 
excision can be used. Transanal endoscopic microsurgery (TEM) is a transanal operation suit-
able for small tumors and not too far from the anus. It involves wide excision of all layers of 
the invaded rectum with the surrounding tissue to secure negative margins. If the cancer is 
located in the upper part of the rectum, a low anterior resection (LAR) is recommended, where 
the incision takes part across the abdomen to remove the affected rectum along with some 
surrounding tissue and lymph nodes, and followed by anorectal anastomosis. If the cancer 
occupies the lower part of the rectum (alongside the anus), an abdominoperineal resection 
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(APR) with permanent colostomy is advised, when the distance between tumor and anus is 
too short to allow safe anastomosis. No additional therapy is needed after these operations, 
unless the surgeon finds the cancer with high-risk features. Then, an adjuvant concomitant 
chemoradiotherapy is appropriate with 5-fluorouracil (5-FU) or capecitabine [16].

2.3.1. Surveillance

Regular follow-up testing after the end of treatment aims at seizing any early disease recur-
rence. Colonoscopy should be repeated 1 year after therapy completion. In case of normal 
results, the next checkup should be after 3 years and then after 5 years. In case of finding any 
advanced adenoma (polyps with ruffled structure, larger than 1 cm, or with high-grade dys-
plasia), colonoscopy should be repeated within 1 year [17].

2.4. Treatment of stage II CRC

2.4.1. Assessing risk factors

The role of adjuvant chemotherapy remains undetermined in stage II CRC. Surgical interven-
tion should aim at a wide resection of the tumor with the involved bowel segment, all together 
with cutting out of the lymphatic system draining that part. The resection should include at 
least 5 cm colon segment of either side of the resected tumor. For adequate tumor staging (II 
or III), and to determine and eliminate any possible lymph node metastases (pN), at least 12 
lymph nodes should be excised and subjected to histological analysis. Partial colectomy may be 
the only needed treatment for low- and medium-risk stage II CRC patients. High-risk patients 
should be subjected to chemotherapy if one of the following risk factors was identified:

• High pT4 stage (T4 or tumor invading into adherent organs)

• Suboptimal lymph node resection (less than 12)

• Presence of lymphovascular or perineural invasion

• Bowel obstruction or perforation

• Poorly differentiated histology

• High carcinoembryonic antigen (CEA) marker level

• Positive margins

Various additional risk factors are being implied in assessing the additive benefit to the high-risk 
factors in stage II colorectal cancer using adjuvant chemotherapy.

One of the most promising risk factors is the microsatellite instability (MSI)/mismatch repair 
(MMR), which is regarded as a good prognostic factor. Microsatellites are short, tandemly 
repeated DNA sequences in the genome that are susceptible to errors of DNA replication in 
the presence of a defective mismatch repair (MMR) system. They are detected in about 15% of 
all colorectal cancers and can be used to determine stage II patients who are at very low risk 
of recurrence and with low benefit of adjuvant chemotherapy [18, 19]. Moreover, it has been 
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established in a multivariate analysis that microsatellite instability was significantly associ-
ated with survival advantage independently of any other prognostic factors (hazard ratio 
(HR) 0.42; 95% confidence interval 0.27–0.67; p < 0.001) [20].

Another potential predictive colorectal marker is the allelic deletion of chromosome 18q, or 
the loss of heterozygosity (LOH) of chromosome 18, which is considered as a bad prognostic 
factor. The 18q loci hold several genes that are highly related to apoptosis and carcinogenesis. 
Patients (stage II or III) presenting 18qLOH were found to have less disease-free survival and 
overall survival than those with retained chromosome 18 (DFS 44% versus 64%, p = 0.002; OS 
50% versus 69%, p = 0.005) [21].

Another prognostic marker in CRC is the expression of guanylyl cyclase C (GCC) in resected 
lymph nodes. GCC is a protein that is usually expressed by intestinal cells but universally 
overexpressed in colorectal cancer. GCC is an intestinal tumor-suppressing receptor which 
regulates epithelial homeostasis. Silencing of GCC contributes to tumorigenesis by reflecting 
dysregulation of the cell cycle and DNA repair [22]. The presence of GCC in resected lymph 
nodes reflects the detection of prognostically important occult metastases [23].

The Kirsten rat sarcoma (KRAS) oncogene is a proto-oncogene involved in the normal tissue 
signaling pathways. KRAS mutation can occur via a single amino acid substitution or a single 
nucleotide substitution. The resulting protein is implicated in various malignancies, includ-
ing colorectal cancer [24]. Even though the British QUASAR trial in 2007 did not succeed to 
show any significant difference in overall survival between fluorouracil-treated and folinic 
acid–treated observation groups in stage II CRC [25], the risk of disease recurrence was found 
significantly higher for KRAS-mutant than KRAS wild-type tumors (28% versus 21%), and the 
risk of recurrence appeared larger in KRAS-mutant rectal than colon tumors [26].

The tumor suppressor TP53, or genome guardian, is another important predictive prognostic 
factor in CRC. TP53 is the most commonly mutated gene in human cancers, and its prevalence 
in CRC comprises 34% of the proximal colon tumors where it is mostly related to lymphatic 
invasion and 45% of the distal colorectal tumors where it is majorly correlated with lympho-
vascular invasion [27]. Clinical studies have shown that CRC patients with mutant p53 are 
more 5-fluorouracil-based chemotherapy resistant and have poorer prognosis than those with 
wild-type p53 [28].

The transforming growth factor beta (TGF-β) signaling pathway plays a central but paradoxi-
cal role in the predisposition and progression of colorectal cancer. TGF-β acts as a potent tumor 
suppressor in normal intestinal epithelial cells by inhibiting cell proliferation and inducing 
apoptosis. However, mutations in the genes encoding for TGFB receptor 2 (TGFBR2), with 
high levels of microsatellite instability, promote colon tumorigenesis by perturbing the func-
tion of TGF-β signaling pathways and stimulating the proliferation and invasion of poorly 
differentiated and metastatic colon cancer cells [29, 30].

Thymidylate synthase (TS) is an enzyme implicated in the formation of thymidine, one of DNA 
nucleotides. It catalyzes the methylation of deoxyuridine monophosphate (dUMP) to deoxythy-
midine monophosphate (dTMP). This role in nucleotide metabolism has made TS an important 
target of many chemotherapeutic agents such as 5-FU and the new folate-based TS inhibitors 
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(APR) with permanent colostomy is advised, when the distance between tumor and anus is 
too short to allow safe anastomosis. No additional therapy is needed after these operations, 
unless the surgeon finds the cancer with high-risk features. Then, an adjuvant concomitant 
chemoradiotherapy is appropriate with 5-fluorouracil (5-FU) or capecitabine [16].

2.3.1. Surveillance

Regular follow-up testing after the end of treatment aims at seizing any early disease recur-
rence. Colonoscopy should be repeated 1 year after therapy completion. In case of normal 
results, the next checkup should be after 3 years and then after 5 years. In case of finding any 
advanced adenoma (polyps with ruffled structure, larger than 1 cm, or with high-grade dys-
plasia), colonoscopy should be repeated within 1 year [17].

2.4. Treatment of stage II CRC

2.4.1. Assessing risk factors

The role of adjuvant chemotherapy remains undetermined in stage II CRC. Surgical interven-
tion should aim at a wide resection of the tumor with the involved bowel segment, all together 
with cutting out of the lymphatic system draining that part. The resection should include at 
least 5 cm colon segment of either side of the resected tumor. For adequate tumor staging (II 
or III), and to determine and eliminate any possible lymph node metastases (pN), at least 12 
lymph nodes should be excised and subjected to histological analysis. Partial colectomy may be 
the only needed treatment for low- and medium-risk stage II CRC patients. High-risk patients 
should be subjected to chemotherapy if one of the following risk factors was identified:

• High pT4 stage (T4 or tumor invading into adherent organs)

• Suboptimal lymph node resection (less than 12)

• Presence of lymphovascular or perineural invasion

• Bowel obstruction or perforation

• Poorly differentiated histology

• High carcinoembryonic antigen (CEA) marker level

• Positive margins

Various additional risk factors are being implied in assessing the additive benefit to the high-risk 
factors in stage II colorectal cancer using adjuvant chemotherapy.

One of the most promising risk factors is the microsatellite instability (MSI)/mismatch repair 
(MMR), which is regarded as a good prognostic factor. Microsatellites are short, tandemly 
repeated DNA sequences in the genome that are susceptible to errors of DNA replication in 
the presence of a defective mismatch repair (MMR) system. They are detected in about 15% of 
all colorectal cancers and can be used to determine stage II patients who are at very low risk 
of recurrence and with low benefit of adjuvant chemotherapy [18, 19]. Moreover, it has been 
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established in a multivariate analysis that microsatellite instability was significantly associ-
ated with survival advantage independently of any other prognostic factors (hazard ratio 
(HR) 0.42; 95% confidence interval 0.27–0.67; p < 0.001) [20].

Another potential predictive colorectal marker is the allelic deletion of chromosome 18q, or 
the loss of heterozygosity (LOH) of chromosome 18, which is considered as a bad prognostic 
factor. The 18q loci hold several genes that are highly related to apoptosis and carcinogenesis. 
Patients (stage II or III) presenting 18qLOH were found to have less disease-free survival and 
overall survival than those with retained chromosome 18 (DFS 44% versus 64%, p = 0.002; OS 
50% versus 69%, p = 0.005) [21].

Another prognostic marker in CRC is the expression of guanylyl cyclase C (GCC) in resected 
lymph nodes. GCC is a protein that is usually expressed by intestinal cells but universally 
overexpressed in colorectal cancer. GCC is an intestinal tumor-suppressing receptor which 
regulates epithelial homeostasis. Silencing of GCC contributes to tumorigenesis by reflecting 
dysregulation of the cell cycle and DNA repair [22]. The presence of GCC in resected lymph 
nodes reflects the detection of prognostically important occult metastases [23].

The Kirsten rat sarcoma (KRAS) oncogene is a proto-oncogene involved in the normal tissue 
signaling pathways. KRAS mutation can occur via a single amino acid substitution or a single 
nucleotide substitution. The resulting protein is implicated in various malignancies, includ-
ing colorectal cancer [24]. Even though the British QUASAR trial in 2007 did not succeed to 
show any significant difference in overall survival between fluorouracil-treated and folinic 
acid–treated observation groups in stage II CRC [25], the risk of disease recurrence was found 
significantly higher for KRAS-mutant than KRAS wild-type tumors (28% versus 21%), and the 
risk of recurrence appeared larger in KRAS-mutant rectal than colon tumors [26].

The tumor suppressor TP53, or genome guardian, is another important predictive prognostic 
factor in CRC. TP53 is the most commonly mutated gene in human cancers, and its prevalence 
in CRC comprises 34% of the proximal colon tumors where it is mostly related to lymphatic 
invasion and 45% of the distal colorectal tumors where it is majorly correlated with lympho-
vascular invasion [27]. Clinical studies have shown that CRC patients with mutant p53 are 
more 5-fluorouracil-based chemotherapy resistant and have poorer prognosis than those with 
wild-type p53 [28].

The transforming growth factor beta (TGF-β) signaling pathway plays a central but paradoxi-
cal role in the predisposition and progression of colorectal cancer. TGF-β acts as a potent tumor 
suppressor in normal intestinal epithelial cells by inhibiting cell proliferation and inducing 
apoptosis. However, mutations in the genes encoding for TGFB receptor 2 (TGFBR2), with 
high levels of microsatellite instability, promote colon tumorigenesis by perturbing the func-
tion of TGF-β signaling pathways and stimulating the proliferation and invasion of poorly 
differentiated and metastatic colon cancer cells [29, 30].

Thymidylate synthase (TS) is an enzyme implicated in the formation of thymidine, one of DNA 
nucleotides. It catalyzes the methylation of deoxyuridine monophosphate (dUMP) to deoxythy-
midine monophosphate (dTMP). This role in nucleotide metabolism has made TS an important 
target of many chemotherapeutic agents such as 5-FU and the new folate-based TS inhibitors 
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(raltitrexed and pemetrexed). Elevated intracellular TS levels have been implicated in emerging 
resistance to fluoropyrimidines and other TS inhibitors due to the increase in transcription and 
translation roles of TS. Therefore, high TS expression in early-stage CRC patients is correlated to 
a poorer overall survival in both chemotherapy-treated and chemotherapy-untreated patients 
following surgery [31].

2.4.2. Choice of chemotherapy

5-Fluorouracil remains the backbone chemotherapy in treating CRC. In MOSAIC study, 
patients with stage II or III disease were randomly assigned to receive adjuvant FOLFOX4 
or 5-FU/leucovorin (LV). In stage II disease, no improvement in DFS or OS was noted in 899 
patients upon adding oxaliplatin to 5-FU (DFS HR = 0.84, p = 0.258; OS HR = 1.00, p = 0.986). 
Moreover, in patients with high-risk stage II disease, the estimated 10-year overall survival 
was 75.4% in FOLFOX arm versus 71.7% in 5-FU/leucovorin arm (p = .058) [19]. Similar 
results were obtained with the NSABP C-07 trial, where patients were randomized to receive 
either bolus 5-FU/LV alone or with oxaliplatin. While the addition of oxaliplatin to 5-FU/
LV improved DFS, no benefit in OS was observed at all [32]. Furthermore, the QUASAR 
study investigated the role of adjuvant 5-FU in disease recurrence in “average-risk” patients 
(patients without any high-risk feature). As a result, 5-FU decreased the risk of recurrence 
compared to observation alone (relative risk (RR) for colon cancer = 0.78, p = 0.004; RR for rec-
tal cancer =0.68, p = 0.004). And, the risk of death was improved in treated patients (RR = 0.84; 
p = 0.046), with an absolute survival benefit of 3.6% [25]. A major predictive prognostic fac-
tor in stage II CRC is microsatellite instability. As known, microsatellites are repeated DNA 
sequences in the genome. They are very susceptible to errors in DNA replication and espe-
cially in case of a defective mismatch repair (MMR) system, where they really can substi-
tute it [19]. In colon cancer, the high level of MSI is associated with mutations in the MMR 
system. Based on findings from over 7000 patients classified as MSI-high (MSI-H), MSI-low 
(MSI-L), or MSI-stable (MSS) colon cancers, those with MSI-H had a better prognosis com-
pared to those with MSI-L or MSS tumors by 15% [33]. Another important predictive factor 
in stage II CRC is 18qLOH. Loss of heterozygosity of chromosome 18 is highly associated 
with decreased overall survival [21, 34, 35]. The ECOG 5202 trial aimed at stratifying patients 
according to the molecular prognostic factors, MSI and 18qLOH. The recommendations were 
for stage II patients with low-risk (MSI-H or with either MSS or MSI-L together with 18qLOH 
retention) observation without any treatment. However, for those with high-risk observation 
(either MSS or MSI-L with 18qLOH), chemotherapy with FOLFOX is suggested [19].

As a conclusion for stage II CRC adjuvant treatment, the following algorithm is reasonable 
(Table 5).

2.4.3. Access to radiotherapy

According to Johns Hopkins colorectal health team, radiotherapy can be used adjuvantly in 
case of pT4, where the lesion is fixed and adherent to the abdominal wall or bladder, as it pro-
vides a lower chance of recurrence. Similarly, in case of rectal cancer, neoadjuvant chemoradio-
therapy is indicated in order to shrink the tumor size prior to surgery and to avoid colostomy if 
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possible. Radiotherapy is indicated when the rectal tumor has invaded the wall of the bowel or 
has spread into adjacent lymph nodes. 5-Fluorouracil or capecitabine are being used concomi-
tantly with radiotherapy to sensitize tumor cells to radiation. In addition, concomitant chemo-
radiotherapy is indicated when the margins of resection are positive. However, no significant 
differences in overall survival were reported till now. EORTC 22921 was one randomized trial 
of 1011 patients that assessed the role of adjuvant 5-FU after preoperative chemoradiation for 
patients with T3 or T4 resectable tumor. Patients were divided in four arms including preop-
erative radiotherapy with or without chemotherapy and preoperative radiotherapy with or 
without chemotherapy followed by adjuvant chemotherapy. The OS for a median follow-up of 
10.4 years was similar in the four groups (48.4–52.9%). There were no differences either in DFS 
rates or in the cumulative incidence of distant metastases [36]. A number of treatment strategies 
have been recently studied by various clinical trials, yet still no conclusive decisions have been 
taken. The major aim remains the patient’s benefit from a better tumor resection with less side 
effects, longer survival, and minor recurrence rates.

2.4.4. Surveillance

Survivorship care is a follow-up that takes place after the end of treatment to provide a better 
disease control and a less recurrence morbidity. A thorough physical examination with a tumor 
marker CEA should be performed systematically every 3–6 months for 2 years. In case of nor-
mal results, the frequency can be reduced to 6 months for an additional 3 years. Radiological 
imaging including CT scans or MRIs is indicated once a year for a total of 5 years. Colonoscopy 
is also suggested at an interval of 1 year after treatment and then after 3 and 5 years if results 
are normal.

2.5. Treatment of stage III CRC

Stage III colon cancer is characterized by tumor of any size (T1–T4) with metastasis to regional 
lymph nodes. A partial colectomy to remove the involved part of the colon along with adjacent 
lymph nodes, followed by adjuvant chemotherapy (not beyond 8 weeks of surgery), is considered 
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(raltitrexed and pemetrexed). Elevated intracellular TS levels have been implicated in emerging 
resistance to fluoropyrimidines and other TS inhibitors due to the increase in transcription and 
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2.4.2. Choice of chemotherapy

5-Fluorouracil remains the backbone chemotherapy in treating CRC. In MOSAIC study, 
patients with stage II or III disease were randomly assigned to receive adjuvant FOLFOX4 
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tal cancer =0.68, p = 0.004). And, the risk of death was improved in treated patients (RR = 0.84; 
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2.4.3. Access to radiotherapy
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case of pT4, where the lesion is fixed and adherent to the abdominal wall or bladder, as it pro-
vides a lower chance of recurrence. Similarly, in case of rectal cancer, neoadjuvant chemoradio-
therapy is indicated in order to shrink the tumor size prior to surgery and to avoid colostomy if 
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possible. Radiotherapy is indicated when the rectal tumor has invaded the wall of the bowel or 
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radiotherapy is indicated when the margins of resection are positive. However, no significant 
differences in overall survival were reported till now. EORTC 22921 was one randomized trial 
of 1011 patients that assessed the role of adjuvant 5-FU after preoperative chemoradiation for 
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rates or in the cumulative incidence of distant metastases [36]. A number of treatment strategies 
have been recently studied by various clinical trials, yet still no conclusive decisions have been 
taken. The major aim remains the patient’s benefit from a better tumor resection with less side 
effects, longer survival, and minor recurrence rates.
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Survivorship care is a follow-up that takes place after the end of treatment to provide a better 
disease control and a less recurrence morbidity. A thorough physical examination with a tumor 
marker CEA should be performed systematically every 3–6 months for 2 years. In case of nor-
mal results, the frequency can be reduced to 6 months for an additional 3 years. Radiological 
imaging including CT scans or MRIs is indicated once a year for a total of 5 years. Colonoscopy 
is also suggested at an interval of 1 year after treatment and then after 3 and 5 years if results 
are normal.

2.5. Treatment of stage III CRC

Stage III colon cancer is characterized by tumor of any size (T1–T4) with metastasis to regional 
lymph nodes. A partial colectomy to remove the involved part of the colon along with adjacent 
lymph nodes, followed by adjuvant chemotherapy (not beyond 8 weeks of surgery), is considered 

Low risk (with MSI-H or with either MSS or MSI-L and 
retention of 18qLOH)

Observation

Average risk (with MSS) Observation or fluoropyrimidine* as single agent 
(optional)

High risk**:
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the standard of care for this stage. However, in rectal cancer, tumor size (T3–T4, with invasion 
through intestinal muscular layer) with clinical positive lymph nodes is suggestive for neoadju-
vant chemoradiotherapy and followed by adjuvant chemotherapy for a lower risk of recurrence 
rate. The European Society for Medical Oncology (ESMO) guidelines recommended in 2013 a 
stratification of the risk factors for disease recurrence of rectal cancer according to the following 
items identified by pretreatment MRI. These included the tumor invasion depth (T staging), the 
number of metastatic lymph nodes (N staging), the distance to anus, invasion of mesorectal fascia 
(MRF), and extramural vascular invasion (EMVI). Four risk groups were stratified (ultralow-, 
low-, medium-, and high-risk groups). Surgery alone was the choice for the ultralow-risk group, 
while neoadjuvant chemoradiotherapy with adjuvant chemotherapy was the best choice for the 
medium- and high-risk groups; the low-risk group showed a beneficial effect of adding chemo-
radiotherapy or chemotherapy [37]. These findings are compatible with the NCCN guidelines 
which recommended neoadjuvant chemoradiotherapy and adjuvant chemotherapy for those 
patients with high risk of local recurrence, including stage II (T3–T4, with tumor invading through 
the intestinal muscle layer) and stage III (positive lymph nodes) [17].

2.5.1. Choice of chemotherapy

After a wide surgical resection with anastomosis, the standard chemotherapy protocol is 
approved to be oxaliplatin and 5-FU/folinic acid (FOLFOX4 or FLOX). In the MOSAIC study, the 
addition of oxaliplatin to 5-FU/LV (FOLFOX) showed a significantly increased DFS at 6 years, 
with a reduction in the risk of recurrence of 23% compared with the control arm (5-FU/LV), with 
an OS absolute gain of 4.2%. Similar results were obtained in the NSABP C-07 study, either in 
DFS at 3 years or in terms of reduction in the risk of recurrence. As a result of these studies, 
FOLFOX has been adopted adjuvantly on a biweekly basis, for a period of 12 cycles. In case 
of contradiction to oxaliplatin, 5-FU/LV administered intravenously according to de Gramont, 
AIO, or Mayo Clinic regimen, or oral fluoropyrimidines (capecitabine) are comparable in ben-
efit. Other drugs such as topoisomerase I inhibitor (irinotecan) or anti-VEGFR agent (bevaci-
zumab) or KRAS wild-type drug (cetuximab) did not succeed in adding any advantage either in 
DFS or in OS in stage III colon cancer [38].

In neoadjuvant rectal treatment, 5-fluorouracil remains the standard chemotherapeutic agent 
to be administered concomitantly with radiation. In ASCO 2011, NASBP R-04 firstly randomly 
compared the effect of capecitabine (an oral fluoropyrimidine) and 5-FU in preoperative con-
current chemoradiotherapy of rectal cancer. The results showed neither significant difference 
in pathological complete response (pCR) rate nor in third and fourth degree of adverse reac-
tion rate [39]. Recently, in Germany, a randomized clinical phase III multicenter non-inferior-
ity study showed no statistical difference of 3 years of DFS and local recurrence rate between 
capecitabine and 5-FU, concluding that capecitabine can substitute 5-FU as adjuvant or neoad-
juvant chemotherapy for locally advanced rectal cancer [40]. The role of oxaliplatin in radio-
therapy has been thoroughly examined as in many randomized studies as STAR-01, ACCORD 
12/0405, NSABP R-04, and PETACC 6. Unfortunately, neither study succeeded in showing 
any significant increase of the pCR rate or downstage rate comparing to single drug (5-FU or 

Colorectal Cancer - Diagnosis, Screening and Management42

capecitabine). In addition, ACCORD 12/0405 reported same OS (88%) in both combined two 
drugs (capecitabine with oxaliplatin) and single drug (capecitabine) [39, 41]. As a conclusion, 
single-agent fluoropyrimidine (5-FU or capecitabine) used concomitantly with pelvic radio-
therapy remains the standard of care in stage III CRC.

2.5.2. Surveillance

Regular follow-up is highly advised in stage III CRC due to the high rate of recurrence. Detecting 
early relapse can be performed through a meticulous regular physical checkup with tumor 
marker CEA every 3 months for the first 2 years. A thoraco-abdomino-pelvic CT scan is required 
every 6 months for the first 2 years. A colonoscopy is advised in a 6-month period for the first year 
after treatment. The period of physical examination with CEA can be elongated for a 6-month 
period for the following 3 years in case of normal results. The CT scan period can be lengthened 
to 1 year for the following 5 years, and the colonoscopic evaluation can be further extended to 
once every 3 years in case of normal previous results.

2.6. Treatment of stage IV CRC

Almost 20–30% of the newly diagnosed CRC patients present with distant metastatic dis-
ease at the time of initial presentation. And, up to 50% of the early-stage CRC patients 
will eventually relapse with metastatic disease. Metastasis can occur in different organs 
and most commonly to the liver (50–60% of the cases). The lungs are less frequent (10–
20%) and are more common in rectal than in colon cancer. Other less often places are the 
peritoneum, ovaries, adrenal glands, bones, and brain. In case of locally recurrent disease 
or with resectable metastases, the standard of care remains curative surgical interven-
tion. Chemoradiotherapy or chemotherapy alone can also be considered an acceptable 
approach in case of rendering a tumor resectable. For non-resectable tumors and/or dis-
seminated metastatic disease, systemic chemotherapy stays the main therapeutic approach. 
Fluoropyrimidines (5-FU and capecitabine) are the mainstay in all protocols used in meta-
static colorectal cancer (mCRC). For nearly 40 years (mid-1950 to 1996), 5-FU was the only 
agent approved for mCRC treatment. Later on, different cytotoxic agents appeared, as the 
topoisomerase I inhibitor (irinotecan) and the third-generation platinum analog (oxalipla-
tin), which both led to considerable advances in mCRC treatment along with fluoropyrimi-
dines. Targeted monoclonal antibodies, such as VEGF inhibitor (bevacizumab) and EGFR 
inhibitor wild-type KRAS (cetuximab and panitumumab), opened a new era in the manage-
ment of mCRC. Many other promising targeted therapies include the anti-VEGF recom-
binant fusion protein (ziv-aflibercept), the dual targeting VEGFR2-TIE2 tyrosine kinase 
inhibitor (regorafenib), the human monoclonal antibody (IgG1) anti-VEGFR2 (ramuci-
rumab), the anti-immune checkpoint programmed cell death protein 1 (PD-1)/programmed 
death-ligand 1 (PD-L1) (nivolumab and pembrolizumab), and the combination of trifluri-
dine, a nucleoside analog, with tipiracil, an inhibitor of the enzyme thymidine phosphory-
lase (trifluridine/tipiracil) which have been approved for combination treatment of mCRC, 
in addition to many other new drugs under investigations.
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the standard of care for this stage. However, in rectal cancer, tumor size (T3–T4, with invasion 
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vant chemoradiotherapy and followed by adjuvant chemotherapy for a lower risk of recurrence 
rate. The European Society for Medical Oncology (ESMO) guidelines recommended in 2013 a 
stratification of the risk factors for disease recurrence of rectal cancer according to the following 
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number of metastatic lymph nodes (N staging), the distance to anus, invasion of mesorectal fascia 
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low-, medium-, and high-risk groups). Surgery alone was the choice for the ultralow-risk group, 
while neoadjuvant chemoradiotherapy with adjuvant chemotherapy was the best choice for the 
medium- and high-risk groups; the low-risk group showed a beneficial effect of adding chemo-
radiotherapy or chemotherapy [37]. These findings are compatible with the NCCN guidelines 
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patients with high risk of local recurrence, including stage II (T3–T4, with tumor invading through 
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After a wide surgical resection with anastomosis, the standard chemotherapy protocol is 
approved to be oxaliplatin and 5-FU/folinic acid (FOLFOX4 or FLOX). In the MOSAIC study, the 
addition of oxaliplatin to 5-FU/LV (FOLFOX) showed a significantly increased DFS at 6 years, 
with a reduction in the risk of recurrence of 23% compared with the control arm (5-FU/LV), with 
an OS absolute gain of 4.2%. Similar results were obtained in the NSABP C-07 study, either in 
DFS at 3 years or in terms of reduction in the risk of recurrence. As a result of these studies, 
FOLFOX has been adopted adjuvantly on a biweekly basis, for a period of 12 cycles. In case 
of contradiction to oxaliplatin, 5-FU/LV administered intravenously according to de Gramont, 
AIO, or Mayo Clinic regimen, or oral fluoropyrimidines (capecitabine) are comparable in ben-
efit. Other drugs such as topoisomerase I inhibitor (irinotecan) or anti-VEGFR agent (bevaci-
zumab) or KRAS wild-type drug (cetuximab) did not succeed in adding any advantage either in 
DFS or in OS in stage III colon cancer [38].

In neoadjuvant rectal treatment, 5-fluorouracil remains the standard chemotherapeutic agent 
to be administered concomitantly with radiation. In ASCO 2011, NASBP R-04 firstly randomly 
compared the effect of capecitabine (an oral fluoropyrimidine) and 5-FU in preoperative con-
current chemoradiotherapy of rectal cancer. The results showed neither significant difference 
in pathological complete response (pCR) rate nor in third and fourth degree of adverse reac-
tion rate [39]. Recently, in Germany, a randomized clinical phase III multicenter non-inferior-
ity study showed no statistical difference of 3 years of DFS and local recurrence rate between 
capecitabine and 5-FU, concluding that capecitabine can substitute 5-FU as adjuvant or neoad-
juvant chemotherapy for locally advanced rectal cancer [40]. The role of oxaliplatin in radio-
therapy has been thoroughly examined as in many randomized studies as STAR-01, ACCORD 
12/0405, NSABP R-04, and PETACC 6. Unfortunately, neither study succeeded in showing 
any significant increase of the pCR rate or downstage rate comparing to single drug (5-FU or 
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capecitabine). In addition, ACCORD 12/0405 reported same OS (88%) in both combined two 
drugs (capecitabine with oxaliplatin) and single drug (capecitabine) [39, 41]. As a conclusion, 
single-agent fluoropyrimidine (5-FU or capecitabine) used concomitantly with pelvic radio-
therapy remains the standard of care in stage III CRC.

2.5.2. Surveillance

Regular follow-up is highly advised in stage III CRC due to the high rate of recurrence. Detecting 
early relapse can be performed through a meticulous regular physical checkup with tumor 
marker CEA every 3 months for the first 2 years. A thoraco-abdomino-pelvic CT scan is required 
every 6 months for the first 2 years. A colonoscopy is advised in a 6-month period for the first year 
after treatment. The period of physical examination with CEA can be elongated for a 6-month 
period for the following 3 years in case of normal results. The CT scan period can be lengthened 
to 1 year for the following 5 years, and the colonoscopic evaluation can be further extended to 
once every 3 years in case of normal previous results.

2.6. Treatment of stage IV CRC

Almost 20–30% of the newly diagnosed CRC patients present with distant metastatic dis-
ease at the time of initial presentation. And, up to 50% of the early-stage CRC patients 
will eventually relapse with metastatic disease. Metastasis can occur in different organs 
and most commonly to the liver (50–60% of the cases). The lungs are less frequent (10–
20%) and are more common in rectal than in colon cancer. Other less often places are the 
peritoneum, ovaries, adrenal glands, bones, and brain. In case of locally recurrent disease 
or with resectable metastases, the standard of care remains curative surgical interven-
tion. Chemoradiotherapy or chemotherapy alone can also be considered an acceptable 
approach in case of rendering a tumor resectable. For non-resectable tumors and/or dis-
seminated metastatic disease, systemic chemotherapy stays the main therapeutic approach. 
Fluoropyrimidines (5-FU and capecitabine) are the mainstay in all protocols used in meta-
static colorectal cancer (mCRC). For nearly 40 years (mid-1950 to 1996), 5-FU was the only 
agent approved for mCRC treatment. Later on, different cytotoxic agents appeared, as the 
topoisomerase I inhibitor (irinotecan) and the third-generation platinum analog (oxalipla-
tin), which both led to considerable advances in mCRC treatment along with fluoropyrimi-
dines. Targeted monoclonal antibodies, such as VEGF inhibitor (bevacizumab) and EGFR 
inhibitor wild-type KRAS (cetuximab and panitumumab), opened a new era in the manage-
ment of mCRC. Many other promising targeted therapies include the anti-VEGF recom-
binant fusion protein (ziv-aflibercept), the dual targeting VEGFR2-TIE2 tyrosine kinase 
inhibitor (regorafenib), the human monoclonal antibody (IgG1) anti-VEGFR2 (ramuci-
rumab), the anti-immune checkpoint programmed cell death protein 1 (PD-1)/programmed 
death-ligand 1 (PD-L1) (nivolumab and pembrolizumab), and the combination of trifluri-
dine, a nucleoside analog, with tipiracil, an inhibitor of the enzyme thymidine phosphory-
lase (trifluridine/tipiracil) which have been approved for combination treatment of mCRC, 
in addition to many other new drugs under investigations.
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2.6.1. Choice of chemotherapy

Various randomized clinical trials have been designed to determine the efficacy of oxaliplatin 
versus irinotecan together with 5-FU/LV or capecitabine. The most well-known trial was the 
GERCOR C97-3 study conducted by Tournigand and coworkers [42] in France which inves-
tigated 5-FU/LV (46-hour infusion) and oxaliplatin (FOLFOX6) compared with 5-FU/LV and 
irinotecan (FOLFIRI) in mCRC. A similar efficacy was observed in both arms with respect to 
overall response rate (ORR, 56% versus 54%, respectively), median time to tumor progression 
(8.5 versus 8.1 months), and median OS (20.6 versus 21.5 months). Similar results were obtained 
by CALGB Cooperative Group (CALGB 80203) and the Hellenic Cooperative Oncology Group 
in Greece. Based on these results, both FOLFOX and FOLFIRI have been approved for first-line 
treatment in mCRC. A meta-analysis of six clinical studies was conducted by Guo et al. [43] to 
investigate the clinical efficacy of the oral capecitabine (Xeloda) plus irinotecan (XELIRI) versus 
FOLFIRI regimen in the first-line treatment of mCRC. The results showed no significant dif-
ferences in terms of ORR, PFS, or OS between the two arms. Another important randomized 
study to compare XELOX non-inferiority with respect to FOLFOX6 in the first-line treatment of 
mCRC was conducted by Ducreux and coworkers [44]. No differences were observed between 
both arms in terms of the clinical efficacy endpoints of ORR (42% versus 46%, respectively), PFS 
(8.8 versus 9.3 months, respectively), and OS (19.9 versus 20.5 months, respectively). Based on 
these and many other studies, it has been established that both protocols FOLFOX and FOLFIRI 
can be safely substituted by oral XELOX and XELIRI in terms of clinical efficacy (PFS and OS).

It is has been proven that doublet chemotherapy has superior clinical efficacy over single-agent 
fluoropyrimidine chemotherapy. However, a new question emerged: is triplet chemotherapy 
with 5-FU, oxaliplatin, and irinotecan can provide improved clinical efficacy over doublet che-
motherapy? To answer this question, the Gruppo Oncologico Nord Ovest (GONO) of Italy 
conducted the first randomized phase III study to compare 5-FU/LV, oxaliplatin, and irinotecan 
(FOLFOXIRI) with FOLFIRI in the front-line setting [45]. After a median follow-up of 5 years, 
the final analysis confirmed the superiority of the FOLFOXIRI regimen over FOLFIRI, in terms 
of improved ORR, PFS, and median OS [46]. However, there was significantly higher grade 2/
grade 3 neurotoxicity (19% versus 0%) and grade 3/grade 4 neutropenia (50% versus 28%) com-
pared with FOLFIRI, the matter that limits the use of this regimen to relatively more fit patient 
population (ECOG performance status 0–1).

2.6.2. Chemotherapy in association with targeted therapy

In order to understand the role of targeted therapy in treating mCRC, we should first perceive 
their mode of action on a molecular level. Bevacizumab (Avastin®) is a recombinant humanized 
monoclonal antibody that blocks angiogenesis by inhibiting vascular endothelial growth factor 
A (VEGF-A), which stimulates angiogenesis in a variety of diseases, including cancer [47]. In 
2004, bevacizumab has been approved in the United States for use in combination with stan-
dard chemotherapy for metastatic colon cancer. The CALGB/SWOG 80405 phase III randomized 
study compared the potential benefit of cetuximab and bevacizumab added to conventional che-
motherapy (FOLFOX or FOLFIRI) [48]. In contrast to the FIRE study that showed identical ORR 
and PFS, but a 3.7-month improvement in OS toward the cetuximab arm, CALGB/SWOG 80405 
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study showed no significant difference at all either in PFS (10.4 versus 10.8 months) or in OS (29.9 
versus 29.0 months) in patients treated with cetuximab compared with bevacizumab. Recently, 
Venook and coworkers investigated the potential effect of primary tumor location on the clinical 
efficacy of patients treated on CALGB/SWOG 80405 study. It was strange to report that there was 
a significant improvement in OS (p < .0001) for patients with left-sided tumors compared with 
right-sided tumors (33.3 versus 19.4 months). For the bevacizumab arms, the OS was maintained 
high in both groups (left-sided tumors versus right-sided tumors) and significantly higher for 
left-sided primary tumors (31.4 versus 24.2 months). However, in the cetuximab arms, the OS 
in left-sided tumors was 19.3 months (which was 36.0 months) and only 16.7 months for right-
sided tumors. These findings highlighted the importance of sidedness as an important predic-
tive marker and in determining response to anti-EGFR antibody in mCRC [49].

Cetuximab (Erbitux®) and panitumumab (Vectibix®) are both monoclonal antibodies that 
inhibit the epidermal growth factor receptor (EGFR). Both drugs were approved by the FDA 
to treat mCRC that exhibit KRAS wild-type genes in 2009. However, due to high rate of cetux-
imab resistance (45%), further studies identified the role of NRAS and BRAF V600E in treat-
ment response [50]. The KRAS, NRAS, and BRAF are oncogenes that encode proteins involved 
in the mitogen-activated protein kinase (MAPK) signaling pathway, which regulates cell pro-
liferation and survival. Mutations in these genes are found in about 45%, 4%, and 8% of mCRC, 
respectively [51], and this is responsible for activating excess proteins, whose activation does 
not require EGFR upstream signaling, leading to negative feedback loops that limit EGFR acti-
vation, the fact that limits the role of anti-EGFR drugs. Therefore, only the wild type of KRAS 
and NRAS is indicated for the treatment of EGFR inhibitors. Mutation in BRAF V600E was also 
considered as bad indicator in response to EGFR inhibitors and a strong negative prognostic 
marker in mCRC. Data from the randomized phase III Medical Research Council COIN trial 
in mCRC showed an OS of 8.8 versus 14.4 versus 20.1 months, respectively, for patients with 
BRAF-mutant, KRAS exon 2-mutant, and KRAS exon 2 wild type [52]. Moreover, the presence 
of BRAF mutation in mCRC has been associated with big primary tumors (T4), poor histologic 
differentiation, and peritoneal carcinomatosis [53–55].

Due to the poor prognosis factor of the BRAF V600E-mutated gene, many trials tried to estab-
lish a standard treatment for BRAF-mutated mCRC. Vemurafenib is a BRAF enzyme inhibitor, 
which interrupts the B-Raf/MEK step on the B-Raf/MEK/ERK pathway, in case where BRAF 
possesses V600E mutation. In 2017, it has been approved by the FDA for the treatment of 
late-stage melanoma with BRAF V600E-mutated gene. In 2010, a phase I trial for solid tumors 
including colorectal cancer was launched to study the effect of vemurafenib (PLX4032) on 
mCRC patients with mutant BRAF. Unfortunately, the results were not as promising as they 
were in malignant melanoma, with median PFS of 3.7 months [56]. Loupakis and coworkers 
studied in a retrospective exploratory analysis of a phase II trial the effect of FOLFOXIRI regi-
men with bevacizumab on BRAF-mutated mCRC patients. Data found PFS and OS of 11.8 and 
24.1 months, respectively [57]. Two limitations were reported in the study: the first was that 
only patients older than 70 were included, or those who fit (ECOG PS 0) 71–75 old patients, 
and the second was the rarity of BRAF-mutant patients (8% of the population). In TRIBE phase 
III study, FOLFOXIRI regimen was studied either with bevacizumab or alone as first-line 
treatment mCRC, and the median OS was 31 versus 25.8 months in favor of the combination. 
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GERCOR C97-3 study conducted by Tournigand and coworkers [42] in France which inves-
tigated 5-FU/LV (46-hour infusion) and oxaliplatin (FOLFOX6) compared with 5-FU/LV and 
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by CALGB Cooperative Group (CALGB 80203) and the Hellenic Cooperative Oncology Group 
in Greece. Based on these results, both FOLFOX and FOLFIRI have been approved for first-line 
treatment in mCRC. A meta-analysis of six clinical studies was conducted by Guo et al. [43] to 
investigate the clinical efficacy of the oral capecitabine (Xeloda) plus irinotecan (XELIRI) versus 
FOLFIRI regimen in the first-line treatment of mCRC. The results showed no significant dif-
ferences in terms of ORR, PFS, or OS between the two arms. Another important randomized 
study to compare XELOX non-inferiority with respect to FOLFOX6 in the first-line treatment of 
mCRC was conducted by Ducreux and coworkers [44]. No differences were observed between 
both arms in terms of the clinical efficacy endpoints of ORR (42% versus 46%, respectively), PFS 
(8.8 versus 9.3 months, respectively), and OS (19.9 versus 20.5 months, respectively). Based on 
these and many other studies, it has been established that both protocols FOLFOX and FOLFIRI 
can be safely substituted by oral XELOX and XELIRI in terms of clinical efficacy (PFS and OS).

It is has been proven that doublet chemotherapy has superior clinical efficacy over single-agent 
fluoropyrimidine chemotherapy. However, a new question emerged: is triplet chemotherapy 
with 5-FU, oxaliplatin, and irinotecan can provide improved clinical efficacy over doublet che-
motherapy? To answer this question, the Gruppo Oncologico Nord Ovest (GONO) of Italy 
conducted the first randomized phase III study to compare 5-FU/LV, oxaliplatin, and irinotecan 
(FOLFOXIRI) with FOLFIRI in the front-line setting [45]. After a median follow-up of 5 years, 
the final analysis confirmed the superiority of the FOLFOXIRI regimen over FOLFIRI, in terms 
of improved ORR, PFS, and median OS [46]. However, there was significantly higher grade 2/
grade 3 neurotoxicity (19% versus 0%) and grade 3/grade 4 neutropenia (50% versus 28%) com-
pared with FOLFIRI, the matter that limits the use of this regimen to relatively more fit patient 
population (ECOG performance status 0–1).

2.6.2. Chemotherapy in association with targeted therapy

In order to understand the role of targeted therapy in treating mCRC, we should first perceive 
their mode of action on a molecular level. Bevacizumab (Avastin®) is a recombinant humanized 
monoclonal antibody that blocks angiogenesis by inhibiting vascular endothelial growth factor 
A (VEGF-A), which stimulates angiogenesis in a variety of diseases, including cancer [47]. In 
2004, bevacizumab has been approved in the United States for use in combination with stan-
dard chemotherapy for metastatic colon cancer. The CALGB/SWOG 80405 phase III randomized 
study compared the potential benefit of cetuximab and bevacizumab added to conventional che-
motherapy (FOLFOX or FOLFIRI) [48]. In contrast to the FIRE study that showed identical ORR 
and PFS, but a 3.7-month improvement in OS toward the cetuximab arm, CALGB/SWOG 80405 
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study showed no significant difference at all either in PFS (10.4 versus 10.8 months) or in OS (29.9 
versus 29.0 months) in patients treated with cetuximab compared with bevacizumab. Recently, 
Venook and coworkers investigated the potential effect of primary tumor location on the clinical 
efficacy of patients treated on CALGB/SWOG 80405 study. It was strange to report that there was 
a significant improvement in OS (p < .0001) for patients with left-sided tumors compared with 
right-sided tumors (33.3 versus 19.4 months). For the bevacizumab arms, the OS was maintained 
high in both groups (left-sided tumors versus right-sided tumors) and significantly higher for 
left-sided primary tumors (31.4 versus 24.2 months). However, in the cetuximab arms, the OS 
in left-sided tumors was 19.3 months (which was 36.0 months) and only 16.7 months for right-
sided tumors. These findings highlighted the importance of sidedness as an important predic-
tive marker and in determining response to anti-EGFR antibody in mCRC [49].

Cetuximab (Erbitux®) and panitumumab (Vectibix®) are both monoclonal antibodies that 
inhibit the epidermal growth factor receptor (EGFR). Both drugs were approved by the FDA 
to treat mCRC that exhibit KRAS wild-type genes in 2009. However, due to high rate of cetux-
imab resistance (45%), further studies identified the role of NRAS and BRAF V600E in treat-
ment response [50]. The KRAS, NRAS, and BRAF are oncogenes that encode proteins involved 
in the mitogen-activated protein kinase (MAPK) signaling pathway, which regulates cell pro-
liferation and survival. Mutations in these genes are found in about 45%, 4%, and 8% of mCRC, 
respectively [51], and this is responsible for activating excess proteins, whose activation does 
not require EGFR upstream signaling, leading to negative feedback loops that limit EGFR acti-
vation, the fact that limits the role of anti-EGFR drugs. Therefore, only the wild type of KRAS 
and NRAS is indicated for the treatment of EGFR inhibitors. Mutation in BRAF V600E was also 
considered as bad indicator in response to EGFR inhibitors and a strong negative prognostic 
marker in mCRC. Data from the randomized phase III Medical Research Council COIN trial 
in mCRC showed an OS of 8.8 versus 14.4 versus 20.1 months, respectively, for patients with 
BRAF-mutant, KRAS exon 2-mutant, and KRAS exon 2 wild type [52]. Moreover, the presence 
of BRAF mutation in mCRC has been associated with big primary tumors (T4), poor histologic 
differentiation, and peritoneal carcinomatosis [53–55].

Due to the poor prognosis factor of the BRAF V600E-mutated gene, many trials tried to estab-
lish a standard treatment for BRAF-mutated mCRC. Vemurafenib is a BRAF enzyme inhibitor, 
which interrupts the B-Raf/MEK step on the B-Raf/MEK/ERK pathway, in case where BRAF 
possesses V600E mutation. In 2017, it has been approved by the FDA for the treatment of 
late-stage melanoma with BRAF V600E-mutated gene. In 2010, a phase I trial for solid tumors 
including colorectal cancer was launched to study the effect of vemurafenib (PLX4032) on 
mCRC patients with mutant BRAF. Unfortunately, the results were not as promising as they 
were in malignant melanoma, with median PFS of 3.7 months [56]. Loupakis and coworkers 
studied in a retrospective exploratory analysis of a phase II trial the effect of FOLFOXIRI regi-
men with bevacizumab on BRAF-mutated mCRC patients. Data found PFS and OS of 11.8 and 
24.1 months, respectively [57]. Two limitations were reported in the study: the first was that 
only patients older than 70 were included, or those who fit (ECOG PS 0) 71–75 old patients, 
and the second was the rarity of BRAF-mutant patients (8% of the population). In TRIBE phase 
III study, FOLFOXIRI regimen was studied either with bevacizumab or alone as first-line 
treatment mCRC, and the median OS was 31 versus 25.8 months in favor of the combination. 
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However, in the mutant BRAF subgroup, the median OS was 13.4 months [58, 59]. According 
to ASCO recommendations in 2017, FOLFOXIRI with or without bevacizumab should be con-
sidered in patients with a BRAF mutation and good performance status.

The programmed death-ligand 1 (PD-L1) with its receptor programmed cell death protein 1 (PD-
1) is T-cell surface checkpoint protein that plays a major role in suppressing the immune system, 
promoting self-tolerance by downregulating T-cell inflammatory activity, and leading to carci-
nogenesis [60]. In the recently updated 2017 NCCN guideline, two novel anti-PD-1 antibodies, 
nivolumab (Opdivo®) and pembrolizumab (Keytruda®), have been indicated as treatment options 
for patients with unresectable MSI-H- or MMR-deficient CRC, although not yet FDA approved 
for mCRC [17]. This was based on the interim results of two ongoing studies: KEYNOTE-016, 
a phase II study of pembrolizumab as monotherapy in MSI-H-/MMR-deficient tumors, and 
CheckMate 142, a study of nivolumab versus nivolumab combination with ipilimumab, another 
monoclonal antibody, in recurrent or mCRC. This decision has been taken into account due to the 
impressive durable response in both studies [61, 62].

Ziv-aflibercept (Zaltrap®), a novel anti-VEGF, is a recombinant fusion protein that consists of 
vascular endothelial growth factor (VEGF)-binding portions from the extracellular domains of 
human VEGF receptors 1 and 2 fused to the Fc portion of the human immunoglobulin (IgG) 1 
[63]. In 2012, it has been approved by the FDA for use in combination with FOLFIRI for the treat-
ment of patients with mCRC that is resistant to or has progressed following an oxaliplatin-con-
taining regimen treatment. A randomized double-blind placebo-controlled global multicenter 
phase III VELOUR trial randomized two groups: one to receive FOLFIRI with ziv-aflibercept 
and the other FOLFIRI with placebo. A statistically significant improvement in OS was observed 
in patients in the FOLFIRI plus ziv-aflibercept group compared with the FOLFIRI plus placebo 
group [HR 0.82 (95% CI, 0.71–0.94), p = 0.0032, stratified log-rank test]. The median OS was 13.5 
versus 12.06 months, and the median PFS was 6.9 versus 4.7 months, respectively, in the ziv-
aflibercept group compared with the placebo group [64].

Regorafenib (Stivarga®), a new oral anti-angiogenic drug, is an oral multi-kinase inhibitor 
which targets angiogenic, stromal, and oncogenic receptor tyrosine kinase (RTK). It inhibits 
many membrane-bound and intracellular kinases that are involved in normal cellular func-
tions and pathologic processes, mainly the VEGFR2-TIE2 tyrosine kinase receptors. In 2012, it 
has been approved by FDA for the treatment of mCRC patients which have been previously 
treated with fluoropyrimidine-, oxaliplatin-, and irinotecan-based chemotherapy and with 
the anti-VEGF therapy bevacizumab and, if KRAS wild type, with an anti-EGFR therapy. The 
approval was based on the results of an international randomized (2:1), double-blind, pla-
cebo-controlled CORRECT trial. The patients were randomized to get either oral regorafenib 
or placebo. A statistically significant prolongation in overall survival was observed in rego-
rafenib arm [hazard ratio (HR) 0.77 (95% CI 0.64–0.94), p = 0.0102]. The median survival time 
was 6.4 versus 5 months in favor of the regorafenib group (phase III, 2011; FDA, 2012) [65].

Ramucirumab (Cyramza®) is a fully human monoclonal antibody (IgG1), which works by 
blocking the binding of VEGF to its receptor VEGFR2, hence preventing the downstream effect 
of VEGF in angiogenesis. Recently, it has been approved by FDA for use in combination with 
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FOLFIRI for the treatment of patients with mCRC whose disease has progressed on a first-
line regimen containing bevacizumab, oxaliplatin, and fluoropyrimidine [66]. A randomized 
double-blind multinational trial divided patients into FOLFIRI plus ramucirumab-receiving 
group and FOLFIRI plus placebo. A statistically significant improvement in OS was observed 
in patients who received FOLFIRI plus ramucirumab compared with those who received 
FOLFIRI plus placebo [median overall survival 13.3 versus 11.7 months; HR 0.85 (95% CI 0.73–
0.98), p = 0.023, stratified log-rank test]. The DFS was also in favor of ramucirumab arm (5.7 
versus 4.5 months) [67].

Trifluridine/tipiracil (TFD/TPI) (Lonsurf®) is a new combination drug approved in 2015 for the 
treatment of mCRC. It is a combination of two active components: trifluridine, a nucleoside ana-
log, and tipiracil, a thymidine phosphorylase inhibitor, which prevents trifluridine rapid metab-
olism, hence increasing its bioavailability. In 2015, it has been approved by the FDA for use in 
patients with mCRC who have been treated with fluoropyrimidine-, oxaliplatin-, and irinotecan-
based chemotherapy, an anti-vascular endothelial growth factor (VEGF) biological therapy and 
an anti-epidermal growth factor receptor (EGFR) therapy, if RAS wild type [68]. Based on a 
pivotal phase III study (RECOURSE) to assess the efficacy and safety of TFD/TPI compared with 
that of placebo in a large international population, the outcomes were in favor of TFD/TPI arm, 
in terms of median OS (7.1 versus 5.3 months) and median PFS (2.0 versus 1.7 months) [69].

2.6.3. Disease recurrence

In case of recurrence, surgical option for liver or lung metastases should be considered in the 
first place followed by adjuvant chemotherapy, albeit others prefer to administer neoadjuvant 
chemotherapy for 2–3 months before any metastasectomy. In non-resectable tumors and dis-
seminated metastasis, chemotherapy remains the mainstay in treating disease recurrence. It 
should be based on non-previously used protocols, i.e., if FOLFOX was used in previous treat-
ment modalities, FOLFIRI should be the right option, and if both FOLFOX and FOLFIRI have 
been used, the choice shifts toward XELOX or XELIRI. Another alternative is to use infusional 
5-FU or oral capecitabine as monotherapies. Other possibilities are the use of newly approved 
drugs as ziv-aflibercept with FOLOIRI, ramucirumab plus FOLFIRI, oral regorafenib, trifluri-
dine/tipiracil, and nivolumab or pembrolizumab in case of MSI-H or dMMR. According to the 
last NCCN guideline in 2017, adjuvant Stereotactic Body Radiation Therapy (SBRT) should be 
considered in some localized lung or liver lesions. Moreover, the hepatic arterial infusion (HAI) 
pump therapy can be used as a substitute to systemic chemotherapy in unresectable CRC liver 
metastases, where it demonstrated significant tumor response rates [70]. Chemoembolization 
or embolization via radioactive beads is another way to treat liver metastases through the 
hepatic artery in chemorefractory colorectal tumors [71]. In case of peritoneal carcinomato-
sis, a novel strategy has emerged combining cytoreductive peritonectomy with hyperthermic 
intraperitoneal chemoperfusion (HIPEC), with a median survival of 3 years [72]. Many other 
options are being studied to be used as palliative treatment in advanced metastatic disease, 
such as external-beam radiotherapy, photodynamic therapy, cryotherapy, and radiofrequency 
ablation, in addition to oncothermia and many others under trials to palliate and manage the 
disease burden (Table 6).
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However, in the mutant BRAF subgroup, the median OS was 13.4 months [58, 59]. According 
to ASCO recommendations in 2017, FOLFOXIRI with or without bevacizumab should be con-
sidered in patients with a BRAF mutation and good performance status.

The programmed death-ligand 1 (PD-L1) with its receptor programmed cell death protein 1 (PD-
1) is T-cell surface checkpoint protein that plays a major role in suppressing the immune system, 
promoting self-tolerance by downregulating T-cell inflammatory activity, and leading to carci-
nogenesis [60]. In the recently updated 2017 NCCN guideline, two novel anti-PD-1 antibodies, 
nivolumab (Opdivo®) and pembrolizumab (Keytruda®), have been indicated as treatment options 
for patients with unresectable MSI-H- or MMR-deficient CRC, although not yet FDA approved 
for mCRC [17]. This was based on the interim results of two ongoing studies: KEYNOTE-016, 
a phase II study of pembrolizumab as monotherapy in MSI-H-/MMR-deficient tumors, and 
CheckMate 142, a study of nivolumab versus nivolumab combination with ipilimumab, another 
monoclonal antibody, in recurrent or mCRC. This decision has been taken into account due to the 
impressive durable response in both studies [61, 62].

Ziv-aflibercept (Zaltrap®), a novel anti-VEGF, is a recombinant fusion protein that consists of 
vascular endothelial growth factor (VEGF)-binding portions from the extracellular domains of 
human VEGF receptors 1 and 2 fused to the Fc portion of the human immunoglobulin (IgG) 1 
[63]. In 2012, it has been approved by the FDA for use in combination with FOLFIRI for the treat-
ment of patients with mCRC that is resistant to or has progressed following an oxaliplatin-con-
taining regimen treatment. A randomized double-blind placebo-controlled global multicenter 
phase III VELOUR trial randomized two groups: one to receive FOLFIRI with ziv-aflibercept 
and the other FOLFIRI with placebo. A statistically significant improvement in OS was observed 
in patients in the FOLFIRI plus ziv-aflibercept group compared with the FOLFIRI plus placebo 
group [HR 0.82 (95% CI, 0.71–0.94), p = 0.0032, stratified log-rank test]. The median OS was 13.5 
versus 12.06 months, and the median PFS was 6.9 versus 4.7 months, respectively, in the ziv-
aflibercept group compared with the placebo group [64].

Regorafenib (Stivarga®), a new oral anti-angiogenic drug, is an oral multi-kinase inhibitor 
which targets angiogenic, stromal, and oncogenic receptor tyrosine kinase (RTK). It inhibits 
many membrane-bound and intracellular kinases that are involved in normal cellular func-
tions and pathologic processes, mainly the VEGFR2-TIE2 tyrosine kinase receptors. In 2012, it 
has been approved by FDA for the treatment of mCRC patients which have been previously 
treated with fluoropyrimidine-, oxaliplatin-, and irinotecan-based chemotherapy and with 
the anti-VEGF therapy bevacizumab and, if KRAS wild type, with an anti-EGFR therapy. The 
approval was based on the results of an international randomized (2:1), double-blind, pla-
cebo-controlled CORRECT trial. The patients were randomized to get either oral regorafenib 
or placebo. A statistically significant prolongation in overall survival was observed in rego-
rafenib arm [hazard ratio (HR) 0.77 (95% CI 0.64–0.94), p = 0.0102]. The median survival time 
was 6.4 versus 5 months in favor of the regorafenib group (phase III, 2011; FDA, 2012) [65].

Ramucirumab (Cyramza®) is a fully human monoclonal antibody (IgG1), which works by 
blocking the binding of VEGF to its receptor VEGFR2, hence preventing the downstream effect 
of VEGF in angiogenesis. Recently, it has been approved by FDA for use in combination with 
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FOLFIRI for the treatment of patients with mCRC whose disease has progressed on a first-
line regimen containing bevacizumab, oxaliplatin, and fluoropyrimidine [66]. A randomized 
double-blind multinational trial divided patients into FOLFIRI plus ramucirumab-receiving 
group and FOLFIRI plus placebo. A statistically significant improvement in OS was observed 
in patients who received FOLFIRI plus ramucirumab compared with those who received 
FOLFIRI plus placebo [median overall survival 13.3 versus 11.7 months; HR 0.85 (95% CI 0.73–
0.98), p = 0.023, stratified log-rank test]. The DFS was also in favor of ramucirumab arm (5.7 
versus 4.5 months) [67].

Trifluridine/tipiracil (TFD/TPI) (Lonsurf®) is a new combination drug approved in 2015 for the 
treatment of mCRC. It is a combination of two active components: trifluridine, a nucleoside ana-
log, and tipiracil, a thymidine phosphorylase inhibitor, which prevents trifluridine rapid metab-
olism, hence increasing its bioavailability. In 2015, it has been approved by the FDA for use in 
patients with mCRC who have been treated with fluoropyrimidine-, oxaliplatin-, and irinotecan-
based chemotherapy, an anti-vascular endothelial growth factor (VEGF) biological therapy and 
an anti-epidermal growth factor receptor (EGFR) therapy, if RAS wild type [68]. Based on a 
pivotal phase III study (RECOURSE) to assess the efficacy and safety of TFD/TPI compared with 
that of placebo in a large international population, the outcomes were in favor of TFD/TPI arm, 
in terms of median OS (7.1 versus 5.3 months) and median PFS (2.0 versus 1.7 months) [69].

2.6.3. Disease recurrence

In case of recurrence, surgical option for liver or lung metastases should be considered in the 
first place followed by adjuvant chemotherapy, albeit others prefer to administer neoadjuvant 
chemotherapy for 2–3 months before any metastasectomy. In non-resectable tumors and dis-
seminated metastasis, chemotherapy remains the mainstay in treating disease recurrence. It 
should be based on non-previously used protocols, i.e., if FOLFOX was used in previous treat-
ment modalities, FOLFIRI should be the right option, and if both FOLFOX and FOLFIRI have 
been used, the choice shifts toward XELOX or XELIRI. Another alternative is to use infusional 
5-FU or oral capecitabine as monotherapies. Other possibilities are the use of newly approved 
drugs as ziv-aflibercept with FOLOIRI, ramucirumab plus FOLFIRI, oral regorafenib, trifluri-
dine/tipiracil, and nivolumab or pembrolizumab in case of MSI-H or dMMR. According to the 
last NCCN guideline in 2017, adjuvant Stereotactic Body Radiation Therapy (SBRT) should be 
considered in some localized lung or liver lesions. Moreover, the hepatic arterial infusion (HAI) 
pump therapy can be used as a substitute to systemic chemotherapy in unresectable CRC liver 
metastases, where it demonstrated significant tumor response rates [70]. Chemoembolization 
or embolization via radioactive beads is another way to treat liver metastases through the 
hepatic artery in chemorefractory colorectal tumors [71]. In case of peritoneal carcinomato-
sis, a novel strategy has emerged combining cytoreductive peritonectomy with hyperthermic 
intraperitoneal chemoperfusion (HIPEC), with a median survival of 3 years [72]. Many other 
options are being studied to be used as palliative treatment in advanced metastatic disease, 
such as external-beam radiotherapy, photodynamic therapy, cryotherapy, and radiofrequency 
ablation, in addition to oncothermia and many others under trials to palliate and manage the 
disease burden (Table 6).
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2.7. Miscellaneous

2.7.1. Lynch syndrome and familial adenomatous polyposis syndrome

Lynch syndrome, or hereditary nonpolyposis colorectal cancer (HNPCC), is an autosomal dom-
inant disorder that increases the risk of many types of cancer, including endometrial, ovary, 
stomach, small intestine, hepatobiliary tract, upper urinary tract, brain, skin, and particularly 
colon cancer [73]. It is considered the most common hereditary colorectal diseases and accounts 
for 1–3% of all CRC. It is associated with inherited mutation in the mismatch repair (MMR) genes 
MLH1, MSH2, MSH6, and PMS2. This defect in MMR genes leads to tumor DNA microsatellite 
instability (MSI) and promotes carcinogenesis [74]. For this reason MSI profiling with immuno-
histochemistry testing for DNA mismatch repair has been considered essential in diagnosing 
Lynch syndrome (LS). The revised Bethesda guidelines have endorsed the testing for MSI, for 
families at high risk, in any of the following situations in CRC diagnosed in patients <50 years 
of age, the presence of Lynch-associated tumors, and MSI-H identified in patients <60 years old, 
identifying Lynch-related tumors in one or more first-degree relative and in patients <50 years 
of age and identifying Lynch-related tumors in two or more second-degree relatives regardless 

Locally recurrent disease, with 
resectable metastases

Colectomy + metastasectomy

Locally recurrent disease (T4) Chemoradiotherapy or 
chemotherapy alone followed by 
colectomy

Non-resectable tumors and/or 
disseminated metastatic disease

Chemotherapy FOLFOX or FOLFIRI (substitutable by 
XELOX or XELIRI)

FOLFOXIRI (ECOG good performance 
status and BRAF V600E mutation)

Targeted therapy* Bevacizumab (for right-sided tumors)

bevacizumab or cetuximab, or 
panitumumab (for left-sided tumors and 
wild-type KRAS and NRAS genes)

Bevacizumab (for left-sided tumors and 
mutant-type KRAS and NRAS genes)

Disease recurrence Nivolumab or pembrolizumab as 
monotherapy (for MSI-H or dMMR)

FOLFIRI + ziv-aflibercept

FOLFIRI + ramucirumab

Regorafenib as monotherapy

Trifluridine/tipiracil as monotherapy

Clinical trials

*Targeted therapy should be added to chemotherapy, unless otherwise mentioned.

Table 6. Metastatic CRC treatment algorithm.
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of age [75, 76]. The mainstay in the treatment of Lynch syndrome is colectomy. However, due 
to the risk of developing synchronous or metachronous secondary tumors, subtotal colectomy 
with ileorectal anastomosis should be considered in young patients [76]. Recently, three kinds of 
chemotherapy have been investigated for the treatment of LS: 5-FU with leucovorin, oxaliplatin, 
and irinotecan. Most studies showed no benefit of chemotherapy in such patients, just one small 
study on stage IV CRC reported one complete response and three partial responses with MSI-H 
tumors compared to MSI-L/MSS tumors [77]. The use of acetylsalicylic acid (aspirin) as chemo-
prevention by patients with LS is highly supported to reduce the risk of CRC [78]. The Colorectal 
Adenoma/Carcinoma Prevention Programme 2 (CAPP2) trial was conducted to study aspirin 
chemoprevention that has colorectal cancer as the primary endpoint. The initial findings did not 
show any significant difference in colorectal adenoma or cancer formation up to 4 years. In 2010, 
after a longer follow-up (56 months), the results showed a significant decrease in the incidence 
of CRC and LS-related cancers between the aspirin (600 mg) and placebo groups. Prescription of 
aspirin for people at high risk was recommended, but the optimum dose and duration of treat-
ment remain to be established, hopefully in CAPP3 [79]. The colonoscopic surveillance in Lynch 
syndrome is recommended from the age of 20–25 years and repeated at 1–2 years of interval.

Familial adenomatous polyposis (FAP) is an autosomal dominant disorder caused by a germ-
line mutation in the adenomatous polyposis coli (APC) gene, on chromosome 5q21, and char-
acterized by the presence of numerous adenomatous polyps in the colon and rectum. It is 
responsible for about 1% of all CRC cases, and, often, extracolonic manifestations can take 
place as in Gardner syndrome (sebaceous cysts, epidermoid cysts, fibromas, desmoid tumors, 
osteomas, dental anomalies and congenital hypertrophy of the retinal pigment epithelium 
(CHRPE)), Turcot syndrome (brain tumors), gastric and duodenum polyps, soft tissue tumors, 
and thyroid cancers. FAP can be subdivided into classical FAP, attenuated FAP (AFAP), and 
gastric adenocarcinoma and proximal polyposis of the stomach (GAPPS) [80]. Clinical diagno-
sis can be based on the number of polyposis, where more than 100 adenomas can be counted 
in case of FAP, from 10 to 99 in case of AFAP, and gastric polyps restricted to the body and fun-
dus of the stomach (gastric fundic gland polyposis) in case of GAPPS [81]. Identification of a 
heterozygous germline pathogenic variant in APC should be confirmed by a molecular genetic 
testing for a definitive diagnosis. Proctocolectomy with ileal pouch-anal anastomosis (IPAA) 
is recommended in case of diffuse spreading out of the polyps with severe familial phenotype 
presence. Total colectomy with ileorectal anastomosis (IRA) is advised in case of scarce adeno-
mas with a mild familial phenotype presence. In AFAP, endoscopic polypectomy can be con-
sidered in case of reduced polyposis number. In GAPPS, gastrectomy is recommended since 
gastric carcinoma is detected in 13% of GAPPS. Regular yearly endoscopic surveillance should 
be taken into account to detect any disease recurrence. In families with classic FAP, endoscopic 
evaluation should begin at age of 12–14 years and be continued lifelong in mutation carriers. 
Regular physical examination and screening via CT scans or MRI for extracolonic manifesta-
tions should also start early in life or as soon as colorectal polyposis is diagnosed [82].

MUTYH-associated polyposis (MAP) is another inheritable form of FAP that is caused by auto-
somal recessive mutations of the MUTYH gene [83]. It accounts for about 10–20% of all polyposis 
patients [2]. Clinically, in MAP patients, between 20 and 99 adenomas should be present upon 
endoscopy [84]; however, a molecular genetic testing is necessary to differentiate between APC 

Treatment Strategies in Colorectal Cancer
http://dx.doi.org/10.5772/intechopen.71620

49



2.7. Miscellaneous

2.7.1. Lynch syndrome and familial adenomatous polyposis syndrome

Lynch syndrome, or hereditary nonpolyposis colorectal cancer (HNPCC), is an autosomal dom-
inant disorder that increases the risk of many types of cancer, including endometrial, ovary, 
stomach, small intestine, hepatobiliary tract, upper urinary tract, brain, skin, and particularly 
colon cancer [73]. It is considered the most common hereditary colorectal diseases and accounts 
for 1–3% of all CRC. It is associated with inherited mutation in the mismatch repair (MMR) genes 
MLH1, MSH2, MSH6, and PMS2. This defect in MMR genes leads to tumor DNA microsatellite 
instability (MSI) and promotes carcinogenesis [74]. For this reason MSI profiling with immuno-
histochemistry testing for DNA mismatch repair has been considered essential in diagnosing 
Lynch syndrome (LS). The revised Bethesda guidelines have endorsed the testing for MSI, for 
families at high risk, in any of the following situations in CRC diagnosed in patients <50 years 
of age, the presence of Lynch-associated tumors, and MSI-H identified in patients <60 years old, 
identifying Lynch-related tumors in one or more first-degree relative and in patients <50 years 
of age and identifying Lynch-related tumors in two or more second-degree relatives regardless 

Locally recurrent disease, with 
resectable metastases

Colectomy + metastasectomy

Locally recurrent disease (T4) Chemoradiotherapy or 
chemotherapy alone followed by 
colectomy

Non-resectable tumors and/or 
disseminated metastatic disease

Chemotherapy FOLFOX or FOLFIRI (substitutable by 
XELOX or XELIRI)

FOLFOXIRI (ECOG good performance 
status and BRAF V600E mutation)

Targeted therapy* Bevacizumab (for right-sided tumors)

bevacizumab or cetuximab, or 
panitumumab (for left-sided tumors and 
wild-type KRAS and NRAS genes)

Bevacizumab (for left-sided tumors and 
mutant-type KRAS and NRAS genes)

Disease recurrence Nivolumab or pembrolizumab as 
monotherapy (for MSI-H or dMMR)

FOLFIRI + ziv-aflibercept

FOLFIRI + ramucirumab

Regorafenib as monotherapy

Trifluridine/tipiracil as monotherapy

Clinical trials

*Targeted therapy should be added to chemotherapy, unless otherwise mentioned.

Table 6. Metastatic CRC treatment algorithm.
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of age [75, 76]. The mainstay in the treatment of Lynch syndrome is colectomy. However, due 
to the risk of developing synchronous or metachronous secondary tumors, subtotal colectomy 
with ileorectal anastomosis should be considered in young patients [76]. Recently, three kinds of 
chemotherapy have been investigated for the treatment of LS: 5-FU with leucovorin, oxaliplatin, 
and irinotecan. Most studies showed no benefit of chemotherapy in such patients, just one small 
study on stage IV CRC reported one complete response and three partial responses with MSI-H 
tumors compared to MSI-L/MSS tumors [77]. The use of acetylsalicylic acid (aspirin) as chemo-
prevention by patients with LS is highly supported to reduce the risk of CRC [78]. The Colorectal 
Adenoma/Carcinoma Prevention Programme 2 (CAPP2) trial was conducted to study aspirin 
chemoprevention that has colorectal cancer as the primary endpoint. The initial findings did not 
show any significant difference in colorectal adenoma or cancer formation up to 4 years. In 2010, 
after a longer follow-up (56 months), the results showed a significant decrease in the incidence 
of CRC and LS-related cancers between the aspirin (600 mg) and placebo groups. Prescription of 
aspirin for people at high risk was recommended, but the optimum dose and duration of treat-
ment remain to be established, hopefully in CAPP3 [79]. The colonoscopic surveillance in Lynch 
syndrome is recommended from the age of 20–25 years and repeated at 1–2 years of interval.

Familial adenomatous polyposis (FAP) is an autosomal dominant disorder caused by a germ-
line mutation in the adenomatous polyposis coli (APC) gene, on chromosome 5q21, and char-
acterized by the presence of numerous adenomatous polyps in the colon and rectum. It is 
responsible for about 1% of all CRC cases, and, often, extracolonic manifestations can take 
place as in Gardner syndrome (sebaceous cysts, epidermoid cysts, fibromas, desmoid tumors, 
osteomas, dental anomalies and congenital hypertrophy of the retinal pigment epithelium 
(CHRPE)), Turcot syndrome (brain tumors), gastric and duodenum polyps, soft tissue tumors, 
and thyroid cancers. FAP can be subdivided into classical FAP, attenuated FAP (AFAP), and 
gastric adenocarcinoma and proximal polyposis of the stomach (GAPPS) [80]. Clinical diagno-
sis can be based on the number of polyposis, where more than 100 adenomas can be counted 
in case of FAP, from 10 to 99 in case of AFAP, and gastric polyps restricted to the body and fun-
dus of the stomach (gastric fundic gland polyposis) in case of GAPPS [81]. Identification of a 
heterozygous germline pathogenic variant in APC should be confirmed by a molecular genetic 
testing for a definitive diagnosis. Proctocolectomy with ileal pouch-anal anastomosis (IPAA) 
is recommended in case of diffuse spreading out of the polyps with severe familial phenotype 
presence. Total colectomy with ileorectal anastomosis (IRA) is advised in case of scarce adeno-
mas with a mild familial phenotype presence. In AFAP, endoscopic polypectomy can be con-
sidered in case of reduced polyposis number. In GAPPS, gastrectomy is recommended since 
gastric carcinoma is detected in 13% of GAPPS. Regular yearly endoscopic surveillance should 
be taken into account to detect any disease recurrence. In families with classic FAP, endoscopic 
evaluation should begin at age of 12–14 years and be continued lifelong in mutation carriers. 
Regular physical examination and screening via CT scans or MRI for extracolonic manifesta-
tions should also start early in life or as soon as colorectal polyposis is diagnosed [82].

MUTYH-associated polyposis (MAP) is another inheritable form of FAP that is caused by auto-
somal recessive mutations of the MUTYH gene [83]. It accounts for about 10–20% of all polyposis 
patients [2]. Clinically, in MAP patients, between 20 and 99 adenomas should be present upon 
endoscopy [84]; however, a molecular genetic testing is necessary to differentiate between APC 
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and MUTYH mutations [85]. In case of reduce polyposis number, endoscopic polypectomy can 
be sufficient. In case of polyp dissemination all around the colic frame, IPAA is the treatment 
of choice, and if the rectum is intact, IRA can be used to conserve it [85, 86]. Regular annual 
checkup by endoscopy should be maintained in all families presenting MAP disorder [87].
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and MUTYH mutations [85]. In case of reduce polyposis number, endoscopic polypectomy can 
be sufficient. In case of polyp dissemination all around the colic frame, IPAA is the treatment 
of choice, and if the rectum is intact, IRA can be used to conserve it [85, 86]. Regular annual 
checkup by endoscopy should be maintained in all families presenting MAP disorder [87].
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Abstract

First line therapy for colorectal cancer (CRC) is usually fluoropyrimidine monotherapy 
and oxaliplatin, or irinotecan-based therapy. Additionally, targeted therapies such as 
bevacizumab, aflibercept, ramucirumab, regorafenib, cetuximab and panitumumab are 
indicated in combination with chemotherapy in metastatic CRC. Resistance of CRC to 
treatment is the principal rationale for treatment failure. Resistance can be intrinsic (pri-
mary resistance) or acquired (secondary resistance). Here, we discuss the classical model 
of resistance, which focuses primarily on mechanisms involving alterations in drug 
metabolism, increased drug efflux, secondary mutations in drug targets, inactivation of 
apoptotic pathways, p53 and DNA damage repair. Other resistance mechanisms, includ-
ing the Warburg effect, cancer stem cells, intra-tumor heterogeneity and pharmacoepig-
enomic mechanisms will also be discussed. We conclude the chapter with a systems 
medicine approach to predict response to treatment for the discovery and validation of 
predictive biomarkers that are urgently needed.

Keywords: colorectal cancer, chemotherapy, targeted therapy, intrinsic resistance, 
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1. Introduction

The mainstay of colorectal cancer (CRC) treatment is curative surgery, although in some cases 
patients are administered neo-adjuvant therapy. Surgery is usually followed by adjuvant ther-
apy in patients presenting with Stage III and Stage IV disease. Additionally, adjuvant therapy 
is sometimes administered to high risk stratified Stage II patients. Adjuvant treatment for stage 
III CRC patients consists of chemotherapy including 5-fluorouracil (5-FU), oxaliplatin and 
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capecitabine—usually administered combination therapy [1]. Patients having advanced CRC 
are frequently treated with targeted therapy in combination with chemotherapy, or as a single 
agent, and more recently with immunotherapy (Table 1). The rationale for using combination 
therapy is to avoid treatment resistance, promote a synergistic effect and reduce potential toxic-
ity (refer to Table 2).

Therapeutic agent Class Colorectal cancer indications Date of 
first launch 
worldwide 
[1–6]

5-Fluorouracil 
(5-FU)

Antimetabolite, 
pyrimidine analogue

Used as a single agent or in combination 1962

Epirubicin Cytotoxic antibiotics Used as a single agent or in combination 1984

Irinotecan Topoisomerase I 
inhibitor

1. Indicated for the treatment of mCRC:

 •  in combination with 5-FU and folinic acid in 
chemotherapy naïve patients

 •  as a single agent in patients who have failed a 
5-FU-based regimen

2.  In combination with cetuximab is indicated for the 
treatment of patients with EGFR-expressing KRAS 
wild-type mCRC, who had not received prior 
treatment for metastatic disease or after failure of 
irinotecan-including cytotoxic therapy

3.  In combination with 5-FU, folinic acid and 
bevacizumab is indicated for first-line treatment of 
patients with mCRC

4.  In combination with capecitabine with or without 
bevacizumab is indicated for first-line treatment of 
patients with mCRC

1994

Oxaliplatin Platinum derivative, 
alkylating agent

Oxaliplatin in combination with 5-FU and folinic acid 
is indicated for:

1.  adjuvant treatment of stage III colon cancer after 
complete resection of primary tumor

2. treatment of mCRC

1996

Raltitrexed Antimetabolite Palliative treatment of advanced colorectal cancer 
where 5-FU and folinic acid-based regimens are either 
not tolerated or inappropriate

1996

Capecitabine Antimetabolite 1. Used as a single agent or in combination

2.  Used for the adjuvant treatment of stage III colon 
cancer patients

3. Used in mCRC

1998

Cetuximab Monoclonal 
antibody, EGFR 
inhibitor

Indicated for the treatment of patients with EGFR-
expressing, RAS wt mCRC:

•  in combination with irinotecan-based 
chemotherapy

• in first-line in combination with FOLFOX

•  as a single agent in patients who have failed 
oxaliplatin- and irinotecan-based therapy and who 
are intolerant to irinotecan

2003
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Therapeutic agent Class Colorectal cancer indications Date of 
first launch 
worldwide 
[1–6]

Bevacizumab Monoclonal 
antibody, VEGF 
inhibitor

In combination with fluoropyrimidine-based 
chemotherapy is indicated for treatment of mCRC

2004

Panitumumab Monoclonal 
antibody, EGFR 
inhibitor

Indicated for the treatment of wt RAS mCRC:

1. first-line in combination with FOLFOX or FOLFIRI

2.  second-line in combination with FOLFIRI for patients 
who have received first-line fluoropyrimidine-based 
chemotherapy (excluding irinotecan)

3.  monotherapy after failure of fluoropyrimidine-, 
oxaliplatin-, and irinotecan-containing 
chemotherapy regimens

2006

Regorafenib Angiogenesis 
inhibitor, tyrosine 
kinase inhibitor

mCRC patients who have been previously treated with, 
or are not considered candidates for available therapies

2013

Aflibercept Angiogenesis 
inhibitor, tyrosine 
kinase inhibitor

In combination with FOLFIRI is indicated in 
mCRC that is resistant to or has progressed after an 
oxaliplatin-containing regimen

2013

Trifluridine/
tipiracil 
hydrochloride

Antimetabolite Treatment of mCRC patients who have been previously 
treated with, or are not considered candidates for 
available therapies

2015

Pembrolizumab Anti-PD1 
immunotherapy

Unresectable or metastatic, MSI-H or dMMR CRC 
that has progressed following treatment with a 
fluoropyrimidine, oxaliplatin, and irinotecan

2017

Table 1. Colorectal cancer drugs currently on the market.

Combination regimens Therapeutic agents

deGramont/modified de Gramont 5-Fluorouracil, folinic acid

FOLFIRINOX Folinic acid, 5-fluorouracil, irinotecan, oxaliplatin

FOLFIRI Folinic acid, 5-fluorouracil, irinotecan

FOLFOX Folinic acid, 5-fluorouracil, oxaliplatin

XELOX Oxaliplatin, capecitabine

FOLFIRI + cetuximab Folinic acid, 5-fluorouracil, irinotecan, cetuximab

FOLFOX + cetuximab Folinic acid, 5-fluorouracil, oxaliplatin, cetuximab

FOLFIRI + panitumumab Folinic acid, 5-fluorouracil, irinotecan, panitumumab

FOLFOX + panitumumab Folinic acid, 5-fluorouracil, oxaliplatin, panitumumab

FOLFIRI + aflibercept Folinic acid, 5-fluorouracil, irinotecan, aflibercept

FOLFIRI + bevacizumab Folinic acid, 5-fluorouracil, irinotecan, bevacizumab

Table 2. Drug combinations to treat colorectal cancer.
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Patients’ responses to treatment are limited, and in fact less than one-third of patients respond 
to 5-fluorouracil as a single agent [2, 3]. However, when used in combination, for instance, with 
oxaliplatin-based therapy, 50% response rate is obtained [4]. Resistance to 5-fluorouracil can be 
due to loss of SMAD4 [5], thymidylate synthase (TYMS) amplification [6], defective mismatch 
repair (MMR) genes [7], high level expression of thymidylate synthase (TS) [8], increased DPD 
activity [9], microsatellite instability [9], modulation of the Bcl2 family members [10], cell cycle 
perturbation [11], decreased ATP synthase [12] and adaptation to oxidative stress [13]. General 
mechanisms attributed to oxaliplatin resistance include cellular transport, detoxification, DNA 
repair, cell death, epigenetic alteration and NF-κβ signaling pathway [14].

Although, the use of cetuximab and panitumumab in combination with other agents is very 
effective, they are not sufficiently potent as single agents and are reported to work in only 
around 10% of cases [15]. Over the last decade, a number of papers on anti-epidermal growth 
factor receptor (EGFR) resistance mechanisms have been published [16–18]. Resistance mech-
anisms attributed to EGFR resistance include, but are not limited to, low EGFR gene copy 
number, low expression of AREG and EREG, EGFR S492R mutation, RAS mutation, BRAF 
V600E mutation, PIK3CA exon 20 mutation, PTEN loss, STAT3 phosphorylation, activated 
IGF1R, MET amplification, HER2 amplification, altered VEGF/VEGFR and EMT [16, 19].

Unfortunately, the lack of predictive markers would allow clinicians to select patients who 
are most likely to benefit from a specific therapy remains a challenge. A recent review by Wu 
et al. reported that in the context of metastatic cancer, approximately 90% of treatment failure 
is due to multi-drug resistance [20]. Currently, the only markers that predict potential toxicity 
to 5-FU treatment are DPD deficiency, DPYD mutation, UGT1A1 and high TS expression [21]. 
Moreover, the only marker that predicts lack of response to 5-FU is mismatch repair deficiency 
(dMMR), while pembrolizumab, dMMR predicts increase in response [7]. With respect to anti-
EGFR treatment, KRAS, NRAS and BRAF mutations are the only biological markers that pre-
dict lack of response and hence pose a contraindication to treatment administration [21].

Both intrinsic resistance, which is characterized by cancer cells having only a slight or no 
response to treatment from the beginning, and acquired resistance that is described as, initially, 
having a clinical response, ensued by development of resistance will be discussed [22]. Several 
studies that discuss resistance to specific chemotherapeutic agents have been published and 
therefore we will be solely referring to salient resistance mechanisms to CRC therapies.

2. The classical model of resistance

2.1. Drug metabolism

Chemotherapeutic agents are extensively metabolized by Phase I, Phase II and Phase III 
enzymes. Phase I enzymes, which are mostly involved in chemical modification, include the 
heme protein cytochrome superfamily CYP450, which is sub-divided into 74 gene families 
and is involved in oxidation reactions. CYP3A is involved in irinotecan metabolism while 
CYP2A6, CYP2C8 and CYP1A2 are involved in tegafur activation [23].
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Increased expression of dihydropyrimidine dehydrogenase (DYPD) or thymidine phos-
phorylase (TP) is correlated with resistance to 5-FU chemotherapy [24]. On the other hand, 
in a cohort of 177 CRC patients, there was a correlation between high TP expression and a 
better survival rate in the doxifluridine arm (p = 0.025) [25]. TP has also been reported to 
increase in both hypoxic and hypoglycemic environments, which will be discussed later [26]. 
Furthermore, polymorphic changes in DYPD account for life-threatening adverse effects in 
patients treated with 5-FU or its derivatives [27]. On the other hand, patients having a low 
expression of DYPD cannot metabolize 5-FU efficiently [28]. Decreased orotate phosphoribo-
syl transferase (OPRT) expression in gastric cancer is associated with resistance to 5-FU [29].

Phase II enzymes are involved in conjugation and include glutathione (GSH), glutathione-S-
transferase (GSTs), uridine diphosphate glucuronosyltransferases (UGT) and NADH quinone 
oxidases (NQO). One of the oxaliplatin resistance mechanisms entails elevation of glutathione 
mediated by γ-glutamyl transpeptidase [30]. Additionally, GSTπ1 is associated with oxalipla-
tin and cisplatin resistance mechanisms [31]. SN-38, the active metabolite of irinotecan, is inac-
tivated by way of glucuronidation by UGT [32]. UGT1A1 is one of the main genes involved in 
glucuronidation and is reported as being highly polymorphic; subsequently patients having 
UGT1A1*28 polymorphisms tend to suffer from increased risks of toxicity as reported in a 
cohort of colorectal cancer patients [33]. Both CYP450 and GSTs have been implicated in the 
metabolism of chemotherapeutic agents, but their predictive value is still uncertain [32].

Members of the ATP-binding cassette (ABC) superfamily are involved in Phase III drug 
metabolism [34] and to date 49 ABC transporters have been documented in humans [35]. 
The role of ABC transporters is to use energy from ATP hydrolysis to move their substrates 
across biological membranes and against concentration gradients, thereby limiting cel-
lular accumulation of their substrates [36]. ABC members include P-glycoprotein (MDR1/
ABCB1), breast cancer resistance protein (BCRP/ABCG2) and transporters of the multidrug 
resistance-associated protein (MRP/ABCC) family like the multi-drug resistance protein 5 
(ABCC5), which bestows resistance to 5 FU via transporting the monophosphate metabolites 
in colorectal and breast cancers [37]. MDR1 is found to be highly expressed in the epithelial 
cells of the colon, overexpressed in a number of tumors, and has been associated with treat-
ment failure [38]. At least 12 ABC transporters from 4 ABC sub-families have been shown 
to have a role in in vitro drug resistance (reviewed in Ref. [39]). MRP5 has been reported to 
confer cross-resistance to a number of anti-cancer agents including 5-FU, oxaliplatin and a 
number of antifolates [37]. The authors postulated that resistance might be instigated via 
drug efflux mechanisms which interfere with 5-FU’s ability to impede both DNA and RNA 
synthesis. P-glycoprotein is a drug efflux pump and exerts its mode of action by lowering 
the intracellular concentration of a number of drugs, which subsequently leads to increased 
drug resistance [40]. BCRP is also involved in irinotecan efflux and is reported to be over-
expressed in colon cancer, subsequently increasing chemoresistance.

2.2. Drug targets

5-FU naive CRC patients exhibiting high expression of TS and disturbed folate pools are 
intrinsically resistant to 5-FU [9]. A meta-analysis of over 3000 pooled CRC cases by Popat and 
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colleagues concluded that the variation of TS expression in CRC patients could explain inter-
individual variation in clinical outcome, and patients with low TS expression treated with 
5-FU had better overall survival [41]. CRC patients who are chemoresponsive to 5-FU have 
lower TS enzymatic activity compared to those patients who fail to respond [42]. Furthermore, 
the low availability of 5,10-methylenetetrahydrofolate and its polyglutamates also contrib-
uted to intrinsic resistance [43]. An indirect resistance mechanism reported in hepatocellular 
carcinoma cells is the induction of the expression of the transcription factor Late SV40 Factor 
(LSF) that regulates TS expression, by way of the astrocyte elevated gene-1 (AEG-1) [44].

Additionally, TS mRNA increases in a number of patients treated with 5-FU, resulting in 
acquired resistance [45]. In a review by Holohan et al., the authors explained further that 
5-FU can post-transcriptionally upregulate the TS expression as a result of the inhibition of 
a negative feedback loop where the substrate free TS binds to and inhibits the translation of 
thymidylate synthase mRNA [38].

Watson and colleagues reported that patients with TYMS amplification treated with adjuvant 
chemotherapy had a median overall survival of 18 months shorter when compared to patients 
with low or normal TYMS copy number [46]. A total of 113 mCRC patients were enrolled in 
this study (62 exposed and 51 unexposed to 5-FU prior to resection) and the investigators con-
cluded that TYMS copy number gain was associated with patients treated with 5-FU-based 
neoadjuvant treatment [46].

Guo and colleagues have demonstrated that a possible mechanism of acquired 5-FU resis-
tance can be due to disruption in cell cycle. Using two 5-FU resistant and two sensitive cell 
lines, Guo and colleagues showed that the protein expression of CDK2 (total and phosphory-
lated threonine 160), Cyclin D3, and Cyclin A was significantly decreased in the 5-FU resistant 
cell lines. On the other hand, p21WAF1 expression was modestly increased in both resistant cell 
lines [11]. The authors postulated that the G1 and S phase delay in the 5-FU resistant cell lines 
occurs because of Cyclin E—CDK2 complex deficiency. Additionally, the Cyclin A—CDK2 
complex is also deficient and may assist in bringing about a delay in the S phase of 5-FU resis-
tance cell lines [11]. Guo and colleagues speculated that the slowing down of the cell cycle 
might interfere with the active 5-FU metabolites being incorporated into DNA and also allows 
the cells to repair the DNA damage [11].

Montagut and colleagues confirmed one mechanism of acquired resistance to cetuximab, 
where they showed that an acquired EGFR ectodomain mutation (S492R) prevented the effec-
tive binding of cetuximab to the receptor [47]. On the other hand, overexpression of EGFR in 
CRC has been poorly correlated with response to anti-EGFR therapy [48]. One of the determi-
nants of poor response is because KRAS mutant patients have a constantly activated KRAS, 
irrelevant to the phosphorylation status of EGFR. Fluorescence in situ hybridisation (FISH) 
analysis was carried out on a cohort of 58 mCRC patients treated with panitumumab and it 
was observed that patients that did not exhibit an EGFR copy number gain or chromosome 7 
polysomy or amplification were associated with treatment failure (p = 0.0009, p = 0.0007) [49]. 
Another possible mechanism of resistance using an in vitro model postulated that increased 
Src family kinases activity leads to lengthened EGFR activity, increased EGFR-modulated 
HER3 activity, and activation of the PI3K/AKT pathway [50].
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A study by Lievre and colleagues on a cohort of 30 mCRC patients reported a highly significant 
association between non-response to cetuximab and mutant KRAS (n = 19, p = 0.0003) [51]. This 
association was further confirmed by other larger studies [52, 53]. A study by Misale and col-
leagues unprecedentedly described that a significant number of wild-type KRAS CRC patients, 
who are initially responsive to anti-EGFR therapies, acquire resistance due to de novo KRAS 
mutations resulting from continuing mutagenesis [54]. Another somatic mutation, associated 
with treatment resistance in CRC is PIK3CA [55], is mutated in 25–32% of CRC patients [56].

2.3. DNA damage repair

Mismatch repair deficiency (dMMR) can occur because of both sporadic and hereditary 
CRC. In the autosomal dominant hereditary non-polyposis colon cancer (HNPCC), which 
is also referred to as Lynch Syndrome, dMMR arises primarily due to inactivating germline 
mutations in either MLH1, MSH2, PMS2, or MSH6 [57]. Furthermore, loss of function of the 
remaining allele can occur via various mechanisms, namely loss of heterozygosity, mutations, 
gene conversion, and also promoter methylation [58]. On the other hand, epigenetic hyper-
methylation of MLH1 accounts for the majority of sporadic dMMR in CRC [59]. A recent 
study by Ye and colleagues concluded that miR-1290 promotes 5-FU resistance by directly 
targeting hMSH2 [60].

An in vitro study on CRC cell lines showed that MMR-proficient cell lines were more sensi-
tive to the therapeutic doses of 5-FU (5–10 μM) compared to MMR-deficient cell lines [61]. 
Furthermore, patients who are high microsatellite instable (MSI-H) do not show any survival 
advantage when administered 5-FU-based chemotherapies [62]. The scientific literature not 
only alludes to the fact that dMMR tumor cells have a distinct response to standard chemo-
therapies, but also to many emerging therapies for CRC [58]. In an in vitro study, Tajima and 
colleagues showed that resistance of dMMR cancer cells to 5-FU can arise due to the incorpora-
tion of 5-FU metabolites in DNA [63].

Mechanisms attributed to resistance to oxaliplatin include increased DNA repair, impaired 
DNA adduct formation, over-expression of copper transporters (increased levels of ATP7B 
correlated with poor outcome in CRC patients) [64], enhanced drug detoxification, and 
increased tolerance to DNA damage. While NER and recombination repair mechanisms do 
not distinguish between cisplatin and oxaliplatin adducts, mismatch repair, damage-recogni-
tion proteins, and translesion DNA polymerases do distinguish between the two [65].

Increased excision repair cross complementation group 1 (ERCC1) mRNA expression cor-
relates with resistance to oxaliplatin [66]. A polymorphism (Gln mutant allele) in X-ray repair 
cross complementation group 1 (XRCC1), which is involved in single strand break, adduct 
formation, and base excision repair, was associated with treatment resistance in a cohort of 61 
patients treated with 5-FU and oxaliplatin [67].

2.4. p53

An in vitro study on the NCI-60 panel investigated the relationship between a group of p53 
mutant and p53 wild-type cell lines and chemosensitivity to 123 drugs used in cancer treatment. 
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One of the findings was that the median GI50 for p53 mutant cell lines treated with 5-FU was 
sixfold higher than the GI50 of p53 wild-type cell lines [68].

The TP53 Colorectal Cancer International Collaborative Study published a study consisting 
of a patient cohort of 3583 samples from 25 different research groups in 17 countries. One 
of the aims of this study was to investigate whether there was a prognostic impact of TP53 
mutations and treatment subgroups. In 1334 Dukes’ C patients (792 wild-type TP53 and 542 
mutant TP53), the wild-type TP53 patients treated with chemotherapy showed significantly 
better survival in the proximal and rectal tumor groups (p = 0.006 and p = <0.001, respectively) 
and a trend towards statistical significance (p = 0.022) was observed for the distal tumor group 
[69]. In the mutant TP53 group, patients receiving chemotherapy had better survival only in 
the proximal colon group (p = <0.001), with the authors concluding that TP53 mutation had 
no predictive value within Dukes’ C patients treated by surgery alone or surgery and chemo-
therapy [69]. The authors advised caution in interpreting these observations, since the chemo-
therapy treatment was not always 5-FU based. When the 5-FU-based regimens were grouped 
together, the authors reported that chemotherapy can have an impact on survival based on 
TP53 mutational status and tumor sites [69]. Furthermore, this study showed that wild-type 
TP53 rectal patients received a significant survival benefit from 5-FU-based chemotherapy, 
irrespective of whether or not radiotherapy was received [69].

In 2008, Ahmed and colleagues carried out a study on 41 Dukes’ C CRC patients that had a 
curative resection of the primary tumor and were administered 5-FU adjuvant treatment. The 
p53 mutation status was confirmed by gene sequencing and the study concluded that there 
was significant advantage for the wild type p53 patients in the time to develop metastasis and 
overall survival within the two groups receiving 5-FU adjuvant treatment [70].

2.5. Apoptosis

Failure of cells to undergo apoptosis may affect treatment efficacy [71]. Apoptosis can occur 
via two main signaling pathways: extrinsic (receptor-mediated pathway) and/or intrinsic 
(mitochondrial-mediated pathway [72]. Although a number of studies have reported the 
involvement of extrinsic pathway in treatment resistance, namely CD95 (Fas), it has been 
shown that under certain situations most chemotherapy-treated cells undergo intrinsic apop-
tosis [71, 73].

By way of an in vitro model, Gourdier and colleagues demonstrated that acquired resistance 
to oxaliplatin can occur via a defect in the intrinsic apoptosis pathway [74]. Furthermore, 
expression of cleaved caspase-3 and Bax was lost in the 68-fold oxaliplatin-trained resistant 
cell line, while the expression of Bcl-2, Bak, and Bcl-XL remained unaltered, suggesting that 
they are not involved in the acquired resistance mechanism to oxaliplatin [74]. Transcription 
factor NFκβ is known to be constitutively activated in colorectal cancers and although it has 
been associated with pro-apoptotic function, it is not always the case [75]. 5-FU has been 
shown to induce NFκβ expression via IKKβ and consequently chemoresistance in colorectal 
cell lines [76]. Apart from the fact that oxaliplatin, like 5-FU, can cause NFκβ constitutive acti-
vation, this activation imparts chemoresistance via c-FLIP and Mcl-1 [77].
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A study identified double stranded RNA dependent protein kinase (PKR), as a key molecule 
in inducing apoptosis in colon cancer cells—irrelevant of the p53 status [78]. The authors 
proceeded by demonstrating that PKR knockdown cells responded poorly to treatment with 
5-FU. The importance of integrins and apoptosis in chemoresistance is being investigated 
by a number of groups. A study by Liu and colleagues focussed on the involvement of the 
β6-integrin-ERK-MAP kinase pathway in conferring chemoresistance to 5-FU in colon cancer 
lines (Figure 1) [79].

3. Novel resistance mechanisms

3.1. Warburg effect

Over the past decade, the significance of the Warburg effect in the field of oncology has gained 
momentum and a number of original research papers [80, 81] and reviews have been pub-
lished on this topic [82]. The Warburg effect, also referred to as the glycolytic phenotype, is 
singularized by an increased rate of aerobic glycolysis together with irreversible injury to 
mitochondrial oxidative phosphorylation [83] and is favored by the majority of tumors [84]. 
Subsequently, Tong and colleagues showed that aerobic glycolysis is involved in cancer cell 
proliferation and tumorigenesis in a model of HCT116 colorectal cell lines [85]. A number of 
mechanisms that affect increased glycolysis, and therefore contribute to the Warburg effect, 
include mitochondrial defects, adaptation to hypoxic conditions, oncogenic signals, and 
altered metabolic enzymes [86]. A number of these mechanisms occur via hypoxia inducible 
factor-1 (HIF-1) [87].
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One of the findings was that the median GI50 for p53 mutant cell lines treated with 5-FU was 
sixfold higher than the GI50 of p53 wild-type cell lines [68].
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of a patient cohort of 3583 samples from 25 different research groups in 17 countries. One 
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no predictive value within Dukes’ C patients treated by surgery alone or surgery and chemo-
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therapy treatment was not always 5-FU based. When the 5-FU-based regimens were grouped 
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TP53 mutational status and tumor sites [69]. Furthermore, this study showed that wild-type 
TP53 rectal patients received a significant survival benefit from 5-FU-based chemotherapy, 
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p53 mutation status was confirmed by gene sequencing and the study concluded that there 
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been associated with pro-apoptotic function, it is not always the case [75]. 5-FU has been 
shown to induce NFκβ expression via IKKβ and consequently chemoresistance in colorectal 
cell lines [76]. Apart from the fact that oxaliplatin, like 5-FU, can cause NFκβ constitutive acti-
vation, this activation imparts chemoresistance via c-FLIP and Mcl-1 [77].
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A study identified double stranded RNA dependent protein kinase (PKR), as a key molecule 
in inducing apoptosis in colon cancer cells—irrelevant of the p53 status [78]. The authors 
proceeded by demonstrating that PKR knockdown cells responded poorly to treatment with 
5-FU. The importance of integrins and apoptosis in chemoresistance is being investigated 
by a number of groups. A study by Liu and colleagues focussed on the involvement of the 
β6-integrin-ERK-MAP kinase pathway in conferring chemoresistance to 5-FU in colon cancer 
lines (Figure 1) [79].

3. Novel resistance mechanisms

3.1. Warburg effect

Over the past decade, the significance of the Warburg effect in the field of oncology has gained 
momentum and a number of original research papers [80, 81] and reviews have been pub-
lished on this topic [82]. The Warburg effect, also referred to as the glycolytic phenotype, is 
singularized by an increased rate of aerobic glycolysis together with irreversible injury to 
mitochondrial oxidative phosphorylation [83] and is favored by the majority of tumors [84]. 
Subsequently, Tong and colleagues showed that aerobic glycolysis is involved in cancer cell 
proliferation and tumorigenesis in a model of HCT116 colorectal cell lines [85]. A number of 
mechanisms that affect increased glycolysis, and therefore contribute to the Warburg effect, 
include mitochondrial defects, adaptation to hypoxic conditions, oncogenic signals, and 
altered metabolic enzymes [86]. A number of these mechanisms occur via hypoxia inducible 
factor-1 (HIF-1) [87].
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A putative major player in the Warburg effect and cancer is the uncoupling protein coding-2 
(UCP2) [88]. UCP2 is located in the mitochondrial inner membrane and its main function is 
that of a mitochondrial transporter protein, that creates proton leaks across the inner mito-
chondrial membrane, ergo uncoupling oxidative phosphorylation from ATP synthesis [89]. 
Furthermore, UCP2 might act as a negative regulator of ROS production [90].

Horimoto et al. postulated that UCP2 is involved in colon tumor adaptation and is correlated 
with neoplastic changes [91]. UCP2 gene expression and protein expression was assessed on 
a small cohort of 10 patients, where a paired normal and tumor sample for each patient was 
processed. Gene expression results demonstrated an average of 3.88 ± 0.85-fold difference 
in UCP2 mRNA expression between the tumor (T) and peritumoral (P) paired samples. The 
same ratio was found for UCP2 protein expression and furthermore a strong linear correlation 
between T/P ratio of UCP mRNA and protein expression (r = 0.91, p = 0.0015) was confirmed. 
Additionally, immunohistochemistry (IHC) for UCP2 was carried out on a cohort of 9 hyper-
plastic polyps, 17 adenomas, and 107 adenocarcinoma and positive scores were 11.1, 58.8, and 
86%, respectively.

A comparable study was undertaken on a larger cohort of colon cancer patients and it yielded 
the same results and correlations in addition to association of UCP2 expression and metas-
tasis [88]. Altered colon cancer metabolism, as confirmed through measurement of UCP2 
expression in these studies, can also contribute to resistance to cancer therapies. An in vitro 
study investigated the rate of cell death caused by 5-FU, with respect to different metabolic 
rates, as quantified by the bioenergetic signature [92]. This study demonstrated the bioener-
getic signature directly correlates with the apoptotic response to treatment with 5-FU [92].

Tumor adaptation to hypoxic and acidic microenvironments strongly selects for tumor cells 
that are resistant to chemo- and radiotherapy [93]. The slowing down of cell cycling induces 
a decreased rate of cell division, thereby decreasing chemotherapy activity [93]. Furthermore, 
hypoxia dysregulates several DNA damage response pathways and prevents effective func-
tioning of proteins involved in homologous recombination (HR), non-homologous end join-
ing (NHEJ), and the mismatch repair (MMR) pathways, thereby driving genetic instability 
[94]. The cascade of events triggered by chronic hypoxia may also bring about amplification 
of multidrug resistant gene ABCB1 via induction of chromosomal fragile sites [94].

An in vitro study on colon carcinoma cell lines demonstrated that low oxygen concentration 
resulted in decreased protein expression of Bid, Bad, and Bax [87]. A further series of exper-
iments illustrated that all three CRC cell lines studied expressed a functional HIF-1 path-
way and the authors showed that in a hypoxic environment Bid down-regulation occurs via 
HIF-1, while down-regulation of Bax and Bad occurs independently of HIF-1 function [87]. 
Additionally, under anoxic conditions, SW480, HCT116, and HT29 were resistant to etopo-
side treatment and SW480 was also resistant to oxaliplatin. Further investigation by Erler and 
colleagues demonstrated that down regulation of Bid and/or Bax contributed to etoposide 
resistance in this model [87]. An important observation from this study was that Bak was least 
responsive to hypoxia and thereby it might be crucial for drug-induced apoptosis [87].

The PI3K/Akt signaling pathway enhances aerobic glycolysis, and dual PI3K/mTOR inhibi-
tors can influence the cancer cell metabolic programme [95]. Oncogenic mutations involving 
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this pathway, MAPK, and Src pathways have been shown to increase HIF-1 expression in 
both hypoxic and normoxic conditions [96]. Inhibiting HIF1 decreases proliferation, influ-
ences anaerobic glycolysis, encourages apoptosis, and reduces resistance to chemo- and 
radiotherapy [93].

Moderate evidence in the literature demonstrates that 18q LOH/SMAD4 loss has potential 
for it being used as a marker to predict response to 5-FU-based therapies [97]. Papageorgis 
and colleagues demonstrated that a SMAD4 defect suppresses hypoxia-induced cell death, 
induces aerobic glycolysis, and promotes 5-FU resistance in the HCT116 cell line model [98]. 
Furthermore, the authors observed a physical interaction between SMAD4 and HIF1α and 
postulated that the acquired chemoresistance in 18q-deficient CRC may be explained by 
Smad4 negatively regulating HIF1α-induced GLUT1 expression and the rate of aerobic gly-
colysis [98]. Other oncogenes/tumor suppressor genes known to be involved in the stimula-
tion of glycolytic energy include Ras, c-myc, Src, and p53 [99].

Downregulation of pyruvate kinase M2 (PKM2) is also known to promote the Warburg effect 
metabolic phenotype and tumorigenesis [80]. Additionally, PKM2 is a HIF-1 target gene and 
concurrently a co-activator of HIF-1 [93]. A study by Tamada and colleagues on a number of 
cancer cell lines, which also comprised of CRC cell lines HCT116 p53 wild-type and HCT116 
p53 null, demonstrated CD44-regulated glycolysis in p53 deficient cells via interaction with 
PKM2 [100]. Furthermore, the authors speculated that CD44 functions as a scaffold between 
a tyrosine kinase and PKM2 near the cell membrane, ergo down-regulating the activity of 
PKM2 [100]. By means of a set of elegant experiments, the authors showed evidence that 
CD44 silencing in p53 deficient cell lines sensitized the cells to cisplatin, 5-FU, and adriamy-
cin in normoxia, and that CD44 silencing of p53 wild-type cells under hypoxic conditions 
increased sensitivity to these three chemotherapeutic agents [100].

The relationship of hypoxia and resistance to both radio- and chemotherapy has been explored 
for the last decade and several mechanisms have been postulated. As evidenced by a number 
of studies referred above, the Warburg effect is an adaptive mechanism used by solid tumors 
to overcome stress caused by hypoxia and also contributes to resistance to both chemotherapy 
and targeted inhibitors.

3.2. Clonal evolution

Another contributor to therapy failure is the innate Darwinian aspect of cancer [101]. In a 
review of clonal evolution, Greaves and Maley describe the complexity of cancer and the 
selective pressure for resistant cells to thrive when treated with chemotherapeutic agents. 
Similarly, adaptive microenvironmental mechanisms such as hypoxia and acidosis lead 
to both phenotypic and genotypic heterogeneity [102]. This evolution not only affects the 
genomic instability of the tumor but also contributes towards resistance to therapy, including 
targeted therapies [102].

A retrospective study analyzing circulating tumor DNA from a cohort of 28 mCRC patients 
suggested that development of resistance to panitumumab can occur in metastatic lesions, 
having a sub-clone encompassing just 1 of 42 mutations associated with resistance to panitu-
mumab. Subsequently, the time for recurrence is basically the time taken for that sub-clone to 
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A putative major player in the Warburg effect and cancer is the uncoupling protein coding-2 
(UCP2) [88]. UCP2 is located in the mitochondrial inner membrane and its main function is 
that of a mitochondrial transporter protein, that creates proton leaks across the inner mito-
chondrial membrane, ergo uncoupling oxidative phosphorylation from ATP synthesis [89]. 
Furthermore, UCP2 might act as a negative regulator of ROS production [90].

Horimoto et al. postulated that UCP2 is involved in colon tumor adaptation and is correlated 
with neoplastic changes [91]. UCP2 gene expression and protein expression was assessed on 
a small cohort of 10 patients, where a paired normal and tumor sample for each patient was 
processed. Gene expression results demonstrated an average of 3.88 ± 0.85-fold difference 
in UCP2 mRNA expression between the tumor (T) and peritumoral (P) paired samples. The 
same ratio was found for UCP2 protein expression and furthermore a strong linear correlation 
between T/P ratio of UCP mRNA and protein expression (r = 0.91, p = 0.0015) was confirmed. 
Additionally, immunohistochemistry (IHC) for UCP2 was carried out on a cohort of 9 hyper-
plastic polyps, 17 adenomas, and 107 adenocarcinoma and positive scores were 11.1, 58.8, and 
86%, respectively.

A comparable study was undertaken on a larger cohort of colon cancer patients and it yielded 
the same results and correlations in addition to association of UCP2 expression and metas-
tasis [88]. Altered colon cancer metabolism, as confirmed through measurement of UCP2 
expression in these studies, can also contribute to resistance to cancer therapies. An in vitro 
study investigated the rate of cell death caused by 5-FU, with respect to different metabolic 
rates, as quantified by the bioenergetic signature [92]. This study demonstrated the bioener-
getic signature directly correlates with the apoptotic response to treatment with 5-FU [92].

Tumor adaptation to hypoxic and acidic microenvironments strongly selects for tumor cells 
that are resistant to chemo- and radiotherapy [93]. The slowing down of cell cycling induces 
a decreased rate of cell division, thereby decreasing chemotherapy activity [93]. Furthermore, 
hypoxia dysregulates several DNA damage response pathways and prevents effective func-
tioning of proteins involved in homologous recombination (HR), non-homologous end join-
ing (NHEJ), and the mismatch repair (MMR) pathways, thereby driving genetic instability 
[94]. The cascade of events triggered by chronic hypoxia may also bring about amplification 
of multidrug resistant gene ABCB1 via induction of chromosomal fragile sites [94].

An in vitro study on colon carcinoma cell lines demonstrated that low oxygen concentration 
resulted in decreased protein expression of Bid, Bad, and Bax [87]. A further series of exper-
iments illustrated that all three CRC cell lines studied expressed a functional HIF-1 path-
way and the authors showed that in a hypoxic environment Bid down-regulation occurs via 
HIF-1, while down-regulation of Bax and Bad occurs independently of HIF-1 function [87]. 
Additionally, under anoxic conditions, SW480, HCT116, and HT29 were resistant to etopo-
side treatment and SW480 was also resistant to oxaliplatin. Further investigation by Erler and 
colleagues demonstrated that down regulation of Bid and/or Bax contributed to etoposide 
resistance in this model [87]. An important observation from this study was that Bak was least 
responsive to hypoxia and thereby it might be crucial for drug-induced apoptosis [87].

The PI3K/Akt signaling pathway enhances aerobic glycolysis, and dual PI3K/mTOR inhibi-
tors can influence the cancer cell metabolic programme [95]. Oncogenic mutations involving 
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this pathway, MAPK, and Src pathways have been shown to increase HIF-1 expression in 
both hypoxic and normoxic conditions [96]. Inhibiting HIF1 decreases proliferation, influ-
ences anaerobic glycolysis, encourages apoptosis, and reduces resistance to chemo- and 
radiotherapy [93].

Moderate evidence in the literature demonstrates that 18q LOH/SMAD4 loss has potential 
for it being used as a marker to predict response to 5-FU-based therapies [97]. Papageorgis 
and colleagues demonstrated that a SMAD4 defect suppresses hypoxia-induced cell death, 
induces aerobic glycolysis, and promotes 5-FU resistance in the HCT116 cell line model [98]. 
Furthermore, the authors observed a physical interaction between SMAD4 and HIF1α and 
postulated that the acquired chemoresistance in 18q-deficient CRC may be explained by 
Smad4 negatively regulating HIF1α-induced GLUT1 expression and the rate of aerobic gly-
colysis [98]. Other oncogenes/tumor suppressor genes known to be involved in the stimula-
tion of glycolytic energy include Ras, c-myc, Src, and p53 [99].

Downregulation of pyruvate kinase M2 (PKM2) is also known to promote the Warburg effect 
metabolic phenotype and tumorigenesis [80]. Additionally, PKM2 is a HIF-1 target gene and 
concurrently a co-activator of HIF-1 [93]. A study by Tamada and colleagues on a number of 
cancer cell lines, which also comprised of CRC cell lines HCT116 p53 wild-type and HCT116 
p53 null, demonstrated CD44-regulated glycolysis in p53 deficient cells via interaction with 
PKM2 [100]. Furthermore, the authors speculated that CD44 functions as a scaffold between 
a tyrosine kinase and PKM2 near the cell membrane, ergo down-regulating the activity of 
PKM2 [100]. By means of a set of elegant experiments, the authors showed evidence that 
CD44 silencing in p53 deficient cell lines sensitized the cells to cisplatin, 5-FU, and adriamy-
cin in normoxia, and that CD44 silencing of p53 wild-type cells under hypoxic conditions 
increased sensitivity to these three chemotherapeutic agents [100].

The relationship of hypoxia and resistance to both radio- and chemotherapy has been explored 
for the last decade and several mechanisms have been postulated. As evidenced by a number 
of studies referred above, the Warburg effect is an adaptive mechanism used by solid tumors 
to overcome stress caused by hypoxia and also contributes to resistance to both chemotherapy 
and targeted inhibitors.

3.2. Clonal evolution

Another contributor to therapy failure is the innate Darwinian aspect of cancer [101]. In a 
review of clonal evolution, Greaves and Maley describe the complexity of cancer and the 
selective pressure for resistant cells to thrive when treated with chemotherapeutic agents. 
Similarly, adaptive microenvironmental mechanisms such as hypoxia and acidosis lead 
to both phenotypic and genotypic heterogeneity [102]. This evolution not only affects the 
genomic instability of the tumor but also contributes towards resistance to therapy, including 
targeted therapies [102].

A retrospective study analyzing circulating tumor DNA from a cohort of 28 mCRC patients 
suggested that development of resistance to panitumumab can occur in metastatic lesions, 
having a sub-clone encompassing just 1 of 42 mutations associated with resistance to panitu-
mumab. Subsequently, the time for recurrence is basically the time taken for that sub-clone to 
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repopulate the lesion [103]. Furthermore, the authors concluded that resistance mutation in 
KRAS and other genes were likely to be present prior to starting panitumumab therapy [103].

A number of mechanisms contributing to acquired resistance to 5-FU-based therapies include 
alteration of the drug’s specific target, drug inactivation, influx and efflux of drugs in the 
cells, drug-induced damage, and evasion of apoptosis [104]. In an attempt to comprehend 
these complex mechanisms, Tentes et al. investigated 5-FU acquired resistance in the SW620 
cell line model [105]. A significant finding reported in this study consisted of the maintenance 
of a 5-FU resistant phenotype, albeit by culturing the trained cell line in drug-free media 
for 15 weeks. The authors concluded that the resistant clones may have acquired an altered 
genetic background and unique gene expression patterns due to long-term exposure to 5-FU, 
and that this scenario might explain relapses caused by residual disease of chemo-resistant 
cells. Besides, overlapping mechanisms of resistance to 5-FU could be observed in the trained 
resistant cell line [105].

3.3. Intra-tumor heterogeneity

A published study evidenced that intra-tumor heterogeneity is a considerable hurdle to both 
predictive and prognostic biomarker development [106]. One of the principal results in this 
study highlighted that 63–69% of all somatic mutations are not detectable across every tumor 
area, hence confirming that one biopsy is not representative of the whole tumor [106]. Intra-
tumor heterogeneity is one of the main challenges to patients being successfully treated and 
can also contribute to patients having relapses [107].

Chromosomal instability (CIN) is associated with both intrinsic- and acquired-drug resistance 
and also involved in intra-tumor heterogeneity [108]. A number of hypotheses surrounding 
CIN, Darwinian selection, and intra-tumoural heterogeneity are currently being investigated. 
Evidence has been obtained to indicate that cells having a high degree of chromosomal insta-
bility are more predisposed to exhibit intrinsic resistance [108].

Lee and colleagues conducted a study on a panel of 27 CRC cell lines (18 of which were 
CIN+) and demonstrated that CIN+ cell lines were significantly more intrinsically resistant to 
the inhibitors used (Kolmogorov-Smirnov test p < 0.0001) and, even at similar proliferation 
rates, CIN+ cell lines were more resistant to treatment when compared to CIN− (one sided 
Wilcoxon-Mann-Whitney test, p = 0.049) [55]. Furthermore, according to previous reports, 
patients treated with 5-FU-based therapy who exhibited CIN+ did not obtain as much benefit 
from the treatments, when compared to patients having diploid CRC [109]. This acquired 
multidrug resistance has been attributed to cell heterogeneity due to multiple chromosomal 
re-assortments in these aneuploid cells [55]. One of the hypotheses that Lee and colleagues 
discussed is that there is a distinct CIN+ survival phenotype that triggers an endurance to 
ongoing chromosomal rearrangements which is also related to drug resistance [55].

Phenotypic heterogeneity arises from both genetic and non-genetic influences [110]. Non-
genetic influences can emerge from phenotypic plasticity and differentiation of cancer stem 
cells [107]. The cellular phenotype is affected by several factors namely, stochastic fluctua-
tions (noise), genotypes, microenvironment, and the gene regulatory network [110]. In their 

Colorectal Cancer - Diagnosis, Screening and Management68

review, Marusyk and colleagues remark that even though genetic heterogeneity is not likely 
to contribute considerably to phenotypic heterogeneity, it still supports tumor evolution 
during tumorigenesis and treatment resistance [110]. Phenotypic heterogeneity manifests as 
phenotypic diverse subpopulations of subpopulation of tumor cells, histologic alterations, 
different patterns of disease progression, prognosis, diagnosis, and also responses to therapy 
[111]. This necessitates further investigations on therapeutic resistance of CRC with respect to 
phenotypic heterogeneity.

3.4. Pharmacoepigenomics

Epigenetic modifications are implicated in the progression of chemoresistance [112]. They 
bring about changes in gene expression that are autonomous of changes in DNA sequence 
and persevere over numerous cell divisions. In contrast to genetic modifications, epigenetic 
transformations are reversible [113]. As a result, the field of pharmacoepigenomics is now 
gaining more popularity. One of the main mechanisms of action of chemotherapeutic agents is 
by inducing DNA damage which subsequently leads to either DNA repair, apoptosis, or cell-
cycle arrest [114]. A number of genes implicated in these biological processes in cancer cells 
are epigenetically regulated [115]. Drug resistance has been associated with hypermethyl-
ation of promoter regions of pro-apoptotic genes, hypomethylation of drug efflux promoters, 
and also modified promoter methylation patterns of DNA repair genes [116]. Furthermore, 
global histone modification patterns may also be involved in drug resistance [117].

Sugita and colleagues conducted a study on a cohort of 80 gastric cancer patients and inves-
tigated the relationship between methylation of BNIP3 and DAPK with respect to response 
to 5-FU-based therapy. This study confirmed a relationship between poor response rate and 
methylation of one or both genes when compared to patients that did not have methyla-
tion (p = 0.003) [118]. Furthermore, a study on 112 primary colorectal patients substantiated 
that BNIP3 is methylated in CRC patients, with approximately 58% of the cohort exhibiting 
methylation [119]. Additionally, 30 patients having BNIP3 methylation were non-responsive 
to irinotecan therapy [119]. An in vitro study demonstrated that cells having a methylated 
p16Ink4A were more resistant to irinotecan-induced cell cycle arrest [120] . Cheetham and col-
leagues presented support that hypermethylation of the SPARC promoter is frequently found 
in both CRC tumor and cell lines when compared to normal colon (p = 0.03) [121]. A previous 
in vitro study by the same group showed that mRNA and protein expression of SPARC were 
low in chemoresistant tumors and thereby the authors concluded that hypermethylation of 
the SPARC promoter might be a potential mechanism of low SPARC expression, leading to 
resistance to therapy [121, 122].

Dynamic chromatin modification can also influence resistance to treatment and a publication 
by Sharma and colleagues illustrated this resistance mechanism. “Drug-tolerant persisters” 
were detected while studying the acute response of human cell lines with respect to different 
treatments. These cells remained viable in conditions where other cells failed to thrive, and 
since they were encountered at a higher frequency than expected, the authors associated this 
observation to epigenetic regulation [123]. Following several elegant experiments, the authors 
concluded that this transiently acquired drug resistant phenotype is capable of arising de novo 
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repopulate the lesion [103]. Furthermore, the authors concluded that resistance mutation in 
KRAS and other genes were likely to be present prior to starting panitumumab therapy [103].

A number of mechanisms contributing to acquired resistance to 5-FU-based therapies include 
alteration of the drug’s specific target, drug inactivation, influx and efflux of drugs in the 
cells, drug-induced damage, and evasion of apoptosis [104]. In an attempt to comprehend 
these complex mechanisms, Tentes et al. investigated 5-FU acquired resistance in the SW620 
cell line model [105]. A significant finding reported in this study consisted of the maintenance 
of a 5-FU resistant phenotype, albeit by culturing the trained cell line in drug-free media 
for 15 weeks. The authors concluded that the resistant clones may have acquired an altered 
genetic background and unique gene expression patterns due to long-term exposure to 5-FU, 
and that this scenario might explain relapses caused by residual disease of chemo-resistant 
cells. Besides, overlapping mechanisms of resistance to 5-FU could be observed in the trained 
resistant cell line [105].

3.3. Intra-tumor heterogeneity

A published study evidenced that intra-tumor heterogeneity is a considerable hurdle to both 
predictive and prognostic biomarker development [106]. One of the principal results in this 
study highlighted that 63–69% of all somatic mutations are not detectable across every tumor 
area, hence confirming that one biopsy is not representative of the whole tumor [106]. Intra-
tumor heterogeneity is one of the main challenges to patients being successfully treated and 
can also contribute to patients having relapses [107].

Chromosomal instability (CIN) is associated with both intrinsic- and acquired-drug resistance 
and also involved in intra-tumor heterogeneity [108]. A number of hypotheses surrounding 
CIN, Darwinian selection, and intra-tumoural heterogeneity are currently being investigated. 
Evidence has been obtained to indicate that cells having a high degree of chromosomal insta-
bility are more predisposed to exhibit intrinsic resistance [108].

Lee and colleagues conducted a study on a panel of 27 CRC cell lines (18 of which were 
CIN+) and demonstrated that CIN+ cell lines were significantly more intrinsically resistant to 
the inhibitors used (Kolmogorov-Smirnov test p < 0.0001) and, even at similar proliferation 
rates, CIN+ cell lines were more resistant to treatment when compared to CIN− (one sided 
Wilcoxon-Mann-Whitney test, p = 0.049) [55]. Furthermore, according to previous reports, 
patients treated with 5-FU-based therapy who exhibited CIN+ did not obtain as much benefit 
from the treatments, when compared to patients having diploid CRC [109]. This acquired 
multidrug resistance has been attributed to cell heterogeneity due to multiple chromosomal 
re-assortments in these aneuploid cells [55]. One of the hypotheses that Lee and colleagues 
discussed is that there is a distinct CIN+ survival phenotype that triggers an endurance to 
ongoing chromosomal rearrangements which is also related to drug resistance [55].

Phenotypic heterogeneity arises from both genetic and non-genetic influences [110]. Non-
genetic influences can emerge from phenotypic plasticity and differentiation of cancer stem 
cells [107]. The cellular phenotype is affected by several factors namely, stochastic fluctua-
tions (noise), genotypes, microenvironment, and the gene regulatory network [110]. In their 
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review, Marusyk and colleagues remark that even though genetic heterogeneity is not likely 
to contribute considerably to phenotypic heterogeneity, it still supports tumor evolution 
during tumorigenesis and treatment resistance [110]. Phenotypic heterogeneity manifests as 
phenotypic diverse subpopulations of subpopulation of tumor cells, histologic alterations, 
different patterns of disease progression, prognosis, diagnosis, and also responses to therapy 
[111]. This necessitates further investigations on therapeutic resistance of CRC with respect to 
phenotypic heterogeneity.

3.4. Pharmacoepigenomics

Epigenetic modifications are implicated in the progression of chemoresistance [112]. They 
bring about changes in gene expression that are autonomous of changes in DNA sequence 
and persevere over numerous cell divisions. In contrast to genetic modifications, epigenetic 
transformations are reversible [113]. As a result, the field of pharmacoepigenomics is now 
gaining more popularity. One of the main mechanisms of action of chemotherapeutic agents is 
by inducing DNA damage which subsequently leads to either DNA repair, apoptosis, or cell-
cycle arrest [114]. A number of genes implicated in these biological processes in cancer cells 
are epigenetically regulated [115]. Drug resistance has been associated with hypermethyl-
ation of promoter regions of pro-apoptotic genes, hypomethylation of drug efflux promoters, 
and also modified promoter methylation patterns of DNA repair genes [116]. Furthermore, 
global histone modification patterns may also be involved in drug resistance [117].

Sugita and colleagues conducted a study on a cohort of 80 gastric cancer patients and inves-
tigated the relationship between methylation of BNIP3 and DAPK with respect to response 
to 5-FU-based therapy. This study confirmed a relationship between poor response rate and 
methylation of one or both genes when compared to patients that did not have methyla-
tion (p = 0.003) [118]. Furthermore, a study on 112 primary colorectal patients substantiated 
that BNIP3 is methylated in CRC patients, with approximately 58% of the cohort exhibiting 
methylation [119]. Additionally, 30 patients having BNIP3 methylation were non-responsive 
to irinotecan therapy [119]. An in vitro study demonstrated that cells having a methylated 
p16Ink4A were more resistant to irinotecan-induced cell cycle arrest [120] . Cheetham and col-
leagues presented support that hypermethylation of the SPARC promoter is frequently found 
in both CRC tumor and cell lines when compared to normal colon (p = 0.03) [121]. A previous 
in vitro study by the same group showed that mRNA and protein expression of SPARC were 
low in chemoresistant tumors and thereby the authors concluded that hypermethylation of 
the SPARC promoter might be a potential mechanism of low SPARC expression, leading to 
resistance to therapy [121, 122].

Dynamic chromatin modification can also influence resistance to treatment and a publication 
by Sharma and colleagues illustrated this resistance mechanism. “Drug-tolerant persisters” 
were detected while studying the acute response of human cell lines with respect to different 
treatments. These cells remained viable in conditions where other cells failed to thrive, and 
since they were encountered at a higher frequency than expected, the authors associated this 
observation to epigenetic regulation [123]. Following several elegant experiments, the authors 
concluded that this transiently acquired drug resistant phenotype is capable of arising de novo 
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and requires the histone demethylase KDM5A/RBP2/Jarid1A. This particular histone demeth-
ylase secures a metastable chromatin state which contributes towards the ability of cells to 
tolerate drug exposure. Additionally, this chromatin state is dependent on IGF-1R signaling, 
which has also been associated with drug resistance in a number of other studies [124, 125].

3.5. Additional mechanisms

Resistance to the newest drug, trifluridine was attributed to decreased changes in expression 
of mRNA and miRNA located on chromosome 9. This could have been due to either genome 
deletion or LOH of let-7d-5p, a miRNA inversely associated to trifluridine-induced prolifera-
tive effects; hence low expression would lead to decreased effectiveness [126] .

Resistance-promoting adaptive responses include the (1) epithelial-mesenchymal transition 
(EMT) which is associated with invasive capacity, increased motility and related to chemo-
therapy, and targeted therapy resistance [38]; (2) Oncogenic bypass and pathway redundancy, 
also referred to as compensatory signaling pathway via crosstalk mechanisms is involved in 
acquired resistance to cetuximab. With EGFR deregulated, HER2, HER3, cMET, MAPK, and 
Akt are subsequently switched on and as a result, acquired resistance can ensue since some 
RTKs share signaling pathways involved in proliferation and survival [127]. (3) Activation 
of pro-survival signaling: ADAM17, known to be deregulated in CRC, is also known to be 
activated with chemotherapy and has been implicated with growth factor shedding, growth 
factor receptor activation, and drug resistance [128].

Another downstream resistance mechanism is autophagy. In CRC, BRAF V600E induces 
autophagic properties. Recently, Goulielmaki and colleagues reported that PI3K/AKT/MTOR 
inhibitors induce autophagic tumor properties, whereas RAF/MEK/ERK signaling inhibitors 
reduce expression of autophagic markers. They showed that pre-treatment of autophagy 
inhibitor 3-MA followed by its combination with BRAFV600E targeting drug PLX4720 can 
synergistically sensitize resistant colorectal tumors [129].

Another recent review highlighted the involvement of telomerase in drug resistance in cancer 
[130]. The main telomerase-related mechanism highlighted in this review included hTERT translo-
cation, hTERT and cell resistance to stress, G-quadruplex inhibitors specific, telomerase inhibition 
and the mechanism by which telomerase helps cancer cells resistance to DNA damage/apoptosis. 
Recent literature also implicates the mammalian vault complexes in drug resistance [130].

4. Conclusion

During the last decade, a number of groups have started taking a systems medicine 
approach to better understand treatment resistance in colorectal cancer. As described by 
the Coordinating Action Systems Medicine, this approach comprises the iterative and 
reciprocal feedback between clinical investigations and practice with computational, sta-
tistical and mathematical multi-scale analysis and modeling of pathogenic mechanisms, 
disease progression and remission, disease spread and cure, treatment responses and 
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adverse events, as well as disease prevention both at the epidemiological and individual 
patient level [131].

We are already witnessing a number of success stories and by integrating data, especially 
with respect to understanding mechanisms of resistance, we are now moving away from 
clinical trials directed to specific tumors towards umbrella trials (multiple molecular targets 
in a single tumor) and basket trials (single molecular abnormality across multiple cancer 
types). This evolution can be clearly seen in CRC, where we started with one gene, one drug 
approach, and moved towards a multi-gene, multi-drug approach and currently we are at a 
multi-molecular, multi-drug approach [132].

This systems medicine approach is helping to accelerate bench to bedside developments and 
an example is the EXACT trial, where treatment-refractory cancer patients are administered 
an individualized treatment concept based on prospective biomarkers assessed in a real-time 
biopsy [133].

All of the above has had a major impact on the clinic and as we can now witness, we have 
achieved a better patient stratification, earlier and more sensitive diagnostics and drug repur-
posing. Nonetheless, it is important that we continue working to overcome the major chal-
lenges we are still facing. These include, but are not limited to morphologic and molecular 
heterogeneity of cancer, treatment resistance, drug addiction, and other challenges such as 
standardization of methods, infrastructure, and cost and big data. Hence, it will be important 
to have appropriate biomarkers to inform clinicians on administering the most effective treat-
ment to the individual patient at the right time.
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Aim of the study: the aim of this retrospective study was to determine the prognostic impact
of epidermal growth factor receptor (EGFR) expression changes during neoadjuvant
chemoradiotherapy in patients with locally advanced rectal cancer.

Material and methods: fifty patients with locally advanced rectal cancer were evaluated. All
the patients were administered the total dose of 44 Gy. Capecitabine was concomitantly
administered in the dose 825 mg/m2 in two daily oral administrations. Surgery was indicated
4–8 weeks from the chemoradiotherapy completion. EGFR expression in the pretreatment
biopsies and in the resected specimens was assessed with immunohistochemistry.

Results: all 50 patients received radiotherapy without interruption up to the total planned
dose. The median disease-free survival was 64.9 months, and median overall survival was
76.4 months. Increased EGFR expression was found in 12 patients (26.1%). A statistically
significant shorter overall survival (p < 0.0001) and disease-free survival (p < 0.0001) were
found in patients with increased expression of EGFR compared with patients where no
increase in the expression of EGFR during neoadjuvant chemoradiotherapy was observed.

Conclusions: the overexpression of EGFR during neoadjuvant chemoradiotherapy for
locally advanced rectal adenocarcinoma is associated with significant shorter overall surv-
ival and disease-free survival.
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1. Introduction

Colorectal cancer is one of the most common cancers in developed countries. The incidence
of rectal adenocarcinoma represents approximately 30% of all colorectal cancers. The rectal
adenocarcinoma typically develops distant metastasis, and the local relapses in presacral
area could be identified in 50% of the cases in clinical stage III [1]. The incidence of local
relapses could be reduced by radiotherapy. Meta-analysis of 22 clinical studies demon-
strated that neoadjuvant or adjuvant radiotherapy significantly reduced the local relapse
incidence compared to surgery alone [2]. A neoadjuvant chemoradiotherapy followed by
total mesorectal excision is the current standard of the treatment in patients with locally
advanced rectal adenocarcinoma. Neoadjuvant chemoradiation has shown a lower inci-
dence of local recurrence and better toxicity profile compared to adjuvant therapy, but no
survival benefit was shown [2]. The combination of radiotherapy with 5-flurouracil (5-FU)
or capecitabine has demonstrated a higher number of pathological complete remissions and
lower incidence of local relapses compared to the treatment with radiotherapy alone [3].
The main prognostic factors of rectal adenocarcinoma are clinical stage, radicality of sur-
gery, pretreatment concentration of CEA, tumor grade, angioinvasion, and mucinous his-
tology. Epidermal growth factor receptor (EGFR), vascular endothelial growth factor
(VEGF), oncoprotein p53, and survivin were studied as the potential new biomarkers for
rectal adenocarcinoma. The aim of this retrospective study was to determine the prognostic
impact of EGFR expression changes during neoadjuvant chemoradiotherapy in patients
with locally advanced rectal adenocarcima.

1.1. Epidermal growth factor receptor

Epidermal growth factor receptor (EGFR/HER1/erbB-1) is a 170-kDa transmembrane glycopro-
tein. EGFR belongs to the ErbB family of the tyrosine kinase receptors [4]. More than 10 ligands
are known to bind to the EGFR, including epidermal growth factor (EGF), amphiregulin,
epiregulin, neuregulin, transforming growth factor alpha (TGF-α), betacellulin, and Heparin-
binding EGF-like growth factor (HB-EGF) [5]. EGFR could be activated by the ionizing radiation,
too. Ligand binding results in homodimerization of two EGFR molecules or heterodimerization
of an EGFR molecule with another member of the ErbB family. After dimerization and internal-
ization, autophosphorylation of the intracellular tyrosine kinase domain occurs, which activates
different intracellular transduction pathways. The results are cell proliferation, acceleration of
cell repopulation, and apoptosis inhibition. These related transduction pathways include Ras/
Raf/MAPK, PI3K/AKT, JAK/STAT, or PLC/PKC. The major signaling route is the Ras/Raf/MAPK
pathway that results in cell proliferation. The PI3K/AKT pathway activates PI3K/AKT, causing
apoptosis inhibition [6]. EGFR could be directly translocated to the cell nucleus with a direct
activation of transcription factors [7]. EGFR is very important for the reparation of normal
epidermal cells. The most important mechanism of the increased activity of EGFR is its over-
expression in cancer cells. The other mechanisms include increased production of EGFR ligands,
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activation mutation of EGFR receptor, and loss of intracellular regulation mechanisms or EGFR1
gene amplification. The activation of EGFR on cell surface leads to progression of cell cycle, cell
proliferation, angiogenesis, and apoptosis inhibition. It is also associated with more aggressive
properties of cancer cells and resistance to the radiotherapy or chemotherapy [8, 9]. The
overexpression of EGFR is responsible for the increased motility of the cancer cells [10].

1.2. EGFR and his role in radiotherapy

The reparation, redistribution, repopulation, and reoxygenation are the basic mechanisms of
interaction between radiation and cells. EGFR is important for reparation of the damage cells
caused by radiation. EGFR is directly translocated to the cell nucleus with a direct activation of
transcription factors and results in cells reparation [7]. Similarly, activation of EGFR by radia-
tion results in the activation of Ras/Raf/MAPK pathways with increased expression of DNA
reparation genes (Rad51, ATM, XRCC1) [11]. EGFR has influence on the redistribution of cells
after radiation. It was found that EGFR inhibitors could cause the redistribution of the cell
cycle by G1 phase blockade [12]. Radiobiological studies confirmed the critical role of EGFR in
cytoprotective and pro-proliferative response of tumor cells after irradiation. The increased
EGFR expression after radiotherapy is related to accelerated repopulation of cancer cells [13].
Increased tumor repopulation during radiotherapy leads to recovery of clonogenic tumor cells,
thereby causing counterproductivity to radiation therapy alone [14].

1.2.1. The prognostic significant of EGFR expression in rectal cancer

The overexpression of EGFR is observed in 50–60% of rectal carcinoma and is associated with
worse prognosis [15–17]. Azria evaluated the prognostic significance of EGFR expression in
pretreatment biopsy on 77 patients with rectal cancer treated by neoadjuvant radiotherapy.
The expression of EGFR was observed in 56% patients. In median follow-up of 36 months, it
was observed that significantly high number of the local recurrences occurred in patients with
overexpression of EGFR above 25% in multivariate analysis (HR 7.18; p = 0.037) [18]. Another
study evaluated 92 patients with locally advanced rectal carcinoma treated by neoadjuvant
chemoradiotherapy. The EGFR expression was observed in 71% of the patients. The patients
with overexpression of EGFR had significantly shorter overall survival (p = 0.013), significantly
shorter disease-free survival (p = 0.002) and significantly shorter survival without distance
metastases (p = 0.003) compared with patients without EGFR expression [19]. Giralt in his
study presented a total of 87 patients treated for the locally advanced rectal cancer by
neoadjuvant treatment. EGFR overexpression was observed in 52 cases (60% of patients). The
patients with overexpression of EGFR had significantly less pathological complete response
(p = 0.006), shorter DFS compared to patients without EGFR overexpression (p = 0.003) [20].

1.2.2. EGFR inhibitors

The two dominant EGFR inhibition strategies under clinical investigation are used. One group
of EGFR inhibitors are small molecules called tyrosine kinase inhibitors (TKI): gefitinib and
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erlotinib are used in treatment in patients with non-small lung cancer as a palliative treatment.
The other possibility of EGFR inhibition is adoption of monoclonal antibodies that bind to
extracellular domain of EGFR. Cetuximab and panitumumab are the most commonly used
inhibitors in metastatic colorectal cancer. Cetuximab is a chimeric mouse anti-EGFR monoclo-
nal antibody that first received US Food and Drug Administration approval in 2004 for the
treatment of irinotecan-refractory colorectal cancer [21]. Panitumumab is a fully human anti-
EGFR antibody. With the development of molecular biology, it was found that an important
predictive factor for anti-EGFR monoclonal antibodies is the status of K-RAS gene [22]. K-RAS
belongs to the RAS genes family. The other members of RAS genes family are N-RAS and H-
RAS genes. The products of RAS genes are regulatory proteins that regulate pathways after
EGFR activation. Mutation of K-RAS gene is observed in 30–50% cases of colorectal cancer.
Cetuximab and panitumumab were evaluated in treating patients with metastatic colorectal
cancer with FOLFOX and FOLFIRI regimen. The best results were observed in the group of
patients with wild type of RAS genes.

1.2.3. The combination of neoadjuvant chemoradiotherapy and anti-EGFR treatment

Monoclonal anti-EGFR antibodies have shown efficiency in the treatment of metastatic colo-
rectal cancer. Neoadjuvant treatment of rectal cancer has been the topic of several clinical
studies of I/II phases evaluating the benefits of monoclonal antibodies against EGFR combined
with chemotherapy. The chemotherapy regimens include 5-FU, capecitabine, oxaliplatine, or
irinotecan. The doses of radiation were in the range of 45–50.4 Gy. The primary point was to
use the number of pathologically completed responses as the predictor of longer disease-free
survival (DFS) and overall survival (OS) [23–26]. More DFS and OS dates are observed in
treatment of cetuximab than panitumumab. Eleven clinical studies showed average number
of pCR in only 10.7% (range 0–25%) of cases [27–37]. On the other hand, the percentage of pCR
in separate chemoradiotherapy was 13.5% in 3157 patients in meta-analysis of clinical studies
II/III phase [38]. The occurrence of toxicity grade III/IV was described in 30% in combination of
neoadjuvant chemotherapy and cetuximab. The most common side effect was diarrhea, while
leucopenia, anemia, and elevation of liver transaminases were infrequently observed. The
acneiformic rash was observed in 87% of cases but predominantly in grade I/II. Hypersensi-
tization reactions after infusional application of cetuximab were observed in 5–10% of cases.
Panitumumab was evaluated in neoadjuvant treatment of rectal cancer with chemotherapy
and radiotherapy in clinical study II phase. A total of 60 patients were treated. The percentage
of pCR was 21 [39]. It seems that the results of combination cetuximab and chemotherapy in
metastatic colorectal cancer or combination of cetuximab and radiotherapy in locally advanced
squamous cell carcinoma of the head and neck could not be interpolated to the neoadjuvant
treatment of locally advanced rectal cancer [21, 22, 40]. Some studies evaluated the prognostic
significant of K-RAS mutation status in neoadjuvant treatment of rectal cancer. A study men-
tioned above evaluated the influence of panitumumab in neoadjuvant treatment of rectal cancer
and failed to demonstrate the prognostic significance of K-RAS genemutation state and response
rate [39]. An EXPERT study evaluated 161 patients with locally advanced rectal cancer. The
treatment combined neoadjuvant chemoradiotherapy (potentiated by capecitabine) and CAPOX
regimen before and after chemoradiotherapy for both study arms. Cetuximab has been adopted
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in one arm in all phases of treatment. The patients with wild-type K-RAS treated with cetuximab
have shown longer OS (HR 0.27; p = 0.034) compared to patients treated without cetuximab [41].
The following study demonstrated a higher percentage of pCR (37 vs. 11%) in patients in wild-
type K-RAS compared to those with K-RAS mutations. In that study, a total of 39 patients with
locally rectal cancer were treated with neoadjuvant chemoradiotherapy and cetuximab. K-RAS
mutation status was observed in 6 patients, and the other 30 patients had wild-type K-RAS gene
[42]. On the other hand, some studies have shown that no prognostic influence of mutation
status of K-RAS gene on patients was observed [33, 43]. An interesting fact is the lower incidence
of K-RAS mutation status in rectal carcinoma (12–30%) compared to colon carcinoma [43, 44].
The results of studies evaluating the influence of anti-EGFR antibodies with the combination of
neoadjuvant chemoradiotherapy for rectal cancer are not satisfactory [27–37]. More options of
how to better individualize the treatment of patients with EGFR inhibitors are under investiga-
tion. One of them is the research about the dynamics of EGFR expression during the neoadjuvant
chemoradiotherapy, which is the focus of our study.

2. Materials and methods

A total of 50 patients with locally advanced rectal cancer were evaluated in our study. The
median age was 61.4 years (range 40–78 years). TNM stage II was described in 28 and TNM
stage III in 22 patients. The anatomical localization was as follows: 24 patients lower rectum
(<5 cm from the anal verge), 24 patients middle rectum (>5–10 cm), and 2 patients upper
rectum (above 10 cm from the anal verge). All patients had a histologically verified adenocar-
cinoma in a pretreatment biopsy: 3 patients grade I, 38 patients grade II, and 9 patients grade
III. Pretreatment concentration of CEA was evaluated in 29 patients. Median CEA level was 3.2
(0.5–377) μg/L. Eleven patients had the elevation of CEA.

2.1. Treatments

Neoadjuvant treatment consisted of external beam radiation and chemotherapy. The source of
radiation was a linear accelerator Elekta Precise or Elekta Synergy (Elekta, Sweden). The photon
energy was 15 MeV. Patients were treated in supine position with full bladder (Figure 1). The
localization was held on RTG simulator with AP projection. Then patients absolved the planning
CT with reconstruction of slices of thickness 5 mm. The contouring of targeted volumes and
organs at risk was performed by planning system PrecisPlan 2.15 (Figure 2). Patients were
irradiated by 3D conformal radiotherapy technique or IMRT using segmented fields (Figure 3).
A total dose of 44 Gy in 22 fractions (single dose 2 Gy) was administered. The target volume
consisted of rectum with tumor, mesorectum, and pelvic regional lymph nodes. All patients
were treated by using one targeted volume. The organs at risk were bladder and bowel sac. The
verification was performed once a week with the help of cone-beam CT or portal image.
Capecitabine was concomitantly administered with a dosage of 825 mg/m2 twice daily by oral
administrations for the whole duration of radiotherapy, including weekends. Surgery was
performed 4–8 weeks after the end of chemoradiotherapy.
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2.2. Immunohistochemical determination of EGFR

Routinely fixed, paraffin-embedded blocks of pretreatment biopsies and resected specimens were
cut in 3 μm sections. Slides were deparaffinized with xylene and rehydrated and subsequently
treated with proteinase K for antigen retrieval. Endogenous peroxidase activity was blocked with
peroxidase block solution with 3% hydrogen peroxide. Sections were incubated in complete
medium for 30 min at room temperature with EGFR pharmDx monoclonal mouse anti-human
IgG1 antibody (EGFR pharmDx™, DakoCytomation, Denmark). A labeled polymer-HRP was
then applied and incubated for 30 min. DAB+ substrate-chromogen solution was used for visual-
ization after 10 min incubation, after which slides were counterstained with hematoxylin. As a
control for EGFR expression, EGFR pharmDx control slides containing section of two pelleted,
formalin-fixed, paraffin-embedded human cell lines were used: one representing a moderate level

Figure 1. Supine position in irradiated patient in our department of oncology.

Figure 2. Targeted volumes in radiotherapy of rectal cancer.
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of EGFR protein expression and the other no EGFR expression. Specimens were examined under
a light microscope. All slides were assessed for EGFR expression by a trained pathologist who
was blinded for tumor response data. The evaluation was semiquantitative as the color intensity
of at least 1% of tumor cells was assessed as follows: 0 = none, 1+ =mild, 2+ =moderate, 3+ = strong
(Figure 4).

2.3. Statistical analysis methods

Disease-free survival (DFS) and overall survival (OS) were counted from the date of the start
therapy and analyzed using the Kaplan–Meier method. Relationship between the level of

Figure 3. Isodose plane of the radiotherapy of rectal cancer.

Figure 4. EGFR expression score 3+. Magnification 200x.

The Prognostic Significance of the Expression Change of EGFR during Neoadjuvant Chemoradiotherapy in Patients…
http://dx.doi.org/10.5772/intechopen.73275

89



2.2. Immunohistochemical determination of EGFR

Routinely fixed, paraffin-embedded blocks of pretreatment biopsies and resected specimens were
cut in 3 μm sections. Slides were deparaffinized with xylene and rehydrated and subsequently
treated with proteinase K for antigen retrieval. Endogenous peroxidase activity was blocked with
peroxidase block solution with 3% hydrogen peroxide. Sections were incubated in complete
medium for 30 min at room temperature with EGFR pharmDx monoclonal mouse anti-human
IgG1 antibody (EGFR pharmDx™, DakoCytomation, Denmark). A labeled polymer-HRP was
then applied and incubated for 30 min. DAB+ substrate-chromogen solution was used for visual-
ization after 10 min incubation, after which slides were counterstained with hematoxylin. As a
control for EGFR expression, EGFR pharmDx control slides containing section of two pelleted,
formalin-fixed, paraffin-embedded human cell lines were used: one representing a moderate level

Figure 1. Supine position in irradiated patient in our department of oncology.

Figure 2. Targeted volumes in radiotherapy of rectal cancer.

Colorectal Cancer - Diagnosis, Screening and Management88

of EGFR protein expression and the other no EGFR expression. Specimens were examined under
a light microscope. All slides were assessed for EGFR expression by a trained pathologist who
was blinded for tumor response data. The evaluation was semiquantitative as the color intensity
of at least 1% of tumor cells was assessed as follows: 0 = none, 1+ =mild, 2+ =moderate, 3+ = strong
(Figure 4).

2.3. Statistical analysis methods

Disease-free survival (DFS) and overall survival (OS) were counted from the date of the start
therapy and analyzed using the Kaplan–Meier method. Relationship between the level of

Figure 3. Isodose plane of the radiotherapy of rectal cancer.

Figure 4. EGFR expression score 3+. Magnification 200x.

The Prognostic Significance of the Expression Change of EGFR during Neoadjuvant Chemoradiotherapy in Patients…
http://dx.doi.org/10.5772/intechopen.73275

89



EGFR expression and clinical/histopathological characteristic were analyzed using the chi-
squared test. Fisher exact test was used on a four-field table when the number of cases was
fewer than 10. The prognostic significance of EGFR expression in biopsies and resected
specimens and prognostic significance of increased EGFR expression during neoadjuvant
chemoradiotherapy on treatment outcomes was assessed by the log-rank test. Multivariate
analysis was performed using the Cox regression. We considered p < 0.05 to be statistically
significant. All statistical analyses were performed using the NCSS 9 statistical software
program (NCSS, USA).

3. Results

All 50 patients received radiotherapy without interruption up to the total planned dose. No
patient died during the treatment. Concomitant chemotherapy was discontinued prematurely
in 4 patients because of hematologic and gastrointestinal toxicity. No patient was hospitalized
because of acute treatment toxicity. Non-hematological toxicity evaluation did not achieve
grade III or grade IV. The most common types of toxicity were gastrointestinal complaints
observed in 44 patients, of them 16 have had nausea and vomiting grade I or II. Hematological
toxicity in general was expressed in 25 patients. Anemia grade I was found in 9 patients, grade
II in 10 patients, grade III in 1 patient. Grade I leukopenia was found in 11 cases and grade II in
2 patients. One patient has had a grade II thrombocytopenia.

Surgery was conducted in all the patients following 4–8 weeks from neoadjuvant chemoradi-
otherapy completion. The median time between chemoradiotherapy completion and surgery
was 44 days (6.3 weeks). In 30 patients, sphincter-saving surgery was performed, and 20 patients
underwent amputation of the rectum. No patient was assessed by the surgeon and found
inoperable. R0 resection was performed in 47 patients, and microscopically positive margin was
described by a pathologist in 3 patients. No patient was left surgically macroscopic residue.
According to the pathological TNM classification, 14 patients were postoperatively in the first
clinical stage, 24 patients in the second clinical stage, and 8 patients in the third clinical stage. In
four patients, pCR was achieved. Downstaging was described in 30 patients. Progression was
reported in four patients. At the date of analysis, median follow-up was 51.3 months.

3.1. Overall survival

To the date of analysis, 21 patients died, and 29 were alive. The median of OS was 76.4 months
(95% CI: 57.3–76.9). The 3-year OS evaluated in all patients was 92% (Figure 5).

3.2. Disease-free survival

At the time of assessment, recurrence occurred in 25 patients, while the other 25 patients had no
signs of recurrence. A local recurrence was found in 8 patients, and generalization of disease was
reported in 17 patients. The most common sites of metastases were the liver (8 patients) and
lungs (7 patients). One patient suffered from brain metastases, and metastatic involvement of
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retroperitoneal lymph nodes was found in another patient. The median of DFS was 64.9 months
(95% CI 26.4–67.8). The 3-year DFS evaluated in all patients was 56% (Figure 6).

3.3. EGFR expression

EGFR expression was examined by both endobiopsy and surgical resection after neoadjuvant
chemoradiotherapy. Endobiopsy EGFR was examined in all 50 patients. EGFR 1+ was
observed in 18 patients, EGFR 2+ in 5 patients, and EGFR 3+ in 5 patients. Overall, EGFR
expression was detected in 28 patients, while 22 patients were not detected with EGFR expres-
sion in endobiopsy. EGFR expression was examined and evaluated in 46 patients in the resection.
In four patients, EGFR expression was not examined in resection because pCR after neoadjuvant
chemoradiotherapy had been achieved. EGFR 1+ was found in 8 patients, EGFR 2+ in 11
patients, and EGFR 3+ in 4 patients. Overall, EGFR expression was detected in 23 patients. In 23
patients, no expression of EGFR was detected in the resection samples. Forty-six patients were
enrolled into the evaluation of EGFR expression changes. In four patients, no change expression
of EGFR was detected because it had achieved pCR after neoadjuvant chemoradiotherapy.
Increased EGFR expression was found in 12 patients. In 34 patients, no increased expression of
EGFR was observed (23 patients without any change of EGFR expression, 11 patients with a
decrease of EGFR expression).

Figure 5. Overall survival (in months) in patients treated by chemoradiotherapy for rectal cancer.
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retroperitoneal lymph nodes was found in another patient. The median of DFS was 64.9 months
(95% CI 26.4–67.8). The 3-year DFS evaluated in all patients was 56% (Figure 6).

3.3. EGFR expression

EGFR expression was examined by both endobiopsy and surgical resection after neoadjuvant
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decrease of EGFR expression).

Figure 5. Overall survival (in months) in patients treated by chemoradiotherapy for rectal cancer.
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Figure 7. Overall survival (in months) in patients with increased EGFR expression (blue line) and patients without
increased EGFR expression (red line) after chemoradiotherapy.
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The increase of EGFR expression during neoadjuvant treatment had significant impact on OS
and DFS. The median of OS in patients with increase of EGFR expression was 41.1 months
(95% CI 39.1–47.0). Median of OS in patients without increase of EGFR expression was
76.9 months (95% CI 76.4–76.9). Log-rank: p < 0.001 (Figure 7). The median of DFS in patients
with increase of EGFR expression was 13.7 months (95% CI 3.8–15.8). Median of DFS in
patients without increase of EGFR expression was 67.2 months (95% CI 55.7–67.8). Log-rank:
p < 0.001 (Figure 8).

4. Discussion

The results of the present study demonstrated significantly inferior DFS and OS in patients
with tumors that had increased EGFR expression after neoadjuvant chemoradiotherapy. The
increased EGFR expression after radiotherapy is related to accelerated repopulation of can-
cer cells [13]. Increased tumor repopulation during radiotherapy leads to recovery of
clonogenic tumor cells, thereby causing counterproductivity to radiation therapy alone [14].
The repopulation of clonogenic tumor cells is therefore undesirable phenomenon in treat-
ment using the radiation. We demonstrated increased expression of EGFR in 12 patients, that
is, 26.1% of all evaluated patients. In 2012, a retrospective study was conducted in 53 patients
with locally advanced rectal cancer treated by neoadjuvant chemoradiotherapy. The aim of
the study was similar to our study. During chemoradiotherapy, 14 patients (26%) had an
increase in EGFR expression. Patients with increased EGFR expression during treatment had

Figure 8. Disease-free survival (in months) in patients with increased EGFR expression (blue line) and patients without
increased EGFR expression (red line) after chemoradiotherapy.
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significantly shorter DFS (HR 3.02, 95% CI 1.15–7.98, p = 0.003) and OS (HR 2.86, 95% CI
1.10–7.40, p = 0.005) than patients with either no change or decreased EGFR expression. In
this study, patients were treated with radiotherapy (total dose 50.4 Gy) and chemotherapy
(continual administration of 5-FU) [45]. Both studies demonstrated the prognostic influence
of change of EGFR expression on DFS and OS in two different groups of patients treated in
two different cancer centers. EGFR was evaluated in different pathology laboratories. In the
group of 53 patients, radiotherapy was potentiated by continuous 5-FU and in our group by
capecitabine. In both studies, the prognostic significance of EGFR dynamics was confirmed.
Therefore, they cannot be considered to be simple coincidence but a proven link. In 2014, we
published the comparison of both studies with actual follow-up. A total of 103 patients were
evaluated. In patients without increasing EGFR expression, there was significantly longer
DFS (HR 3.51, 95% CI 1.62–7.61, p < 0.0001) and OS (HR 3.40, 95% CI 1.64–7.04, p < 0.0001,
OBR) compared with patients with increase of EGFR. The patients with increase of expres-
sion of EGFR had significantly shorter 5-year DFS (20.9 vs. 63.3%, p < 0.0001) and OS (23.3
vs. 68.8%, p < 0.0001) compared with patients with either no change or decreased EGFR
expression (Figures 9 and 10) [46].

The overexpression of EGFR is observed in 50–60% of rectal carcinoma and is associated with
worse prognosis [15–17]. Some studies demonstrated the prognostic influence of EGFR expres-
sion on outcomes [18–20]. The most frequent approach of EGFR determination is immunohis-
tochemical (IHC) reaction. This approach was used in most studies. The advantages of IHC
determination are simplicity, rapidity of execution, and conservation of tissues morphology.

Figure 9. Overall survival (in months) in patients with increased EGFR expression (dotted line) and patients without
increased EGFR expression (full line) after chemoradiotherapy.
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The disadvantages are subjective interpretation by pathologist and existence of more scoring
systems for determining EGFR expression. The evaluation of EGFR expression is based on
percent range, color intensity, or its combination [21]. Neoadjuvant treatment of rectal cancer
has been the topic of several clinical studies I/II phases evaluating the benefits of monoclonal
antibodies against EGFR combined with chemotherapy. Eleven clinical studies showed average
number of pCR only 10.7% (range 0–25%) of cases [27–37]. The explanation of this will need
further understanding of the interaction between radiotherapy, EGFR inhibitors, and cytostatics.
Initial studies of this topic showed that prolonged exposure of head and neck cancer cells to EGF
could increase the effects of radiation [47, 48]. The reason of radiosensitivity was probably
through EGF-induced EGFR degradation. Another early study demonstrated that anti-EGFR
antibodies increased radiation-induced apoptosis [49]. Other studies showed the inverse correla-
tion between EGFR expression and response to radiotherapy [50–52]. This relationship between
EGFR expression and lower response to radiotherapy was confirmed in human head and neck
cancer [53]. EGF is known to induce cyclin D1 expression, a protein that is required for progres-
sion from the G1 to S phase. Studies of EGFR signaling inhibition have demonstrated prolifera-
tion inhibition of cells in G1 phase [12]. EGFR inhibitors commonly produce cytostatic effects
rather than cytotoxicity [54, 55]. The interest of new approach combining the EGFR inhibitors
and radiation was generated by the experimental studies that demonstrated of radiation-induced
EGFR activity in vitro. Confluent cells in culture treated with ionizing radiation rapidly show
increased levels of phosphorylated EGFR [56–59]. The result is cellular proliferation and DNA-
damage repair capability. The phenomenon is known as accelerated repopulation. Cetuximab

Figure 10. Disease-free survival (in months) in patients with increased EGFR expression (dotted line) and patients
without increased EGFR expression (full line) after chemoradiotherapy.
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inhibits this radiation-activated of DNAPK, as well as EGFR nuclear import, DNA repair, and
radiation survival [60]. Various preclinical studies demonstrated that EGFR inhibitors increased
radiosensitivity in both in vitro and in vivo [10–12, 61, 62]. The most important role is the
interaction between chemotherapy and EGFR inhibitors. Nyati discussed in his review whether
the results of the combination of neoadjuvant chemoradiotherapy with EGFR inhibitors could be
seen in the suboptimal sequence of administered treatment that might lead to an antagonistic
rather than a potentiating effect [63]. Administration of EGFR inhibitors before the cytostatic
scan arrested the cell cycle in the G1 phase, which can affect the attenuation of the effects of
subsequently administered cytostatics, with an impact on other phases of the cell cycle. It is
cytostatics used for the treatment of colorectal cancer (5-FU, capecitabine) that have the most
highlighted effect on the cell cycle in the S/G2/M phases of the cell cycle [29]. This would lead to
the hypothesis that giving chemotherapy before an EGFR inhibitor would be more effective than
reverse schedule. A study has evaluated the optimum sequencing for the combination of
gemcitabine and gefitinib. It demonstrated that gemcitabine followed by gefitinib was superior
to the opposite drug order [64]. Other studies showed similar results with better effect of
sequention cytostatics–EGFR inhibitors than vice versa [65, 66]. It is not clear why the sequence
of cytostatics before EGFR inhibitor is crucial in the case of cytotoxic agents that are not neces-
sarily S-phase specific. Another mechanism of interaction between cytostatics and EGFR inhibi-
tors is modulation of the EGFR-induced pathway. EGFR phosphorylation occurs in response to
various cytotoxic drugs, including oxaliplatine, 5-FU, and irinotecan [67]. The phosphorylation
of EGFR by oxaliplatine or 5-FU treatment alone correlates with the inhibition of cell viability
and cell growth by gefitinib [67]. EGFR phosphorylation can lead to the EGFR degradation and
dead cells, under condition of prolonged cellular stress. The reason is the persistent deoxyribo-
nucleotide pool depletion. The EGFR degradation is dependent on the activation of the
proteosome [68]. The other mechanism of synergy between chemotherapy and EGFR inhibitors
is through the inhibition of DNA repair. Cytostatics induce various types of DNA damage
(strand breaks, DNA adducts, inter- and intra-strand crosslink). The repair of cisplatine induces
DNA inter-strand crosslink inhibited by gefitinib [69, 70].

The results of the combination of neoadjuvant treatment and EGFR inhibitors were not
successful [27–37]. Similarly, EGFR inhibitors did not demonstrate better outcomes in adju-
vant treatment of colorectal cancer. The phase III clinical study evaluated a total of 2686
patients with colorectal cancer treated with the combination of FOLFOX and cetuximab or
FOLFOX alone. The primary aim was to evaluate the overall survival. The addition of
cetuximab did not demonstrate longer survival compare to chemotherapy alone in median
follow-up of 28 months [71]. The other studies evaluating the importance of neoadjuvant or
adjuvant treatment with EGFR inhibitors in rectal adenocarcinoma should be performed in
future. The study of change of EGFR expression during neoadjuvant chemoradiotherapy is
to better individualize the treatment. Our study would be to define the population of
patients with increases of EGFR expression after neoadjuvant chemoradiotherapy. In this
group of patients (a total about 25% of studied patients), we assumed that phenomenon
acceleration repopulation is applied. This phenomenon is observed in a smaller number of
cases than in patients with squamous cell head and neck cancer. The patients with the
increased EGFR expression would benefit from additional anti-EGFR therapy after surgery.
Future prospective study could adopt not only immunohistochemistry ex vivo as in our
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study but also whole body immunochemistry in vivo by using PET/EGFR. PET detection of
EGFR would facilitate the evaluation of EGFR expression not only after but also during the
course of neoadjuvant chemoradiotherapy [72].

In our study, we described local relapse in eight patients who represented 16% of all the patients.
The CAO/ARO/AIO-94 study comparing neoadjuvant to adjuvant chemoradiotherapy present-
ed local relapse in 7.1% of patients. The reason is that total mesorectal excision was not used in
some of the patients. The significance of TME was conclusively demonstrated in clinical studies
[73, 74]. The TME surgical standard treatment of rectal carcinoma was defined. We further
observed distant metastases in 17 patients who represented 34% of the patients. The cause is a
fact of the early subclinical systemic dissemination in the time of diagnosis [75]. This hypothesis
confirmed the results of clinical studies with approximately 30% incidence of distance metastases
[76–78].

In our study, the patients relatively tolerated the treatment well. We did not demonstrate the
death during the neoadjuvant chemoradiotherapy. In four patients, we stopped capecitabine
administration due to the hematological toxicity. The most common type of toxicity was a
gastrointestinal toxicity. This fact is caused by radiation to the pelvic area and adverse events
of capecitabine. In addition, the symptoms could be caused by the presence of tumor. The
rectal carcinoma presents along with hemorrhage, tenesmus, pelvic pain, and diarrhea. These
symptoms dominated in patients treated with chemoradiotherapy.
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Abstract

The aim of this chapter is to present information and data from our studies on the anal-
ysis and assessment of the necessity of self-management support and promoting the 
awareness of Bulgarian patients with colorectal cancer. This survey covered a total of 315 
patients with stoma, making use from consultations at specialized offices in 8 Bulgarian 
towns. An anonymous questionnaire was conducted, covering a total of 31 questions. The 
chapter presents results from nonparametric analysis for the more important questions 
searching for statistically significant relationship with other comparable questions listed 
in the questionnaire. The necessity of self-management support is assessed on the basis 
of the received answers. The activity of the established consultation room’s network is 
described, and information is provided concerning the realized self-management support 
through enhancing the patients’ and health-care specialists’ awareness on recent scien-
tific achievements referring to dietary preventive and risk factors. Additional studies are 
needed in order to involve effectively each patient’s potential in the struggle for successful 
disease outcome and to select the best and most effective approaches for self-management 
support in compliance with the individual demands of patients with colorectal cancer.
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emphasis reflecting already some reduction of the prevalence characteristic only for some 
well-developed countries [2, 3]. In this aspect the evidence revealing synchronous growth of 
age and concomitant chronic disease provokes great interest. For them the predictions of the 
Institute for the Future, Health and Health Care are that the population aged 65+ will increase 
from 35 million in 2000 to 53 million in 2020 [4]. The outlined data substantiate the necessity 
to enhance the variety of approaches to both the prevention and treatment of colorectal cancer 
and particularly on the involvement of self-management. The complexity of care, intrinsic 
for colorectal cancer, with its personal, clinical, and social aspects outlines the necessity of 
self-management support. To respond to this necessity, we focused on involvement of self-
management in the struggle against colorectal cancer and provision of the necessary support 
to achieve an effective disease outcome.

The aim of this paper was to provide information and data from our surveys on the analysis 
and assessment of the necessity of self-management support and improving the awareness of 
Bulgarian patients with colorectal cancer.

The survey covered a total of 350 patients with stoma consulted at specialized offices in eight 
Bulgarian towns: Sofia, Plovdiv, Varna, Burgas, Ruse, Pleven, Haskovo, and Stara Zagora. An 
anonymous questionnaire study was conducted with a total of 315 respondents delivering cor-
rectly completed questionnaire, and 35 questionnaires were discarded because of incorrectly 
supplied information. Questionnaire studies are among the most informative approaches 
particularly to problems depending on numerous factors such as colorectal cancer.

The questionnaire contained 31 questions, some of them with sub-questions. The questions 
were distributed in three main directions: sociodemographic characteristics, treatment qual-
ity and patients’ satisfaction, and institutions’ arrangements, public attitudes, patient’s own 
activity, and supporting environment. The results were processed with descriptive statisti-
cal approach presented in one of our previous studies [5]. In this paper we present results 
from nonparametric analysis of some of the more important questions, searching for statisti-
cally significant relationship with other compatible questionnaire questions. Those achieved 
results were listed in relevant tables.

2. Analysis and assessment of the necessity of self-management 
support

The role and importance of self-management among the current diversity of measures and 
approaches for effective CRC treatment is more and more often emphasized. Many studies 
have shown that patients with colorectal cancer have to be educated to self-manage their 
condition and improve the quality of their physical, mental, and social life after cancer [5–7].

Self-management is identified as an approach with many benefits in the aspect of patient 
and economic outcomes and is set as a key element in the current health-care reforms. This 
approach is often defined as activities performed by the individuals and care providers 
for themselves, their children, their families, and other individuals in order to be in good 
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shape and maintain good physical and mental health, to respond to social and psychologi-
cal demands, to prevent disease or accidents, to take care of minor health issues and chronic 
health states and to maintain health and well-being. In view of patients with colorectal cancer, 
self-management is an important problem because of the introduction of complex therapeutic 
regimes often including numerous combinations of chemotherapeutic drugs, and our previ-
ous evidence has shown poor patients’ awareness concerning the role and effect of adminis-
tered therapeutic and preventive approaches [5, 8].

Having in mind that during the last years there is greater interest to the use of chemothera-
peutics administered orally and the patients’ potential to implement chemotherapy at home, 
there will be a necessity to further activating of self-management. Those perspectives have 
certain claims to self-management as they require greater responsibility of the patients and 
their families in the administration of chemotherapy and associated risks. The complexity 
of the regimes also supposes that the patients will experience potentially toxic side effects 
requiring quick and effective self-control in order to prevent the unfavorable effects on the 
treatment and life quality.

Some of our previous studies have shown the necessity to trigger the activities associated with 
self-management of Bulgarian patients with colorectal cancer, because inadequate awareness 
about the disease, the risk, and preventive factors as well as the results revealed low level of 
trust in the administered therapeutic and health care [5, 8]. The realization of those activities 
requires numerous additional studies.

Patients’ mental state, their living environment, and their activity in the treatment process are 
the most important conditions for successful course and maximal increase of the postopera-
tive period and for good life quality. In this respect we selected three of the questions that 
to the greatest extent could provide an adequate response concerning the need of patient’s 
active involvement in the processes of treatment and prevention of the concomitant aggrava-
tions: “Are you concerned about functions and abilities?” “Is the word ‘cancer’ a taboo for 
you and your family?” “Do the people with whom you have shared your diagnosis sup-
port you?” The replies to those questions were first assessed by descriptive statistics in per-
cent, showing the trends, without statistical significance [5], providing an assessment of the 
momentary opinion of the respondents. This assessment, of course, is very important, but it 
is equally important to reveal what has affected those opinions, in order to undertake respec-
tive corrective activities.

The tools of the nonparametric statistical analysis (Fisher’s exact test) were used to investigate 
the effect of most questions, compatible with each of the above-listed questions. The results 
obtained for each of the three questions are presented in tables covering only the questions 
with statistically significant effect on the formation of the responses to those three questions.

Table 1 presents the relationships with the question “Are you concerned about your functions 
and abilities?”

Analyzing the data in the table, the effect of patient‘s satisfaction with medical care as a 
significant factor is clearly highlighted (p<0.005). The assessment of the professionalism of 
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the medical doctors engaged in the treatment process is also a factor for overcoming the 
patients’ concern (p < 0.02) as their trust in the positive health outcome is to a great extent 
based on the doctor’s knowledge and skills. The good attitude together with understanding 
of the patient’s state contributes to overcome the concern (p < 0.05) and increases the extent 
of trust in the treatment process and associated health care. Observing confidentiality and 
discreetness and keeping the disease secrets by the medical specialists are also important 
factors (p < 0.003) to cope with patients’ concern. In fact this result could be regarded as 
patient’s confidence in the positive outcome of the disease in the future when the present 
disease will possibly not be commented. A very important requirement for self-manage-
ment is the patients’ awareness of the disease course and treatment results (p < 0.003). The 
clarification of the disease course and the role of implemented treatment approaches causes 
marked decrease of patients’ concern. The poorly informed patients will have, respectively, 
the greatest extent of concern. The difficulties in finding the necessary medical specialist 
affect significantly (p < 0.0001) the patients’ concern about their functions and abilities. In 
this aspect it is necessary to clarify the possible ways to realize specific medical consultations 
complying with the cultural competence of the individual patient that is an accent on self-
management support.

The closer and better psychological consultations are an important factor for overcoming 
the patients’ anxiety and raising their trust in the further disease development and outcome 
(p < 0.001). The knowledge on the effect of the administered treatment and the expected 
results helps significantly (p < 0,001) to relieve patients’ anxiety.

Independent variable p <

How would you evaluate as a whole your satisfaction with the medical services you experienced by 
now?

0.005

Doctors’ professionalism/competence in diagnostics and treatment 0.02

Doctors’ attitude to the patients 0.05

Observing the confidentiality, discreetness, and keeping the disease secret 0.003

Information about the disease course and treatment results 0.003

Provision of psychological consultations 0.02

What do you think about the current scheme of prescribing the necessary drugs? 0.0001

Do you meet difficulties in finding the necessary medical specialist? 0.0001

To what extent are you informed about the character of your disease, and do you think you have 
chances to overcome the disease?

0.001

Do you know the effect of the prescribed treatment and what could be expected from it? 0.0001

Do you think that the state policy is sufficiently beneficial for cancer patients? 0.0001

Do you think that cancer patients should work in alleviated working conditions? 0.02

How do you envisage the future? 0.001

Table 1. Are you concerned about your functions and abilities? (Dependent variable).
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One of the main components of the psychological status of the colon cancer victim is confiden-
tiality, focusing on one side on the consciousness about the vicious character of the disease 
and, on the other side, giving hope, though small, for a positive outcome.

Table 2 presents the relationships between patients’ answers referring to their requirement 
for confidentiality (“Is the word ‘cancer’ taboo for you and your family?”). This table also 
clearly outlines the significant relationships between the answer to the question and the 
patients’ assessment of doctor’s competence and professionalism (p < 0.02), substantiating 
their trust and possibility to overcome the “disease taboo.” From emotional point of view, the 
personal attitude of the doctor to the patient as to an ill person but also as to a personality is of 
particular importance (p < 0.05). The patient’s demand to accomplish the doctors’ profession-
alism with sympathy and personal approach to the victim is clearly manifested. This table, 
like the previous one, shows the necessity of psychological consultations which is a focus for 
self-management support for the studied patients.

In many cases of grave diseases, the patients do not want the people around them to be 
informed about their status, a standpoint particularly characteristic for cancer patients. This 
discreetness means that they do not want to be considered doomed, as their hope for getting 
well is stronger than the feeling of hopelessness.

The defeatist thinking is characteristic for most ill people, but it is most clearly expressed 
in cancer patients. The causes are as follows: the disease is incurable in an advanced 
stage, and even in an initial stage, there is no guarantee that the remission will not be fol-
lowed by disease recurrence. That is why the doomed thinking and the constant stay at 
hospitals, resection of some parts of the body, lead to disturbed normal life rhythm and 
make patients dependent on drugs and time without a clear view whether they could 
plan—even for a short period of time—their life activities. All that leads to a second-rate 
life when the patients look mainly for information that makes things more optimistic 
for them. That is why, besides their own awareness, they need the information and dis-
cussion with the monitoring physician that should be provided by the self-management 
support.

Independent variable p <

How did you choose the respective hospital establishment? 0.001

How would you evaluate as a whole your satisfaction with the medical services you experienced by 
now?

0.005

Provision of psychological consultations 0.02

What do you think about the current scheme of prescribing the necessary drugs? 0.0001

To what extent are you informed about the character of your disease and do you think you have chances 
to overcome the disease?

0.001

What do you think about your obligation to visit the hospital once per month for treatment? 0.002

Table 2. Is the word “cancer” a taboo for you and your family? (Dependent variable).
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The data from the analysis of the answers to the question whether patients get support are 
presented in Table 3.

Social support is very important in the case of chronic diseases—it is a tool to collect informa-
tion associated with the disease and sufferings, to reduce uncertainty—with chronic diseases 
there is always uncertainty about who will administer the treatment and how and what the 
patient’s future will be, to establish a sense of certainty. Social support is effective when the 
chronically ill individual assesses it as adequate and is satisfied with it.

The psychological ban to use the word “cancer” is usually imposed by the victim or the peo-
ple he/she lives with. The most frequent case is that his close relatives do not want to suggest 
him/her that he/she is ill and that the probability for a lethal exit is quite high. At the same 
time, the patient himself does not want to feel inferior, and in this aspect, he/she rejects talking 
about his disease, accepting his/her state as natural.

The patient prefers to talk about this topic only with people with the same diagnosis. They 
want to hear how other people who have been in the same situation have overcome the situ-
ation successfully. Only a person who has had cancer can understand the experience carried 
by the diagnosis, illness, and treatment. The strongest support is usually provided by their 
closest relatives, but in this case, there are many embarrassing facts depending on the victim’s 
state that could impede his sincerity to his relatives.

3. Self-management support through establishing consultation 
rooms

Considering the difficulties experienced by each patient with colorectal cancer, we primarily 
started organizing consultations on the use of anus praeter pouches after surgical interven-
tion. During those consultations it was established that the patients needed not only practi-
cal training but also support in various aspects: information about the disease itself, about 
the treatment course and disease development, the effect of administered drugs and thera-
peutic approaches, the importance of self-management, and role of psychological control. 

Independent variable p <

Doctors’ professionalism/competence in diagnostics and treatment 0.02

How would you evaluate as a whole your satisfaction with the medical services you experienced by 
now?

0.005

If you do not succeed to visit the doctor for treatment every month, what are the reasons for that? 0.02

Please, share with us whether you have problems during the visit to the outpatients’ and what they are 0.0001

Provision of psychological consultations 0.02

Doctors’ attitude to the patients 0.05

Table 3. Are you supported by the people with whom you have shared about your diagnosis? (dependent variable).
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Our consultation activities started with the first office in Sofia, followed in the subsequent 
years by similar consultation rooms in the towns: Plovdiv, Varna, Burgas, Pleven, Ruse, Stara 
Zagora, and Haskovo. The consultations are held by a doctor, a pharmacist, or a nurse—spe-
cially trained to work with patients with stoma. The Sofia office has employed the largest 
staff of consulting specialists followed by Varna and Plovdiv offices employing two differ-
ent specialists. The offices at the other towns have only one consultant. The total number of 
patients who have visited the consultation rooms exceeds 5000, unevenly distributed in the 
years with a marked trend to increase during the recent years. Thus, at this stage the number 
of patients who have visited the consultation offices exceeds 1500 per year. The expectations 
envisage significant increase in compliance with the current data from epidemiological stud-
ies on colorectal cancer incidence rate. The preoperative consultations cover informing the 
patient about the necessity of specific tests aiming at precise diagnosis, eventually surgical 
intervention, revealing the particular options to delay the disease development process or the 
disease outcome. The patient is introduced to the possibilities of the postoperative therapeutic 
approaches focusing on handling the stoma bag. The matter is visualized by specially pre-
pared brochures, photos, films, stoma model, and products for servicing the stoma, though 
without detailed training. The postoperative consultations mainly refer to handling the stoma 
through the use of various products, cosmetics, and accessories facilitating the patient’s work. 
The patients participate in training courses, and in the majority of cases, their relatives are 
also trained because after the surgery, most of the patients cannot perceive correctly the rec-
ommendations due to the stress they are experiencing. This state is about new products and 
accessories. The patients are also advised about the procedures to reimburse the products. 
The role of the consultant who must help the patient in the postoperative recovery period is 
particularly important. That type of patients, especially the younger ones, is to be resocialized 
as quickly as possible, to go back to work, to have the same engagements as before the inter-
vention. They must be sure that there is no difference between them and the other people and 
to have normal lifestyle. This is particularly valid for their sexual life due to the embarrassing 
presence of the stoma. The so-called “emotional self-care” incorporates approaches associ-
ated with clarification and enrichment of the information about the therapeutic interventions 
in order to comprehend their effect on the patient’s physical and mental well-being and to 
help him to rationalize the effect of the comprehensive treatment process. The consultations 
affected the normalization of the patients’ lifestyle and strengthened their sense of identity. 
In all above aspects, the patients get the necessary advice and current scientific information. 
Thus their awareness, respectively, the effectiveness of the self-management, is enhanced, 
achieving successful risk management. In addition to the basic consultation activity of the 
offices established in the towns, medical nurses were employed by contracts for home visits. 
Those visits are postoperative, and each patient is entitled to two free visits, paid by us. The 
office staff also organizes lectures engaging leading specialists in nutrition because of the par-
ticular patients’ interest associated with possibilities and changes in their dietary regime, sug-
gested by the disease. The series of activities provided by the specialists at the consultation 
offices substantiates the effectiveness of risk management at colorectal carcinoma. Although 
the importance of self-management is widely acknowledged and the patients are actively 
encouraged to take greater responsibility for their self-care, the scientific publications show 
that there is little empirical evidence and self-care is not in the patients’ center of attention [9]. 
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We would like to underline, listing the results of this survey, that the understanding of the 
meaning, content, and importance of self-management and self-management support, con-
cerning particularly Bulgarian patients treated for colorectal cancer, is still insufficient. We 
would accentuate on the recommendations for broader scope of self-management upgrading 
it with the psychological and emotional aspects of health care and health management, facili-
tating it with appropriate effective self-management support.

4. Self-management support through promoting the awareness of 
colorectal cancer patients

The quick development of science provides many interesting data and facts that have to be 
clear not only to the therapist, manager, and health-care specialists but also to the patients 
and individuals at risk. In this aspect we attempted to introduce to our patients certain topics 
that we shall present briefly in this paper. The topics that were discussed with the patients 
and health-care specialists were intake of vitamins, antioxidants, and fibers as they are imple-
mented broadly even without being prescribed by a doctor in the diet of cancer patients. 
The most frequent questions during the consultations were focused on those topics. Patients’ 
awareness in this respect is recommendable not only for the self-management of the indi-
vidual patient but also for the effective health management and health care.

4.1. Thiamine (vitamin B1): colorectal cancer

The reason to focus on this problem is the patients’ question “Why must we not intake vita-
mins of the group B?” as well as the growing amount of data showing a relationship between 
thiamine deficiency and the low extent of cancer incidence. Very often the recent recommen-
dations for the nutrition of cancer patients include the recommendation to avoid the intake of 
vitamins of the group B and particularly vitamin B1 [10–12]. It is necessary to make it clear to 
patients that one and the same compound could be essential for the normal functioning of the 
organism and a risk factor at the same time. Are those facts due to the chemical nature of the 
vitamin itself or to the processes it is involved in? In this aspect many researchers are striving 
to find the exact answer, but there are still disputable items.

Thiamine is an essential, water-soluble vitamin, necessary for supporting the carbohydrate 
metabolism. It is essential for the activity of four key enzymes: pyruvate dehydrogenase, 
alpha-ketoglutarate dehydrogenase in the pathway of the tricarbonic acids, transketolase in 
the pentose-phosphate pathway, and branched chain alpha-keto acids—dehydrogenase com-
plex, engaged in the amino acid catabolism.

The importance of thiamine for cancer cell proliferation has been proven with the use of the 
thiaminase enzyme. It has been confirmed that adding thiamine to a cell culture contain-
ing thiamine has a significant suppressing effect on the growth of cancer cells. Thiaminase 
causes reduction of ATP in the cancer cells underlining the key role of thiamine in main-
taining the bioenergetic status of cancer cells. The role of thiamine was most clearly studied 
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through using its analogue—oxythiamine. It can suppress tumor growth both in vivo and 
in vitro. Transketolase inhibition by oxythiamine causes reduction of DNA and RNA synthe-
sis through reduction of riboso-5-phosphate. This pentose is involved in the synthesis of all 
nucleotides. It has also been proven that oxythiamine is involved in apoptosis initiation in an 
experimental study on rats [13–15].

Together with those announcements come very interesting data from epidemiological studies 
showing a mono-directional relationship between low thiamine intake and very low level of 
cancer disease incidence rate [3, 12, 16]. It is accepted that the low dietary intake of vitamin 
B1 can be due both to its low content in the dietary foods and the high content of the thiami-
nase enzyme, decomposing thiamine. In the Asian and African countries, many food prod-
ucts characteristic for the local population diet contain thiaminase in higher amounts (fish, 
vegetables, nuts, seeds, and insects) that is the reason for the low dietary import of the vita-
min. In this respect the clearest data are obtained by epidemiological studies, conducted in 
Gambia and Nigeria where the seasonal thiamine deficiency is a well-known health problem 
[10]. According to the reports of the National Cancer Register in America, providing data at 
global level as well, the lowest extent of prevalence of colorectal cancer, prostate cancer, and 
breast cancer is just in those countries (Gambia and Nigeria). Compared to them the preva-
lence of those cancer diseases in the Western countries is 50–100 times greater [3, 14, 15]. The 
exact mechanism of thiamine involvement in carcinogenesis processes is still disputable, but 
the epidemiological data are sufficient to make us cautious when administering vitamins of 
group B to population groups at risk for colorectal cancer.

It should be outlined that the scientific publications have reported data that did not reveal 
such relationship between thiamine deficiency and carcinogenesis [17, 18]. The relationship 
between changes in the thiamine status and the enhanced proliferation of the cancer tissue 
directs the scientific research efforts to a more detailed investigation of the role of thiamine 
and its involvement in the biochemical mechanisms of carcinogenesis [14, 16, 19]. The anal-
ysis of recent scientific publications proves that, in spite of the relatively small number of 
studies on the dependence between thiamine diet supplementation and the occurrence of 
cancer diseases, the majority of them confirm that thiamine deficiency in the organism could 
be accepted as a preventive factor against the development of various cancer diseases. The 
metabolic investigations reveal the dependence of cancer cells on the availability of thiamine-
dependent enzymes for the processes of anabolism and proliferation and for their existence 
as a whole.

4.2. Antioxidants: colorectal cancer

The second aspect of the application of scientific achievements refers to the role of antioxi-
dants. Antioxidants are a subject of comprehensive research of cancer diseases as the oxidative 
stress is the first step involved in the mutagenesis and carcinogenesis processes, confirmed by 
numerous studies [20–22]. A detailed analysis and evaluation of the recent scientific evidence 
concerning antioxidant effect in the case of colorectal cancer are presented in our previous 
works [23].
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According to the “antioxidant hypothesis,” the reduction agents protect the organism against 
oxidative damage, and their higher level is a warranty to reduce the risk for development of 
many diseases. Oxidative stress plays an important role in the pathogenesis of cancer diseases 
as it is a disbalance between the effect of active oxygen radicals and that of the antioxidant’s 
defense system. Because of the substantial increase of colorectal cancer incidence rate and the 
associated elevated mortality rate in the last decades, a number of studies have been dedi-
cated to the role of antioxidants in the diet of patients with colorectal cancer [20, 24, 25]. The 
spectrum of those compounds contains a broad variety of vitamins, amino acids, minerals, 
and bioactive compounds—flavonoids, carotenoids, glucosinolates, etc.

The general antitumor therapies such as surgical intervention and chemo- and radia-
tion therapy have been and still are subjected to improvements, but it is still necessary 
to develop innovative approaches for the effective cancer therapy as well as for provision 
of healthy life style. One of the promising more recent approaches is associated with the 
administration of antioxidants; thus, during the last years, their chemopreventive potential 
was analyzed in-depth and implemented successfully in a number of cases [26, 27]. New, 
particular information is needed, characterizing the rich variety of antioxidant-active com-
pounds as well as information about the approaches and specificity of their administration. 
It is a mass practice nowadays that patients, upon their desire, without doctor’s advice or 
prescription use various antioxidants that challenges the medical science to clarify those 
issues. Because of the existing numerous, different standpoints concerning antioxidant 
implementation in primary and secondary prevention of cancer diseases, it is necessary 
that the patients receive particular information from their doctor and dietician complying 
with their health status.

Numerous research studies have confirmed that the high consumption of fruits and vegetable 
has a certain preventive role against the development of cancer diseases that is associated with 
their rich content of various antioxidants [28, 29]. Having in mind that the main route of intake 
of exogenous antioxidants is with food which undergoes different metabolic processes in the 
digestive system, it is logical to assume their direct effect on the particular organs building that 
system. The diet for cancer diseases depends to a large extent on the involved organ determin-
ing its specificity. The most frequently applied diets are those rich in vitamins and minerals, 
and recently, their spectrum was enhanced with some bioactive compounds contained in the 
foods and food supplements [2, 25].

After the culmination of data and information about the positive effect of antioxidant imple-
mentation against the development of various cancer diseases, other evidence, not confirming 
similar effects, were communicated [24, 26]. Differences were outlined in the positive results 
from experimental studies and those from and clinical studies revealing negative effects.

Antioxidant intake is not recommended during chemo- and radiation therapy courses in 
order to prevent reduction of their power. In the case of diagnosed colorectal cancer after 
surgery and chemo- and radiation therapy, very high doses of individual antioxidants or 
combinations of synergically acting bioactive compounds with antioxidant activity must be 
administered depending on the patient’s status. In risk groups, with family history it is rec-
ommendable to include high antioxidant doses in the primary prevention programs. The 
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successful health management requires the administration of high doses of antioxidants also 
in the secondary prevention of colorectal cancer in the form of a cocktail of several antioxi-
dants with upgrading activity.

4.3. Fibers: colorectal cancer

The third aspect of scientific evidence covers the clarification of the role of dietary fibers as the 
knowledge in this respect undergoes serious changes proven by scientific research [30, 31].

The necessity to know the evolution of knowledge on risk factors on one side and their contra-
distinction with relevant preventive factors on the other are important elements of health man-
agement in the case of colorectal cancer. Logically, serious attention is given to food which, 
following its metabolic pathways, has direct effect on the gastrointestinal system as well as 
systemic effect through the nutrients and bioactive compounds contained in it. Many scien-
tific investigations associated with the analysis and assessment of risk and preventive factors 
are focused on fibers. In one of our publications, we have presented very detailed information 
and analysis of existing scientific views on the “fibers and colorectal cancer” issue [32]. We 
have presented the assessment of the scientific information in two major aspects: mechanisms 
of fibers activity and studies on patients with colorectal cancer.

The general classic explanations of the biological activity of fibers are establishment of a larger 
area for development of intestinal microflora, activation of the peristaltic, and creation of 
a sensation of satiety. In relation to oncogenesis and colorectal cancer in particular, those 
explanations have their specificity determined by the anatomy and physiology of the colon. 
Of particular importance are the fibers’ composition, their solubility, and ability to ferment, 
to modify the acid-alkaline balance, and to participate indirectly in the transformation of bile 
acids. An important factor is also the direct physical effect on the inner lining of the colon, a 
fact that must not be neglected especially after surgical intervention.

Almost all studies reveal the lack of consensus on the issue and need of further studies in 
order to provide a particular explanation of the mechanisms involved by fibers to realize their 
preventive effect against colorectal cancer. The recommendations for consumption of dietary 
fibers after surgery should be particularly careful because of their direct effect on the colon. 
The lack of unified test models, the significant methodological errors in the assessment of the 
diet of the investigated patients, as well as the differences between the experimental and clini-
cal trials seriously challenge the science to plan further comprehensive studies covering all 
dimensions of the problem dietary fibers—carcinogenesis.

5. Conclusion

This survey on the necessity of activating the self-management of patients with colorectal 
cancer shows a definite need to promote patients’ awareness on the etiopathogenesis of the 
disease, individual disease course, the role and importance of the administered drug treat-
ment, and implementation of various therapeutic approaches and health care.
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tific investigations associated with the analysis and assessment of risk and preventive factors 
are focused on fibers. In one of our publications, we have presented very detailed information 
and analysis of existing scientific views on the “fibers and colorectal cancer” issue [32]. We 
have presented the assessment of the scientific information in two major aspects: mechanisms 
of fibers activity and studies on patients with colorectal cancer.

The general classic explanations of the biological activity of fibers are establishment of a larger 
area for development of intestinal microflora, activation of the peristaltic, and creation of 
a sensation of satiety. In relation to oncogenesis and colorectal cancer in particular, those 
explanations have their specificity determined by the anatomy and physiology of the colon. 
Of particular importance are the fibers’ composition, their solubility, and ability to ferment, 
to modify the acid-alkaline balance, and to participate indirectly in the transformation of bile 
acids. An important factor is also the direct physical effect on the inner lining of the colon, a 
fact that must not be neglected especially after surgical intervention.

Almost all studies reveal the lack of consensus on the issue and need of further studies in 
order to provide a particular explanation of the mechanisms involved by fibers to realize their 
preventive effect against colorectal cancer. The recommendations for consumption of dietary 
fibers after surgery should be particularly careful because of their direct effect on the colon. 
The lack of unified test models, the significant methodological errors in the assessment of the 
diet of the investigated patients, as well as the differences between the experimental and clini-
cal trials seriously challenge the science to plan further comprehensive studies covering all 
dimensions of the problem dietary fibers—carcinogenesis.

5. Conclusion

This survey on the necessity of activating the self-management of patients with colorectal 
cancer shows a definite need to promote patients’ awareness on the etiopathogenesis of the 
disease, individual disease course, the role and importance of the administered drug treat-
ment, and implementation of various therapeutic approaches and health care.

Our Experience in Self-Management Support following Colorectal Cancer Treatment
http://dx.doi.org/10.5772/intechopen.72194

115



The repeating of the relationships between the discussed questions is identified as a primary 
task in the orientation of the patients to doctors and health-care specialists with proven pro-
fessionalism with cultural competence allowing particular personal attitude to each patient.

The presented data reveal the need to conduct studies at individual level as each patient is 
characterized by the specificity of the disease course, awareness, psychological status, and 
cultural competence. Those diverse characteristics require also different self-management 
support in order to encourage the patients with colorectal cancer to improve and maintain a 
healthy lifestyle.

Author details

Racho Ribarov

Address all correspondence to: r.ribarov@rsr-bg.com

Faculty of Public Health, Medical University – Sofia, Sofia, Bulgaria

References

[1] Grazin N. Long-term conditions: Help patients to help themselves. The Health Service 
Journal. 2007;117:28-29

[2] Tarraga P, Solera J, Rodriguez-Montes J. Primary and secondary prevention of colorectal 
cancer. Clinical Medicine Insights: Gastroenterology. 2014;7:33-46

[3] Ribarov R. Interesting facts related to colorectal cancer epidemiology. Archives of the 
Balkan Medical Union. 2015;50(1):45-49

[4] Bodenheimer T, Loring K, Holman H. Patient self-management of chronic disease in pri-
mary care. Journal of the American Medical Association. 2002;288(19):2469-2475. DOI: 
10.1001/jama.288.19.2469

[5] Ribarov R, Tz V, Ivanov A, Ivanova N. Necessity of self-management support following 
colorectal cancer treatment. Archives of the Balkan Medical Union. 2017;52(3):285-291

[6] Foster C, Fenlon D. Recovery and self-management support following primary cancer 
treatment. British Journal of Cancer. 2011;105:S21-S28

[7] Kidd LA. Consequences, control and appraisal: Cues and barriers to engaging in self-
management among people affected by colorectal cancer-A secondary analysis of quali-
tative data. Health Expectations. 2014;17(4):565-578

[8] Ribarov R. Study on the awareness of patients with colorectal cancer. The 33 Balkan 
medical week, 8-11 October, 2014, Bucharest, Romania. Archives of the Balkan Medical 
Union. 2014;49(1):A119-A120

Colorectal Cancer - Diagnosis, Screening and Management116

[9] Kidd L, Kearney N, O’Carroll R, Hubbard G. Experiences of self-care in patients with 
colorectal cancer: A longitudinal study. Journal of Advanced Nursing. 2008;64(5): 
469-477

[10] Boros L. Population thiamine status and varying cancer rates between Western, Asian 
and African counters. Anticancer Research. 2000;20:2248

[11] Cascante M, Centelles J, Velch R. Role of thiamin (vitamin B1) and trans ketolase in 
tumor cell proliferation. Nutrition and Cancer. 2000;36(2):150-154

[12] Lee B, Yanamandra K, Bocchini J. Thiamin deficiency: A possible major cause of some 
tumors? Oncology Reports. 2005;14:1589-1592

[13] DeBorardinis R, Lum J, Hatzivassillon G, Thompson C. The biology of cancer & meta-
bolic reprogramming fuels cell growth and proliferation. Cell Metabolism. 2008;7:11-20

[14] Yang CM, Liu YZ, Liao JW, ML H. The in vitro and in vivo anti-metastatic efficacy of 
oxythiamine and the possible mechanisms of action. Clinical & Experimental Metastasis. 
2010;27:341-349

[15] Daily A, Liu S, Bhatnagar S, Karabakhtsian RG, Moscow JA. Low-thiamine diet increases 
mammary tumor latency in FVB/N-Tg(MMTVneu) mice. International Journal for 
Vitamin and Nutrition Research. 2012;82:298-302

[16] Zastre J, Sweet L, Hanberry B, Ye S. Linking vitamin B1 with cancer cell metabolism. 
Cancer Metabolism. 2013;1:1-16

[17] Kabat G, Miller A, Rohan T. Dietary intake of selected B vitamins in relation to risk of 
major cancers in women. British Journal of Cancer. 2008;99:816-821

[18] Liu S, Monks NR, Hanes JW, Begley TP, Yu H, Moscow JA. Sensitivity of breast can-
cer cell lines to recombinant thiaminase I. Cancer Chemotherapy and Pharmacology. 
2010;66:171-179

[19] Willett WC. Diet and cancer: An evolving picture. Journal of the American Medical 
Association. 2005;293:233-237

[20] Papaioannou D, Cooper K, Carroll C. Antioxidants in the chemoprevention of colorec-
tal cancer and colorectal adenomas in the general population: A systematic review and 
meta-analysis. Colorectal Disease. 2011;13(10):1085-1099

[21] WCRF: World Cancer Research Fund and American Institute for Cancer Research. 
Colorectal Cancer Report. Food, Nutrition, Physical Activity, and the Prevention of 
Colorectal Cancer. 2010. http://www.wcrf.org

[22] Zhang R, Kang K, Kim K. Oxidative stress causes epigenetic alteration of CDX1 expres-
sion in colorectal cancer cells. Gene. 2013;524(2):214-219

[23] Ribarov R. Antioxidants and colorectal cancer. Journal of Contemporary Medical Prob-
lems. 2015;3:5-11

Our Experience in Self-Management Support following Colorectal Cancer Treatment
http://dx.doi.org/10.5772/intechopen.72194

117



The repeating of the relationships between the discussed questions is identified as a primary 
task in the orientation of the patients to doctors and health-care specialists with proven pro-
fessionalism with cultural competence allowing particular personal attitude to each patient.

The presented data reveal the need to conduct studies at individual level as each patient is 
characterized by the specificity of the disease course, awareness, psychological status, and 
cultural competence. Those diverse characteristics require also different self-management 
support in order to encourage the patients with colorectal cancer to improve and maintain a 
healthy lifestyle.

Author details

Racho Ribarov

Address all correspondence to: r.ribarov@rsr-bg.com

Faculty of Public Health, Medical University – Sofia, Sofia, Bulgaria

References

[1] Grazin N. Long-term conditions: Help patients to help themselves. The Health Service 
Journal. 2007;117:28-29

[2] Tarraga P, Solera J, Rodriguez-Montes J. Primary and secondary prevention of colorectal 
cancer. Clinical Medicine Insights: Gastroenterology. 2014;7:33-46

[3] Ribarov R. Interesting facts related to colorectal cancer epidemiology. Archives of the 
Balkan Medical Union. 2015;50(1):45-49

[4] Bodenheimer T, Loring K, Holman H. Patient self-management of chronic disease in pri-
mary care. Journal of the American Medical Association. 2002;288(19):2469-2475. DOI: 
10.1001/jama.288.19.2469

[5] Ribarov R, Tz V, Ivanov A, Ivanova N. Necessity of self-management support following 
colorectal cancer treatment. Archives of the Balkan Medical Union. 2017;52(3):285-291

[6] Foster C, Fenlon D. Recovery and self-management support following primary cancer 
treatment. British Journal of Cancer. 2011;105:S21-S28

[7] Kidd LA. Consequences, control and appraisal: Cues and barriers to engaging in self-
management among people affected by colorectal cancer-A secondary analysis of quali-
tative data. Health Expectations. 2014;17(4):565-578

[8] Ribarov R. Study on the awareness of patients with colorectal cancer. The 33 Balkan 
medical week, 8-11 October, 2014, Bucharest, Romania. Archives of the Balkan Medical 
Union. 2014;49(1):A119-A120

Colorectal Cancer - Diagnosis, Screening and Management116

[9] Kidd L, Kearney N, O’Carroll R, Hubbard G. Experiences of self-care in patients with 
colorectal cancer: A longitudinal study. Journal of Advanced Nursing. 2008;64(5): 
469-477

[10] Boros L. Population thiamine status and varying cancer rates between Western, Asian 
and African counters. Anticancer Research. 2000;20:2248

[11] Cascante M, Centelles J, Velch R. Role of thiamin (vitamin B1) and trans ketolase in 
tumor cell proliferation. Nutrition and Cancer. 2000;36(2):150-154

[12] Lee B, Yanamandra K, Bocchini J. Thiamin deficiency: A possible major cause of some 
tumors? Oncology Reports. 2005;14:1589-1592

[13] DeBorardinis R, Lum J, Hatzivassillon G, Thompson C. The biology of cancer & meta-
bolic reprogramming fuels cell growth and proliferation. Cell Metabolism. 2008;7:11-20

[14] Yang CM, Liu YZ, Liao JW, ML H. The in vitro and in vivo anti-metastatic efficacy of 
oxythiamine and the possible mechanisms of action. Clinical & Experimental Metastasis. 
2010;27:341-349

[15] Daily A, Liu S, Bhatnagar S, Karabakhtsian RG, Moscow JA. Low-thiamine diet increases 
mammary tumor latency in FVB/N-Tg(MMTVneu) mice. International Journal for 
Vitamin and Nutrition Research. 2012;82:298-302

[16] Zastre J, Sweet L, Hanberry B, Ye S. Linking vitamin B1 with cancer cell metabolism. 
Cancer Metabolism. 2013;1:1-16

[17] Kabat G, Miller A, Rohan T. Dietary intake of selected B vitamins in relation to risk of 
major cancers in women. British Journal of Cancer. 2008;99:816-821

[18] Liu S, Monks NR, Hanes JW, Begley TP, Yu H, Moscow JA. Sensitivity of breast can-
cer cell lines to recombinant thiaminase I. Cancer Chemotherapy and Pharmacology. 
2010;66:171-179

[19] Willett WC. Diet and cancer: An evolving picture. Journal of the American Medical 
Association. 2005;293:233-237

[20] Papaioannou D, Cooper K, Carroll C. Antioxidants in the chemoprevention of colorec-
tal cancer and colorectal adenomas in the general population: A systematic review and 
meta-analysis. Colorectal Disease. 2011;13(10):1085-1099

[21] WCRF: World Cancer Research Fund and American Institute for Cancer Research. 
Colorectal Cancer Report. Food, Nutrition, Physical Activity, and the Prevention of 
Colorectal Cancer. 2010. http://www.wcrf.org

[22] Zhang R, Kang K, Kim K. Oxidative stress causes epigenetic alteration of CDX1 expres-
sion in colorectal cancer cells. Gene. 2013;524(2):214-219

[23] Ribarov R. Antioxidants and colorectal cancer. Journal of Contemporary Medical Prob-
lems. 2015;3:5-11

Our Experience in Self-Management Support following Colorectal Cancer Treatment
http://dx.doi.org/10.5772/intechopen.72194

117



[24] Pais R, Dumitrascu D. Do antioxidants prevent colorectal cancer ? A meta-analysis. 
Romanian Journal of Internal Medicine. 2013;51(3-4):152-163

[25] Saud S, Young M, Jones-Hall Y. Chemopreventive activity of plant flavonoid isorhamne-
tin in colorectal cancer is mediated by oncogenic Src and beta-catenin. Cancer Research. 
2013;73(17):5473-5484

[26] Bjelakovic G, Nagorny A, Nikolowa D. Meta-analysis: Antioxidant supplements for pri-
mary and secondary prevention of colorectal adenoma. Alimentary Pharmacology & 
Therapeutics. 2006;15(24):281-291

[27] Wang Z, Ohnaka K, Morita M. Dietary polyphenols and colorectal cancer risk: the Fukuoka 
colorectal cancer study. World Journal of Gastroenterology. 2013;19(17):2683-2690

[28] Hou N, Huo D, Dignam J. Prevention of colorectal cancer and dietary management. 
Chinese Clinical Oncology. 2013;2:13-26

[29] Royston K, Tollefsbol T. The epigenetic impact of cruciferous vegetables on cancer pre-
vention. Current Pharmacology Reports. 2015;1(1):46-51

[30] Peters U, Sinha R, Chatterjee N. Dietary fibre and colorectal adenoma in a colorectal 
cancer early detection programme. Lancet. 2003;361:1491-1495

[31] Schatzkin A, Mouw T, Park Y. Dietary fiber and whole–grain consumption in relation to 
colorectal cancer in NIH-AARP diet and health study. The American Journal of Clinical 
Nutrition. 2007;85:1353-1360

[32] Ribarov R, Tz V, Ivanov A. Dietary fibers and colorectal cancer. Archives of the Balkan 
Medical Union. 2015;50(3):410-413

Colorectal Cancer - Diagnosis, Screening and Management118



[24] Pais R, Dumitrascu D. Do antioxidants prevent colorectal cancer ? A meta-analysis. 
Romanian Journal of Internal Medicine. 2013;51(3-4):152-163

[25] Saud S, Young M, Jones-Hall Y. Chemopreventive activity of plant flavonoid isorhamne-
tin in colorectal cancer is mediated by oncogenic Src and beta-catenin. Cancer Research. 
2013;73(17):5473-5484

[26] Bjelakovic G, Nagorny A, Nikolowa D. Meta-analysis: Antioxidant supplements for pri-
mary and secondary prevention of colorectal adenoma. Alimentary Pharmacology & 
Therapeutics. 2006;15(24):281-291

[27] Wang Z, Ohnaka K, Morita M. Dietary polyphenols and colorectal cancer risk: the Fukuoka 
colorectal cancer study. World Journal of Gastroenterology. 2013;19(17):2683-2690

[28] Hou N, Huo D, Dignam J. Prevention of colorectal cancer and dietary management. 
Chinese Clinical Oncology. 2013;2:13-26

[29] Royston K, Tollefsbol T. The epigenetic impact of cruciferous vegetables on cancer pre-
vention. Current Pharmacology Reports. 2015;1(1):46-51

[30] Peters U, Sinha R, Chatterjee N. Dietary fibre and colorectal adenoma in a colorectal 
cancer early detection programme. Lancet. 2003;361:1491-1495

[31] Schatzkin A, Mouw T, Park Y. Dietary fiber and whole–grain consumption in relation to 
colorectal cancer in NIH-AARP diet and health study. The American Journal of Clinical 
Nutrition. 2007;85:1353-1360

[32] Ribarov R, Tz V, Ivanov A. Dietary fibers and colorectal cancer. Archives of the Balkan 
Medical Union. 2015;50(3):410-413

Colorectal Cancer - Diagnosis, Screening and Management118



Colorectal Cancer 
Diagnosis, Screening and Management

Edited by Jindong Chen

Edited by Jindong Chen

With international experts sharing their experience and knowledge on these different 
aspects in the management of colorectal cancer, this book has this opportunity to offer 

all physicians treating colorectal cancer, as well as researchers, updated information 
concerning the biology, diagnosis, screening, and treatment of colorectal carcinoma. 
This book provides a detailed evaluation of diagnostic modalities, in-depth analysis 
of screening for colorectal cancer, recent advances in treatment, and principles and 

trends in the management of colorectal cancer. This updated knowledge will be 
an interesting and informative read for any clinician involved in the management 
of patients with colorectal cancer. In addition, readers such as related physicians, 

researchers, and colorectal cancer patients are potential beneficiaries of this book.

Published in London, UK 

©  2018 IntechOpen 
©  tussik13 / iStock

ISBN 978-1-78923-100-7

C
olorectal C

ancer - D
iagnosis, Screening and M

anagem
ent

ISBN 978-1-83881-320-8

DBF_eBook (PDF) ISBN

	Colorectal Cancer - Diagnosis, Screening and Management
	Contents
	Preface
	Chapter 1
Diagnostics in Colorectal Surgery
	Chapter 2
Liquid Biopsy for Colorectal Cancer Screening, A Modern Approach for Patients Stratification and Monitoring
	Chapter 3
Treatment Strategies in Colorectal Cancer
	Chapter 4
Acquired and Intrinsic Resistance to Colorectal Cancer Treatment
	Chapter 5
The Prognostic Significance of the Expression Change of EGFR during Neoadjuvant Chemoradiotherapy in Patients with Rectal Carcinoma
	Chapter 6
Our Experience in Self-Management Support following Colorectal Cancer Treatment

