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PREFACE

    The rapid growth in the number of options available for the management of colorectal
cancer presents the clinician with new opportunities and new complexities. An explosion of
understanding in the basic science that underlies both the disease and its potential therapies
has translated into remarkable technological advances that can now be applied. So many
specialties and subspecialties have now been brought to bear that it is appropriate to attempt
to bring the expertise from these areas together in one volume, so that practitioners in one
aspect of colorectal cancer management can maintain knowledge and expertise regarding the
capabilities of other colleagues working in this disease.
     Colorectal Cancer: Multimodality Management provides a concise, focused, and current
review of the methodological and technological advances that have recently occurred in the
management of colorectal cancer. The book has been divided into six basic parts. The first
part, dealing with epidemiology and prevention, focuses on the molecular genetic events that
occur in the development of colorectal cancer, as well as on our understanding of dietary and
environmental factors, and possible strategies for prevention. Part II focuses on both diagnos-
tic and therapeutic radiology in the management of colorectal cancer, dealing with innumer-
able advances in imaging, and with the progress in the science and art of radiation therapy. The
third section deals with the surgical aspects of management of colorectal cancer, starting with
surgical pathology. Specifics of surgery for the colon and rectum, the role of minimal access
surgery, management of early stage disease, and issues of resection of metastatic disease
are discussed. Also, ablative techniques such as cryosurgery and radiofrequency ablation
are reviewed. The fourth main area is medical oncology. This part starts with a review of
fluorouracil and biomodulation, and moves forward into a thorough discussion of the cur-
rently available drugs for first and second line management of metastatic colorectal cancer.
Issues of chemotherapy for adjuvant management are discussed, and local regional therapies,
such as intrahepatic and intraperitoneal chemotherapy, are reviewed. Part V, entitled Support-
ive Management, deals with aspects of pain syndromes and pain control, issues of sexuality and
fertility, and complementary and alternative medicine approaches. Finally in a forward-looking
conclusion, Part VI discusses some of the new agents in development in colorectal cancer,
including targeted therapies, vaccine strategies, and gene therapy.
    The aim of Colorectal Cancer: Multimodality Management is to provide a well-balanced,
authoritative, evidence-based review of the current approaches to the prevention, diagnosis,
and treatment of colorectal cancer. We have seen decreases in both incidence and mortality
from this disease over the past several decades. It is hoped that this book will further facilitate
the dissemination of information to practitioners, and will thereby help contribute to further
progress in the prevention and treatment of colorectal cancer.

  Leonard B. Saltz, MD
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1 Biology and Molecular Genetics
of Colorectal Cancer

Scott K. Kuwada, Deborah W. Neklason,
and Randall W. Burt
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From: Colorectal Cancer: Multimodality Management
Edited by: L. Saltz © Humana Press Inc., Totowa, NJ

1. INTRODUCTION

A little over a decade ago, a molecular genetic model of colonic tumorigenesis was 
proposed by Vogelstein et al. (1). This paradigm ushered in an explosion of investigations 
into the molecular genetics and biology of colon cancer. We now understand much of the 
pathogenesis of colon cancer* at the cellular level, and this has led to and will continue to 
result in improved rationales for diagnosis, treatment, and even prevention.

Colon cancer involves three broad classes of genes (tumor suppressor genes, oncogenes, 
and DNA mismatch repair genes), the function of which is perturbed primarily through 
genetic mutations. Epigenetic mechanisms capable of altering the expression of certain 
genes in the absence of mutations are operative in some colon cancers as well and will 
be discussed.

Cyclooxygenase (COX)-2 is a protein that is frequently overexpressed in colorectal 
cancers and plays an important role in their genesis. Because COX-2 overexpression is not 
a consequence of COX-2 gene mutations, it is discussed separately from the other classes 
of colon cancer genes.

*The term “colon cancer” is loosely defi ned in this chapter and several of the references cited. There are 
actually several types of colon cancers that are defi ned by the tissues (e.g., muscle, epithelium, neural) from 
which they originated. In this chapter, the term “colon cancer” refers specifi cally to colorectal “adenocarcinoma,” 
which originates from colon epithelial cells and comprises the vast majority of all colon cancers.
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2. BIOLOGY

An understanding of the molecular genetics and biology of colon cancer must begin with 
an introduction to the normal biology of the colonic epithelial cells, because they are the 
cells that give rise to colon adenocarcinomas.

2.1. Colonic Crypts
2.1.1. NORMAL BIOLOGY

The colon is lined by a single layer of columnar epithelial cells that are organized into 
invaginations called crypts (Fig. 1). Each crypt can be broadly subdivided into two functional 
zones: a proliferative compartment that is comprised of cells in the bottom portion of the 
crypts and a differentiated compartment comprising cells in the upper portion of the crypts. 
There are several stem cells in the bottom of the colonic crypts that are capable of dividing 

Fig. 1. Normal colonic mucosa oriented with the intestinal lumen at the top of the fi gure. Note the crypt 
structures lined by columnar colonic epithelial cells and opening into the intestinal lumen.
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and giving rise to the four different cell types comprising the crypts: absorptive, Paneth cells, 
goblet cells, and enteroendocrine cells (2). Stem cells, residing near the bottom of the crypts, 
divide and give rise to undifferentiated cells that undergo several rounds of division and then 
migrate up the crypts, with the exception of Paneth cells, which migrate to the bottom of the 
crypts. As newly divided cells migrate up the crypt, they cease to divide and differentiate 
into mature enterocytes (absorptive cells), enteroendocrine cells, and goblet cells. Unlike 
the small intestine, there are no villi in the colon. Instead, cells form a hexagonal “cuff” at 
the opening at the top of colonic crypts. Intestinal crypts are clonal in adults, meaning that 
all cells within a particular crypt arise from the same progenitor stem cell. After the cells 
differentiate, they undergo senescence and, fi nally, programmed cell death or apoptosis near 
and at the top of the crypts (3,4). There is limited evidence as to whether the cells at the 
mouth of the crypts are “pushed” off or simply slough off into the lumen. There is some 
evidence that senescent cells can be engulfed at the mouth of crypts as well (5). The entire 
life-span of colonic epithelial cells is approx 4–5 d, except for Paneth cells, which live 
for about 4 wk. This rapid turnover of intestinal epithelial cells is believed to be, in part, 
a protective mechanism against the mutagenic effects of intestinal carcinogens. The end 
result of the regulation of these dynamic cellular events is that the total number of colonic 
epithelial cells at any given point in time is fairly constant.

2.2. Polyps
A polyp is defi ned as any growth arising from the intestine and protruding into the 

lumen. Polyps have classically been defi ned as lesions visible to the naked eye. Polyps can 
arise from subepithelial tissues, but in this section, the focus is on polyps arising from the 
intestinal epithelium, because they can be the precursors to colorectal adenocarcinomas and 
account for the vast majority of all colorectal polyps.

Polyps can be either benign or malignant and are classifi ed according to their histology. 
Epithelial polyps can arise from any of the various types of cell comprising the colonic 
epithelium. Although most epithelial polyps do not transform into malignant neoplasms, a 
few can and are the subject of the following discussion.

2.2.1. NON-NEOPLASTIC

The non-neoplastic epithelial polyps that are most commonly encountered in the colon 
are hyperplastic polyps. Although these polyps do not carry a high risk for malignant 
transformation, patients with hyperplastic polyposis do have an increased risk of forming 
colorectal cancers (6). In addition, hyperplastic polyps containing adenomatous changes and 
even colorectal cancers have been reported rarely.

2.2.2. NEOPLASTIC

Adenomatous polyps are neoplastic by defi nition and are known precursors to colon 
cancers. These polyps are subclassifi ed as low-, medium-, and high-grade dysplasia depend-
ing on several architectural features, the most important being pseudostratifi cation of nuclei, 
which are basal in location in normal colonic epithelial cells. High-grade dysplasia and 
adenocarcinoma are found more frequently in polyps larger than 1 cm in diameter and that 
have a villous histology (7). Multiple colonic adenomas increase the risk for colon cancer 
as well (8). In the era preceding endoscopy, barium enemas performed on patients who had 
polyps or cancers removed by rigid sigmoidoscopy were used to follow synchronous polyps 
in the more proximal colon (9). Studies such as this showed that it took approx 11 yr for 
some small polyps to develop into a cancer.
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Adenomatous polyps may start as microscopic lesions known as aberrant crypt foci. 
A recent study demonstrated a strong correlation between the presence of dysplastic 
aberrant crypt foci (ACF) in the colorectum and increasing age, as well as the risk for 
synchronous macroadenomas and colorectal adenocarcinomas (10). In addition, these 
dysplastic ACF regressed in patients treated orally with sulindac, which is well known for 
its chemopreventive qualities in the colon (11).

At the molecular level, the issue of whether adenomas are monoclonal or polyclonal 
is at the heart of how normal colonic epithelial cells transform into neoplasms. Studies 
using restriction fragment-length polymorphisms (RFLPs) on colorectal adenomas and 
adenocarcinomas demonstrated monoclonality (12). This suggested that adenomas and 
adenocarcinomas arose from a single progenitor stem cell. However, polyclonal adenomatous 
colon polyps have been demonstrated in a man with familial adenomatous polyposis (FAP) 
and who was also an XY/XO mosaic (13). Although the intestinal crypts were monoclonal, 
the majority of adenomas in this man’s colon were polyclonal; that is, individual adenomas 
contained cells that had XY or XO genotypes. Although the adenomas may have had 
the appearance of being polyclonal due to the loss of Y chromosomes from certain cells 
comprising the polyps, another potential explanation is a cooperativity between crypts in 
the formation of adenomatous polyps. This debate over whether adenomas are polyclonal 
or monoclonal will continue to be waged and keeps us wondering about the molecular 
genesis of adenomas.

2.3. Adenoma–Carcinoma Sequence
The majority of colorectal adenocarcinomas arise from adenomatous polyps. The evidence 

for this comes from epidemiological and histological data, which are presented in this 
subsection.

2.3.1. EVIDENCE

2.3.1.1. Epidemiological. Several studies demonstrated a strong correlation between the 
incidence and location of colon polyps and cancers (14–18). In developed nations, where 
colon polyps and cancers are much more common, both occur mostly in the left side of 
the colon. A recent study showed that close relatives of index cases with adenomatous 
polyps are at increased risk for colon cancers compared with close relatives of index cases 
without colonic adenomas (19). Finally, a prospective study demonstrated that the removal 
of adenomatous colon polyps could prevent the vast majority of colon cancers in those 
individuals as compared with historical controls (20).

2.3.1.2. Histological. Colon cancers with adjacent adenomatous polyp tissue have been 
commonly found (21). Furthermore, patients with familial polyposis develop hundreds to 
thousands of adenomatous colon polyps and almost all develop colorectal adenocarcinomas if 
the colon is not removed (22,23). These fi ndings suggest that adenomas are the predecessors 
to colon adenocarcinomas.

3. GENETICS OF COLORECTAL CANCER

Colon cancers arise from mutations in multiple cancer-causing genes in colonic epithelial 
cells. The actual molecular steps involved in the adenoma–carcinoma sequence are described 
in Section 3.3.

Certain mutations in cancer-causing genes can be inherited, which is best exemplifi ed 
by the rare familial colorectal cancer syndromes. The identifi cation of the mutated genes 



Chapter 1 / Biology and Molecular Genetics 7

inherited in these rare syndromes provided the foundation needed to achieve our current 
understanding of the molecular mechanisms underlying colorectal tumorigenesis. However, 
heredity plays a role in colorectal cancers not belonging to the rare familial syndromes.

3.1. Heredity
It is well established that heredity plays a strong role in colon cancer. The rare colon 

cancer syndromes, familial polyposis and hereditary nonpolyposis colorectal cancer, are 
excellent examples of the role of heredity in this disease and are fully discussed in other 
chapters in this book.

Several studies have demonstrated the role of heredity in sporadic colorectal cancers 
(24–29). One such study utilized 34 kindreds (670 persons) to demonstrate that colorectal 
adenoma and cancer occurrence best fi t a dominant inheritance pattern with a gene frequency 
of 19% (29). A recent large study comparing over 44,000 pairs of fraternal and identical 
twins showed that approximately 35% of colorectal cancers can be attributed to underlying 
hereditary factors (30). The risk for colorectal cancer is even increased in close relatives 
of individuals with adenomatous polyps (19). Thus, it is very clear that heredity plays a 
large role in colorectal cancer risk.

3.1.1. GERMLINE VS SOMATIC MUTATIONS

Mutations in the colon cancer-causing genes can be broadly categorized into two groups. 
Germline mutations are present within germ cells, which are then passed on to offspring. Germline 
mutations are present in every cell of the individual inheriting a particular germline mutation.

Somatic mutations are acquired in individual cells. Once a somatic mutation is acquired in 
a particular cell, it is then passed on through cell divisions to its progeny.

As previously mentioned, the molecular genesis of colorectal cancers is the result of 
mutations in multiple colon cancer-causing genes. Thus, individuals with a germline mutation 
in one of these genes are already one step farther along the multistep genetic pathway to 
colorectal cancer than individuals who must acquire all the necessary mutations. Such germline 
mutations are responsible for the rare but dramatic familial colorectal cancer syndromes that 
are discussed later in this chapter and in more detail elsewhere in this book.

Based on hereditary features, colon cancers can be subdivided into a number of categories. 
Figure 2 is a graphic representation of colorectal cancers divided into separate categories 
according to hereditary presentations. We have arguably learned the most about colon 
cancer, one of the most common cancers in humans, from studies of rare familial colon 
cancer syndromes. The involvement of large numbers of family members facilitated the 
identifi cation of the genes involved in these rare syndromes. As will be shown, these genes 
are also central to the much more common sporadic colorectal tumors as well.

3.1.2. FAMILIAL COLORECTAL CANCER SYNDROMES

The best known hereditary colon cancer syndromes are FAP and hereditary nonpolyposis 
colorectal cancer (HNPCC). Both conditions are inherited in an autosomal dominant fashion 
and begin with germline mutations. FAP accounts for less than 1% of all colorectal cancer 
cases and HNPCC for slightly more (22). Thus, they are both rare syndromes, but the 
penetrance for colorectal cancers in mutation carriers is nearly 100% for FAP (22) and 
between 70% and 80% for HNPCC (31,32).

3.1.2.1. Familial Polyposis. Familial adenomatous polyposis results from germline 
mutations in the adenomatous polyposis coli (APC) gene (33,34). Affected individuals 
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develop hundreds to thousands of colonic adenomatous polyps beginning in their early 
teens. The average age of colon cancer is 39 yr, with some occurring much earlier (22).
There is also a 10% lifetime risk of developing duodenal cancers. Other extraintestinal 
manifestations of this syndrome are epidermoid cysts, sebaceous cysts, osteomas, CHRPE 
(congenital hypertrophy of the retinal pigmented epithelium) lesions, supernumerary teeth, 
thyroid cancer, hepatoblastoma, and desmoid tumors.

3.1.2.2. Hereditary Nonpolyposis Colorectal Cancer. Hereditary nonpolyposis colorec-
tal cancer arises from germline mutations in the DNA mismatch repair genes (35). Although 
the most common cancer in HNPCC families is colon cancer, uterine, gastric, ovarian, small 
bowel, pancreatic, renal cell, uroepithelial, and biliary tract adenocarcinomas occur at a 
much higher frequency than in the general population (36).

3.1.2.3. Turcot’s and Crail’s Syndromes. Recently, analysis of families with Turcot’s
syndrome, previously believed to be part of FAP, revealed that this syndrome (colorectal 
cancers and primary central nervous system tumors) was, in fact, the result of germline 
mutations either in the APC or DNA mismatch repair genes (discussed later) (37). The 
germline mutations found in Turcot’s syndrome families were found to segregrate the two 
most common types of brain tumors in these families. Families with germline APC gene 
mutations were primarily found to have medulloblastomas, whereas those with germline 
mutations in either the MLH1 or MSH2 DNA mismatch repair genes predominantly expressed 
glioblastomas. Thus, the family Turcot originally described actually had HNPCC. The 
families with APC germline mutations were originally described by Crail (38) and it has 
been proposed that these families be called Crail’s syndrome.

3.1.2.4. High-Risk Familial Colorectal Cancer. Heredity plays a signifi cant role in 
colorectal adenocarcinomas not arising within FAP or HNPCC families as well (24). Multiple 
studies showed that having a close relative with colon cancer signifi cantly increases one’s
risk of colon cancer. Thus, we have used the term “high-risk familial colon cancer” to 

Fig. 2. Types of colorectal cancers divided according to patterns of heredity. Previous population-based 
estimates determined a familial pattern of inheritance in approximately half of all colorectal cancers.
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describe families with at least two affected fi rst-degree relatives or early onset of colorectal 
cancer (at age 50 yr or less).

Our research, utilizing a large colon cancer database with thorough ascertainment of 
family histories, suggests that high-risk familial colorectal cancers account for approx 
23% of all colorectal cancers (Fig. 2) (39). The genes responsible for susceptibility in 
these families are unknown, but they are most likely common and less penetrant than those 
involved in FAP and HNPCC.

3.1.2.5. Sporadic Colorectal Cancer. The majority of colon cancers occur in the absence 
of a known family history of colon cancer. The sequence of genetic events leading to sporadic 
colon cancers has been well studied (1) and the mutations in key colon cancer-causing genes 
are acquired rather than inherited.

3.2. Colorectal Cancer Genes
Vogelstein and others fi rst characterized commonly occurring genetic mutations in colonic 

tumorigenesis (1). This landmark study formed the foundation for the characterization of 
the major molecular pathways most commonly operative in colon cancers. The development 
of colon cancer requires the acquisition of multiple mutations in cancer-causing genes. The 
genes most commonly mutated in colon cancers control key cellular activities and behaviors, 
such as proliferation, migration, and survival. The involvement of multiple cellular pathways 
has led to a new understanding of why cancers in general are diffi cult to treat.

The molecular genetic alterations leading from normal colorectal epithelium to colorectal 
adenocarcinoma can be broadly categorized as two major pathways: the CIN (chromosomal 
instability) and MSI (microsatellite instability) pathways (Fig. 3).

In the CIN pathway, mutations in tumor suppressor genes, such as APC, p53, and DCC,
as well as protooncogenes, such as Ras occur. The mutations in this pathway are typically 
manifested by deletions of large regions of chromosomes that contain the tumor suppressor 
genes involved. The vast majority of all colon cancers, including those in FAP, arise via 
the CIN pathway and demonstrate early mutation of APC, which has thus been coined the 
“gatekeeper” of this pathway.

Tumors arising from the MSI pathway demonstrate replication errors in DNA nucleotide 
repeats (microsatellites) that are scattered throughout the genome. MSI is the result of 
errors in DNA replication and a failure to correct such errors resulting from mutations 
in DNA mismatch (MMR) repair genes. Subsequent mutations in a different set of colon-
cancer-causing genes than the CIN pathway, such as TGFβIIr (TGF-β receptor II), IGFR2
(insulin-like growth factor receptor-2), and BAX, and even the DNA mismatch repair genes, 
hMSH3 and hMSH6, occur in the MSI pathway. The HNPCC colorectal cancers and approx 
15% of sporadic colorectal cancers arise via the MSI pathway.

Each of the major colon cancer-causing genes in these pathways will be discussed in 
the following subsections.

3.2.1. TUMOR SUPPRESSOR GENES

Knudson first hypothesized that mutational inactivation of both alleles of a tumor 
suppressor gene (“two-hit” hypothesis) was suffi cient for the genesis of familial cancers. 
We now know that in colon cancer, multiple tumor suppressor genes are mutated in this 
fashion. The most commonly mutated tumor suppressor gene in colon cancer is the APC
gene, which is mutated in 80% or more of adenomatous polyps as well as adenocarcinomas 
of the colon (40,41).
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3.2.1.1. Adenomatous Polyposis Coli Gene. Two separate groups simultaneously linked 
the germline mutation responsible for FAP to the long arm of chromosome 5 (33,34). This 
led to the identifi cation of the APC gene at this locus (42–45). APC is mutated in approx
80% of colorectal adenomas and cancers (41). Further studies of the function of the APC 
protein revealed that its major function was to cause the degradation of a cytoplasmic 
protein called β-catenin (46,47). β-catenin is an abundant protein found primarily along 
the intercellular junctions of intestinal epithelial cells. β-catenin exists in the cytoplasm 
for only short periods of time because of its rapid proteasomal degradation (see Fig. 4) 
(46,48,49).

Under normal conditions, cytoplasmic β-catenin binds to the APC protein, GSK-3β,
and axin (50). The formation of this complex leads to the phosphorylation of β-catenin by 
GSK-3β. This specifi c phosphorylation of β-catenin results in its recognition by proteins that 
conjugate it to ubiquitin. This, in turn, signals β-catenin for degradation by the proteasome.

There is an important and physiological role for β-catenin-mediated signaling in epithelial 
cells. In Drosophila and mice, Wingless and Wnt, respectively, are homologous growth 
factors that bind to and stimulate a homologous cell membrane receptor called Frizzled 

Fig. 3. Summary of the major molecular genetic pathways involved in colonic tumorigenesis. The two 
major pathways are the chromosomal instability (CIN) and microsatellite instability (MSI) pathways. Note 
that there is some overlap between these two pathways, as depicted in the fi gure, since some colorectal 
cancers possess mutations in genes involved in both pathways. Cyclooxygenase-2 (COX-2) overexpression 
occurs in a majority of colorectal cancers, but its aberrant expression is not directly due to mutations 
in the COX-2 gene. COX-2 overexpression is found commonly in CIN pathway but not MSI colorectal 
cancers. The majority of the approx 15% of sporadic colorectal cancers that display MSI arise through 
hypermethylation-induced silencing of hMLH1 rather than mutations in this gene.
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in Drosophila. Activation by Wnt or Wingless of their respective receptors causes the 
phosphorylation and inhibition of GSK-3β that prevents GSK-3β from phosphorylating 
β-catenin (51). This then inhibits the degradation of β-catenin in the cytoplasm, leading 
to its translocation into the nucleus, where it binds to a transcription factor called TCF 
(T-cell factor) or Lef (lymphoid enhancer factor) (52–54). Binding of β-catenin to the 
TCF/Lef protein activates the transcription of genes with TFC/Lef recognition sites within 
their promoter regions. Genes whose transcription is driven by the β-catenin/TCF complex 
include c-Myc, cyclin D1, PPARδ, matrilysin, Fra-1, uPAR (urokinase-type plasminogen 
activator receptor), c-jun, and gastrin (55–59), all of which have been implicated in the 
development of cancer.

The vast majority of mutations found in the APC gene in colorectal cancer result in the 
truncation of the resulting APC protein (60). This leads to a loss of function of the APC 
protein, which, in turn, results in an accumulation of cytoplasmic β-catenin and an increase in 
translocation of β-catenin into the nucleus, where it constitutively activates the transcription 
of specifi c genes in concert with the TCF4/Lef1 protein. The end result of constitutive 
β-catenin-induced gene transcription is an inhibition of apoptosis and stimulation of cell 
proliferation (61)—cellular attributes contributing to a selective growth advantage. Recent 
articles demonstrated that another role for the APC protein is the export of β-catenin from 
the nucleus (62,63).

The cellular control of β-catenin is not the only function of the APC protein. A recent 
study showed that APC interacts with Asef, a guanine nucleotide exchange factor, and that 
APC-mediated stimulation of Asef is important for cell morphology and migration (64).

Fig. 4. The normal intestinal epithelial cell on the left shows degradation of cytoplasmic β-catenin by the 
APC/Axin/GSK-3β complex. Phosphorylation of β-catenin by GSK-3β leads to its degradation by the 
proteasome (not shown). The intestinal epithelial cell on the right shows a mutated form of APC, which 
leads to a failure of the APC/Axin/ GSK-3α complex to bind to, phosphorylate, and initiate the degradation 
the β-catenin. This leads to increasing cytoplasmic concentrations of β-catenin, which translocates to the 
nucleus and activates specifi c genes in concert with the TCF4/Lef1 protein.
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The APC gene is large, containing 15 exons, and encodes a protein consisting of 2843 
amino acids. Amino acid repeat domains in the APC protein that interact with β-catenin
are found between amino acids 1020–1169 and 1324–2075. Somatic mutations in the APC
gene cluster in the region of codons 1250–1450, which overlaps with the β-catenin-binding
domains (40,65,66).

The locations of mutations in the APC gene produce strong genotype–phenotype correla-
tions. Germline mutations in exons 3 and 4 (67,68), exon 9 (69), and downstream of codon 
1595 (70) of the APC gene result in a subset of FAP families called attenuated adenomatous 
polyposis coli (AAPC) (67,68,71). Individuals from AAPC families are predisposed to fewer 
adenomatous polyps of the colon (the range is zero to hundreds), a predominance of colonic 
adenomas in the proximal colon, absence of CHRPE lesions, and a later onset of colon 
cancers than seen in classical FAP. Although patients with AAPC are also predisposed to a 
much higher than expected incidence of duodenal cancers and express fundic gland polyps, 
as do classical FAP patients (22). Germline mutations between codons 463–1444 or stop 
mutations in codons 215–217 result in the appearance of CHRPE lesions. There does not 
appear to be a strong link between the site of APC gene mutations and the presence of 
extracolonic tumors seen in FAP families.

A major question is why is there a large variation in the numbers of colonic polyps among 
FAP and AAPC patients from the same kindreds. Interestingly, in a mouse model of FAP, a 
modifying allele called MOM1, which codes for phospholipase A2, acts to inhibit the number 
of polyps when present (72). No mutations have been found in the phospholipase A2 gene in 
AAPC patients (73–75), but the search for other modifying genes is still active.

A fascinating relationship between an APC gene polymorphism found in Ashkenazi Jews 
and an increased colorectal cancer risk was recently discovered. The I1307K polymorphism, 
which is a T to A transversion at nucleotide 3920, results in an approximately twofold 
increased risk of colon cancer (76,77). Interestingly, the development of tumors in patients 
with this polymorphism arise from inactivating mutations of APC on the same allele carrying 
the polymorphism. Furthermore, these inactivating mutations occur in close proximity to 
the polypmorphism itself. Thus, this polymorphism appears to cause instability, through 
an unknown mechanism, in the adjacent DNA, which promotes the nearby inactivating 
APC mutations (76,77).

In colon cancers with normal APC alleles, about 50% have mutations in the β-catenin
gene (CTNNB1) (78). These β-catenin mutants are capable of transforming cells through 
constitutively activating genes driven by TCF promoter elements. CTNNB1 mutants are 
found in approx 4–15% of all sporadic colorectal adenomas and carcinomas (78). This 
means that the vast majority of all colon cancers possess abnormal regulation of β-catenin
through mutations in either CTNNB1 or APC. Mutations in GSK-3β or axin have not been 
found in colorectal tumors without mutations in APC or β-catenin.

3.2.1.2. p53. p53 is a protein with a molecular weight of 53 kDa that is encoded by the 
p53 gene on chromosome 17 and is the most commonly mutated tumor suppressor gene 
in all types of human cancers. p53 gene mutations found in cancers result in inactivation 
of the p53 protein. As with other tumor suppressor genes, deletions of the wild-type allele 
typically occur in colorectal tumorigenesis. However, because p53 proteins function as 
oligomers, a mutation in one p53 allele can result in p53 oligomer dysfunction through a 
so-called “dominant-negative” effect.

The main function of p53 is to recognize DNA damage and inhibit cell-cycle progression 
to allow time for DNA repair (79,80). If the DNA damage is too great for cell survival, 
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p53 can trigger apoptosis of the cell. Recently, p53 has been shown to participate in the 
DNA repair process as well (81). The half-life of the p53 protein is short, but when the p53
gene is mutated, the half-life is greatly increased. p53 gene mutations occur late in the 
adenoma–carcinoma sequence (1).

3.2.1.3. Deleted in Colon Cancer Gene. 18q deletions were described in colorectal 
cancers by Vogelstein and others (1). Shortly thereafter, the DCC (deleted in colorectal 
cancer) gene was identifi ed as a candidate tumor suppressor on 18q (82). Multiple investiga-
tors studying a vertebrate protein called netrin-1, which guides axons during development, 
discovered that the DCC gene encodes the netrin-1 receptor (83–85).

Transgenic mice hemizygous for DCC failed to develop intestinal tumors, which appeared 
to be evidence against the role of DCC as a tumor suppressor gene (86). Recent work 
showed that expression of DCC in cell lines, including one colon cancer cell line, caused 
caspase-mediated apoptosis (87). Interestingly, cleavage of the artifi cially expressed DCC 
was necessary for DCC-induced apoptosis. Furthermore, this DCC-induced apoptosis could 
be prevented by the presence of netrin-1. Thus, it appears that DCC can conditionally act as 
a tumor suppressor by being a dependence receptor that induces apoptosis in the absence of 
a ligand. This model is consistent with reports that both the expression of DCC suppresses 
tumorigenicity in vitro (88), and loss of DCC expression in colon cancers is associated with 
a poorer prognosis (89). SMAD2 and SMAD4, two colon-cancer-associated genes that will
be discussed later, also share the 18q21 location of DCC. Thus, it remains to be seen which 
of these genes, or if all of them, is responsible for the poor prognosis in colon cancers with 
loss of this chromosomal region.

3.2.2. ONCOGENES

In work that would eventually win a Nobel prize, Varmus and others fi rst described how an 
obscure chicken virus could infect and transform chicken cells into tumors. The transforming 
agent was found to be a viral gene termed the src “oncogene.” What was shocking was the 
fi nding of similar DNA sequences in human DNA. This then led to the discovery of yet other 
oncogene-like sequences in human DNA. Curiously, many of these oncogene-like DNA 
sequences in humans encoded genes whose function was to regulate cell growth. When 
these genes were mutated in a fashion similar to their viral oncogene counterparts, they 
too became transforming. Hence, these “protooncogenes” were literally hijacked from the 
DNA of higher life-forms by infectious viruses, which then utilized them to their advantage. 
Unlike tumor suppressor genes, “proto”-oncogenes can be activated by mutations. Because 
protooncogenes typically encode for growth regulatory proteins, activating mutations usually 
result in constitutive growth signals.

3.2.2.1. Ras. Ras is a protooncogene that is mutated in approximately half of both 
colorectal adenomas and cancers (1). The Ras protein is a GTPase that can be activated by 
a number of receptors. The mutations in the Ras gene found in human colon cancers cluster 
in regions called “hot spots” and result in constitutive Ras activity. Because Ras activates 
signal transduction pathways that can drive cell proliferation, activating mutations in Ras
lead to constitutive growth signals.

3.2.3. DNA MISMATCH REPAIR GENES

The syndrome of HNPCC is caused by germline mutations in at least fi ve DNA mismatch 
repair genes (hMLH1, hMSH2, hMSH6, hPMS1, and hPMS2) (90–92). Approximately 90%
of HNPCC families harbor germline mutations in the hMLH1 or hMSH2 gene. The DNA 
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mismatch repair (MMR) genes encode proteins that recognize base pair mismatches resulting 
from errors during DNA replication, genetic recombination, and chemical modifi cation 
of DNA and DNA precursors (93–95). DNA mismatches frequently occur as a result of 
“slippage” of DNA strands in regions with nucleotide repeats or “microsatellites.” DNA 
microsatellites are regions of nucleotide repeats scattered throughout the human genome.

The DNA MMR proteins both recognize and correct these abnormalities, thus preventing 
mutations resulting from replication errors. The mechanisms by which these proteins 
function has been largely gleaned by research in bacteria and yeast. MSH2/MSH6 and 
MSH2/MSH3 protein complexes recognize base pair mismatches, insertions, and deletions 
(94,95). The MLH1 and PMS2 proteins then excise the mismatched nucleotides within the 
newly synthesized DNA strand.

When both alleles of one of the DNA MMR genes are inactivated, errors in DNA replica-
tion occur. A manifestation of germline mutations in the DNA MMR genes is MSI in the 
tumor tissue. When DNA from noncancerous tissue is compared with DNA from cancer 
tissue of the same individual, MSI can be detected as a change in the length of specifi c 
DNA microsatellite repeat sequences. For example, CACACACACA (10 nucleotides) will 
become CACACACA (8 nucleotides). MSI is readily detectable by performing polymerase 
chain reaction (PCR) on microsatellites. A consensus panel of fi ve microsatellite markers is 
currently used for the establishment of the presence of the MSI phenotype in tumors (93). If 
more than one of these microsatellites exhibit MSI, the tumor is classifi ed as MSI-H (high). If 
only one microsatellite exhibits MSI, then the tumor is classifi ed as MSI-L (low). If none of 
the microsatellites exhibits MSI, then the tumor is classifi ed as MSS (stable).

Microsatellite instability occurs in approx 15% of sporadic colorectal tumors; however, 
DNA MMR gene mutations have been found only in a minority of these cancers (96–99). The 
majority of these sporadic cancers are due to inactivation of hMLH1 through an epigenetic 
mechanism. Many gene promoters contain regions containing –CG– repeats termed CpG 
islands. DNA methyltransferases add methyl groups to the cytosines in CpG islands, which 
greatly inhibits transcription (called “silencing”) of that gene.

Hypermethylation of CpG islands in the hMLH1 promoter region have been found in 
approx 80% of MSI-positive sporadic colorectal tumors (100). The evidence that such 
hypermethylation of the hMLH1 promoter may be of signifi cance to colon cancer came from 
work in colon cancer cell lines demonstrating MSI and hypermethylation of the promoters of 
both hMLH1 alleles, but lacking mutations in DNA MMR genes (100,101). When the cells 
were treated with 5-azacytidine, a demethylating agent, the expression of the hMLH1 genes 
and DNA MMR activity were restored. Furthermore, offspring from a cross between familial 
polyposis mice (Apcmin) with mice lacking the major eukaryotic DNA methyltransferase 
gene Dnmt1 showed a major decrease in the expected number of intestinal polyps (102).
Key questions now remaining to be answered are what regulates DNA methylation and how 
is its regulation altered in tumorigenesis?

Interestingly, MSI colorectal cancers demonstrate a predilection for the proximal colon 
and a much better prognosis than sporadic colon cancers (stage-matched) that are MSS 
(103). In Turcot’s syndrome families with underlying DNA MMR gene germline mutations, 
the survival of family members with glioblastomas is much longer than is seen in patients 
with sporadic glioblastomas (37). Thus, the biology of MSI tumors may be intrinsically 
different from those that are MSS.

Although many DNA microsatellite repeats exist in noncoding regions of chromosomes, 
some occur within important genes, such as the TGFβIIr (104,105). Mutations in a specifi c 
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short polyadenine or GT repeat sequence within the TGFβIIr gene result in the lack of 
TGFβII receptor protein expression. In normal epithelial cells, the receptor for the TGFβ
peptide is formed by the TGFβI and TGFβII receptor subunits (106). When TGFβ binds 
to its receptor in epithelial cells, it normally causes inhibition of cell proliferation (107).
However, colon cancer cells derived from patients with DNA mismatch repair defects, MSI, 
and HNPCC demonstrate mutations in the TGFβIIr gene that renders them unresponsive 
to TGFβ (104,105). A more recent study found that 15% of MSS colon cancers have 
inactivating TGFβIIr gene mutations as well (108).

Of 19 MSS colon cancer cell lines tested in one study, 14 (74%) were unresponsive 
to TGFβ, but expressed the TGFβII receptor. These TGFβ-unresponsive cell lines have 
mutations in the SMAD genes, which are the downstream targets of TGFβ receptor signaling 
(108). SMAD gene mutations have been found in some sporadic colon cancers as well. 
Indeed, 55% of MSS colon cancer cell lines tested showed defects in the TGFβ receptor 
signaling pathway downstream of the receptor. Because the TGFβIIr gene mutations occur 
late in the adenoma–carcinoma sequence, it is unlikely that escape from the antiproliferative 
effects of TGFβ is the major advantage afforded to colon cancers by these mutations.

Other genes targeted for mutation in MSI colon cancers are IGFR2 109, hMSH3 (109),
hMSH6 (109), BAX (110), and RIZ 111.

3.2.4. MISCELLANEOUS COLON CANCER GENES

3.2.4.1. Cyclooxygenases. Multiple epidemiological studies and a few prospective trials 
demonstrated a signifi cant reduction in colon cancer mortality by aspirin. The aspirin-related 
nonsteroidal anti-infl ammatory drug (NSAID) sulindac caused large reductions in polyps 
in FAP patients as well (11). Later research showed that aspirin and NSAIDs caused colon 
cancer cells to undergo apoptosis (112).

At the same time, investigators noted that one of the targets of inhibition by NSAIDs, 
the enzyme cyclooxygenase-2 (COX-2), was overexpressed in approx 85% of colon cancers 
and 40% or more of adenomas (113,114). The evidence for COX-2 as a major target for 
NSAIDs in colon tumors came from a number of studies. Inhibition of COX-2 by selective 
COX-2 inhibitors reduced the number of colonic neoplasms in carcinogen-treated mice 
and rats (115–119). A dramatic reduction in colonic adenomas occurred when mice with 
FAP were crossed with mice lacking COX-2 expression (120). In humans, high doses of 
the COX-2-selective inhibitor celecoxib caused a signifi cant reduction in colonic polyps 
in FAP patients (121).

What regulates COX-2 expression in colon cancers is currently under study. Interestingly, 
two recent studies demonstrated the specifi c lack of COX-2 overexpression in colon cancer 
cells with MSI (122,123).

COX-2 may not be the only target of NSAIDs and aspirin in colonic tumorigenesis. The 
doses of NSAIDs needed to achieve inhibition of colonic tumors is much higher than the 
dose needed to inhibit COX-2 enzymatic activity. The sulindac sulfone metabolite causes 
apoptosis of colon cancer cells through a mechanism independent of COX-1 or COX-2 
(124). Studies have demonstrated COX-2 overexpression not in the colonic epithelial cells 
but in the submucosal cells of the colon (125,126). Embryonic cells from transgenic mice 
without COX-2 expression can still be inhibited in vitro by NSAIDs. Finally, PPARδ, whose 
expression is regulated by the APC–β-catenin pathway, appears to be a major target for 
NSAIDs in colon cancer cells (55). Thus, NSAIDs and aspirin appear to have multiple 
targets in colon cancer cells with regard to their antitumor effects.
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It will be important to study whether the expression of the targets of NSAIDs in colon 
tumors, such as COX-2, are related to mutations in tumor suppressors, DNA MMR genes, 
or oncogenes. Recently, the US FDA has approved a drug (celecoxib), for the fi rst time, for 
chemoprevention in FAP patients with subtotal colectomies (127).

4. CONCLUSIONS

The major molecular genetic pathways involved in colorectal tumorigenesis can be 
summarized to a large degree (see Fig. 3). The vast majority (over 80%) of sporadic 
adenocarcinomas arise through the FAP or chromosomal instability (CIN) pathway in 
which acquired mutations in the APC gene occur early and are commonplace. This is 
followed by mutations in other genes such as Ras, p53, and DCC. In about half of colorectal 
adenocarcinomas without APC gene mutations, mutations in β-catenin are found. These 
mutations in β-catenin may functionally substitute for APC-gene-inactivating mutations. 
In the absence of COX-2 gene mutations, COX-2 protein overexpression occurs in a major 
proportion of MSS colorectal adenomas and adenocarcinomas. COX-2 overexpression 
appears to play a role early on in the adenoma–carcinoma sequence, but it is currently 
not known what regulates its expression in tumors. Somatic mutations in the TGFβIIr and 
SMAD genes are common in MSS colon cancer cell lines as well.

Both HNPCC and microsatellite unstable colorectal cancers arise through DNA mismatch 
repair dysfunction. In this MSI pathway, CIN is infrequent and genes, such as TGFβIIr,
IGFIIR, hMSH3, hMSH6, and BAX, are targeted for mutation. However, approx 10–15% of 
sporadic adenocarcinomas show MSI, and 80% of these tumors show inactivation of hMLH1 
through hypermethylation rather than mutation.

In addition to genotypic distinctions between the CIN and MSI colon cancers pathways, 
phenotypic distinctions are apparent as well. Cancers arising from the CIN pathway tend 
to be in the left colon and associated with a poorer prognosis, whereas those arising from 
the MSI pathway tend to be right sided, associated with a better prognosis, and display 
tumor infi ltrating lymphocytes.

The CIN and MSI pathways are not mutually exclusive, as there is some overlap. Finally, 
despite the different genes involved in the two major pathways, the end results of both 
pathways are the the dysregulation of cellular functions such as proliferation, differentiation, 
and apoptosis.

Tremendous progress has been made with regard to our understanding of the molecular 
biology of colorectal cancers. This has already led to clinical trials of chemopreventive 
agents, genetic tests for FAP and HNPCC, improvements in staging, and more targeted 
chemotherapies. However, the complexity of the multiple cellular pathways deranged in 
colon tumors has also revealed the diffi culty in developing and applying broad clinical 
strategies for colorectal adenocarcinomas. The immediate challenge will be to formulate 
preventive care for the earliest stages of colonic tumorigenesis when only one or two cellular 
pathways are dysfunctional and can thus be easily and effectively targeted.

Other chapters in this book will discuss the environmental forces that may predispose 
us to the genetic mutations leading to colon cancer. Now that we have good knowledge of 
the various genes involved in colon cancer, the scientifi c challenges will be to understand 
how intestinal genes are mutated in the fi rst place and what hereditary factors predispose 
certain individuals to these mutations.
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1. INTRODUCTION

Colorectal cancer is the fourth most common cancer worldwide, accounting for approxi-
mately 10% of the world total with 782,800 new cases in 1990 (Table 1) (1). In 1990, it 
accounted for 437,000 deaths (2). It is particularly common in North America, Australia, 
New Zealand, and parts of Europe, is rare in Asia, and is uncommon in Africa. In developed 
countries, the lifetime probability of developing colorectal cancer is 4.6% in men and 3.2% in 
females (2). It affects men and women almost equally, with a similar incidence and number 
of deaths in the two sexes (3,4). As we enter the new millennium, the incidence and mortality 
rates for colorectal cancer overall are now declining (5). Rectal cancer incidence, however, 
as a separate entity, has remained relatively stable over this same time period.

Ethnic and racial differences in colon cancer, as well as studies on migrants, suggest that 
environmental factors play a major role in the etiology of the disease. In the last decade, 
multiple genetic mutations have been discovered that play a critical role in colorectal 
tumorigenesis, in what has become termed the adenoma–carcinoma sequence.

The association between the risk of colorectal cancer and specifi c conditions such as 
infl ammatory bowel disease, environmental factors such as diet, occupation, smoking, 
alcohol intake, body mass, and physical activity, and reproductive factors will also be 
addressed in this chapter.
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2. DESCRIPTIVE EPIDEMIOLOGY

2.1. Incidence and Mortality in the United States
There were an estimated 93,800 new colon cancer cases in the United States in 2000: 

43,400 in men and 50,400 in women (6). It was the fourth most common cancer overall, and 
the third leading form of cancer specifi cally among both men and women. Estimated new 
rectal cancer cases for the same time period were 36,400, with 20,200 occurring in males 
and 16,200 in females. Rectal cancer was the eighth most common cancer overall, seventh 
most common among men, and eighth most common among women.

There were an estimated 47,700 colon cancer deaths in the United States in 2000, with 
23,100 in men and 24,600 in women. It was the second most common cause of death 
resulting from cancer (after lung cancer), ranking third among both men and women. 
Rectal cancer accounted for an additional 8600 deaths, with 4700 men and 3900 women. 
It was ranked 15th among the leading causes of cancer deaths, 12th among men, and 13th 
among women.

Between 1986 and 1997, there was a decline in the overall cancer incidence and mortality 
rates within the United States (5), as depicted in Fig. 1 (7).

There is variability in colorectal cancer incidence rates in different states within the United 
States. This state-to-state variation ranged from 32.4 new cases per 100,000 in Utah to 51.9 
cases per 100,000 in Rhode Island (5). During the same time period, the same state-to-state 
variation in death rates from colorectal cancer ranged from 12.3 per 100,000 in Utah to 
20.0 per 100,000 in New Jersey (5). These state-to state variations may refl ect different 
subject demographics, such as race and ethnicity, differences in cancer registration, as well 
as differences in environmental factors, such as diet and occupation.

2.2. International Variations
International variations in the incidence and mortality rates from colon and rectal cancer 

differ. Colon cancer varies approx 20-fold internationally (8). Although there is evidence for 
genetic predisposition to colon cancer, most of this variation is attributed to differences in 
dietary habits and other environmental factors.

Table 1
Estimate of New Cancer Cases Occurring in 1990 Worldwide

Tumor site Number of cases Percentage of total

Lung 1,036,900 12.8
Stomach 798,300 9.9
Breast 795,600 9.8
Colon/rectum 782,800 9.7
Liver 437,400 5.4
Prostate 396,100 4.9
Cervix uteri 371,200 4.6
Esophagus 315,800 3.9
Bladder 260,700 3.2
Leukemia 231,200 2.9
Total 8,083,300 100.8

Adapted from ref. 1.
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The estimated age-standardized incidence rates of colon and rectal cancer (per 100,000) by 
region, and gender are shown in Table 2 (9). The highest rates are seen in Western countries, 
such as Australia/New Zealand (45.8 male, 34.8 female), North America (44.3 male, 32.8 
female), and western Europe (39.8 male, 29.0 female), with lower rates in all parts of Africa 
(except South Africa) and South Central Asia (5.0 male, 3.8 female).

Incidence rates have risen in most regions since 1985, except for North America, where 
they have decreased. The estimated number of cases has increased by 15.5% between 1985 
and 1990 (21% in men, 10% in females) (9).

Age-adjusted mortality rates per 100,000 population for 45 countries for 1994 to 1997 
indicate the highest rates in Western countries, such as New Zealand (26.4 male, 19.1 female), 
Australia (20.2 male, 13.3 female), United Kingdom (18.0 male, 11.6 female), United States 
(15.2 male, 10.4 female), and eastern European countries such as the Czech Republic (34.3 
male, 17.3 female) and Hungary (34.3 male, 18.7 female), with low rates in Asian countries, 
such as China (7.9 male, 6.4 female) and South America (Table 3) (6).

Cancers of the colon and rectum are similar with respect to their geographical distribution. 
In high-risk populations, the ratio of colon cancer to rectal cancer is greater than or equal to 
2�1, whereas in low-risk countries, the rates are similar (2).

Within countries, there is also a variation in incidence between urban and rural centers, 
with an increased incidence in urban regions (10).

2.3. Age
The probability of developing invasive colorectal cancer in the United States in 2000 

increased with increasing age, irrespective of gender (6). Colorectal cancer is uncommon 
among those less than 40 yr of age, with a rapid increase in incidence after age 50 yr (11).
This has implications for screening, which is most cost-effective for those at higher risk.

During the period 1994–1996, the risk of developing colorectal cancer for men was 1 
in 1579 from birth to age 39, 1 in 124 for ages 40–59, and 1 in 29 for ages 60–79. For 
women, the risk was 1 in 1947 from birth to age 39, 1 in 149 for ages 40–59, and 1 in 
33 for ages 60–79 (6).

Fig. 1. Age-adjusted mortality rates (per 100,000) for colon and rectal cancer. SEER Cancer Statistics 
Review, 1973–1997 (7).
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For patients ≥ 50 yr, colorectal cancer incidence rates were higher for men than women 
(5). For patients < 50 yr of age, the incidence rates were similar for men and women.

2.4. Gender
In the Annual Report to the Nation on the Status of Cancer 1973–1997, colorectal cancer 

rates were higher in men than women, regardless of race (5). The colorectal cancer incidence 
rate was greater than 40% higher in men than women.

The overall sex ratio for colon cancer worldwide is nearly equal. This is in contrast to 
rectal cancer, for which there is a male predominance, especially with increasing age (2).

In terms of incidence, colorectal cancer is the third most frequent cancer among males 
and ranks second for women (2). It is the fourth leading cause of cancer mortality for both 
sexes, with a more favorable outcome than some cancers at other sites (2). In males, age-
standardized rates range from 25.3 per 100,000 (Eastern Europe) to 45.8 (Australia/New 
Zealand). For females, the rates range from 18.5 (Eastern Europe) to 34.8 (Australia/New 
Zealand) (Table 2) (9).

Table 2
Estimated Age Standardized Rates of Colon/Rectum Cancer Incidence

by Sex and Area, 1990 (per 100,000)

Site Male Female

Eastern Africa 8.1 4.2
Middle Africa 2.3 3.4
Northern Africa 6.0 4.2
Southern Africa 11.2 8.4
Western Africa 4.7 3.9
Caribbean 16.0 15.5
Central America 8.8 7.9
South America (temperate) 27.2 24.4
South America (tropical) 15.0 13.6
North America 44.3 32.8
Eastern Asia: China 13.3 10.2
Eastern Asia: Japan 39.5 24.6
Eastern Asia: Other 21.3 14.1
South Eastern Asia 11.9 8.9
South Central Asia 5.0 3.8
Western Asia 8.8 7.6
Eastern Europe 25.3 18.5
Northern Europe 34.4 26.1
Southern Europe 28.8 20.2
Western Europe 39.8 29.0
Ausatrlia/New Zealand 45.8 34.8
Melanesia 11.1 5.3
Micronesia/Polynesia 17.6 11.3
Developed Countries 35.9 25.4
Developing Countries 10.2 8.1
All areas 19.4 15.3

Adapted from ref. 9.
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2.5. Time Trends
Colorectal cancer mortality rates have been decreasing among women since 1950 (5).

The death rates for men did not begin to decrease until the 1980s. Time trends with respect 
to subsite distribution generally show an increase in right-sided and sigmoid tumors, with 
stability in the incidence rate of rectal tumors (12).

Time trends in the United States from 1973 to 1997 demonstrate that after a 13-yr increase 
in the incidence of colorectal cancer, incidence rates began to fall in 1986 for the fi rst time 
and have continued their downward trend since that time (5), as depicted in Fig. 1 (7).
Colorectal cancer incidence rates have decreased an average of 1.6% per year (5). This 
decline was predominantly in the distal colon and rectum and was almost equal in males and 
females. From 1973 to 1994, the age-adjusted incidence rate of cancer had decreased in the 
distal colon and rectum by 24% in white males and by 26% in white females. A decrease 
in incidence rates was also seen in the proximal colon, with 12% in white males and 14% 
in white females. Rates among African-Americans were variable, showing no clear pattern 
of decline, and an increase in the incidence of cancers in the proximal colon in both sexes 
has occurred since 1986.

Table 3
Cancer Around the World: Age-Adjusted Death Rates per 100,000 Population

for Colon and Rectal Cancer for Different Countries, 1994–1997*

Country Male Female

United Statesa 15.2 (27) 10.4 (23)
Australiab 20.2 (10) 13.3 (10)
Austriaa 21.7 (8) 12.2 (14)
Bulgariac 17.2 (20) 11.4 (19)
Canadab 16.1 (26) 10.3 (25)
Chilec 7.0 (38) 6.7 (36)
Chinac 7.9 (36) 6.4 (37)
Colombiac 4.8 (44) 5.1 (40)
Croatiad 22.5 (6) 11.5 (18)
Cubab 9.4 (34) 11.3 (20)
Czech Republice 34.3 (1) 17.3 (3)
Denmarke 22.7 (5) 15.6 (4)
Franceb 16.6 (22) 9.6 (29)
Germanya 20.8 (9) 14.0 (7)
Greecee 8.0 (35) 6.2 (38)
Hungaryf 34.3 (2) 18.7 (2)
Irelandb 22.5 (7) 13.3 (9)
Israele 17.9 (18) 13.8 (8)
Japang 17.1 (21) 9.9 (28)
Mexicob 3.6 (45) 3.3 (45)
New Zealandc 26.4 (3) 19.1 (1)
Russian Fedb 18.2 (14) 12.6 (12)
United Kingdoma 18.0 (17) 11.6 (17)

Adapted from ref. 6.
*Rates are age-adjusted to the World Health Organization world standard population:
a1994–1997; b1994–1995; c1994 only; d1995–1996; e1994–1996; f1996–1997; g1995–1997.
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In contrast, the incidence rate of colorectal cancer in England and Wales has been 
gradually rising and is most marked for colon cancer in males, irrespective of age (13).
Similar trends were found in the rest of Europe, in particular eastern Europe, where an 
average increase of greater than 14% in age-specifi c incidence rates per 5-yr period was 
seen between 1973 and 1987.

A rise in the age-specifi c incidence of colorectal cancer per 5-yr period of more than 35% 
in males and 27% in females was also seen in Japan between 1973 and 1987.

From 1990 to 1996, colon and rectal cancer death rates in the United States decreased 
signifi cantly, an average of 1.7% per year. Colon and rectum cancer deaths among men were 
at their highest level in 1990, at 28,635, and had declined to 28,075 in 1997. Although the 
recorded number of cancer deaths for women have continued to increase, colorectal cancer 
deaths as a subset have declined, falling from a peak of 29,237 in 1995 to 28,621 in 1997.

Early detection through appropriate screening may be partly responsible for these changes 
in incidence and mortality. Improvements in mortality may also refl ect improvements in 
defi nitive therapy, such as surgical techniques and adjuvant therapy (14). Other possible 
factors contributing to the decline in incidence rates may be changes in diet (14) and 
physical activity (15). Although not in widespread use, chemoprevention with aspirin (16)
and other nonsteroidal anti-infl ammatory drugs (NSAIDs) (17,18) is also continuing to 
show promise

2.6. Race/Ethnicity
Among US women, colorectal cancer was more common for Hispanic, American 

Indians/Alaska Natives, and Asian/Pacifi c Islanders, ranking second only to breast cancer, 
whereas it ranked third after both breast and lung cancer for white and black women (5).
Black women are more likely than white women to develop cancers of the colon and 
rectum (5,19).

Between 1990 and 1996, the age-adjusted incidence rate for cancers of both the colon and 
rectum was 44.9 per 100,000 for black women compared with 36.8 per 100,000 for white 
women (6). The incidence rates were lower for Asian/Pacifi c Islanders, American Indians, 
and Hispanic Americans (Table 4) (6).

The incidence rate for colorectal cancer increased until 1984 for white women, but has 
subsequently decreased (5). The colorectal cancer incidence rate for black women also 
increased until 1980, but has been approximately level since then.

Black women are more likely to die of colon and rectal cancers than women of other 
ethnic and racial groups. During the same time period, the mortality rates were 20.0 per 
100,000 for black women and 14.5 per 100,000 for white women (6). Mortality rates 
were also lower for Asian/Pacifi c Islanders, American Indians, and Hispanic Americans 
(5) (Table 5) (6).

There was a decline in death rates for colorectal cancer for white women between 1973 
and 1997. The decline was more rapid after 1984 (5). The mortality rates for black women 
fi rst began to decline in 1985. This decline was less marked for black women than for 
white women.

Black men have the highest rates for cancers of the colon and rectum, as well as for 
lung and prostate cancers. Between 1990 and 1996, the male incidence rates for cancers 
of both the colon and rectum was 58.1 per 100,000 for black men compared with 53.2 
per 100,000 for white men (6). Similar to the incidence rates in women, rates among men 
were lower among Asian/Pacifi c Islanders, American Indians, and Hispanic Americans 
(5) (Table 4) (6).
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Colorectal cancer incidence rates among white men began decreasing after 1985, with the 
most rapid decline between 1991 and 1995. Rates in black men increased by an average of 
4.4% per year between 1973 and 1980, but have remained level since that time (5). Between 
1973 and 1990, estimated incidence rates for colorectal cancer were lower for black men 
than white men. Since 1990, colorectal cancer incidence rates have been lower for white 
men than black men.

Colorectal cancer incidence rates among white men began decreasing after 1985, with 
the most rapid decline occurring between 1991 and 1995. Rates in black men increased 
by an average of 4.4% per year between 1973 and 1980 but have remained level since 
that time (5).

Black men also have the highest mortality rates from these cancers. Between 1973 and 
1990, the mortality rates were 27.8 per 100,000 for black men and 21.5 per 100,000 for white 
men (6). The mortality rates among men were lower for Asian Pacifi c Islanders, American 
Indians, and Hispanic Americans (Table 5) (6).

Colorectal mortality rates began to decline by 0.6% per year between 1978 and 1986 for 
white men. Since 1986, the decrease per year has been even more rapid. Colorectal cancer 
incidence rates among white men were level between 1973 and 1978 and began to decline 
between 1978 and 1986 by 0.6% per year (5). Death rates among black men rose until 1989 
and have leveled off since that time. Prior to 1980, mortality rates for colorectal cancer were 
lower for black men than white men.

2.7. Migrants
Migrant data suggest a 20-fold international difference in the incidence ratio of colorectal 

cancer (8). Studies looking at the incidence of colorectal cancer among migrants, Japanese 
living in the United States and Europeans living in either the United States or Australia, 

Table 4
Incidence Rates of Colon and Rectum Cancer by Race and Ethnicity, US, 1990–1996*

 White Black Asian/Pacifi c Islander American Indian Hispanica

Total 43.9 50.4 38.6 16.4 29.0
Male 53.2 58.1 47.5 21.5 35.7
Female 36.8 44.9 31.4 12.4 24.0

Adapted from ref. 6.
*Rates are per 100,000 population and are age-adjusted to the 1970 US standard population.
aHispanic is not mutually exclusive of white, black, Asian/Pacifi c Islander, or American Indian.

Table 5
Mortality Rates for Colon and Rectum Cancer by Race and Ethnicity, US, 1990–1996*

 White Black Asian/Pacifi c Islander American Indian Hispanica

Total 17.4 23.1 10.9 19.9 10.4
Male 21.5 27.8 13.4 11.0 13.2
Female 14.5 20.0 9.0 18.9 18.4

Adapted from ref. 6.
*Rates are per 100,000 population and are age-adjusted to the 1970 US standard population.
aHispanic are not mutually exclusive of white, black, Asian/Pacifi c Islander, or American Indian.
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indicate that migrants from low-risk areas to high-risk areas, exposed to the environment of 
the host population, develop the same cancer risk as that population (12,20).

Among Japanese in Japan, colorectal cancer has a very low incidence rate, although it is 
rising (21). In Japan, the fat intake is low in comparison to Western countries. Dietary fi ber 
intake was high and is now decreasing (22). Japanese migrating to Hawaii and California 
experience increases in colorectal cancer incidence, with fi rst-generation immigrants having 
about double the frequency of cancers of the sigmoid colon and rectum as their white 
neighbors (21,23). In another study, US-born Japanese men had incidence rates of colorectal 
cancer twice that of foreign-born Japanese men and about 60% higher than those of US-born 
white men (24). United States-born Japanese women had a colorectal cancer incidence 
rate that was about 40% higher than among Japanese women born in Japan or US-born 
white women.

Similarly, colorectal cancer rates among were four to seven times higher than rates in 
China; this was most striking among men and with increasing age (25).

3. PATHOLOGIC ISSUES

3.1. Adenoma–Carcinoma Sequence
The adenoma–carcinoma sequence was originally proposed by Hill and colleagues in 

1978 (26). It is generally believed that almost all colorectal adenocarcinomas arise from 
adenomas.

Vogelstein and colleagues have provided evidence for a series of specifi c chromosomal 
and somatic genetic changes that occur during the transition from normal colonic mucosa 
to invasive carcinoma (27–29). The most common changes are point mutations of the K-ras 
protooncogene, and mutations in three growth suppressor genes, p53 on chromosome 17p 
(30), the adenomatous polyposis coli (APC) gene on chromosome 5q (31), and DCC (deleted 
in colon cancer) gene on chromosome 18q (29). Both alleles of the three tumor suppressor 
genes must be lost or defective for phenotypic expression to occur, whereas in the case of 
the protooncogene, K-ras, mutation need only occur in one allele for phenotypic expression 
to occur (32). No gene has been implicated as occurring in all cases of colorectal cancer. 
Figure 2 depicts a proposed sequence of allelic losses during colorectal cancer development, 
although the exact number and sequence of genetic mutations necessary for carcinoma 
formation remain to be determined.

The APC gene has been mapped to the tumor supressor locus (5q21–q22) (33), and 
it is thought to be involved in the initiation of adenoma formation (34). Inactivation of 
the APC gene by two mutations is involved in the development of adenomas, and loss of 
heterozygosity of the APC gene is associated with further progression to carcinoma (35). It 
is mutated in between 30% and 75% of sporadic adenomas and adenocarcinomas (32,33,35).
The mutation is apparent even in early adenomas, and it remains constant throughout the 
malignant transformation (33). Mutation of the APC gene is the most frequent genetic 
mutation seen in colorectal cancer (29). Germline mutations of the APC gene are also 
responsible for the formation of multiple adenomas in familial adenomatous polyposis 
(FAP) (31,35).

The APC protein may be involved in a series of interactions between proteins involved in 
cell signaling (36), apoptosis (37), and cell adhesion (38).

K-ras is thought to promote tumorigenesis by causing hyperproliferation of colorectal 
cells, both at the early adenoma stage and later at the time of malignant transformation. 
Expression of the protooncogene is less in small adenomas, becoming more pronounced at 
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around 50% in larger adenomas (>1 cm in size) and adenocarcinomas (27,39). The role of 
the K-ras mutation in tumorigenesis is not entirely clear, as mutations have also been found 
in normal colonic epithelium (40) and aberrant crypt foci (41).

The DCC gene is located on chromosome 18q (27,42), and is a neural cell adhesion 
molecule. It may play a role in tumor progression, invasion, and metastasis. Allelic loss of 
this chromosome is seen in 50% of advanced adenomas and more than 70% of carcinomas.

The p53 gene is located on chromosome 17p. It appears to be involved late in malignant 
transformation, during the conversion from adenoma to focal carcinoma (30,43). Loss of 
the p53 gene is uncommon in adenomas but occurs in greater than 75% of carcinomas 
(27,30). Mutation of p53 may also have multiple effects, including a decreased ability to 
detect DNA damage, karyotypic instability, impaired G1 cell-cycle arrest, and decreased 
apoptosis (44–46).

Germline mismatch repair (MMR) mutations occur in hereditary nonpolyposis colon 
cancer (HNPCC). The MMR mutations are thought to increase the overall mutation rate, but 
they may also play a role in the initiation of tumorigenesis (46). MMR mutations are also 

Fig. 2. A model of genetic events in colorectal carcinogenesis.
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found to occur in about 15% of sporadic colorectal cancers (47,48). MMR mutations seem to 
occur at the stage of late adenoma or transformation to carcinoma (49).

Microsatellite genetic instability has been demonstrated at the benign adenoma stage 
of HNPCC tumors. Carcinoma is more likely to occur in adenomas with a greater rate 
of genetic instability (50). This fi nding supports the hypothesis of adenoma–carcinoma 
progression in HNPCC.

Other possible tumor suppressor genes have also been identifi ed. These genes may be 
involved in later stages of tumorigenesis. An example is mutation at the p16 (MTS1) locus, 
resulting in failure of cell-cycle arrest (51).

There may also be genetic changes specifi c for invasion and metastasis (46).

3.2. Subsite Distribution
Surveillance, Epidemiology, and End Results Program (SEER) data show that left-sided 

tumors outnumber right-sided tumors throughout the United States (52). There is evidence 
to support a progressive left-to-right shift in cancer distribution within the colon during 
the latter part of the last century (52,53). SEER data show that the ratio of right-sided 
cancer to total colorectal cancer has increased from 1970 to 1990 among all age-, sex-, 
and race-matched cohorts (52).

In the Annual Report to the Nation on the Status of Cancer between 1973 and 1997, all 
anatomic subsites demonstrated a decline in incidence rates except the right side of the colon, 
incorporating the cecum, appendix, ascending colon, and hepatic fl exure (5).

For whites, increased age has been associated with a progressive decline in the proportion 
of distal colorectal cancer for both genders, as evidenced by SEER incidence data from 
1977, 1986, and 1994 (54). The greatest and most consistent decline was seen in 1994. 
Distal colorectal cancer became less prevalent at about age 72 for women and age 82 for 
men. Among the younger age cohorts, distal colorectal cancer was more prevalent than 
proximal disease for both genders. There was no similar trend in subsite distribution among 
African-Americans, regardless of gender or age, although proximal disease is generally 
more prevalent than among whites.

There appears to be a relative increase in the incidence of right-sided tumors after age 70 
(55). This trend is more striking in females in higher-risk areas (53). The relative risk for 
right-sided tumors also increases among males after the age of 70 in high-risk nations, but 
the ratio is usually less than 1.0 (52,53).

A retrospective review of 1694 consecutive cases of colorectal cancer diagnosed at the 
University of Chicago Medical Center during a 25-yr period (1960–1984) demonstrated a 
10.2% increase in cancers originating in the cecum or ascending colon and a 15.8% decline 
in rectal and rectosigmoid carcinomas during this period (56).

A review of the National Cancer Registry registration data for colorectal cancer in New 
Zealand from 1972 to 1975 (4678 cases) showed an excess of right-sided colonic tumors in 
females compared with males, with males having a higher incidence of rectal cancers (57).
Environmental factors that may contribute to colon carcinogenesis may produce specifi c 
segmental effects within the large bowel.

In a study from western New York, total energy intake and dietary fat disproportionately 
increased the risk for left-sided tumors (58). In contrast, other studies have demonstrated 
an increase in right-sided tumors in the setting of high-fat diets both for men (59) and 
women (60).

An association between cholecystectomy and an increased risk of colon cancer has been 
suggested. Two meta-analyses found a slightly increased risk for right-sided colon cancers 
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(61,62). Possible explanations for this observation include changes in bile acid composition 
and fl ow and concomitant risk factors for both diseases, such as obesity (63).

This increase in proximal colon cancers and change in subsite distribution within the large 
bowel add to the evidence for the need for full colonoscopic visualization as the optimal 
technique for detection of colorectal neoplasms.

4. RISK FACTORS

4.1. Diet
The large international variation in the incidence of colorectal cancer may be the result 

in part of genetic predisposition to colon cancer, but it may largely be related to differences 
in dietary habit. However, it remains diffi cult to interpret the impact of any one dietary 
constituent in isolation on the risk of colon cancer.

A thorough depiction of diet as a risk factor for colorectal cancer is beyond the scope of 
this chapter. An in-depth analysis of the literature with respect to the global impact of food 
and nutrition was recently published (64).

There is convincing evidence that diets high in vegetables decrease the risk of colorectal 
cancer. Consumption of diets high in red meat probably increases the risk of colorectal 
cancer (64). It is not clear that there is an association between the intake of dietary fi ber 
and the risk of colorectal cancer (65).

Dietary infl uences on colon cancer development are covered in detail in Chapter 3.

4.2. Family History and Genetics
Family history is an important risk factor for colorectal cancer. Epidemiological case-

control studies of family history suggest that there is about a twofold to threefold risk of 
the development of colorectal cancer for an individual with a single fi rst-degree relative 
suffering with the disease (66–68). The risk becomes greater if more relatives are affected 
(68). Rozen and colleagues studied 471 asymptomatic adults with fi rst-degree relatives 
who had adenomatous polyps and/or cancer (68). Those screened had a signifi cant linear 
trend of increasing risk of colorectal neoplasia with increasing number of affected relatives. 
When considering cancer cases only, the risk was threefold if only one relative was affected, 
whereas the risk increased to ninefold with more than one affected relative. An increased risk 
was also seen in a reconstructed cohort study specifi cally addressing the risk of colorectal 
cancer among patients of colorectal adenomas, the relative risk being 1.74 (95% confi dence 
interval [CI], 1.24–2.45) among fi rst-degree relatives of patients with newly diagnosed 
adenomas compared with the risk among fi rst-degree relatives of controls (69).

A prospective cohort study of subjects from both the Nurses’ Health Study and the Health 
Professionals Follow-up Study was analyzed specifi cally for whether a family history of 
colorectal cancer (in fi rst-degree relatives) was an independent risk factor for colorectal 
cancer (66). The age-adjusted relative risk of colorectal cancer for men and women with 
affected fi rst-degree relatives, compared to those without a family history of the disease, 
was 1.72 (95% CI: 1.34–2.19). The relative risk for subjects with two or more affected 
fi rst-degree relatives was 2.75 (95% CI: 1.34–5.63). The risk was greatest for patients 
under 45 yr with one or more affected fi rst-degree relatives, with a relative risk of 5.37 
(95% CI: 1.98–14.6).

Hereditary colon cancer syndromes will be mentioned only briefl y. A more detailed 
discussion is provided in a later chapter.
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Familial adenomatous polyposis is an autosomally dominant inherited disease, which 
predisposes to the development of colorectal cancer (70). The colon is involved with 
innumerable adenomatous polyps that occur early in life. Virtually all individuals affected 
will develop colorectal cancer unless they undergo a prophylactic colectomy, with 75% of 
subjects developing colorectal cancer by the age of 35 yr. APC is the germline mutation in 
FAP, involving a large deletion on chromosome 5q (31,35). Carcinoma associated with FAP 
accounts for about 1% of all colorectal cancer cases (71). Colorectal cancer cases in subjects 
with FAP have a left-sided predominance (72).

Hereditary nonpolyposis colorectal cancer (Lynch syndrome) is an autosomally dominant 
inherited syndrome with an increased incidence of colorectal cancer. The associated germline 
mutations in mismatch repair genes have been identifi ed as MSH2, MLH1, PMS1, and PMS2.
Recently, the newly identifi ed hMLH3 gene has also been considered as another possible 
mismatch repair gene (73). HNPCC probably accounts for at least 5% of all colorectal 
cancers. It is characterized by an earlier age of cancer onset, proximal predominance of 
disease, the development of multiple synchronous and metachronous cancers, and an excess 
of certain extra-colonic tumors (74).

4.3. Infl ammatory Bowel Disease
Long-standing ulcerative colitis is associated with an increased risk of colorectal cancer; 

reported relative risks compared to the general population vary between 1 and 20 (75–77).
Carcinomas begin to appear 5–8 yr after the onset of ulcerative colitis, with an absolute 
risk of colorectal cancer of 30% after 35 yr (78). Incidence rates for the development of 
colorectal cancer in the setting of ulcerative colitis are not the same universally, with reports 
of lower rates in Scandinavia and Europe (79,80).

The cumulative risk of colorectal cancer appears to vary according to the extent of colitis, 
with a signifi cantly higher risk seen with pancolitis rather than just left-sided disease (22,77).
There is a higher proportion of right-sided and transverse colon carcinomas in patients with 
ulcerative colitis compared to patients without colitis (81). Younger age at diagnosis of 
ulcerative colitis may be an independent risk factor for the development of colorectal cancer 
(77). Additional risk factors may include the presence of primary sclerosing cholangitis 
(82,83), the severity of the colitis and frequency of attacks (84), the effect of medications 
for the disease (85), and folate defi ciency and folate supplementation (86). The incidence 
of colorectal cancer is equal for both sexes. Often, the lesions are aggressive and poorly 
differentiated at the time of diagnosis. APC gene mutations have also been reported to occur 
at a lower frequency in colorectal cancers associated with ulcerative colitis than in sporadic 
cancers (87) and may not be the initiating event for malignant transformation (88).

Patients with pancolitis of more than 8 yr duration should consider periodic colonoscopic 
surveillance or prophylactic colectomy (89). Surveillance programs to detect dysplastic 
lesions prior to the development of colorectal cancer may be a method of preventing 
prophylactic colectomy. However, colorectal cancers that develop in ulcerative colitis 
patients often are infi ltrative and schirrous, and their fl at nature may make them more 
diffi cult to be detected at the time of endoscopy (81).

The evidence for an increased incidence of colorectal cancer among people affl icted 
with Crohn’s disease is less clear (90). Actuarial data suggest that the risk of developing 
colorectal cancer as a complication of long-standing Crohn’s disease may be 4.3–20 times 
that in the general population (91,92).
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4.4. Medications
Aspirin and other NSAIDs have recently been implicated as potential protective agents 

against the development of colorectal cancer and adenomatous polyps. This evidence is not 
yet conclusive. There is evidence supporting the benefi cial effect of these drugs in chemically 
induced colon cancer in rodent models (93–97) and in patients with FAP (17,18). There are 
several possible mechanisms by which these drugs may inhibit tumor development. NSAIDs 
appear to induce apoptosis (98,99) as well as inhibit cyclooxygenase-2 (18).

Two randomized clinical trials showed a decrease in the number and size of colorectal 
polyps in patients with FAP treated with sulindac (17,100). Polyps did not fully resolve, and 
they recurred on cessation of therapy.

Recently celecoxib, a selective cyclooxygenase-2 inhibitor, was shown to signifi cantly 
reduce the number of colorectal polyps in patients with FAP in a double-blind, placebo-
controlled study (18). Treatment with celecoxib consisted of 100 mg or 400 mg twice 
daily for 6 mo. After 6 mo, the patients receiving 400 mg twice daily celecoxib had a 28% 
reduction in the mean number of colorectal polyps and a 30.7% reduction in the polyp burden 
(the sum of polyp diameters). The reductions in the group receiving 100 mg celecoxib twice 
a day were not statistically signifi cant.

The fi rst evidence to suggest that aspirin might reduce the risk of colorectal cancer was 
from a retrospective exploratory analysis published in 1988 by a group from Melbourne, 
Australia (101). A 40% lower risk of incident colon cancer was found among people who 
regularly used aspirin, although the frequency of use was not specifi ed. Decreased risk was 
also seen for subjects using NSAIDs other than aspirin.

The Boston Collaborative Drug Study conducted an epidemiologic study specifi cally to 
test the aspirin–colon cancer hypothesis (102). They identifi ed an approximately 50% lower 
risk of incident colorectal cancer among people who regularly used aspirin. Regular use was 
defi ned as at least 4 d a week for at least 3 mo.

The relation of aspirin use to fatal colon cancer was assessed in Cancer Prevention 
Study II (CPS II), a prospective cohort study that enrolled 1,185,239 Americans between 
1982 and 1988 (16). Death rates from colon cancer decreased in both men and women 
with more frequent use of aspirin. The trend of decreasing relative risk was similar after 
controlling for other potential risk factors for colon cancer (103). For rectal cancer, aspirin 
use was associated with a greater reduction in risk in men than in women. Several other 
epidemiologic studies and clinical trials provide additional data on the aspirin–colon cancer 
hypothesis (104–108).

These fi ndings are in contrast to those of the U.S. Physicians Health Study, a randomized 
clinical trial of aspirin (325 mg every other day) in preventing cardiovascular disease. It 
was also the fi rst randomized, placebo-controlled study of whether aspirin can reduce colon 
cancer incidence (109). Male physicians given aspirin for 5 yr had a slightly higher risk of
invasive colorectal cancer (relative risk [RR] = 1.15; range; 0.80–1.65) and lower risk
of in situ cancer or polyps (RR = 0.86; range; 0.68–1.10), although they had no systematic 
screening for colorectal cancer or polyps. It is not clear why this result confl icts with fi ndings 
from other studies. The every-other-day dosage is somewhat unusual, and it is possible that 
the duration of therapy may have been insuffi cient to demonstrate a protective effect.

Another prospective exploratory study assessing the risk of incident colon cancer among 
approx 14,000 elderly American daily aspirin users reported a small increased risk (110).
Overall the relative risk of colon cancer was 1.5 (95% CI = 1.1–2.2).
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4.5. Occupation
Among asbestos workers, colorectal cancer is the third most common malignancy after 

lung cancer and mesothelioma (111). There is a reported increased relative risk for colon 
cancer in the range of 1.4–3.0 (111–115). There was no evidence for synergy between 
asbestos exposure and smoking for colon cancer, in contrast to the defi nite relationship 
seen with lung cancer (113). The increased risk of colon cancer among asbestos workers is 
probably secondary to exposure of the colonic mucosa to swallowed asbestos-contaminated 
sputum (113). There is a temporal relationship, with exposure predating the development 
of malignancy by at least 20 yr, and evidence to support a dose-response relationship 
(111). Identifi cation of asbestos bodies among colon cancer cells in an asbestos worker add 
supportive experimental evidence to the concept that occupational asbestos exposure is a 
colorectal cancer risk factor (116). A case-control study conducted in New York City found 
an elevated risk for both adenomatous polyps and colorectal cancer among subjects with a 
signifi cant exposure to asbestos (117).

Acrylonitrile is a gaseous monomer widely used for the synthesis of plastic and synthetic 
rubber and fi ber polymers. Two historical cohort studies of acrylonitrile workers showed 
increases in both the proportional mortality ratio (PMR) (118) and the standardized mortality 
rate (SMR) (119). All of the cases of colorectal cancer occurred in workers who had more 
than 6 mo of exposure and with a long latency period of up to 10–30 yr.

Ethylacrylate and methyl methacrylate are monomers capable of conversion into versatile 
transparent polymers that were widely used during World War II in the manufacture of 
airplanes. An historical cohort study of mortality among workers employed at a manufactur-
ing plant between 1933 and 1946 found an increased colorectal cancer SMR, with at least 
a 10–yr latency period (111).

Dibromochloropropane (DMCP) and related halogenated organic compounds have a 
causal association with rectal cancer, with an increase in PMR documented by the National 
Institute for Occupational Safety and Health (NIOSH) (111) and two other historical cohort 
studies (120,121).

An increased SMR for colon cancer has been reported among printing workers (122)
and an excess of rectal cancers in a study of commercial pressmen over 65 yr of age (123).
Statistically signifi cant SMRs were also found for colorectal cancer among automotive 
workers making wooden models and patterns (124,125).

Two historical cohort studies of synthetic rubber workers demonstrated an increase in 
mortality from colorectal cancer as well as other cancers (126,127). A British study failed 
to confi rm this association, despite demonstrating increases in lung cancer and gastric 
cancer (128).

An historical cohort study also demonstrated statistically signifi cant SMRs for colon and 
rectal cancer among paint and varnish workers employed for at least 1 yr (129). Colon and 
rectal cancer had the highest risks of any neoplasm studied.

4.6. Smoking and Alcohol
Smoking has not been conclusively shown to be a risk factor for colorectal cancer, but it 

has been consistently associated with adenomatous polyps. Cigarettes have been associated 
with an approximately twofold increase in risk of colon adenomas or polyps (130–137).

In a large case-control study based on colonoscopy results in New York, there was a 
statistically increased risk between heavy cigarette smoking (smokers with ≥ 40 pack-years of 
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smoking) and risk of adenoma, but no increased colorectal cancer risk (138). An hypothesis 
to explain the paradox of this fi nding was that the association between cigarette smoking 
and risk for colorectal cancer might have been masked by inclusion in the control group of 
subjects with adenomas. The authors also concluded that the major effect of smoking on 
the adenoma–carcinoma sequence occurred in the earlier stages of adenoma formation. It is 
likely in the causal relationship between smoking and colorectal adenomas, in contrast to 
cancers, that the effect of smoking on progression from an adenoma to invasive carcinoma 
is less evident as a result of other factors impacting on the malignant transformation 
(139). Similar results were found in a case-control study from France (140). Smoking was 
associated with a risk of adenomas in men, but there was no association between tobacco 
and cancer risk, adding support to the concept of an independent effect of tobacco in men 
at early steps of the adenoma–carcinoma sequence. In women, no association was observed 
between smoking and the risk for adenoma or cancer.

In a cohort study of 248,046 American male veterans followed prospectively over a 26-yr 
period, the risk of death was signifi cantly increased for both colon and rectal cancer among 
current and former cigarette smokers in comparison with veterans who had never used 
tobacco (141). The patterns of risk were less marked among pipe and cigar smokers. Risk of 
rectal cancer was also signifi cantly increased among tobacco chewers or users of snuff. Risk 
increased signifi cantly for both sites with number of pack-years, earlier onset of tobacco use, 
and total number of cigarettes smoked per day. A limitation of the study was that data were 
not available for other potential risk factors for colorectal cancer, in particular diet and total 
physical activity. In addition, mortality rather than incidence of colorectal cancer was the 
measure of effect, with death certifi cates being used to determine the type of cancer.

Five prior case-control studies using population controls had reported increased risks 
of colon cancer with cigarette smoking (142–146), in contrast to earlier case-control and 
cohort studies that have not consistently shown an association between tobacco use and the 
incidence of colorectal cancer (147–152).

The results of a large cohort study (the Physicians’ Health Study I) recently reported on 
the association between lifetime cigarette smoking and colorectal cancer incidence (14).
A cohort of 22,000 healthy men aged between 40 and 84 yr were followed for more than 
12 yr. Cigarette smoking was found to be an independent risk factor for the development 
of colorectal cancer. The strongest risk was found among current smokers of greater than 
or equal to 20 cigarettes a day. Cumulative lifetime exposure was also found to increase 
the risk of colorectal cancer.

Among smokers compared with nonsmokers, colorectal cancers appear to be diagnosed 
at a later stage (153–155) and also at an earlier age (155).

Alcohol is inconsistently associated with an increased risk of colon cancer (4). Similar 
to the fi ndings for colon cancer, results are varied with respect to an association between 
alcohol consumption and risk of rectal cancer.

Cohort studies investigating the association between alcohol and colon cancer among 
alcoholics (156,157) and brewery workers (158) failed to show any signifi cant increased 
risk. For rectal cancer, only one of seven cohort studies addressing a possible association 
among alcoholics or brewery workers showed a signifi cant association—in brewery workers 
in Dublin, Ireland (158). In contrast, cohort studies of the general population, investigating 
the effect of alcohol consumption on colon cancer risk showed a signifi cant association 
(159–163). A dose-response relationship between alcohol and rectal cancer was observed 
in three of these studies (161–163).
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Case-control studies investigating the association between alcohol and colon cancer 
have had mixed results, both positive (147,164–166) and negative (142,149,150,167–169).
Similar results were seen for studies specifi cally looking at rectal cancer, with both positive 
associations (169,170) and no association seen (149,168). Beer appeared to have a stronger 
relationship to cancer of the rectum in men than in women (171).

4.7. Obesity and Physical Activity
Diet and lifestyle factors are thought to have important roles in the carcinogenic process. 

Obesity as well as lack of physical activity has been associated with an increased risk of 
colon cancer (172,173).

The correlation between obesity and colon cancer incidence may refl ect the association 
between obesity and increased intake of energy or fat. Increased body mass has been 
associated with an increased mortality rate from cancer, including colon cancer (174,175).

There have been confl icting results with respect to the association between obesity and 
colon adenomas. One case-control study found that an increased body mass index (BMI) in 
women was a risk factor for colonic adenomas, but the same did not apply for men (176).
In contrast, a German study showed no relationship between being overweight and the 
incidence of colorectal adenomas for either sex, but there was an increased risk of high-risk 
adenomas among obese men (177).

In an American Cancer Society study, a cohort of 419,080 men and 336,442 women was 
followed to ascertain the relationship between body weight and a variety of illnesses (178).
Increased body weight was associated with an increased PMR from colon cancer among 
men. No association was found for women in this study.

In the Framingham study of 5200 men and women who were followed for 18 yr, there was 
no association between being overweight by 20% and an increased incidence of colorectal 
cancer (179).

Body weight in adolescence has also been evaluated as a predictor of colon cancer 
development in later life. Data from the Harvard Growth Study, which recorded heights 
and weights of 3000 children aged between 13 and 18 yr, examined the effects of being 
overweight during adolescence on health 55 yr later (180). There was a signifi cant association 
between a high BMI during adolescence and an increased risk of colorectal cancer among 
men (although this was based on only six deaths), but not among women.

A similar study of Harvard University alumni relied on questionnaires completed in 1962 
and 1966 that gathered information on height, weight, sociodemographic characteristics, 
and medical history (181). Of the 17,595 subjects who were followed for more than 20 yr, 
the 20% who were heaviest on entering college and during the period of the questionnaires 
had nearly 2.5 times the risk for colon cancer when compared to the leanest 20% among the 
group. After adjustment for degree of physical activity, the increased risk of colon cancer in 
the overweight group was evident only in the setting of less physical activity.

A third study followed a cohort of 52,539 men born between 1913 and 1927 in Hawaii and 
linked them to the Hawaii Tumor Registry, investigating the role of obesity in early adulthood 
(182). Between 1972 and 1986, 737 cases of colon cancer were identifi ed, and each case was 
matched with an average of 3.8 control subjects. Increased body weight during early and 
middle age was associated with an increased risk of developing cancer of the sigmoid colon, 
but no increased risk of cancer for other segments of the colon.

There is evidence to support an association between physical activity and risk of colon 
cancer (4,64). Physical activity is inversely associated with risk of colon cancer. The 
majority of studies evaluating this association have concentrated on occupational activity 
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(25,164,183,184), although there have been some studies examining leisure time and total 
activity (25,173,185,186). These studies have demonstrated a reduced risk of colon cancer 
with increased physical activity.

Lee and colleagues showed that individuals who reported high levels of physical activity 
throughout their lives were at a lower risk of developing colorectal cancer than individuals 
who had only a short duration of physical activity (173).

4.8. Reproductive Factors
Studies on the potential protective effect of postmenopausal estrogen replacement therapy 

on the incidence of colon cancer have been contradictory. A meta-analysis of observational 
studies published between 1974 and 1993 reported that the overall risk of colorectal cancer, in 
the setting of estrogen hormone replacement therapy, was 0.92 (95% CI: 0.74–1.5) (187).

A multicenter population-based case-control study in the United States found that the use 
of hormone replacement therapy had a signifi cant inverse relationship to the risk of colorectal 
carcinoma, with the effect limited to women who were recent users of therapy (188).

A cohort study of over 40,000 postmenopausal women originally participating in the 
Breast Cancer Detection Demonstration Project (BCDDP) in the United States had a small 
reduction in risk of colorectal cancer for recent hormone therapy, especially if therapy had 
been for 5 or more years in duration (189).

A clinical review assessed 35 studies, including 3 meta-analyses (190). Twenty-three 
suggested some degree of protective effect of hormone replacement therapy, 11 reported 
null results, and 1 suggested a negative impact. Confounding factors were as follows: There 
was only one prospective randomized controlled trial with small numbers; studies did not 
uniformly specify hormone type, dose, duration of therapy, or provide a subset analysis of 
impact on right- versus left-sided tumors; estrogen and progesterone effects were usually 
not considered separately; and many studies did not adequately control for confounding 
variables, such as family history or indication for colonoscopy.

In a case-control study from New York, reproductive variables such as parity, history of 
spontaneous or induced abortion, infertility, type of menopause, age at menopause, use of 
oral contraceptives, and use of menopausal hormone replacement therapy had no statistically 
signifi cant association with risk of colorectal adenomas (191). A lower risk of colorectal 
adenomas was found for women who had menarche before age 13 yr.

Prospective studies are still needed to determine whether a protective effect from hormone 
replacement therapy exists, the extent of this effect, and the mechanism of the effect.

5. CONCLUSION

Colorectal cancer remains the fourth most common cancer worldwide. Colon cancer 
occurs almost equally for both men and women. The probability of developing invasive 
colorectal cancer increases with increasing age, irrespective of gender.

The highest incidence rates are found in Australasia, Western Europe, and the United 
States, with the lowest rates in south-central Asia and all areas of Africa except South 
Africa.

Time trends indicate a fall in both incidence and mortality rates for colorectal cancer in 
the United States at the very end of the last century. This decline was most evident among 
white men and women.

Migrant data suggest a 20-fold international difference in the incidence rates of colorectal 
cancer. Migrants from low-risk areas to high-risk areas develop the same cancer risk as that 
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population. This observation may refl ect genetic differences, but is also probably largely a 
result of environmental and dietary differences.

The concept of an adenoma–carcinoma sequence is widely accepted and appears to occur 
for both familial and sporadic forms of colorectal cancer. The idea of screening for colorectal 
cancer becomes important in this context. The subsite distribution of colorectal cancers 
tends to suggest a trend toward increased right-sided colon lesions, suggesting that full 
visualization of the colon with colonoscopy, rather than fl exible sigmoidoscopy, is desirable 
(192,193). Infl ammatory bowel disease has also been shown to result in an increased rate of 
colorectal cancer, necessitating surveillance and therapeutic interventions.

Much has been written about the relationship between diet and colorectal cancer incidence 
rates. There appears to be an increased risk of colorectal cancer with increasing consumption 
of fat, protein, and meat. The inverse result can also be seen with increased consumption of 
fruit and vegetables. The impact of fi ber intake on the incidence rate of colorectal cancer is 
less certain. The most recently published large cohort study suggested no positive impact 
on colorectal cancer incidence (65). Two recent randomized trials with adenoma recurrence 
as the outcome have also shed doubt on the role of fi ber (194,195). Mixed results have 
been reported regarding the role of other dietary factors such as calcium and caffeine 
on the incidence rate of colorectal cancer. The association between smoking and alcohol 
consumption, and the relative risk of colorectal cancer have shown mixed results.

There is increasing evidence to suggest that chemopreventive strategies with either aspirin 
or NSAIDs may have a major role to play in the prevention of colorectal cancer, both in 
sporadic and familial cases.

The recently published reports of a decline in both the incidence and mortality rates for 
colorectal cancer, in conjunction with an ever-increasing genetic understanding of the disease 
and ongoing advances in the area of chemoprevention of the disease, render colorectal cancer 
an area of great ongoing epidemiological interest.
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The fi eld of nutritional epidemiology has offered considerable insight into our understand-
ing of human disease. In previous centuries, deficiency states of essential nutrients, 
such as scurvy and rickets, were the primary interest of nutritional research. In contrast, 
contemporary nutritional epidemiology has principally focused on the major diseases of 
Western civilization, particularly heart disease and cancer. Unlike nutritional defi ciencies, 
these diseases almost always have multiple causes, including not only diet but also genetic, 
occupational, and environmental infl uences. Nonetheless, advances in methodology have 
allowed for the study of chronic diseases, such as colorectal cancer, which have relatively 
long latency periods as well as multiple causes.

Doll and Peto suggested that up to 90% of US deaths from cancer of the large bowel might 
be avoidable through alterations in diet (1). In the past four decades, remarkable progress 
has been made in identifying factors that either enhance or reduce the risk of colorectal 
cancer. In this chapter, we summarize the available descriptive and analytic data supporting 
a role for diet and other lifestyle factors in the etiology of colorectal cancer and its precursor 
lesion, adenomatous polyps.
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1. EPIDEMIOLOGICAL APPROACHES
TO DIET AND COLORECTAL CANCER

Our understanding of the relation between diet and colorectal cancer is derived from 
many sources (Table 1). Experiments in laboratory animals have assessed the extent to 
which various dietary factors and nutrients modulate chemically induced colorectal tumors. 
Although such studies may generate new hypotheses, animal experiments cannot necessarily 
be extrapolated directly to human carcinogenesis.

In humans, ecological or correlation studies have compared colon cancer rates in various 
populations with the population per capita consumption of specifi c dietary factors. Many 
of the correlations based on such information are remarkably strong. For example, the 
correlation between meat intake and the incidence of colon cancer is 0.85 for men and 
0.89 for women (2). Unfortunately, many potential determinants of disease other than the 
dietary factor under consideration may vary between areas with high and low incidences 
of colorectal cancer. For example, similar relations between colon cancer incidence and 
population ownership of motor vehicles (3) as well as the Gross National Product (2) suggest 
that affl uence may be as good as the dietary variables in predicting international variation.

Migration and time-trend studies have been particularly useful in addressing the possibility 
that correlations observed in the ecological studies are due to environmental rather than 
genetic factors. Numerous studies indicate that populations migrating from low to high 
incidence areas achieve the incidence rate of the host country within one or two generations, 
even within the migrating generation (4–6). In addition, with the introduction of Western 
diet and lifestyle into Japanese populations, the mortality from colorectal cancer has 
increased 44% in men and 40% in women (7). Such secular trends clearly demonstrate 
that environmental factors, possibly including diet, are important causes of colorectal 
cancer even though genetic factors may infl uence who becomes affected, given an adverse 
environment.

The largest body of epidemiological data relating dietary factors to risk of colon cancer 
is based primarily on case-control studies, in which the recalled past diet of individuals 
diagnosed with colon cancer is compared with the recalled diet of a control group without a 
diagnosis of colon cancer. Such studies may be limited by the potential for differential recall 
of past diet between cases and controls. Moreover, the selection of an appropriate control 
group for a study of diet and disease is often problematic.

In prospective cohort studies, dietary data are obtained from a large group of individuals 
before the diagnosis of colorectal cancer. Because dietary information is collected prospec-
tively, illness cannot affect the recall of diet and, moreover, the issue of an appropriate 
control group is eliminated. The majority of such studies use some form of food frequency 
questionnaire, although only a few such questionnaires have been examined for their 
reproducibility and comparability with other methods such as diet records.

Finally, interventional studies (clinical trials) investigate the effect of a specifi c nutrient 
supplement or more broad-based dietary change on colorectal neoplasia. Because of the 
long latency period of colorectal carcinogenesis, such studies usually focus on the risk of 
adenoma recurrence among individuals who have undergone a colonoscopic polypectomy. 
Randomized clinical trials are particularly practical for evaluating hypotheses for specifi c 
nutrients such as trace elements or vitamins that can be formulated into pills or capsules. 
Interventional studies minimize the possibility of confounding by extraneous factors. 
Nonetheless, the time between change in the level of a dietary factor and any expected change 
in the incidence of colorectal neoplasia is typically uncertain. Therefore, null intervention 
studies can be criticized for an insuffi cient duration of supplementation. Furthermore, studies 
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of adenoma recurrence will potentially miss factors that infl uence the progression from 
adenoma to cancer rather than from normal epithelium to polyp.

2. FIBER

The rarity of colorectal cancer in Africa suggested to Burkitt that the high-fi ber diet 
of Africans is protective against colorectal cancer (8). Since then, dietary fi ber has been 
postulated to prevent colorectal cancer by diluting or adsorbing fecal carcinogens, reducing 
colonic transit time, altering bile acid metabolism, reducing colonic pH, or increasing 
production of short-chain fatty acids (9).

Despite the intuitive appeal of Burkitt’s hypothesis, epidemiologic studies of a possible 
link between dietary fi ber and colorectal cancer have been inconclusive (10). A meta-analysis 
of case-control studies demonstrated a combined odds ratio of 0.58 between the highest 
and lowest quintiles of fi ber intake (11). However, when this analysis was restricted to 
studies that used validated diet questionnaires and incorporated qualitative data into nutrient 
estimation, the risk estimates for dietary fi ber and colorectal cancer were closer to the null 
(12). The retrospective design of the previous case-control studies may have introduced 
recall and selection biases. Furthermore, many of these studies had limited data on other 
dietary factors, thereby preventing clear distinctions between the effects of fi ber and other 
constituents of plant foods.

In six large prospective studies (13–18), inverse associations between intake of fi ber and 
risk of colon cancer have been weak or nonexistent. Using a limited dietary questionnaire, 
Thun et al. did observe a signifi cant inverse relation between intake of “citrus fruit, vegetable, 
and high-fi ber grains” and colon cancer, although dietary fi ber intake was not specifi cally 
analyzed (19). In the largest cohort study of dietary fi ber, Fuchs and colleagues analyzed 
88,757 women over a 16-yr follow-up period and found no association between dietary 
fi ber intake and risk of colorectal cancer; the relative risk for the highest as compared to 
the lowest quintile of fi ber intake was 0.95 (95% confi dence interval [CI] 0.73–1.25) (18).
Moreover, no signifi cant association between fi ber intake and risk of colorectal adenoma was 
seen. Another prospective study of 16,448 US men also failed to demonstrate a signifi cant 
association between total dietary, cereal, or vegetable fi ber intake and colorectal adenomas, 
although a modest reduced risk was observed with increasing fruit fi ber intake (20).

Three large, randomized, controlled trials have examined the rates of adenoma recurrence 
among individuals who had undergone a colonoscopic removal of an adenomatous polyp 
(Table 2). In all three studies, participants randomized to a high-fi ber diet or supplement did 
not experience any signifi cant reduction in adenoma recurrence (21–23). In fact, Bonithon-
Kopp and colleagues observed a signifi cant increase in the rate of adenoma recurrence 
among participants randomized to the fi ber supplement (21).

Table 1
Epidemiological Approaches to Diet and Colorectal Cancer

Ecological (correlation) studies
Migration studies
Time-trend (secular trend) studies
Retrospective case-control studies
Prospective cohort studies
Randomized clinical trials
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Although ongoing research continues to assess the infl uence of fi ber intake on the risk 
of colorectal neoplasia, the preponderance of the evidence would indicate that dietary fi ber 
exerts a minimal, if any, infl uence on colorectal carcinogenesis. There are cogent reasons 
for increasing fi ber intake, particularly the inverse association observed with coronary heart 
disease in many studies (24,25). However, dietary measures to reduce colorectal cancer risk 
must include other strategies beyond increasing dietary fi ber intake.

3. VEGETABLES AND FRUITS

Consumption of fruit and vegetables could reduce colorectal cancer risk through anticar-
cinogenic components, such as antioxidants (in particular, carotenoids and vitamin C), folic 
acid, fl avonoids, organosulfi des, and isothiocyanates, the induction of detoxifi cation enzymes 
by cruciferous vegetables, and protease inhibitors that might infl uence DNA damage and thus 
reduce mutations (26,27). The association of fruit and vegetable intake with colon and/or 
rectal cancer incidence has been considered in numerous previous epidemiologic studies, 
and many of these studies have concluded that strong evidence exists for a benefi t (28). At 
least 22 retrospective case-control studies have evaluated the association of vegetable and 
fruit consumption with colon cancer risk (28,29). Of these studies, 18 found some degree 
of risk reduction with higher-level consumption of at least one category of vegetable or fruit. 
A decreased risk with higher-level consumption of cruciferous vegetables was seen in 
8 of 13 studies in which such an association was reported, and a protective association with 
intake of green vegetables was reported in 5 of 6 studies. Less data are available on the 
association between fruit consumption alone and colon cancer risk; most case-control studies 
have found no substantial association. In case-control studies, however, diet is assessed 
retrospectively; hence, such studies are prone to recall or reporting bias because case patients 
and control subjects are likely to differ in their reporting of their dietary habits.

Prospective studies of fruit and vegetable intake generally have produced more modest 
(30–32) or nonsupportive (33,34) results. A recent analysis of two large cohorts observed no 
protective benefi t of fruit or vegetable intake on the risk of colorectal cancer (34). Similarly 
for adenomas, some (35–41), but not all, studies (42–44) have supported the role of fruits 
and vegetables.

Table 2
Randomized Controlled Trials of Fiber in the Prevention of Recurrent Adenomatous Polyps

  Rate of adenoma  
Risk ratio for

No. of
 recurrence (%) 

intervention
Author Intervention  patients Intervention Control (95% CI)

Schatzkin et al. (22) Low-fat, high-fi ber  1905 39.7 39.5 1.00 (0.90–1.12)
     diet

Alberts et al. (23) High-fi ber  1303 47.0 51.2 0.88 (0.70–1.11)
     supplement

Bonithon-Kopp  High-fi ber  552 29.3 20.2 1.67 (1.01–2.76)
    et al. (21)     supplement
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Despite the lack of support for a strong protective effect for vegetables in recent studies, 
vegetable consumption has been among the most consistent protective factors for colorectal 
carcinogenesis across all epidemiologic studies (45). The WRCF report (28) concluded that 
“evidence that diets rich in vegetables protect against cancers of the colon and rectum is 
convincing,” whereas “the data on fruit are more limited and inconsistent; no judgement is 
possible.” Nonetheless, vegetables are a heterogeneous mix of various compounds that may 
infl uence colorectal carcinogenesis (including carotenoids, ascorbate, and folate). Further 
studies on these micronutrient constituents of plant foods may better elucidate the infl uence 
of vegetable consumption.

4. FOLATE

Folate is essential for regenerating methionine, the methyl donor for DNA methylation, 
and for producing the purines and pyrimidines required for DNA synthesis. Inadequate avail-
ability of folate may contribute to aberrations in DNA methylation and lead to abnormalities 
in DNA synthesis or repair, either of which may infl uence colon carcinogenesis. Consistent 
with animal studies (46), epidemiologic evidence supports a potential role for folate in 
reducing risk of colorectal cancer. Five case-control studies found a higher risk of colon 
cancer among individuals with low folate intakes (47–51). Three of three prospective studies 
demonstrated an inverse association between higher folate intake and lower colon cancer 
risk (52–54); another prospective study showed an inverse association between plasma folate 
and risk of colon cancer (55). In a prospective cohort study of 88,756 women, participants 
who consumed more than 400 µg of folic acid per day experienced a relative risk for colon 
cancer of 0.69 (95% CI = 0.52–0.93) when compared to women who consumed 200 µg or 
less per day (54). Moreover, women who used folate-containing multivitamin supplements 
for at least 15 yr were 75% less likely to develop colon cancer than women who never took 
multivitamins. A population-based case-control study also demonstrated a 50% reduction in 
risk of colon cancer among men and women who reported daily multivitamin use (51). The 
potentially greater protection of folic acid from multivitamins may be the result of the higher 
dose and bioavailability of folic acid found in multivitamins (54).

Low dietary folate or erythrocyte folate levels have been associated with an increased 
risk of colorectal adenomas (38,56,57). Among small studies of individuals with chronic 
ulcerative colitis, a similar inverse relationship between folate and large bowel dysplasia 
or cancer has been reported (58–60).

Several plausible mechanisms by which folate may infl uence colorectal carcinogenesis 
are available. Folate is an important factor in DNA methylation, and DNA methylation 
is an important determinant of gene expression, maintenance of DNA integrity and stabil-
ity, and development of mutations (61–63). Genomic and protooncogene-specifi c DNA 
hypomethylation seems to be an early and consistent event in carcinogenesis, particularly 
in colon cancer (64–68). Folate is also required to convert deoxyuridylate (dUMP) into 
thymidylate (dTMP). When levels of folate are low, misincorporation of uracil for thymidine 
may occur during DNA synthesis (69), potentially increasing spontaneous mutation rates 
(70), sensitivity to DNA-damaging agents (71), frequency of chromosomal aberrations 
(72,73), errors in DNA replication (73–75), and abnormalities in DNA excision (76) and 
mismatch repair (77). Blount et al. demonstrated that folate defi ciency was related to massive 
misincorporation of uracil into human DNA and increased chromosomal breaks, and these 
changes were reversible with folate supplementation (78).

Additional evidence for the importance of folic acid in colorectal carcinogenesis comes 
from studies of individuals with an inherited polymorphism in methylene tetrahydrofolate 
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reductase (MTHFR), a critical enzyme in folate metabolism (79,80). Prospective studies 
show that homozygotes for a polymorphism of the MTHFR gene, which correlates with 
reduced activity, have a signifi cantly lower risk for colon cancer, possibly because low 
activity of this enzyme maintains higher cellular levels of 5,10-methylene tetrahydrofolate, 
thereby reducing misincorporation of uracil into human DNA (55,81). This relation between 
a functional polymorphism for this folate-metabolizing gene and risk for colon cancer 
provides independent evidence for a role of folate that cannot be attributed to confounding 
by another dietary variable.

Overall, the consistent fi ndings from case-control studies, cohort studies, and the fi ndings 
associated with polymorphisms of the MTHFR gene suggest an important role for folic acid 
in colon carcinogenesis, possibly through its effect on DNA synthesis and methylation.

5. CALCIUM AND VITAMIN D

Animal studies have suggested that calcium may be involved in the etiology of colon 
cancer (82–85). Calcium can bind secondary bile acids and ionized fatty acids, which can 
promote epithelial cell proliferation in the colon (86–88), and calcium may also directly 
decrease epithelial cell proliferation (89).

Although epidemiological studies on this association are inconsistent, the majority of 
studies have found weak but statistically nonsignifi cant inverse associations between high 
calcium intake and colorectal or colon cancer risk (90–96). In two male prospective cohorts, 
higher calcium intake was signifi cantly associated with lower risk of colorectal cancer 
(97,98). A meta-analysis of 24 studies assessing the relation between calcium intake and 
colorectal adenoma or cancer found a modest inverse association between calcium intake and 
risk of colorectal cancer (pooled relative risk = 0.86; 95% CI = 0.74–0.98), but not colorectal 
adenoma (pooled relative risk = 1.13; 95% CI = 0.91–1.39) (99).

Randomized, placebo-controlled trials of adenoma recurrence have also suggested a small 
benefi t for supplemental calcium use. In a trial of 930 individuals with a history of colorectal 
adenoma in the United States, calcium supplementation resulted in a statistically signifi cant, 
albeit moderate, decreased risk of recurrent adenomas (relative risk = 0.81; 95% CI = 
0.67–0.99) (100). Another trial from Europe also observed a modest, though nonsignifi cant, 
decreased risk of colorectal adenoma recurrence with calcium supplementation (relative risk 
= 0.66; 95% CI = 0.38–1.17) (21).

In vitro studies have demonstrated that 1,25(OH)2-vitamin D, the active metabolite of 
vitamin D, inhibits proliferation and induces differentiation of human colorectal cells 
(101,102), and animal studies suggested that 1,25(OH)2-vitamin D reduces tumor growth 
(103). Ecologic studies in humans showed that areas with higher sunlight exposure are 
associated with lower rates of colorectal cancer incidence and death, leading investigators 
to suggest a possible role for vitamin D by virtue of higher rates of ultraviolet light 
photoconversion of skin precursors to vitamin D in areas of greater sunlight (104,105).
In prospective cohort studies, the relation between vitamin D and colorectal cancer has 
been less striking (106). Although four (107–110) of the fi ve prospective studies have 
reported modest inverse associations for dietary vitamin D and colon or colorectal cancer, 
the association was signifi cant in only one study (107). In the Nurses’ Health Study (110),
a signifi cant inverse association was seen when total (dietary plus supplemental) vitamin D
intake was analyzed. However, many of the women in the highest category of vitamin D were
taking multivitamin supplements, so that other constituents of multivitamins could potentially 
explain these fi ndings.
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In summary, the available evidence suggests that calcium and vitamin D may reduce the 
risk of colon cancer, although the effect appears to be modest.

6. RED MEAT AND FAT

Within human ecological studies, rates of colon cancer are strongly correlated with 
national per capita disappearance of animal fat and meat (2,111). Moreover, rates of colon 
cancer have risen sharply in Japan since 1945, paralleling a 2.5-fold increase in meat and 
fat intake in that country (7). Sixteen of 26 case-control studies have reported a positive 
association between red meat and the risk of colon cancer (28). Among prospective studies, 
three of seven cohort studies have reported a positive association between red meat and 
colon cancer (28). The Nurses’ Health Study reported that women who consumed red meat 
frequently had a statistically signifi cant 2.5-fold increase in the risk of colon cancer when 
compared with women who consumed red meat rarely (112). Although, the authors also 
noted a higher risk of colon cancer in association with animal fat intake, a multivariate model, 
which included both red meat and animal fat intakes, indicated a statistically signifi cant 
risk of colon cancer for red meat, whereas the association with animal fat was eliminated. 
Data from the Health Professionals Follow-up Study, a cohort study of men, demonstrated 
a direct association between red meat consumption and risk of colon cancer and adenoma, 
but no association was observed with other sources of fat (113). Two other cohort studies 
observed a signifi cant direct association between intake of processed meats and risk of 
colon cancer (114,115).

Assessing the specifi c role of dietary fat, Howe et al. conducted a pooled analysis of 
13 case-control studies and found no evidence of any increased risk of colon cancer with 
dietary fat intake after adjustment for total energy intake (116). Furthermore, there were 
no statistically signifi cant associations for any type of fat in subgroup analyses by age, sex, 
or anatomic location of the cancer.

This evidence suggests that consumption of red meat is associated with an increased 
risk of colon cancer, independent of animal fat. Several possible explanations exist for 
these fi ndings. First, a specifi c fatty acid present in red meat may be particularly harmful, 
independent of total fat. Second, high consumption of red meat may increase concentrations 
of fecal iron, which could infl uence the risk of colon cancer by generation of hydroxyl 
radicals (10). Third, initiators or promoters of carcinogenesis may be formed when red meat 
is cooked, particularly at high temperatures. Several studies suggested a higher risk of colon 
cancer (117,118) or adenoma (119) when meat was either fried to a heavily browned surface 
or cooked “well done.” Mutagenic heterocyclic amines are formed when meat is fried, 
grilled, or broiled at high temperatures for substantial periods (120–122). These compounds 
and their genetically variable metabolism are being evaluated in ongoing laboratory and 
epidemiologic investigations.

7. ALCOHOL

Although not entirely consistent, most epidemiologic studies support a positive association 
between alcohol intake and the risk of colorectal cancer, particularly for cancers originating 
in the distal colon or rectum (123). Eighteen case-control studies have examined alcohol 
consumption and colon cancer; alcohol consumption was associated with an increased risk in 
nine of these studies (124). In addition, 9 of 17 studies of rectal cancer reported an elevated 
risk in association with alcohol consumption (124). Five prospective cohort studies have 
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reported on the infl uence of alcohol consumption; four have shown statistically signifi cant 
positive associations with alcohol (124). Three of these studies explored the association with 
rectal cancer and each found a positive association.

Although there are studies showing both increased risk as well as no association with 
alcohol, there are essentially no studies showing reduced risk with higher intake. The 
inconsistencies among studies may refl ect small sample sizes, study methods, differences in 
patterns of alcohol consumption, or differences in metabolism of alcohol among divergent 
study populations. The WCRF report concluded that, “high alcohol consumption probably 
increases the risk of cancers of the colon and rectum”(28).

8. SMOKING

In previous studies, tobacco has been consistently associated with an increased risk for 
colorectal adenoma. However, among earlier studies, the fi ndings for colorectal cancer had 
been contradictory (125). In the Iowa Women’s Health Study, the relative risks for colon 
cancer for current and former smokers were 1.09 and 0.92, respectively, and there was no 
relation between colorectal cancer and pack-years smoked (115). In the New York University 
Women’s Health Study, the relative risks for colorectal cancer were 0.97 for current and 0.99 
for past smokers relative to nonsmokers (126). Subsequently, results from both the Nurses’
Health Study and the Health Professionals Follow-up Study suggested that the earlier studies 
of colorectal cancer and smoking were inconsistent because they failed to allow for an 
adequate induction period. Among both studies, the risk of small adenomas (less than 1 cm)
was significantly associated with recent smoking, whereas an elevated risk for larger 
adenomas required 20 yr following smoking initiation, and colorectal cancers required at 
least 35 yr from initial exposure (127,128). In the Nurses’ Health Study, an increased risk 
of colorectal cancer was only observed among women who had begun smoking more than 
35 yr in the past, with the relative risk increasing from 1.47 for 35–39 yr in the past to 2.00 
for more than 45 yr in the past.

Since then, the majority of published studies have reported positive associations between 
cigarette smoking and colorectal cancer (129–139), although a few studies did not support an 
association (140–143). The long latency period between initiation of smoking and elevation 
in colorectal cancer risk and the consistent relationship seen for recent smoking and adenoma 
risk suggest that smoking may act as an early initiator of colorectal carcinogenesis, causing 
mutations in genes that occur early in the adenoma–carcinoma sequence (e.g., K-ras)
(see Chapter 1). In one study of colorectal adenomas, Fernandez-Martos et al. observed a 
signifi cant increase in the prevalence of K-ras mutations among past or current smokers 
(144). In another study, Slattery and colleagues observed a signifi cant increase in the 
prevalence of microsatellite instability (MSI) in colorectal cancers among smokers (145).
The association between MSI-positive cancers and cigarette smoking was strongest among 
patients who started smoking at a young age or smoked for 35 or more years.

9. OBESITY AND PHYSICAL ACTIVITY

Studies in laboratory animals suggest that energy restriction can reduce the incidence 
of intestinal tumors. In humans, evidence for a deleterious effect of obesity, assessed 
by body mass index (BMI), on the risk of colon cancer is derived from prospective 
(107,115,129,146–155) and retrospective (156–160) studies. In the Nurses’ Health Study, 
BMI was positively associated with the risk for colon cancer (161) and large (≥1 cm) 
adenomas (162), whereas BMI was not related to small (<1 cm) adenoma risk. Similarly, in 
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the Health Professionals Follow-up Study (147), the risk for colon cancer was signifi cantly 
associated with both waist-to-hip ratio (relative risk = 3.41) and waist circumference (relative 
risk = 2.56). Similar associations were observed for adenomas of 1 cm or greater, but no 
association was observed for smaller adenomas. Of interest, two studies among women 
reported suggestive but not statistically signifi cant positive associations between waist-to-
hip ratio and risk of colon cancer (115,163). Among many studies, measures of central 
adiposity (e.g., waist-to-hip ratio) are stronger predictors of colon cancer risk for men than 
for women, which may be indicative of the higher prevalence of central obesity in men 
compared to women (147,162).

The association between adiposity and risk of colon cancer and large adenoma but 
not small adenoma suggests that obesity may act relatively late in the pathway of colon 
carcinogenesis, enhancing the progression to large adenomas and cancer.

The relationship between physical activity and a reduced risk of colon cancer is among
the most consistent fi ndings in the epidemiologic literature, reported in studies of occupa-
tional activity, leisure activity, and total activity (124). Results of prospective (129,146,155,
164–171) and retrospective (36,156,157,172–181) studies support an inverse association 
between physical inactivity and risk of colon, but not rectal cancer (146,156,167,168,170,
181–183). In the Nurses Health Study, women who were in the upper quintile of leisure-time 
physical activity were less likely to develop colon cancer (relative risk [RR] = 0.54; 95%
CI = 0.33–0.90) (163) and large adenomas (RR = 0.57, 95% CI = 0.30–1.08) (162) compared 
to nonactive women. In the Health Professionals Follow-up Study, physical activity was 
inversely associated with colon cancer risk (RR=0.53; 95% CI = 0.32–0.88) (184). When 
physical activity and BMI are assessed jointly, the highest risk of colon cancer occurs among 
those both physically inactive and with high BMI levels (147,185). Based on a review of 
the literature, Colditz et al. reported an approx 50% reduction in incidence of colon cancer 
among the most active individuals (186).

Maintaining high levels of physical activity throughout life appears to impart the greatest 
protection (146,157). In the Harvard Alumni Study, men who were at least moderately active 
at two assessments were 48% less likely to develop colon cancer when compared to men 
who were inactive at both assessments (146). Nonetheless, among men who were sedentary 
at the initial assessment, those who increased their activity during follow-up were 13% less 
likely to develop colon cancer than those who remained sedentary.

Several biologic mechanisms have been proposed for the inverse association between 
physical activity and colon cancer (187). Martínez et al. showed that a higher level of 
leisure-time activity was signifi cantly inversely related to the concentration of prostaglandin 
E2 (PGE2) in the rectal mucosa, suggesting a potential mechanism through PGE2 synthesis 
(188). In addition, hyperinsulinemia is related to physical inactivity, high body mass index, 
and central deposition of adipose, and insulin is mitogenic for normal and neoplastic colonic 
epithelial cells (189). Insulin has been shown to be a colon tumor promoter in animal 
models (190) and high insulin levels are positively related to risk of colon cancer in humans 
(191). Adult-onset diabetes mellitus, typically associated with a prolonged history of insulin 
resistance and hyperinsulinemia, also appears to be a signifi cant risk factor for colon cancer 
(192). Moreover, insulin-like growth factors (IGFs) have been linked to colon cancer risk. 
IGF-1 stimulates cellular proliferation and inhibits apoptosis (193). Conversely, IGF-binding 
proteins (IGFBPs) can oppose the actions of IGF-1, in part by binding and sequestering 
IGF-1 (194) and by inhibitory effects mediated by specifi c IGFBP-3 membrane-associated 
receptors (195). In a prospective study of US male physicians, men in the top quintile of 
IGF-1 had a relative risk for colon cancer of 2.51 (95% CI = 1.15–5.46). For IGFBP-3, the 
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relative risk for the top vs bottom quintile was 0.28 (95% CI = 0.12–0.66). High IGF-1 
and low IGFBP-3 levels were similarly associated with an increased risk of colorectal 
cancers and large adenomas (≥1 cm in diameter) among women in the Nurses’ Health 
Study (196).

Overall, these results strongly suggest that both physical inactivity and obesity increase 
the risk of colon cancer, perhaps by increasing circulating insulin and IGFs and thereby 
promoting tumorigenesis in the large bowel.

10. CONCLUSION

Epidemiologic studies over the past 20 yr have dramatically improved our understanding 
of the dietary and lifestyle risk factors for colorectal neoplasia. Although further work is 
needed to clarify the dietary predictors of colorectal cancer, practical recommendations 
for the primary prevention of colorectal cancer and adenoma can be offered (Table 3). The 
available evidence would suggest that a diet high in fruits and vegetables and low in red 
meat, in conjunction with regular physical activity and avoiding obesity, smoking, and heavy
alcohol use will signifi cantly reduce the risk of colorectal cancer. In addition, regular use 
of multivitamins that contain folate may also substantially reduce colorectal cancer risk. Of 
note, these guidelines are prudent not only in the prevention of colorectal cancer but also 
in the prevention of other chronic diseases in Western populations, specifi cally coronary 
heart disease (25).

Coupled with our increasing understanding of the genetic events associated with colorectal 
neoplasia, future models of carcinogenesis will need to account for environmental factors, 
genetic predisposition, and the molecular events involved in tumorigenesis. It is apparent 
that although colorectal cancers appear relatively homogenous histologically, the genetic 
and epigenetic background may differ substantially among tumors. In addition, although 
relevant data are relatively sparse at present, in vitro, animal, and limited correlative human 
data indicate that specifi c exogenous factors may cause (or prevent) specifi c molecular 
alterations. The most obvious examples are chemical carcinogens that in some settings 
cause quite specifi c mutations. Ongoing studies are examining suspected etiologic factors 
in relation to mutations in certain genes (e.g., p53 tumor suppressor gene, the K-ras
protooncogene), including specifi c types of mutations (e.g., transition mutations at a specifi c 
codon). A better understanding of the causes of colorectal carcinogenesis requires the ability 
to correlate exogenous factors with markers of colorectal cancer progression. Examples 

Table 3
Summary of Selected Dietary and Lifestyle Risk Factors for Colon and Rectal Cancer

Probability of association Decreases risk Increases risk

Likely Physical activity Obesity
 Folate Smoking
 Vegetables Red meat

Possible Fruit Alcohol
 Calcium Processed meat
 Vitamin D Heavily cooked meat
 Methionine Iron

Uncertain Fiber
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of such studies are just beginning to emerge in the literature (139,145,197). By linking 
certain exposures to specifi c genetic alterations, we may enhance our ability to reach fi rmer 
conclusions from epidemiologic investigations and better defi ne the mechanistic infl uence of 
environmental exposures on the pathogenesis of colorectal neoplasia.
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1. INTRODUCTION

The cumulative lifetime risk of developing colorectal cancer for men and women in the 
United States is about 6% (1). In 2001, colorectal cancer is expected to be the fourth most 
common cause of cancer, accounting for over 135,000 new cases, and the second most 
common cause of cancer death, resulting in approx 57,000 deaths, among Americans (1).
The detection of early-stage disease at diagnosis is associated with signifi cantly improved 
survival, with a 5-yr survival rate of greater than 90% for those with localized disease (2).

Routine screening of asymptomatic individuals in the general population will lead to a 
reduction in the incidence and mortality of colorectal cancer. The colonoscopic removal of 
adenomatous colorectal polyps, its premalignant precursor lesion, has been demonstrated to 
reduce the incidence of developing colorectal cancer (3) (Fig. 1).

Early detection and endoscopic polypectomy can prevent the development of colorectal 
cancer. Recommendations for screening and surveillance for colorectal cancer are based on 
the individual’s risk for the development of this disease. This chapter will review currently 
recommended screening and surveillance guidelines based on individual risk stratifi cation 
for those at average risk and increased risk, including those at particularly high risk as a 
result of underlying hereditary predisposition syndromes.

2. AVERAGE RISK

Average-risk individuals are asymptomatic men and women over age 50 with no personal 
history of colorectal cancer or adenomatous polyps, no history of infl ammatory bowel disease 
(ulcerative or Crohn’s colitis), or a family history of colorectal cancer or adenomatous 
polyps.
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2.1. Evidence for Screening Tests
2.1.1. FECAL OCCULT BLOOD TEST

There are three prospective, randomized, controlled trials, from Minnesota (7), the United 
Kingdom (8), and Denmark (9), that have demonstrated the effectiveness of fecal occult 
blood testing in reducing colorectal cancer mortality (Table 1). The British and Danish 
studies were population-based trials. A prospective, nonrandomized, controlled study from 
New York also demonstrated a benefi t from stool blood testing (10). There are also two 
retrospective, case-control studies from northern California and Germany that have provided 
additional evidence to support the effectiveness of fecal occult blood testing (11,12).
Furthermore, the Minnesota group recently demonstrated that fecal occult blood testing also 
reduces the incidence of colorectal cancer (13).

2.1.2. SIGMOIDOSCOPY

The current evidence for sigmoidoscopy is provided by two retrospective, case-control 
studies that demonstrated a signifi cant reduction in rectosigmoid cancer mortality. A study 
from northern California (14) found that only 8.8% of 261 case patients had had a screening 
rigid sigmoidoscopy during the 10-yr period prior to their diagnosis of rectosigmoid cancer, 
as compared to 24.2% of the 868 matched controls (odds ratio = 0.41; 95% confi dence 
interval [CI] = 0.25–0.69). This study demonstrated a 59% reduction in rectosigmoid cancer 
mortality and that this risk-reduction benefi t continued for 10 yr after a single screening 
examination. A second, smaller, retrospective, case-control study from Wisconsin (15)
provided additional support for screening sigmoidoscopy, demonstrating an 80% reduction 

Fig. 1. Cumulative incidence of colorectal cancer in the National Polyp Study Cohort. The observed 
incidence is compared with the expected incidence based on data from the three reference groups: the 
Mayo Clinic cohort (US), the St. Mark’s cohort (UK), and the SEER Program (US) (4–6). (From ref. 3,
with permission.)
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in rectosigmoid cancer (odds ratio = 0.21; 95% CI = 0.08–0.52) in patients who had had a 
single preceding screening sigmoidoscopy examination.

Currently, two prospective screening sigmoidoscopy trials of are actively in progress. In 
the United States, fl exible sigmoidoscopy is being evaluated in the colorectal component of 
the National Cancer Institute-sponsored Prostate, Lung, Colorectal, and Ovarian (PLCO) 
screening trial (16). In the United Kingdom, there is an active screening trial specifi cally 
designed to assess the effi cacy of a once-only sigmoidoscopy examination (17).

2.1.3. COLONOSCOPY

Although there is no prospective randomized, controlled data to demonstrate that screening 
colonoscopy can reduce colorectal cancer mortality or incidence in average-risk individuals, 
there is substantial indirect evidence to suggest that this test is an effective screening 
modality; thus, it is currently endorsed by the American Cancer Society and several major 
US gastroenterology and colorectal surgery societies as a screening option in this patient 
population (18–20).

Colonoscopy offers several signifi cant advantages over other available screening tests. 
Colonoscopy is very sensitive for the detection of small and large adenomas, in contrast 
to fecal occult blood testing, which has a low sensitivity for the detection of small 
adenomas. Colonoscopy provides a complete examination of the colon and rectum, whereas 
sigmoidoscopy, at best, generally examines only the distal third of the large bowel. 
Colonoscopy also provides the opportunity for the removal of adenomas and biopsy of 
suspicious mass lesions.

Indirect evidence for the effectiveness of screening colonoscopy in average-risk individu-
als can be extrapolated from the randomized and nonrandomized controlled screening trials 
of fecal occult blood testing, in which colonoscopy was used to evaluate those patients who 
tested positive for occult blood, that demonstrated a reduction in colorectal cancer mortality 
in this population. In addition, colonoscopy is similar in both performance and effectiveness 
to sigmoidoscopy, a screening test that has been demonstrated to reduce rectosigmoid cancer 
mortality. Furthermore, colonoscopy offers the potential for colonoscopic polypectomy and, 
as demonstrated by the US National Polyp Study (NPS), the removal of adenomas detected 
at colonoscopy decreases the incidence of colorectal cancer (3) (Fig. 1).

There are now multiple published reports in the literature regarding the utility of screen-
ing colonoscopy in asymptomatic individuals. A recent large multicenter US Veterans 
Administration cooperative trial described the fi ndings of a screening colonoscopy in 3196 
asymptomatic individuals (97% men) between the ages of 50 and 75 (mean age = 62.9) (21).

Table 1
Prospective Controlled Trials of Fecal Occult Blood Testing

   Duration of Mortality
Study Year N follow-up reduction

Minnesota 1993 146,551 .13 yr 33%
    (Mandel et al.) (7)
United Kingdom 1996 152,850 7.8 yr 15%
    (Hardcastle et al.) (8)
Denmark 1996 140,000 .10 yr 18%
    (Kronborg et al.) (9)
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Of note, however, fecal occult blood testing was not reported and the study included some 
increased-risk individuals with a positive family history of colorectal cancer. One or more 
colorectal neoplasms were detected in 37.5% of patients in this cohort. An adenoma that was 
large, 1 cm or more, and/or demonstrated villous histology was detected in 7.9% of patients, 
an adenoma with severe dysplasia in 1.6%, and an invasive cancer in 1.0%. In addition, in 
48 of the 1765 patients (2.7%) who had no polyps in the distal colon (beyond the splenic 
fl exure), an advanced neoplasm (large adenoma, 1 cm or more, villous histology, severe 
dysplasia, or invasive cancer) was detected in the proximal colon. Furthermore, 52% of 
the 128 patients that had a proximal advanced neoplasm had no distal adenomas, thus 
demonstrating signifi cant proximal colon neoplasia that would likely have gone undetected 
following a negative fl exible sigmoidoscopy examination. Similar fi ndings from another large 
study of 1994 asymptomatic men and women, age 50 or older, who underwent a screening 
colonoscopy, as part of an employer-sponsored screening program offered by their company, 
demonstrated that colonoscopy detected a considerable number of advanced proximal colon 
neoplasms that would not have been detected by fl exible sigmoidoscopy (22).

In addition, the CONCERN Trial is presently evaluating the efficacy of screening 
colonoscopy in average-risk, asymptomatic women at US Regional Navy/Army Medical 
Centers. Furthermore, a prospective, randomized, national screening colonoscopy trial 
designed to investigate whether the performance of a single screening colonoscopy would be 
effective in decreasing the incidence and mortality of colorectal cancer in the average-risk 
general population, between the ages of 50 and 64, is actively being organized and its pilot 
feasibility trial is currently underway.

2.1.4. DOUBLE-CONTRAST BARIUM ENEMA

There are no studies that directly evaluate the effectiveness of double-contrast barium 
enema (DCBE) to screen for colorectal cancer in the average-risk population. As compared 
to colonoscopy, DCBE has several signifi cant drawbacks as a screening modality. DCBE 
is not as sensitive for detecting small or fl at lesions. It may misinterpret retained stool as 
a false-positive result. Also, DCBE does not allow for the possible removal of polyps or 
diagnostic biopsies. Furthermore, because the rectal balloon used in the barium enema exam 
limits visualization of the distal rectum, a fl exible sigmoidoscopy should also be performed 
to avoid missing a potential distal rectal neoplasm.

Several DCBE studies report sensitivity rates in the range of 50–80% for detecting small 
polyps, <1 cm, 70–90% for large polyps, >1 cm, and 55–85% for early stage (Dukes A 
and B) cancers (23–26). Reported false-positive rates, as a result of retained stool and/or 
non-neoplastic mucosal irregularities, range from about 50% for small polyps (26), 5–10%
for large polyps, and less than 1% for cancers (26–28).

Nonetheless, because DCBE evaluates the entire colon and will likely detect most 
clinically signifi cant neoplastic lesions, it may be considered as an alternative screening 
option in asymptomatic average-risk individuals who are unable or unwilling to undergo 
colonoscopy.

3. INCREASED RISK

3.1. Risk Factors
Risk factors associated with an increased risk for colorectal cancer include age greater 

than 50, a personal or family history of colorectal cancer or adenoma, and a personal history 
of long-standing infl ammatory bowel disease (ulcerative colitis and Crohn’s colitis). Very 
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high-risk individuals include those with an underlying genetic predisposition as a result of 
an hereditary polyposis or nonpolyposis syndrome (Table 2).

3.1.1. HISTORY OF COLORECTAL ADENOMA

Adenomas are the most common type of polyp detected at colonoscopy. In the National 
Polyp Study (NPS), 68% of the polyps removed at the initial colonoscopy examination were 
adenomas, whereas the remainder included hyperplastic (11%) and other non-neoplastic 
polyps (29). Several colonoscopy studies have demonstrated that greater than 60% of 
adenomas are located distal to the splenic fl exure (29,30). It is not unusual for patients to have 
synchronous adenomas. In one colonoscopy study, 60% of patients in whom an adenoma 
was detected had a single adenoma, whereas 40% had multiple polyps (31). Increased age is 
associated with an increased risk of multiple synchronous adenomas (32).

The precise time-course of the adenoma to carcinoma pathway is not certain. However, 
through indirect evidence, it appears to be a relatively slow process that, in most cases, 
occurs over many years. Data from both the NPS (33) and the St. Mark’s Hospital study 
(34), which described the long-term observation of unresected colorectal adenomas, support 
an average time-course of about 10–15 yr for the progression from a small adenoma to 
a cancer.

In hereditary nonpolyposis colorectal cancer (HNPCC) syndrome, however, there is some 
suggestion that adenomas may progress to cancer over a shorter time interval than that seen in 
common sporadic colorectal cancers (35,36). The study from the Netherlands (35) reported 
an unexpectedly high incidence of advanced colorectal cancers detected within 3.5 yr
after a negative screening examination (colonoscopy or barium enema) in a large number of 
HNPCC patients who participated in a national screening program. These fi ndings suggest 
that HNPCC tumors may demonstrate an accelerated adenoma to carcinoma sequence.

3.1.2. FAMILY HISTORY OF COLORECTAL CANCER OR ADENOMA

Familial factors are associated with a signifi cant proportion of colorectal cancer cases 
(Fig. 2). In the general population, approx 10% of individuals have a fi rst-degree relative 
(FDR) who has been affected with colorectal cancer, which increases their relative risk of 
developing a colorectal cancer by twofold to threefold (37). Furthermore, such an individual’s
risk is even greater if the patient has more than one affected FDR or if the affected relative 

Table 2
Factors Associated with Increased Risk of Colorectal Cancer

Increased risk
    Age greater than 50 yr
    Prior colorectal cancer or adenomatous polyp
    Family history of colorectal cancer or adenomatous polyp
    Long-standing infl ammatory bowel disease (ulcerative or Crohn’s colitis)
High risk
    Hereditary nonpolyposis colorectal cancer syndrome (HNPCC)
    Familial adenomatous polyposis syndrome (FAP)
    Gardner’s syndrome (GS)
    Turcot’s syndrome (TS)
    Peutz–Jeghers syndrome (PJS)
    Familial juvenile polyposis (FJP)
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was diagnosed at a young age. In fact, if one encounters a patient with two or more affected 
FDRs or one with an affected relative diagnosed less than 40 yr of age, one should consider 
the possibility of an underlying hereditary syndrome in that patient’s family. Recently, the 
NPS demonstrated that an individual’s risk of colorectal cancer is also increased if the 
patient has a FDR (sibling or child) who has had an adenoma, especially if the adenoma 
was diagnosed prior to age 60 (38).

3.1.3. HISTORY OF INFLAMMATORY BOWEL DISEASE

A long-standing history of ulcerative colitis is associated with an increased risk for 
colorectal cancer, and its cumulative incidence is increased relative to the duration and 
anatomic extent of the disease. The risk of cancer appears to begin after about 8–10 yr of 
disease, and thereafter the cancer risk increases at a rate of about 0.5–1.0% per year. The 
risk of cancer is greatest in those with pan-colitis, which is typically defi ned as disease 
involvement extending proximal to the splenic fl exure (39–50).

A review of surveillance colonoscopy trials in patients with chronic ulcerative colitis 
reported that 15% of patients had dysplasia and 20% of these were subsequently found to 
have colon cancer (51). One percent of patients had a diagnosis of cancer made by direct 
mucosal biopsy; however, of concern, 10% of those with cancer did not have dysplasia in 
any of their biopsies. One study has reported a reduction in colon cancer mortality as a result 
of colonoscopic screening and biopsy for dysplasia (52).

The risk of colorectal cancer is also increased in long-standing Crohn’s colitis, and, until 
recently, it has remained underappreciated. In fact, the increased risk of cancer is equivalent 
for both Crohn’s and ulcerative colitis of similar duration and anatomic extent (53–55).

Fig. 2. Factors associated with new cases of colorectal cancer. Sporadic = average-risk individuals age 50 or 
greater; IBD = infl ammatory bowel disease; FAP = familial adenomatous polyposis; HNPCC = hereditary 
nonpolyposis colorectal cancer; FH = family history of colorectal cancer.
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3.1.4. HISTORY OF COLORECTAL CANCER

Individuals with a history of colorectal cancer are at increased risk for both synchronous 
and metachronous neoplastic lesions. In patients with a colorectal malignancy, the rate for 
a synchronous colorectal cancer is 2–6%, and for an adenoma, it is 25–40% (56,57). After 
curative resection, reported rates of subsequent metachronous cancer are 3–8% and adenoma 
25–40% (58,59). However, published rates of metachronous colorectal cancer in these 
patients are from precolonoscopy era data, whereas now, with colonoscopic clearance of 
adenomas, it is uncommon to fi nd a metachronous primary colorectal cancer.

The primary goal of postsurgical surveillance is to clear the colon of potentially missed 
synchronous and subsequent new metachronous adenomas. There is no evidence that there 
is a more rapid progression along the adenoma to carcinoma sequence in patients with a 
history of colorectal cancer; thus, once the colon has been cleared of synchronous neoplastic 
lesions, the surveillance interval can be every 3 yr. However, no prospective, controlled, 
randomized trials have yet been performed to address the issue of appropriate surveillance 
intervals after curative resection of colorectal cancer.

3.2. Hereditary Colorectal Cancer Syndromes
Of the cases of colorectal cancer newly diagnosed each year in the United States, only a 

small percentage are accounted for by rare inherited colorectal cancer syndromes (Fig. 2).
These syndromes are commonly classifi ed into hereditary polyposis and nonpolyposis 
syndromes (Table 2). Families associated with these syndromes carry a particularly high risk 
for the development of colorectal cancer.

3.2.1. FAMILIAL ADENOMATOUS POLYPOSIS AND GARDNER’S SYNDROME

Familial adenomatous polyposis (FAP) is an autosomal dominant disorder characterized by 
the progressive development of hundreds to thousands of colorectal adenomas. FAP accounts 
for about 1% of all cases of colorectal cancer. Affected patients have a germline mutation in 
the adenomatous polyposis coli (APC) gene on chromosome 5 (60–63). Adenomas typically 
begin to present early in the second decade of life. If the colon is left intact, colorectal 
cancer will inevitably occur by the fourth to fi fth decade of life. The average age of cancer 
occurrence is 39 yr. This syndrome is present in approx 1 in every 8000 births.

Gardner’s syndrome (GS), a variant of FAP, is characterized by colorectal adenomas 
and extraintestinal manifestations, including osteomas, particularly of the mandible and 
skull, soft tissue tumors such as lipomas, fi bromas, and epidermoid and sebaceous cysts, 
supernumerary teeth, desmoid tumors, mesenteric fi bromatosis, and congenital hypertrophy 
of the retinal pigmentation epithelium (CHRPE). Thyroid cancers and adrenal adenomas and 
cancers have also been associated with this syndrome. Turcot’s syndrome, another variant of 
FAP, is characterized by colorectal adenomas and brain tumors.

An “attenuated” form of FAP has been described in which affected family members express 
only a few colonic adenomas, even at an age where complete expression of the colonic pheno-
type would have been expected. Attenuated FAP has been related to specifi c mutations in
the APC gene. Thus, it appears that occasional variability of expression occurs even with FAP.

3.2.2. PEUTZ–JEGHERS SYNDROME

The Peutz–Jeghers syndrome (PJS) is an autosomal dominant inherited disorder character-
ized by multiple gastrointestinal hamartomatous polyps and mucocutaneous melanin 
pigmentation (64). The gene responsible for PJS was recently identifi ed on chromosome 
19p (65,66).
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A review of the Johns Hopkins Polyposis Registry showed that the relative risk of a PJS 
patient developing a cancer was 18 times greater than expected in the general population 
(67). A review of the St. Mark’s Polyposis Registry found that 22% developed cancer and 
that the relative risk of death from gastrointestinal cancer was 13, and from all cancers, 
it was 9 (68).

3.2.3. FAMILIAL JUVENILE POLYPOSIS SYNDROME

Familial juvenile polyposis (FJP) syndrome is an autosomal dominant condition that is 
characterized by multiple juvenile polyps, ranging in number from 25 to 40 or more, located 
throughout the gastrointestinal tract (69–71). Extraintestinal congenital abnormalities may 
also occur. Patients commonly present during childhood with anemia caused by chronic 
gastrointestinal blood loss, crampy abdominal pain, recurrent intussusceptions, or rectal 
bleeding.

Although the juvenile polyps found in FJP are typically benign, affected patients are now 
recognized to have an increased risk of colorectal cancer of at least 9% (72) and perhaps 
even much higher (73). The mean age of cancer onset is 40 yr. Unaffected family members 
are also thought to have an increased risk for colorectal cancer (72).

3.2.4. HEREDITARY NONPOLYPOSIS COLORECTAL CANCER SYNDROME

Hereditary nonpolyposis colorectal cancer (HNPCC) is an autosomal dominantly inherited 
disorder in which affected patients develop small numbers of colorectal adenomas and 
are at increased risk for colorectal cancer. HNPCC accounts for about 5% of all cases of 
colorectal cancer.

The diagnosis of HNPCC has been primarily based on family history. The Amsterdam 
criteria defi ne an HNPCC family as one in which three or more close relatives, one being 
a fi rst-degree relative of the other two, from two or more generations, are affected with 
colorectal cancer, with at least one cancer diagnosed before age 50, in the absence of 
gastrointestinal polyposis (74).

The HNPCC patients are at increased risk for early-onset colorectal cancer, at an average 
age of diagnosis of 40–45 yr. The colon cancers are predominantly right sided, with 
60–70% proximal to the splenic fl exure. Patients often present with multiple primary colon 
cancers and are at increased risk for metachronous cancers. HNPCC is also associated 
with extracolonic cancers of the endometrium, ovary, stomach, small intestine, renal pelvis 
and ureter (transitional cell cancer), and the pancreaticobiliary system (75). In fact, a 
newly updated set of Amsterdam criteria were recently published that include associated 
extracolonic malignancies in the clinical defi nition of this syndrome (76).

Germline mutations have been identifi ed in fi ve DNA mismatch repair genes in HNPCC 
patients, including hMSH2 on chromosome 2p16, hMLH1 on chromosome 3p21, hPMS1 on 
chromosome 2q31–33, hPMS2 on chromosome 7p22, and hMSH6 (GTBP) on chromosome 
2p16 (77–81). Mutations in these genes result in genomic instability in these patients. Gene 
testing for HNPCC is currently available.

A long-term Finnish study evaluated the effectiveness of screening in HNPCC patients 
and their families (82). This trial compared a group of 251 at-risk individuals from
22 HNPCC families who had screening examinations (colonoscopy or fl exible sigmoidoscopy 
and barium enema) every 3 yr to a control group who had no screening, and it demonstrated 
a signifi cant reduction in incidence (p = 0.03) and a reduction in mortality (p = 0.08) of 
colorectal cancer in the screened group. The reduction in colon cancer risk was likely 
the result of the colonoscopic removal of adenomas. Preliminary data from Memorial 
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Sloan–Kettering on long-term follow-up of a smaller group of patients at high risk for 
HNPCC showed that screening colonoscopy reduced the incidence of colorectal cancer to a 
rate close to that of the unscreened general population (83).

4. COLORECTAL CANCER SCREENING
AND SURVEILLANCE GUIDELINES

The initial approach to colorectal cancer screening relies on a thorough risk assessment 
of the patient. Asymptomatic average-risk individuals are candidates for routine screening, 
whereas those at increased risk as a result of a personal or family history of colorectal 
cancer or adenoma, infl ammatory bowel disease, or a hereditary colon cancer syndrome 
are at high risk and require individualized risk-specifi c recommendations for screening 
and surveillance.

4.1. Average-Risk Guidelines
Average-risk men and women should begin routine colorectal cancer screening at age 50. 

Several average-risk screening options are currently recommended (18–20).
The standard option includes a stool occult blood test annually and a fl exible sigmoidos-

copy every 5 yr. With this screening approach, if a positive stool blood test is detected, the 
patient should undergo a complete colon evaluation by colonoscopy. Colonoscopy provides 
the opportunity for direct visualization of the colon and allows for polypectomy or biopsy 
of suspicious lesions that may be detected.

Furthermore, if a small benign-appearing polyp is detected during a routine screening 
sigmoidoscopy, a biopsy is taken and further management depends on the histological 
assessment of the polyp. If the polyp is an adenoma, then a colonoscopy should be scheduled 
to perform polypectomy and assess the more proximal colon for potential synchronous 
neoplastic lesions. In contrast, if the polyp is a benign hyperplastic polyp, no additional tests 
are necessary. If, however, on screening sigmoidoscopy, either a large polyp or multiple 
polyps are detected, then a biopsy is not necessary and the patient should be scheduled 
directly for colonoscopy and polypectomy.

A second approach to screening the average-risk individual is the choice of a complete 
colorectal evaluation by colonoscopy, which can be repeated at 10-yr intervals if negative 
for neoplasia. Although there are currently no prospective randomized trials to support 
the effectiveness of this option, it is currently believed that the indirect evidence of its 
benefi ts and effectiveness support it as an appropriate screening option for this population 
(18–20).

A third, although less desirable and also unsupported, screening option in this population 
would be a DCBE, plus fl exible sigmoidoscopy, every 5–10 yr. Any positive test should be 
followed up by a colonoscopy.

4.2. Increased-Risk Guidelines
4.2.1. HISTORY OF COLORECTAL ADENOMA

Colonoscopy is the preferred surveillance examination in patients who have had a 
colorectal adenoma removed in the past (18,20,84). The recurrence rate of adenomas in 
patients after initial polypectomy is high enough to justify periodic follow-up. Ideally, all 
synchronous adenomas are removed at the time of the initial polypectomy. However, the 
frequency of missed synchronous lesions, primarily small and tubular, has been suggested 
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to be in the range of 10–15% (24). A surveillance program should, therefore, offer the 
opportunity to fi nd these potentially missed neoplastic lesions and new metachronous 
adenomas, yet it must be designed to protect the patient from the risk and cost of unnecessary 
or too frequent examinations.

The patient’s colon must be cleared of all adenomas prior to embarking on routine long-
term surveillance follow-up. Based on fi ndings of the NPS, after removal of a colorectal 
adenoma, a repeat examination can be performed in 3 yr for most patients (85). A shorter 
follow-up interval may be necessary after removal of multiple adenomas, excision of an 
adenoma with invasive cancer, incomplete or piecemeal removal of a large sessile adenoma, 
or a suboptimal examination because of a poor colonic preparation. Longer intervals may be 
appropriate for patients with a single, small, tubular adenoma.

New data suggest that longer intervals between follow-up surveillance examinations 
may be appropriate for the management of patients after polypectomy (86). In fact, after 
colonoscopic polypectomy of an adenoma, if the 3-yr follow-up examination is negative, 
the surveillance interval can be increased to every 5 yr. Individual considerations such 
as signifi cant medical comorbidities or pathological predictive factors will also affect the 
decision regarding continued follow-up.

Following complete colonoscopic removal of an adenoma with invasive cancer (“malignant
polyp”), judged by combined gross endoscopic and histological grounds, most endoscopists 
perform a repeat examination in 3–6 mo, and then again at 1 yr, before reverting back to 
3-yr follow-up intervals. Surgical resection is indicated if the polyp has cancer invading 
close to the cautery margin, demonstrates lymphatic or blood vessel invasion, or is poorly 
differentiated.

4.2.2. FAMILY HISTORY OF COLORECTAL CANCER OR ADENOMA

Individuals who have one or two FDRs who have been affected with colorectal cancer 
or adenomas are at increased risk. These patients should undergo screening of their entire 
large bowel beginning at 40 yr of age, or, if earlier, 10 yr younger than the earliest diagnosed 
cancer in their affected family member(s). Screening options include the same as those for 
average-risk individuals, but just beginning at an earlier age. However, the high lifetime 
probability of colorectal cancer in such families has led to the more aggressive option of 
colonoscopy, particularly in those families in which the affected FDR was diagnosed with 
cancer before the age of 55 or an adenoma before age 60.

For patients who have more than two FDRs affected with colon cancer and no history of a 
polyposis syndrome, one should consider a diagnosis of HNPCC and recommend screening 
guidelines as outlined for HNPCC, along with formal genetic counseling and possible gene 
testing. In addition, if a patient has a FDR affected with colon cancer at an age less than 40 yr,
an inherited syndrome, such as one of the polyposes or HNPCC, should be suspected and 
shorter surveillance intervals and formal genetic counseling should be considered.

4.2.3. HISTORY OF INFLAMMATORY BOWEL DISEASE

Patients with long-standing infl ammatory bowel disease are at increased risk for colorectal 
cancer and should undergo routine surveillance examinations (18,20). Because the cancer 
risk in chronic Crohn’s colitis appears to be the same as that in ulcerative colitis, these 
patients should be approached similarly. In patients with pan-colitis, typically defi ned as 
disease extending proximal to the splenic fl exure, surveillance colonoscopy should begin 
after 8 yr of symptoms. Whereas in patients with left-sided colitis, typically defi ned as disease 
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involvement distal to the splenic fl exure, colonoscopy may start after 12–15 yr of symptoms. 
The frequency of surveillance colonoscopy examinations should be every 1–2 yr.

At colonoscopy, mucosal biopsies should be routinely taken from grossly normal-
appearing mucosa at 10- to 12-cm intervals throughout the colon. In addition, biopsies 
should also be taken from any areas of mucosal irregularity or plaquelike lesions. Expert 
pathological consultation should be obtained. If the biopsies are classifi ed as negative or 
indefi nite for dysplasia, surveillance should be continued at 1- to 2-yr intervals.

Colectomy is indicated for fi ndings of confi rmed unequivocal low-grade or high-grade 
dysplasia. In addition, colectomy should also be considered in patients with colitis that is 
diffi cult to control medically and in those patients who will not comply with surveillance.

4.2.4. PERSONAL HISTORY OF COLORECTAL CANCER

In patients who have recently undergone a curative resection for colorectal cancer, 
the entire colon should be cleared of any potential synchronous cancers or adenomas by 
colonoscopy. If this was not performed preoperatively or if this examination was suboptimal, 
then the fi rst surveillance colonoscopy should be performed within 1 yr after resection. If this 
postoperative examination is normal, then subsequent follow-up surveillance colonoscopies 
can be performed at 3-yr intervals.

Routine surveillance follow-up in asymptomatic patients who have undergone curative 
resection for colorectal cancer should also include periodic outpatient visits with physical 
examinations every 3 mo within the fi rst 2 yr postresection and then annually, serial digital 
rectal examinations and proctoscopies in those patients postresection of rectal cancer, annual 
chest X-rays, and serial serum CEA levels every 3 mo during the fi rst 2 yr postresection 
and then annually (87). The need for additional surveillance tests such as routine blood 
tests (complete blood count and liver chemistries) and computed tomography scans should 
decided on an individual basis for selected patients.

4.2.5. HEREDITARY COLORECTAL CANCER SYNDROMES

4.2.5.1. Familial Adenomatous Polyposis and Gardner’s Syndrome. In FAP and GS 
families, routine colon screening for adenomatous polyposis should be performed by annual 
fl exible sigmoidoscopy in all at-risk individuals beginning at about age 12 and may be 
decreased in frequency to every 3 yr after age 40. Genetic counseling and gene testing 
should also be offered to members of these families. Surveillance for gastric, duodenal, 
and periampullary adenomas should begin at the time of diagnosis of colonic polyposis and 
continue every 1–3 yr thereafter. At the time of routine upper gastrointestinal endoscopy, 
a side-viewing endoscope should also be used to assess the periampullary region of the 
duodenum and to provide optimal visualization of the major papilla (ampulla of Vater).

4.2.5.2. Peutz–Jeghers Syndrome and Familial Juvenile Polyposis Syndrome. In 
symptomatic patients with PJS or FJP, rectal bleeding or gastrointestinal symptoms require 
thorough evaluation. Presymptomatic screening in at-risk individuals should begin in 
the second decade of life and includes stool occult blood testing annually and fl exible 
sigmoidoscopy every 3 yr. Once the diagnosis is made, surveillance endoscopic evaluation 
of the upper and lower gastrointestinal tract is indicted every 3–5 yr to remove any detected 
large, grossly abnormal, or bleeding polyps. A small bowel X-ray should be done at similar 
intervals.

4.2.5.3. Hereditary Nonpolyposis Colorectal Cancer. Colorectal screening in HNPCC 
patients should be performed by colonoscopy because of the increased incidence of proximal 
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cancers and adenomas. At-risk individuals should have colonoscopy every 1–2 yr beginning 
at age 20. Additionally, special screening for extracolonic malignancies is recommended. 
HNPCC families should also be referred for genetic counseling and possible gene testing.

5. COST-EFFECTIVENESS AND INSURANCE COVERAGE

Despite the abundant evidence for the effi cacy of screening and surveillance in reducing 
colorectal cancer incidence and mortality, relatively few individuals in the United States
take advantage of these benefi ts. One signifi cant part of the problem is that most health 
insurance plans do not recognize the potential benefi ts of tests for cancer prevention and 
therefore do not reimburse for the costs of these examinations. As of January 1998, however, 
a newly enacted US law now provides American citizens, at both average risk and high risk, 
with the benefi t of Medicare coverage for routine colorectal cancer screening (included in 
provisions of the US Balanced Budget Act of 1997). In addition, legislation has recently 
been introduced in the US Congress that would require private insurers to cover the cost of 
colorectal cancer screening—its outcome is currently pending.

A report on the cost-effectiveness of colorectal cancer screening in average-risk individu-
als was prepared by the Offi ce of Technology Assessment (OTA) of the US Congress 
(88). The OTA devised a model to calculate the potential costs and effects of 16 different 
screening strategies, including stool blood testing, fl exible sigmoidoscopy, double-contrast 
barium enema, and colonoscopy, either individually or in combination, at various frequency 
intervals that would occur in the remaining lifetimes of large cohort of 100,000 average-
risk individuals starting at age of 50 and stopping at age 85. This report concluded that 
colorectal cancer screening in the average-risk population is well within the commonly 
accepted range of cost-effectiveness accepted for preventive screening modalities for other 
diseases, with a calculated cost of less than $20,000 per year of life saved, for each of the 
different screening strategies.

Although there is very limited published data regarding the cost-effectiveness of colorectal 
cancer screening in high-risk individuals, there was one study in which a mathematical 
model was utilized to estimate this information for individuals at increased risk because 
of having an FDR affected with colorectal cancer (89). This study calculated that in these 
high-risk individuals, annual screening examinations after age 40 may result in the following 
approximate reductions in colorectal cancer mortality: 30% with annual stool blood testing, 
40% with 60-cm fl exible sigmoidoscopy, and 85% with either annual colonoscopy or 
double-contrast barium enema. In addition, they found that screening intervals of 3–5 yr 
maintained 70–90% of the effectiveness of annual screening. Furthermore, the effectiveness 
of screening in this high-risk population appeared to be decreased by 5–10% if screening 
was not initiated until age 50.

6. CONCLUSIONS

Colorectal cancer is the second most common cause of cancer death among American 
men and woman. Currently available screening and surveillance techniques are effective in 
detecting early-stage colorectal cancer and its premalignant precursor lesion, the adenoma. 
Evidence demonstrates that screening examinations reduce colorectal cancer mortality. 
Removal of adenomas by colonoscopic polypectomy has been demonstrated to signifi cantly 
reduce the incidence of colorectal cancer.

Appropriate screening and surveillance recommendations should be based on the 
individual’s colorectal-cancer-risk stratifi cation. Average-risk individuals should begin 
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colorectal cancer screening at age 50. Increased-risk individuals should be identified 
and offered more aggressive screening recommendations, beginning at an earlier age. 
High-risk groups, such as hereditary nonpolyposis colorectal cancer (HNPCC) and familial 
adenomatous polyposis (FAP), should be offered genetic counseling and specialized screen-
ing recommendations for colorectal and associated extracolonic malignancies.

At the present time, patients need to be encouraged to engage in and benefi t from currently 
proven and available screening and surveillance strategies in order to reduce their risk of 
developing and dying from colorectal cancer.
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1. INTRODUCTION

Recent advances in our understanding of the environmental and dietary infl uences upon 
carcinogenesis have made prevention one of the most exciting areas of cancer research. As 
little as 15 yr ago, few would have thought that drugs as common as aspirin or treatments as 
simple as dietary supplementation with calcium and vitamin D could produce a meaningful 
reduction in colorectal cancer (CRC). Chemoprevention studies began in the 1950s with 
observations from human cancer epidemiology and advanced steadily in parallel with the 
fi eld of cancer chemotherapy as a variety of natural and synthetic compounds were found to 
alter the growth of tumor cells. A wealth of data now suggests that cancer-preventing agents 
halt the progression of the adenoma–carcinoma sequence and may ultimately provide the 
key to the next major advance in cancer management.

Colorectal cancer is preventable, yet this disease still claims more than 55,000 lives per 
year in the United States because the optimal method for achieving prevention is not known. 
Precursor lesions in the form of adenomatous polyps can be identifi ed and removed by 
endoscopic polypectomy, a practice that results in a signifi cant reduction in CRC incidence 
and mortality (1). Unfortunately, wide application of this life-saving procedure is limited 
because it is invasive, costly, and uncomfortable. The appearance of a visible adenoma 
is probably a late event in the carcinogenesis process, because their formation likely 
requires the acquisition of multiple cancer-causing genetic events (2). This suggests that 
earlier intervention by dietary or pharmacological means to prevent advancement of cancer-
associated mutations would substantially reduce the development of precursor lesions and 
thereby prevent their progression to CRC.

Epidemiological studies show a strong negative association between routine nonsteroidal 
anti-inflammatory drug (NSAID) use and CRC incidence and mortality (reviewed in
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ref. 3). This observation holds across a wide range of case-control and cohort studies, 
making NSAIDs the most promising class of candidate agents for CRC chemoprevention. In 
addition, a diverse body of research shows that a variety of other dietary and pharmacologic 
agents may prevent carcinogenesis of the lower gastrointestinal tract (4,5). Through the 
study of human cancer predisposition syndromes and animal models for CRC, a mechanistic 
understanding of colorectal carcinogenesis and its prevention is emerging.

Chemoprevention is defi ned as the prevention, reversal, or inhibition of carcinogenesis 
before the development of invasive cancer by the use of chemical agents. This fi eld broadly 
includes interruption of carcinogenesis by either dietary or pharmacological means. This 
chapter will outline our present understanding of the nature of intestinal tumor formation and 
progression and the ways that chemoprevention strategies can interrupt this process.

2. BIOLOGY OF EARLY COLORECTAL CARCINOGENESIS

Colorectal carcinogenesis is a multistage process characterized by the successive 
accumulation of cancer-associated gene mutations, with eventual progression of an initiated 
enterocyte to an invasive phenotype (see Chapter 1) (6). This process likely begins 10–20 yr 
before the development of invasive behavior. Changes in oncogenes and tumor suppressor 
genes, such as mutations in APC, K-ras, or mismatch repair genes, or abnormalities in DNA 
methylation, likely occur during the initiating stage of tumor formation in the colon or rectum 
(reviewed in ref. 7). These changes may occur before the development of architectural 
irregularities in the intestinal mucosa (8,9). At these early stages of tumorigenesis, detection 
of cancer-associated events is not possible in the clinical setting and, therefore, the incidence 
of such changes in the population and the frequency of their progression to invasive cancer 
is unknown.

The earliest visible evidence of neoplasia in the colorectum are alterations of crypt 
morphology known as aberrant crypt foci (ACF). ACF occur more commonly in individuals 
with adenomatous polyps or CRC (10), suggesting that they are either precursor lesions for 
these tumors or indicators of susceptibility to tumor formation. Adenomatous polyps, which 
are lesions that precede the development of most or all CRCs, are present in approx 40% 
of the US population by age 60 (11,12). The rate at which adenomatous polyps progress
to cancer is estimated at about 2.5 polyps per 1000 per year (13). The risk of transformation 
of adenomas to invasive CRC varies according to the histologic subtype and also increases 
with increasing size and multiplicity (14). It is clear that not all initiated cells, ACF, or 
adenomas progress to CRC; however, the risk of cancer progression increases with each 
successive stage of tumor formation. Studies of tumor progression show that there is also 
a rough correlation between tumor-associated mutations and phenotype. For example, 
mutations in APC are a very early event, perhaps occurring before microscopically visible 
adenomas, whereas a p53 mutation is a later event, marking the transition from adenoma 
to dysplasia (6,8).

3. EVIDENCE FROM CANCER EPIDEMIOLOGY

The biology of CRC presents a strong case for the existence of gene–environment 
interactions that infl uence tumor formation (see Chapter 2). Evidence that environment plays 
a major role in colon carcinogenesis began with the observation that colon cancer incidence 
rates varied signifi cantly between different parts of the world. In general, industrialized 
nations had up to eight times higher rates of CRC than those of developing nations (15).
Although this may be ascribed to either environmental or genetic factors, an environmental 
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role is strongly supported by evidence showing that immigrants moving from countries of 
low incidence to regions of high incidence developed a risk of CRC similar to the inhabitants 
of the new country of residence (16). In addition to the human migration data, both human 
and animal studies show that altering the environment of an individual at high genetic risk 
for cancer can decrease the incidence of neoplasia. The best example of this is the observed 
regression of adenomatous polyps in patients with familial adenomatous polyposis (FAP), 
a CRC predisposition syndrome caused by germline mutation of the APC tumor suppressor 
gene. Adenomas in the rectum of patients with FAP occasionally undergo spontaneous 
regression, but regression can also be induced by changes in diet (17), by postsurgical 
changes in fecal composition (18), and by pharmacologic agents such as NSAIDs (19,20).

Most of the data related to environmental infl uences on CRC concerns dietary constituents, 
such as fat or red meat intake, and lifestyle factors, such as activity level or alcohol and 
medication use (see Chapter 3) (21). Epidemiological studies show that diet is a major 
etiologic factor in CRC development (5). Determining the relationship between diet and 
cancer is diffi cult, however, because of the long interval required for carcinogenesis and 
the multiple confounding interactions between dietary constituents. As a result, fi ndings 
in studies of the relationship between single dietary constituents and CRC are sometimes 
inconsistent. In spite of this, strong cumulative data from both human epidemiology and 
animal studies link consumption levels of several dietary components to increased CRC 
risk. These include high consumption of saturated fats and red meat and low consumption 
of fruits and vegetables (22,23). Insuffi cient dietary intake of several micronutrients, such as 
selenium, calcium, folate, and vitamin D, may also be a factor in CRC development (24–31).
Human cancer epidemiology also identifi es some nondietary means of decreasing CRC 
risk. Most striking is the association between NSAID use and CRC incidence, as mentioned 
previously. Other nondietary infl uences that increase CRC include low physical activity, 
high alcohol consumption, and tobacco use (4).

4. CLINICAL TRIALS OF COLORECTAL CANCER PREVENTION

4.1. Study Populations
Translating the results of human cancer epidemiology into an effective chemopreventive 

therapy is a diffi cult challenge. Optimally, the effi cacy of a chemopreventive agent should 
be documented by a prospective, randomized, placebo-controlled trial with cancer as the 
endpoint. For CRC prevention, this level of evidence is virtually impossible to achieve. 
One reason for this is the long latency period from cancer initiation to the development of 
invasive disease, a process that may take 10–20 yr (2). In addition, even though CRC is 
relatively common, the correlation between disease development and known risk factors is 
low. The most important impediment to cancer as a trial end point, however, is the success of 
endoscopic polypectomy as a prevention method for CRC. The National Polyp Study found 
that 5 out of 1400 patients treated with polypectomy developed cancer in 5.9 yr of follow-up. 
Given the success rate of this standard treatment, a two-arm, prospective, randomized, 
controlled trial comparing endoscopic polypectomy alone to endoscopic polypectomy plus a 
second cancer-preventing intervention would require 300,000 subjects per arm. This assumes 
a 2-yr accrual period, 5-yr total study duration, 30% participant dropout rate, α = 0.05, and 
80% power. A similar study of 150,000 participants would require a 1-yr accrual interval 
and 10 yr of total duration.

Because of the above-listed constraints, the generally accepted method of evaluating a 
potential CRC prevention strategy, either pharmacologic agent or procedure based, is a trial 
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comparing colonoscopy with polypectomy to the new intervention, with the occurrence of 
an adenomatous polyp at follow-up colonoscopy as the primary endpoint. This endpoint 
can be further graded by severity depending on the number, size, and histologic type of the 
recurrent adenoma(s). Study participants can be selected to include those at highest risk 
for CRC by designing inclusion criteria according to the data presented in Table 1. Trials 
should carefully control for familial risk. For example, although the molecular biology 
of CRC suggests that FAP represents an accelerated form of sporadic CRC, the 5–15% 
of patients with hereditary nonpolyposis colorectal cancer (HNPCC) or mismatch repair 
defi cient tumors may respond differently to tumor-preventing agents. Depending on the 
demographics of the study population, these studies may also need to control for dietary and 
lifestyle factors that may affect outcome, particularly the use of concomitant medications 
such as aspirin and NSAIDs. If multiple clinical sites of broad geographic or cultural 
distribution are used to conduct large trials of this type, the study should be stratifi ed by 
site to minimize the effects of regional differences. Finally, the available data concerning 
the natural history of adenoma development suggest that adenoma recurrence endpoints 
should be assessed a minimum of 1 yr following index colonoscopy and polypectomy, with 
more solid support from available studies for an endpoint at 3 yr following polypectomy 
(32–34).

The optimal trial design varies according to the patient population chosen for study. 
Studies of high-risk populations, such as patients with FAP and HNPCC, yield important 
information about the biology of malignant transformation and its potential for modulation 
by various interventions. Information from these high-risk populations can then be used to 
design larger trials of sporadic disease. Because trials to study sporadic cancers require large 
numbers of subjects and are expensive and time-consuming, it is important to continue to 
develop and validate endpoints of shorter duration or more effective cancer-risk prediction. 
Nested cohort studies within larger clinical trials can examine the reliability of measuring 

Table 1
Colorectal Cancer Risk Factors and Clinical Trial Cohorts

 CRC incidence or  Proportion of  Proportion of 
 RRa associated with  CRC cases with  general population 
Risk factor this risk factor this risk factor with this risk factor

Residence in an industrialized nation 20�100,000
Age over 50 Age: 50–60: 2.1�1000 95%

Age: 60–70:    2.5�1000
Age: 70–80: 2. 4�1000

History of CRC RR 2–4 1–2% 5%
History of adenomatous polyps RR 1.5–4  Age 50–60: 30%
   Age 60–70: 40%
   Age 70–80: 55%
Signifi cant family history, not  RR 2–3 20% 10%
    FAP or HNPCC
Familial adenomatous polyposis  100% <1% 1�10,000
    (FAP)
Hereditary nonpolyposis CRC Varies greatly 5% 1�200
Chronic ulcerative colitis RR 1.45 <1% 1�1500

Data from refs. 35–38.
aRR = relative risk.
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ACF or other surrogate endpoint biomarkers for CRC development (SEBs) and then correlate 
the results of these studies with the primary outcome of the main trial. SEBs for CRC 
currently under study include measurement of intestinal cell hyperplasia, hyperproliferation, 
apoptosis resistance, or increased production of tumor-promoting metabolic products or 
expression of differentiation-associated antigens (9). Although the ideal SEB for CRC has 
yet to be identifi ed, these studies of early neoplasia provide valuable insight into the nature 
of early colorectal carcinogenesis (Table 2).

A fi nal issue that must be addressed in CRC prevention trials is the durability of response to 
a chemopreventive intervention. Important unanswered questions include the following: (1) 
Which patients will have signifi cant recurrent neoplasia following endoscopic polypectomy, 
requiring short follow-up intervals? (2) Can patients with no evidence of neoplasia by a given 
age safely discontinue CRC screening? (3) Will adenoma-preventing interventions such as 
calcium, vitamin D, and/or NSAIDs require lifetime use? The answers to these questions 
are not likely to come from nested cohort studies and will require either randomized trials 
or long-term follow-up of treated cohorts.

5. AGENTS

Because chemopreventive therapy may require administration to otherwise healthy 
individuals over long periods of time, potential agents are subject to several constraints. 
The agents must be extremely safe for administration to a patient population with a broad 
range of overall health, and they must be cost-effective for prolonged administration. 
Possible interactions with common concomitant medications such as antihypertensives 
and cardioprotective aspirin must be considered. Finally, to foster long-term compliance, 
chemopreventive agents must provide minimal impact upon lifestyle.

Dietary intervention is a relatively straightforward approach to CRC prevention and one 
likely to have other signifi cant health benefi ts such as reduction in diabetes and cardiovascular 

Table 2
Endpoints for Colorectal Cancer Prevention Studies

SEB description Status

Adenomatous polyp These lesions carry a spectrum of CRC risk depending on their degree 
     of dysplasia, histologic subtype, size, multiplicity, and the genetic 
     background of the individual in which they arise. Adenomatous polyps 
     are presently used as validated end points in CRC prevention trials.
Aberrant crypt foci Investigation of these lesions as indicators of CRC risk are ongoing. A 
     relationship between number and persistence of these lesions and 
     increased adenoma and CRC risk is suggested, but ACF have not yet 
     been tested as an indicator of CRC or adenoma treatment outcome.
Cell growth and  Although studies of enterocyte proliferation, apoptosis, and differentiation
    differentiation      antigen expression suggest a correlation between these markers and 
    markers     cancer or adenoma risk, these markers have not been validated as 
     indicators of CRC or adenoma treatment outcome.
Cancer-associated  Tumors frequently contain particular mutations, such as those in APC,
    mutations and other      K-ras, and p53, or DNA modifi cations, such as specifi c promoter 
    forms of DNA      region methylation changes. Unfortunately, there are little or no data 
    modifi cation     concerning the prevalence of these modifi cations in non-neoplastic  
     mucosa or for the modifi cations in isolation. Studies addressing these  
     issues are central to development of prevention strategies.
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risk. In almost all respects, dietary intervention is the ideal chemoprevention strategy, as it 
is safe, cost-effective, and readily available. A recent study of dietary intervention examined 
the effect of a low-fat, high-fi ber diet on the recurrence of colorectal adenomas in 2079 men 
and women following endoscopic polypectomy. The intervention group underwent intensive 
counseling to achieve an optimal cancer-preventing diet, and the control group was asked 
to follow their usual diet. Repeat colonoscopy documented the recurrence of adenomas at 1 
and 4 yr following initiation of the intervention. This study found no difference in the risk of 
recurrence of colorectal adenomas between the intervention and the study group. The reasons 
for this negative result are unclear, but at least a partial explanation is the complex nature of 
diet, a component of human behavior that is refractory to long-term change.

The field of chemoprevention has so far focused primarily on the development of 
pharmacological therapies. These treatments arose from studies of epithelial carcinogenesis 
and target specifi c steps in the process of tumor formation (Fig. 1). The following subsections 
describe a few of the best-studied chemopreventive agents for CRC.

5.1. NSAIDs
At the present time, NSAIDs are the most promising class of agents for CRC prevention. 

Consistent results showing NSAID-associated reduction in CRC incidence, precursor 
adenoma formation, and even CRC mortality are evident in a wide variety of case-control 
and cohort studies (reviewed in ref. 45). Assessment of the available studies indicates 
that NSAID use is associated with an approx 50% decrease in the incidence of colorectal 
adenomas or polyps and a 40% decrease in the incidence of CRC (Table 4). Most striking 
is the fi nding of decreased CRC mortality among NSAID users, a result reported in at least 
three separate studies (46–48). The fi rst direct evidence of NSAID-associated modulation 
of colorectal tumors came from studies of patients with FAP. As a result of germline APC
mutation, these patients develop hundreds to thousands of colorectal adenomas. FAP patients 
were fi rst given the NSAID, sulindac, for treatment of desmoid tumors, an APC-related 
neoplasm characterized by an extensive fi brosis suggesting infl ammation (49). Although 
sulindac did little to alter the natural history of desmoids, FAP patients taking sulindac at 
anti-infl ammatory doses showed regression of coexisting rectal polyps, a result that was 
later confi rmed by randomized trials (19,40,50). Similar adenoma regression was recently 

Table 3
Selected Prospective, Randomized Trials of Colorectal Adenoma Reduction

Agent Evidence Ref.

Dietary  No improvement in adenoma recurrence rate following endoscopic  39
counseling     polypectomy in sporadic adenoma patients

Sulindac Regression of adenomas in patients with FAP 19,40
Celecoxib Regression of adenomas in patients with FAP 20
ASA No direct studies: as a secondary endpoint, ASA 325 mg qod provided  41
     no ↓ in adenoma formation or CRC 
Calcium A 20% reduction in sporadic adenoma recurrence following polypectomy 30
Antioxidants No difference in sporadic adenoma recurrence following polypectomy 42
Selenium Reduced incidence of CRC and adenomas following selenium  43
     supplementation in an area of low soil selenium concentration
Fiber No difference in adenoma recurrence rate following endoscopic  44
     polypectomy for two supplemental doses of wheat-bran fi ber
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reported following treatment of FAP patients with celecoxib, a selective cyclooxygenase-2 
(COX-2) inhibitor (20). These studies are important for two reasons. First, they show that 
therapeutic modulation of the adenoma–carcinoma sequence can occur relatively late, as 
these patients showed signifi cant regression, rather than simply prevention, of premalignant 
lesions. Second, because APC loss also occurs in the majority of sporadic CRCs, results in 
FAP patients may be relevant to prevention of sporadic disease. Clinical trials are underway 
to determine whether NSAIDs such as aspirin or selective COX-2 inhibitors prevent the 
development of sporadic colorectal adenomas.

The exact mechanism of NSAID-associated cancer prevention is unknown. NSAIDs exert 
many effects on the pathways governing cell growth, differentiation, and mobility that may 
be related to tumor development. For example, NSAIDs alter arachidonic acid metabolism, 
one result of which is suppression of prostaglandin  (PG) synthesis. Certain prostaglandins, 
such as PGE2 and PGF2α, are associated with epithelial tumorigenesis (51,52), possibly 
by inducing cell proliferation and inhibiting apoptosis (52). PGE2, the arachidonic acid 
metabolite most prevalent in intestinal tissue, also has immunosuppressive effects that may 
reduce tumor immune surveillance (53). A substantial body of data suggests that the tumor-
preventing activity of NSAIDs results from inhibition of COX-2, one of the key enzymes 
of arachidonic acid metabolism. COX-2 is the product of an intermediate–early response 
gene that is induced in response to infl ammation or mitogenic stimuli (8,54,55). COX-2 
expression is increased during the course of tumor development in a variety of epithelial 

Table 4
CRC Epidemiology: Association with NSAID Use

 Adenoma/polyp Colorectal cancer Colorectal cancer
Study endpoint incidence incidence mortality

Avg. relative risk 0.50 00.59 0.59
No. of studies included 7.50 230.0 30.0

Fig. 1. Chemopreventive agent activity.
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tissues (reviewed in ref. 56). Many colorectal tumors overexpress COX-2 as well as PGE2
(52,57). A critical link between COX-2 activity and intestinal tumor prevention is provided 
by a study of COX-2 expression in Apc-defi cient mice (58). Animals homozygous for a 
germline mutation in murine Apc develop multiple intestinal tumors, each exhibiting loss of 
wild-type Apc. When these animals are crossed with a mouse altered by genetic knockout of 
COX-2, intestinal tumor incidence is dramatically decreased. This tumor reduction is also 
observed for Apc-defi cient mice treated with selective inhibitors of COX-2 (58,59).

Other NSAID effects may be independent of prostaglandin suppressive activity. Several 
NSAIDs, including aspirin, indomethacin, and selective COX-2 inhibitors, block the 
carcinogen-induced activation of AP-1, a transcription factor regulating growth-associated 
genes (60,61). Aspirin and sodium salicylate alter cell growth by inhibiting the activity of 
the NFκB-activating enzyme, IκB kinase β, in a prostaglandin-independent fashion (62).
Sulindac sulfone, a metabolite of sulindac that does not alter prostaglandin synthesis, protects 
against carcinogen-induced tumors in rodents (63). These studies suggest that continued 
study to characterize the mechanism of NSAID-induced tumor regression is important for 
improving the effi cacy and safety of these chemopreventive agents.

5.2. Calcium and Vitamin D
Data from human epidemiology and animal intestinal tumor models suggest that diets 

defi cient in calcium and vitamin D increase spontaneous intestinal tumor formation (13,14).
The role of calcium in chemoprevention may be through its ability to counteract the genotoxic 
effects of intestinal bile acids. Secondary bile acids increase enterocyte proliferation 
in human CRC cell lines and in carcinogen-induced and spontaneous rodent intestinal 
tumor models (64). The microfl ora of the intestine convert luminal secondary bile acids 
to diacylglycerol (DAG). DAG is an activator of protein kinase C (PCK), a key inducer of the 
MAP kinase signal transduction cascade and an important promoter of cell growth and 
tumor formation (41). Bile acids are mucosal irritants and induce epithelial cell proliferation, 
possibly through activation of PKC (65,66). Bile acids may also contribute to tumor initia-
tion by inhibiting the activity of xenobiotic metabolizing enzymes such as glutathione-S-
transferase (GST) and UDP-glucuronyltransferase (UGT) (67). The production of secondary 
bile acids is increased by high dietary fat intake and is therefore a possible mechanism of 
carcinogenesis associated with the diet of Western nations. Calcium binds to bile acids and 
reduces their reactivity with intestinal epithelial cells. In rodents with intestinal tumors 
caused by carcinogens (68) or high-fat diets (69), calcium reduces epithelial cell proliferation 
and decreases tumor formation. In humans with sporadic colorectal adenomas, calcium 
signifi cantly decreases fecal bile acids (70), and ingestion of approx 1 g of elemental 
calcium daily decreases colonic epithelial cell proliferation and normalizes the distribution 
of proliferating cells to the lower colonic crypt (71). These potentially protective effects 
were confi rmed in a recent randomized trial, where patients with a history of colorectal 
adenomas who received 1200 mg of elemental calcium daily achieved a small but signifi cant 
decrease in recurrent adenoma formation (30).

Vitamin D is an important regulator of intestinal cell differentiation that supports effi cient 
calcium uptake and may also directly modulate tumorigenesis by regulating PKC activity 
(72,73). With calcium, vitamin D suppresses Ornithine decroboxylase activity and inhibits 
the epithelial proliferation produced by bile acids and fatty diets in rodent tumor models 
(64). Administered alone, vitamin D protects against tumors in azoxymethane-induced 
rodent tumor models (73,74). At present, clinical trials are underway to test the contribution 
of calcium and vitamin D for prevention of colorectal carcinogenesis.
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5.3. Ursodeoxycholic Acid
As mentioned earlier, evidence from animal tumor models and cancer cell-line studies 

suggests that bile acids infl uence intestinal tumor formation. The precise mechanism for 
this activity is unknown. Ursodeoxycholic acid is a 7β-epimer of chemodeoxycholic acid 
that is commonly used to treat gallstones or biliary stasis resulting from primary biliary 
sclerosis. Unlike other bile acids, ursodeoxycholic acid may inhibit intestinal tumorigenesis. 
Ursodeoxycholic acid decreased carcinogen-induced intestinal tumors in rodents (75), an 
activity associated with suppression of the specifi c isoforms of PKC that are activated 
during epithelial tumorigenesis (76). Other possible mechanisms of chemoprevention by 
ursodeoxycholic acid are related to its anti-infl ammatory activities, including inhibition 
of epithelial cell PGE2 and inducible nitric oxide synthase (iNOS) (77,78). Clinical trials 
are underway to determine whether ursodeoxycholic acid supplementation will prevent 
colorectal adenoma recurrence following endoscopic polypectomy.

5.4. Folic Acid
Folate or folic acid is a micronutrient present in fruits and vegetables and is particularly 

abundant in leafy green vegetables such as spinach. An adequate supply of folic acid is 
important for proper methylation of DNA. Diets defi cient in folate potentially produce 
defects such as hypomethylation of CCGG sites (79), as well as changes in deoxynucleotide 
availability that are characterized by methionine defi ciency. These changes may alter DNA 
function or repair capability or may inhibit effi cient DNA transcription enough to foster 
the acquisition of tumor-associated mutations (80). Evidence from human epidemiology 
strongly supports a role for dietary folate in CRC prevention. In the Nurses’ Health Study, 
individuals taking folate supplements demonstrated a signifi cant reduction of CRC risk 
(relative risk [RR] = 0.25) after 15 yr of supplement use (31).

The chemopreventive benefi ts of folate supplementation may be most important for 
patients carrying increased genetic risk for CRC because of ineffi cient DNA repair or related 
polymorphisms. The importance of folic acid metabolism to CRC risk is illustrated by the 
presence of a particular polymorphism of methylene tetrahydrofolate reductase (MTHFR). 
In certain individuals, MTHFR facilitates the conversion of 5,10-methylene tetrahydrofolate 
to 5-methyltetrahydrofolate, which then serves as a methyl donor for methionine synthase, 
allowing the conversion of homocysteine to methionine. Patients who are homozygous for 
particular polymorphisms of MTHFR or of the enzyme methionine synthase have an approx 
50% decreased risk of CRC (81–83). The association of these polymorphisms to altered 
folate synthesis is further supported by the observation that this genotype-specifi c benefi t is 
lost for individuals with inadequate dietary folate intake (84).

5.5. Hormones
Although males and females develop CRCs with approximately the same frequency, 

women in developed countries who are normally at high risk for CRC have recently 
experienced a substantial decline in mortality from this disease (21,85). This decline has 
been attributed to the use of menopausal hormone replacement therapy (HRT), a practice 
which began in the 1970s (86). Numerous studies of CRC incidence show a protective effect 
of menopausal HRT. A recent meta-analysis of studies published up to December 1996 
suggests that HRT reduces colon cancer risk by as much as 25%, with a summary relative 
risk of 0.85 (95% confi dence interval [C.I.] = 0.73–0.99). Studies identifying the duration 
of HRT use also suggest a dose-response, with a RR among current or recent HRT users 
of 0.69 (95% CI = 0.52–0.91) compared to 0.88 (95% CI = 0.64–1.21) for short-term users 
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(87,88). In the C57BL/6J-Min/+ mouse, an animal model for FAP, intestinal tumor formation 
was increased by 77% following ovariectomy (89). When the ovariectomized animals in 
this study were treated with replacement doses of estradiol, however, the tumor number 
decreased to baseline levels. These data suggested that endogenous hormones may protect 
against CRC and that HRT can counteract spontaneous intestinal tumor formation in the 
setting of gonadal hormone loss.

The mechanism responsible for HRT-associated reduction in CRC incidence is unknown. 
One possibility is that estrogens infl uence intestinal carcinogenesis by an indirect mechanism. 
Estrogens are metabolized to a variety of compounds that have different half-lives and 
receptor affi nities, and they produce varying effects upon cell growth. Studies of cancer 
cell lines and animal tumor models suggest that some of these metabolites may have tumor-
promoting activity, whereas others may be chemopreventive (90–92). Estrogen receptor 
ligands other than endogenous hormones may alter intestinal tumor formation. A diet high 
in fruits and vegetables contains a variety of phytoestrogens that are capable of modulating 
estrogen receptor activity and may also produce effects on cell growth that are estrogen 
receptor independent (93,94). The best known nonsteroidal phytoestrogens include the 
isofl avones, genistein and diadzein, which are present in soybean seeds and fl our, and the 
coumestan, coumestrol, which is found in alfalfa. Several phytoestrogens produce antitumor 
activity in animal models of epithelial carcinogenesis (95,96).

5.6. Antioxidants
Normal cell function requires a careful balance of intracellular and extracellular oxidantion 

and reduction. Dysregulation of cellular metabolism produces reactive oxygen species that 
can damage DNA directly or can lead to tumor-promoting alterations in cell-cycle control 
(reviewed in ref. 97). A healthy cell contains enzymes, such as GST, to protect the cell 
against signifi cant oxidative damage. Certain states of “oxidative stress,” however, can 
overcome the cell’s ability to eliminate genotoxic metabolites. In addition, polymorphisms 
of genes encoding proteins governing oxidative balance, such as those encoding GST, can 
alter the ability to process carcinogenic substances without sustaining harm (98). Antioxidant 
compounds enhance the resistance of cultured cells to oxidative stress. These compounds 
include antioxidant vitamins, such as vitamins A, C, and E, as well as a variety of plant-
derived compounds, including those present in curry (phenolics such as curcumin), onion 
and garlic (sulfi des such as allyl sulfi de), and tea (catechins). Most of these substances 
are also anti-infl ammatory, as they exhibit varying degrees of cyclooxygenase and lipoxy-
genase inhibition (99). Data from human cancer cell lines, animal cancer models, and 
human epidemiology all suggest that nutrients with antioxidant properties prevent tumors 
(100–102).

Prospective trials determining the effect of antioxidants upon human cancer development 
have, unfortunately, yielded disappointing results. A prospective, randomized trial to 
evaluate the effects of β-carotene, vitamins C and E, or the combination of all three failed 
to show a decrease in colorectal adenoma recurrence following 1 and 4 yr of antioxidant 
use (42). The Physicians Health Study revealed no decrease in CRC incidence with the use 
of vitamin E (α-tocopherol) and β-carotene (103–105) and there was no benefi t to vitamin 
E supplementation in the Polyp Prevention Study (42). Although a trial of vitamin C plus 
fi ber showed a modest decrease in tumors in FAP patients (17) and in a study of sporadic 
adenoma patients (106), no benefi ts were seen with vitamin C supplementation in the Polyp 
Prevention Study (42).
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5.7. Selenium
Selenium, in the form of selenocysteine, is a trace metal required for the activity of the 

antioxidant enzyme, glutathione peroxidase. This enzyme detoxifi es hydrogen peroxide 
and lipoperoxides that are generated by free radicals and other reactive oxygen species, 
thus limiting the possible DNA damage produced by infl ammatory states (107). Several 
epidemiological studies suggest that adequate amounts of dietary selenium are important for 
epithelial cancer prevention (108,109). The Nutritional Prevention of Cancer Trial (NPC) 
was a randomized, placebo-controlled trial of 1312 men and women that tested whether 
selenium supplementation of 200 µg/d reduced cancer incidence. The primary end point was a 
reduction in nonmelanoma skin cancer, and subjects were selected from regions of the United 
States with high rates of these tumors and low levels of soil selenium. Secondary end points 
included lung, colon, and prostate cancer incidence (43,110). This study found a signifi cant 
reduction in CRC incidence among subjects in the selenium-supplemented group compared 
to placebo (110). Despite these favorable results, caution must be exercised in interpreting 
the results of selenium studies and before recommending selenium supplementation as a 
chemopreventive therapy. Background dietary selenium levels vary considerably, based 
on local soil concentrations in areas of food production. The NPC trial, for instance, was 
conducted in a region of low selenium concentration, possibly contributing to the positive 
effect. Another important factor governing the use of selenium as a chemopreventive agent is 
its narrow therapeutic range. A typical selenium intake in healthy populations is 100 µg/d, but 
toxicity as evidenced by hair and nail brittleness develops at doses of approx 400 µg/d (111).
In spite of these concerns, the available studies suggest that selenium supplementation is 
important for areas where the diet lacks suffi cient levels of this micronutrient.

5.8. Polyamine Inhibitors
Ornithine decroboxylase (ODC) is an enzyme induced in response to mitogenic stimuli and 

is also increased by oncogenic viruses, chemical carcinogens, and malignant transformation 
(112). ODC is essential for in the synthesis of polyamines, which, in turn, are required for 
the growth and function of epithelial cells. Blockade of polyamine synthesis by drugs causes 
an inhibition of cell growth that can be restored by the addition of exogenous polyamines. 
Inhibition of polyamine synthesis alters epidermal growth factor signaling activity and 
disrupts the epithelial cell cytoskeleton (113).

Difl uoromethylornithine (DFMO) is an irreversible inhibitor of ODC (114) that has 
potent tumor-preventing activity against cancer cell lines and in animal cancer models 
(115,116). DFMO inhibits intestinal tumor formation in rats treated with the chemical 
carcinogens, azoxymethane (AOM) and dimethylhydrazine (117). Consistent with the 
observed effects of polyamine depletion, DFMO decreases cell motility by altering the 
epithelial cell cytoskeleton (113) and suppressing matrilysin expression (118). In a phase 
II trial of patients with adenomas, DFMO administration decreased polyamine levels in the 
lower intestinal mucosa (119). Unfortunately, 12.5% of subjects receiving low-dose DFMO 
(0.5 g/m2/d) developed reversible hearing loss. Although its mechanism of activity makes 
DFMO a promising chemopreventive agent, further human trials of DFMO will require the 
development of safer dosing schedules.

5.9. Dithiolthiones (Olitpraz)
Phase II detoxification enzymes, such as GST, catalyze the conjugation of certain 

carcinogens with glutathione, thereby neutralizing their genotoxic effects. The importance 
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of phase II enzymes to CRC prevention is illustrated by several case-control studies showing 
that polymorphisms in the genes encoding GST enzymes, particularly GSTM-1, were 
associated with increased CRC risk (reviewed in ref. 98). Dithiolthiones induce phase II 
detoxifi cation enzymes such as GST. Several dithiothiones are naturally occurring in diets 
high in fruits and vegetables, and these compounds are abundant in cruciferous vegetables 
such as caulifl ower, broccoli, brussels sprouts, and cabbage. Epidemiological studies suggest 
that for GSTM-1 null individuals, an inverse association exists between colon cancer and 
high dietary intake of cruciferous vegetables (120).

Studies of a synthetic dithiothione, olitpraz, suggest that members of this class of agents 
prevent intestinal tumor formation. Oltipraz inhibits a variety of epithelial tumors in animal 
models, including AOM-induced rodent colon tumors (121) and may be particularly active 
against tobacco-related carcinogens. This agent is currently under study in preclinical and 
phase I studies for the prevention of a variety of epithelial cancers (122). Because of its unique 
mechanism of activity, oltiprax may be useful in combination with other chemopreventive 
agents for subsets of the population with phase II enzyme defi ciency.

5.10. Fiber
One of the striking differences between the diets of countries with a low incidence and that 

of the Western world is the amount of dietary fi ber. This observation led to the hypothesis 
that high fi ber intake protects against CRC, presumably by binding or diluting carcinogenic 
luminal contents. Although several case-control studies found that the high intake of dietary 
fi ber is associated with decreased CRC incidence, this result failed confi rmation in several 
prospective trials. In the largest study, the Polyp Prevention Trial, 2079 patients with a 
history of colorectal adenomas were randomized following endoscopic polypectomy to 
counseling to achieve a low-fat, high-fi ber diet or to receive no intervention other than an 
informational brochure. Colonoscopy after 1 and 4 yr showed no difference between the 
two groups (39). A randomized study by the Phoenix Colon Cancer Prevention Physicians 
Network directly addressed fi ber intake by randomizing adenoma patients postpolypectomy 
to receive either 2.0 g or 13.5 g of supplemental fi ber daily (44). Follow-up colonoscopy 
performed after 3 yr of treatment showed no difference in recurrent adenoma formation 
between the low- and high-fi ber groups.

6. CURRENT RECOMMENDATIONS

Overall health is promoted by a lifestyle that includes a diet rich in fruits and vegetables, 
low in fat, and that contains adequate amounts of important micronutrients, including 
selenium, vitamin D, and calcium. Regular exercise, maintenance of ideal body weight, and 
abstinence from smoking are also contributors to health that play a role in CRC prevention. 
For postmenopausal women, calcium supplementation is already recommended for the 
prevention of osteoporosis, and its modest effect in preventing colorectal neoplasia adds to 
its overall benefi t. Although not directly confi rmed by randomized trials, the epidemiological 
evidence that 400 µg of folate daily prevents CRC is strong enough to advise a daily 
multivitamin containing this agent, particularly for older individuals or patients whose diet 
may be inadequate. The routine supplementation of other dietary agents, however, must be 
approached with caution and cannot be universally recommended at this time.

The most potent nondietary preventive agents for CRC appear to be NSAIDs, as a 
substantial body of data indicates that the long-term regular use of NSAIDs protects 
against colorectal neoplasia. What is not clear, however, is which NSAID and what dose 
most effectively balances the risks of NSAID use with chemopreventive effi cacy. For 
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instance, epidemiological data suggest that a minimum of 10 yr of regular aspirin use is 
required to achieve a signifi cant decrease in CRC, admittedly a late point in the process 
of carcinogenesis. Multiple case-control and cohort studies also suggest a dose-response 
for aspirin, with minimal effi cacy at a dose of approx 325 mg at a frequency of three 
times per week, and greater effi cacy at 5–7 doses per week (47,123). When aspirin use is 
increased from 325 qod to 325 qd, however, the risk of complications, particularly signifi cant 
gastrointestinal (GI) bleeding, increases fourfold (124). The potential advantage of the 
selective COX-2 inhibitors over the nonselective NSAIDs is an improved safety profi le. 
Because the protective effects of prostaglandins on GI mucosa are mediated via COX-1, 
whereas the states of infl ammation and neoplasia are potentiated by COX-2, these agents 
may be safer for the long-term administration required for chemoprevention (125). Pending 
the results of randomized trials of selective COX-2 inhibitors for prevention of colorectal 
adenomas, the safest, most effective NSAID for CRC prevention is aspirin, administered at a 
standard cardioprotective dose of 81 mg qd or 325 mg qod in enteric-coated form.

Finally, even though this review focuses on chemoprevention, the important contribution 
of colorectal screening to CRC prevention must be emphasized (see Chapter 4). A recent 
analysis reported by the American Gastroenterological Association suggested that colonos-
copy with polypectomy at 10-yr intervals for individuals at average risk for CRC would 
reduce the incidence of CRC in this population by 72% (126). CRC prevention is also best 
achieved by the identifi cation and understanding of additional risk factors that may lead a 
patient to begin screening or aspirin use earlier. These include risks suggested by a family 
history of CRC or adenomas, or a personal history of adenomatous polyps, particularly 
multiple or presenting at an early age. At this time, risk identifi cation, chemoprevention, 
and screening must be used together if our society is to achieve a signifi cant reduction in 
this disease in the near future.
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Hereditary cancers account for approximately 10% of the overall cancer burden. As 
such, colorectal cancer is no different. The most common hereditary colorectal cancers 
are hereditary nonpolyposis colorectal cancer (HNPCC) or the Lynch syndrome and 
familial adenomatous polyposis (FAP). There are, however, other less well-known inherited 
syndromes for which the colon and rectum are at risk, such as familial juvenile polyposis, 
Peutz–Jeghers syndrome, and Cowden syndrome.

As discussed in Chapter 2, germline mutations in different genes have been described that 
are responsible for these syndromes. If an affected individual in a kindred is identifi ed as a 
carrier of a germline mutation, genetic testing can then be used to screen at-risk individuals 
in that kindred. However, if a mutation has not been identifi ed in an affected individual, 
genetic testing will not be benefi cial for screening at-risk individuals in that kindred; thus, 
every at-risk individual must be considered as a potential carrier of the mutation and, as 
such, surveilled accordingly.

The surgical options in patients with hereditary colorectal cancer syndromes include 
both therapeutic and prophylactic procedures. Each syndrome presents distinct issues which 
need to be considered prior to a fi nal surgical recommendation. In this chapter, we will 
address those surgical issues.

1. FAMILIAL ADENOMATOUS POLYPOSIS

Familial adenomatous polyposis (FAP) is a syndrome characterized by hundreds to 
thousands of colorectal polyps that left untreated will invariably turn into malignancy. In 
the milder phenotypic variant, attenuated adenomatous polyposis coli (AAPC), colorectal 
polyps are less numerous, and colorectal carcinoma will occur at a later age. As previously 
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discussed, the syndrome also includes extracolonic manifestations. In this syndrome, the 
penetrance is close to 100%; therefore, in those individuals carrying a germline mutation, 
polyposis will invariably develop.

The surgical management of FAP relies on prophylactic colorectal surgery. Prophylactic 
abdominal colectomy and surveillance has been shown to increase survival by approx 
30 yr compared to untreated FAP patients (1). There is no ideal surgical procedure in 
the management of FAP. Segmental resections, total proctocolectomy and ileostomy, 
abdominal colectomy with ileorectal anastomosis (IRA), total abdominal colectomy, 
mucosal proctectomy and ileoanal pouch anastomosis (IPAA) are procedures which have 
been described in the management of FAP patients (2). The most common procedures are 
IRA and IPAA. There is debate over which of these procedures is best. Both procedures 
have advantages and disadvantages. Several factors must be considered prior to a fi nal 
surgical recommendation, including symptomatology, extent of the polyposis, extracolonic 
manifestations, age of the patient, presence of carcinoma, social and psychological factors 
such as the ability to handle a potential temporary or even permanent stoma, compliance of 
the patient, morbidity of the procedure, experience of the surgeon, and results. The genotype 
of the patient, if available, prior to surgical prophylaxis should also be considered in the 
decision-making process (3–5).

1.1. Segmental Resections
Rarely should segmental resection be used in the management of FAP. Occasionally, they 

may be of use in patients with advanced carcinoma who are bleeding or obstructed or in the 
patient with a high surgical risk for any other procedure. If a segmental resection performed, 
if possible, a segment of bowel with minimal or no involvement with polyps should be 
chosen for anastomosis to minimize the risks anastomotic leaks.

1.1.1. TOTAL PROCTOCOLECTOMY AND ILEOSTOMY

Total proctocolectomy and ileostomy (TPC) is a procedure that should be offered only to 
selected patients with FAP and invasive distal rectal adenocarcinoma. The technique as described 
by Brooke in 1952 includes removal of the colon and rectum and immediate maturation of the 
ileal mucosa to the skin (6). In 1969, Kock described the use reversed ileal segments to con-
struct a reservoir that evolved into the construction of a valve mechanism with an intussus-
cepted portion of the small bowel (7). Table 1 illustrates the advantages and disadvantages of 
this procedure compared to other procedures available in the management of FAP.

1.1.2. ABDOMINAL COLECTOMY AND ILEORECTAL ANASTOMOSIS

This procedure was originally described by Mayo and Wakefi eld in 1936 (8). It consists 
of removing the entire colon and performing an anastomosis in the true rectum (9). Ideal 
candidates for this procedure are young patients who present with sparse polyposis or with 
polyps in the rectum easily controlled endoscopically. These patients must be compliant 
patients who will adhere to rigorous surveillance programs. The main disadvantage of 
this procedure is the subsequent cancer risk in rectal stump. As illustrated in Table 2, the 
cumulative incidence of rectal cancer at 20 yr after IRA has been reported to be between 
13% and 37% (5,10–14). However, this risk has been reported to be as high as 55% at 
30 yr postcolectomy (15). In the latter study, the high cancer rate could have been the 
result of potential ileosigmoid anastomosis as well as to the fact that not all patients 
underwent surveillance. Age has been implicated as a factor in rectal cancer risk after IRA. 
In Scandinavia and at the St. Mark’s Registry, the cumulative rectal cancer risk increased 
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Table 1
Advantages and Disadvantages of Surgical Procedures in the Management of Familial Adenomatous Polyposis

Procedure Advantages Disadvantages

Total proctocolectomy and ileostomy (Brooke) No specifi c training needed; colorectal  Permanent stoma; peristomal skin problems; 
     cancer risk eliminated     Bladder and sexual dysfunction; potential 
      psychological effects on patient and 
      family members
Total proctocolectomy and ileostomy  Colorectal cancer risk eliminated;  More complex procedure; similar to Brooke 
    (Kock pouch)     continent reservoir     ileostomy; potential for pouchitis      
Abdominal colectomy and ileorectal  No specifi c training needed; avoids stoma;  Rectal cancer risk
    anastomosis (IRA)     relatively normal bowel function; sexual and 
     bladder function usually preserved; ease of 
     exam of residual rectum
Abdominal colectomy, mucosal proctectomy,  Virtual elimination of colorectal mucosa;  Complex surgery; minimal rectal
    ileoanal pouch anastomosis (IPAA)     avoidance of permanent stoma; relatively       cancer risk, but still present
     good bowel function; acceptable  
     continence; sexual and bladder function 
     usually preserved
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Table 2
Cumulative Risk of Rectal Cancer After Abdominal Colectomy and Ileorectal Anastomosis

Cancer/ Follow-up Mucosa at-risk 
 Rectal cancer risk (%) 

Rectal excision
Investigators patients (yr) length (cm) 10 yr 20 yr 25 yr 30 yr cumulative rate

Mayo Clinic (10) 46/143 19.1a 19.5 13.5 261, 34% 55 NS
Cleveland Clinic (11) 10/133 15.4b NS 4 12.5   NS
Scandinavian Study (12) 14/294 NS NS 14.5 19.4 13%  44% (25 yr)
St. Mark’s (13) 22/224 13.6b    15%  NS
Japanese Registry (14) 105/320 NS 10.3c 131. 371.   NS
Finnish Registry (15) 9/100 10b 15a1. 15.8 251.   74% (29 yr)
Toronto Registry (23) 5/60 17.7b 151.a     37%
Italian Registry (5) 27/371 16.8a NS 17.7 231.   NS

aMedian.
bMean.
c230 of 320 patients; NS = not stated.
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sharply from 5% and 10% at age 50, to 14% and 29% by age 60 respectively (11,12). This 
was not noted in the Finnish Registry in which seven of nine patients developed rectal cancer 
before age 50 (14). Other factors implicated in an increase rectal cancer risk after IRA 
include the number of rectal adenomas at the time of colectomy, the presence of colon cancer, 
the length of the rectal stump, and the length of follow-up after IRA (5,11,12,15,17–19). The 
genotype of the patient has also been implicated with increased rectal cancer risk. Mutations 
implicated with increased rectal cancer risk and eventual excision of the rectum after IRA 
include mutations downstream exon 15 codon 1250, exon 15 codon 1309 and 1328, and 
exon 15 mutations between codons 1250 and 1464 (3–5). Patients with such mutations will 
benefi t from an IPPA rather than an IRA as their prophylactic surgery. The spontaneous 
regression of rectal polyps after ileorectal anastomosis has been reported to be as high as 
33% (10). The adenoma regression correlates with the number of rectal adenomas at the 
time of IRA (20). However, the adenomas may reappear (20). Although it is not known why 
this regression occurs, some authors have suggested decreased secondary bile acid excretion 
as a possible mechanism (21).

Even though IRA is considered a less complex procedure than IPAA, it is not a procedure 
to be taken lightly. Complications can occur following this procedure. Thompson reported 
10% morbidity and 1% mortality in 215 patients undergoing abdominal colectomy and 
ileorectal anastomosis at St. Mark’s Hospital (22). Thirty-six patients (16.7%) developed 55 
episodes of bowel obstruction during follow-up, of whom 24 required surgery (22). Table 3 
illustrates the largest published series comparing functional outcome between IRA and IPAA 
(23). From these data, it appears that the functional outcome is better after IRA than IPAA. 
The groups at St. Mark’s Hospital and the Toronto Registry have published similar functional 
results, whereas the Mayo Clinic group reported no difference in function between the two 
procedures (16,24,25). The experience van Duijvendijk et al. as well as others suggests 
that there is no difference in function between those patients undergoing IPAA as the 
initial procedure for FAP versus those undergoing IPAA after rectal excision after and 
IRA (23,26).

1.1.3. TOTAL ABDOMINAL COLECTOMY, MUCOSAL PROCTECTOMY,
AND ILEOANAL POUCH ANASTOMOSIS

Total abdominal colectomy, mucosal proctectomy, and ileoanal pouch anastomosis 
virtually removes the whole colorectal mucosa at risk. The current practice is to leave a 
1- to 2-cm rectal muscular cuff just above the levators (27). However, there have been 
case reports of carcinoma developing in the pouch (28–30). In addition, two separate 
group of investigators have reported an 18% and 42% incidence of pouch adenomas after 
IPAA, respectively (31,32). Therefore, lifetime surveillance of the pouch is mandatory after 
this procedure. Ideal candidates for this procedure include patients with numerous rectal 
adenomas, patients with a family history of desmoid tumors, and patients with mutations 
that have been implicated with increased rectal cancer risk, as described earlier. Advantages 
and disadvantages of this procedure are illustrated in Table 1.

Ileal reservoirs creating a double (J), triple (S), or quadruple reservoir (W) pouch have 
been described (33–35). The difference between these is the amount of distal ileum utilized 
for construction of the pouch, the capacity of the pouch, and the type of pouch–anal 
anastomosis. The most commonly used pouches are the J and S pouches. The former requires 
30 cm of distal ileum to be folded in two 15-cm segments whereas the latter requires 47 cm
of distal ileum to be folded into three 15-cm limbs with a 2-cm exit conduit. The main 
advantage of the S pouch over the J pouch is that the S pouch will reach farther (approx 
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2–4 cm) than the J pouch, thus decreasing the chances of anastomotic tension (36). The 
anastomosis in the J pouch is side to end (pouch to anus), whereas it is end to end in
the S pouch. The anastomosis can either be hand-sewn or stapled. The disadvantage of the 
stapled anastomosis is the retention of rectal mucosa proximal to the dentate line. Table 4 
illustrates functional results after IPAA for FAP.

Ileoanal pouch anastomois is more complex than IRA. It, therefore, has a higher morbidity. 
The morbidity after IPAA has been reported to be 10% to as high as 60%, including 
morbidity from temporary ileostomy closure (2,38,39). However, there are some centers at 
which IPAA is performed without a protecting ileostomy. The morbidity after IPAA in 94 
FAP patients who underwent the procedure at the Mayo Clinic series was reported to be 
28% compared to 17% morbidity after IRA (25). The incidence of small bowel obstruction 
requiring reoperation was 5% after IPAA and 6% after IRA. These differences, overall 
morbidity, and small bowel obstruction requiring laparotomy were not statistically signifi cant 
(25). In an updated report from the Mayo Clinic in 187 patient undergoing IPAA, the overall 
complication rate was 24% with 25 (13%) patients developing small bowel obstruction 
(37). Twenty-fi ve percent of these patients underwent reoperation (37). Kartheuser et al. 
reported on 171 patients with FAP who underwent IPAA as their initial operations (38). The 
postoperative morbidity was 10% (38). The overall incidence of small bowel obstruction was 
15%, with 13 patients undergoing 14 operations (38). In that study, 11 of the 15 episodes 
of obstruction that occurred after ileostomy closure required surgery (38). Van Duijvendijk 
et al. reported 15/161 (9%) patients experiencing small bowel obstruction after IRA versus 
17/118 (14%) after IPAA for FAP (23). Three patients developed an anastomotic leak and 20 
patients (12%) required reoperation after IRA, whereas 12 patients had an anastomotic and 
29 patients (25%) required reoperation after IPAA (23). These differences were statistically 

Table 3
Functional Results After Surgery for Familial Adenomatous Polyposis

 IRAa IPAAb

 n = 145 n = 106

Responders   88%   84%
Mean age  41 ± 14    37 ± 12
Mean age at surgery  29 ± 13    30 ± 11
Mean follow-up (yr)  12 ± 7.5 16.8 ± 4.9
Male/female (%) 48/52      57/43
Daytime stool frequency 4.7 ± 2   6.0 ± 2.2
Nighttime stool frequency 1.4 ± 1.9 12.0 ± 2
Soiling 37.3% 64.6%
Passive incontinence 19.4% 25.7%
Antidiarrheal medication 14.9% 27.5%
Flatus continence 79.8% 63.0%
Ability to distinguish fl atus/feces 44.4% 32.1%
Perianal skin irritation 72.9% 86.4%

Note: All were statistically signifi cant (p < 0.05 IRA vs IPAA) except responders, age 
at surgery, and gender.

aAbdominal colectomy ileorectal anastomosis.
bAbdominal colectomy mucosal proctectomy and ileoanal pouch anastomosis.
Source: ref. 23.
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signifi cant (23). The authors do not mention how many reoperations were due to small 
bowel obstruction (23).

The use of a sodium hyalouronate-based bioresorbable membrane to prevent postoperative 
adhesions after IPAA was evaluated in a prospective, randomized, double-blind multicenter 
study utilizing standardized direct peritoneal visualization (40). Patients who received the 
bioresorbable membrane had a signifi cantly reduced incidence of postoperative abdominal 
adhesions at 8–12 wk post-IPAA compared to those patients who did not received the 
membrane (40).

Sexual dysfunction (impotence, retrograde ejaculation, and dyspareunia) was reported to 
be 4% in the Mayo Clinic experience (37). In that series, urinary dysfunction was reported to 
be less than 1% (38%). These problems can be avoided by dissection close to the rectal wall 
(41). However, this may not be possible in patients with rectal cancer. A study of 48 teenagers 
undergoing IPAA revealed that the procedure was safe and had few effects on social, sexual, 
sport, housework, recreation, family, travel, and work activities (42).

Pouchitis is another source of morbidity after IPAA in FAP patients and occurs rarely. 
In fact, some authors even question its existence in FAP patients (43). In the Mayo Clinic 
experience, it was reported to be 3% (39). Pouch excision after IPAA in FAP has also been 
reported (18,39).

Table 4
Functional Outcome After IPAA

 van Duijvendijk (23) Nyam (37) Kartheuser (38)
 (n = 118) (n = 187) (n = 101)

Follow-up (yr) 16.8 ± 4.9 15a (range 0.4–14) >1
Stool frequency per 24 h 16.0 ± 2.2 14a (range 1–12) 14.2 ± 0.2
Nightime stools 12.0 ± 2.0 11a (range 0–4) 26%
Soiling 64.6%
Daytime continence
    Complete  84% 98%
    Spotting  12% 11%
    Incontinence  14%b 11%
Nighttime continence
    Complete  74% 96%
    Spotting  22% 13%
    Incontinence  14%c 11%
Protective pads
    Sometimes/always   11%
    Never   99%
Perianal skin irritation 84.6%  15%
Antidiarrheal medication 27.5%  18%
    Sometimes   19%
    Always   19%
Sexual dysfunction  14.3%d 10%e

aMedian.
b“Severe” in one patient.
cNocturnal soiling.
dFive men (impotency n = 3, retrograde ejaculation n = 2); three women dyspareunia.
eOne patient transient impotence.
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Both IRA and IPAA have distinct advantages and disadvantages. In some centers, the 
morbidity and functional results after IPAA for FAP did not differ from those for IRA, 
leading the investigators to propose IPAA as the initial procedure in the management of 
FAP (14,16,37,38). None of these procedures is an ideal procedure that eliminates the risk 
of cancer with minimal interference with physiologic functions and minimal morbidity and 
mortality. Chemoprevention ads discussed in Chapter 5 may play a role in delaying surgical 
procedures. Therefore, the choice of which procedure to perform as well as the timing of the 
procedure needs to be individualized and must be made by the patients in conjunction with 
a team of individuals (surgeons, gastroenterologists, genetic counselors, psychologists, and 
social workers) who have in-depth knowledge of the natural history syndrome.

2. HEREDITARY NONPOLYPOSIS COLORECTAL CANCER

Hereditary nonpolyposis colorectal cancer is characterized as by early-onset colorectal 
cancer, right-sided predominance, excess synchronous or metachronous neoplasms, and 
extracolonic neoplasms such as endometrial, transitional cell carcinoma of the renal pelvis 
and ureter, and small bowel adenocarcinoma and others. The management of HNPCC can 
be divided as follows: management of an affected individual with untreated colorectal 
cancer, management of an affected individual with colorectal cancer treated with less than an 
abdominal colectomy, management of the yet unaffected individual with a germline mismatch 
repair mutation, and the management of individuals who have developed adenomas, but 
not carcinoma (Table 5).

The treatment of choice for a newly diagnosed untreated HNPCC individual with colon 
cancer is an abdominal colectomy and ileorectal anastomosis. The risk of metachronous 
colorectal cancers has been estimated to be as high as 40% at 10 yr after less than an 
abdominal colectomy and up to 72% at 40 yr after the diagnosis of colorectal cancer (44,45).
At our institution, at a median of 12 yr after the diagnosis of colorectal cancer, 22% of 
HNPCC patients treated with less than an abdominal colectomy at their initial presentation 
developed metachronous colorectal cancers (46). However, as discussed in the surgical 
management of FAP, an abdominal colectomy and ileorectal anastomosis is not an innocuous 
procedure and individualization may be required in special circumstances. Because of 
the potential morbidity, this procedure may not be ideal in patients whose procedure is 
palliative or in those with resectable metastatic disease. Such patients may be best served 
with segmental resection and surveillance. Occasionally, there will be a patient who will 
fl atly refuse the procedure in lieu of a segmental resection. It must be recognized that a 
TAC-IRA will not eliminate rectal cancer risk in HNPCC patients. The incidence of rectal 
cancer risk after abdominal colectomy and ileorectal anastomosis has been reported to be 
from 6% to 20% (47–49). This incidence is similar to that reported for FAP.

The management of a female presenting with colon cancer presents the issue of whether 
or not a prophylactic total abdominal hysterectomy and bilateral salpingoophorectomy 
(TAH-BSO) should be performed at the time of colectomy. Endometrial cancer is the most 
common extracolonic tumor in HNPCC, being the index cancer in up to 30% of affected 
females (44,50). The cumulative incidence of endometrial cancer in putative gene carriers 
has been reported to be 30% by 70 yr (51). An even higher risk was reported by Dunlop
et al. (52). These authors reported a 42% risk of developing endometrial cancer vs a 30% risk 
of developing colorectal cancer in HNPCC-affected female patients (52). Thus, the decision 
for prophylactic TAH-BSO should be individualized. In female patients with colorectal and 
a family history of endometrial cancer who are postmenopausal or who have completed their 
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families, consideration should be given for prophylactic TAH-BSO. However, there is no 
data to support this recommendation.

Rectal carcinoma can be the index colorectal cancer in 20–31% of HNPCC patients (49,53).
Efforts should be made for sphincter preservation in these patients. The preferred surgical 
options for patients with HNPCC presenting with rectal cancer are total colectomy mucosal 
proctectomy and ileoanal pouch anastomosis and total proctocolectomy and ileostomy. 
Möslein et al. reported that 54% of HNPCC patients presenting with rectal cancer as their 
index colorectal cancer developed a metachronous colonic cancer at a mean of 7.4 yr after the 
diagnosis (49). At our institution 17% of HNPCC patients with index rectal cancer developed 
metachronous colon cancer at a median of 17.5 yr after their diagnosis of rectal cancer 
(53). Less preferred options include segmental resections such as low anterior resection, 
coloanal anastomosis, and abdominoperineal resection. However, the latter options should be 
individualized depending on the circumstances such as comorbidities, reliability of the patient 
for subsequent surveillance, and curative or palliative nature of the procedure.

The HNPCC patients treated with less than an abdominal colectomy at the time of their 
index cancer should be on a surveillance program of colonoscopy every 1–2 yr. Prophylactic 
completion colectomy could be an option in these individuals; however, there are no data 
to support it. Extracolonic cancer surveillance recommendations have been proposed, but 
their effi cacy remains to be proven (54).

Prophylactic abdominal colectomy should be strongly considered in mismatch repair 
gene mutation carriers or at-risk individuals who have phenotypically expressed adenomas, 

Table 5
Treatment Options in Hereditary Nonpolyposis Colorectal Cancer

Options Treatment of choice Other

Affected patient with colon cancera Abdominal colectomy ileorectal anastomosis
    Segmental resection
Affected patient with rectal cancera Abdominal colectomy, mucosal proctectomy, Low
Anterior resection, abdominoperineal     ileoanal pouch anastomosis
    resection, total proctocolectomy
Affected patient treated with less than Surveillance, enrollment in chemoprevention
    completion colectomy     study
    abdominal colectomy
Mismatch repair gene carrier that has Surveillance, enrollment in chemoprevention
    prophylactic colectomy?     study
    not yet developed colorectal cancer
Mismatch repair gene carrier or at risk Surveillance, enrollment in chemoprevention 
    Abdominal colectomy     trial
    individual with adenomas endoscopically
    resectable
Mismatch repair gene carrier or at-risk Abdominal colectomy
    individual with adenomas not amenable
    to endoscopic resection
At-risk individual with no colonic Surveillance
    manifestation

aFemale patients consider total abdominal hysterectomy and bilateral salpingoophorectomy if history of 
endometrial cancer in the family and family completed or postmenopausal.
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especially if these are not controllable by colonoscopy, if they are numerous, or if they 
are frequently recurring. Adenomas in HNPCC have been reported to be larger, more 
advanced histologically (tubulovillous or villous), and more dysplastic than adenomas in the 
general population, suggesting that the adenoma carcinoma sequence is hastened in HNPCC 
(55,56). Further refi nement in an at-risk individual prior to surgery may be possible because 
most adenomas in HNPCC-affected patients will have microsatellite instability and loss of 
expression of hMLH1 or hMSH2 protein (57).

The role of prophylactic colectomy in an HNPCC-affected individual with a completely 
normal colon is controversial (58,59). As opposed to FAP, where the penetrance is close to 
100%, the penetrance in HNPCC is 80–85%, which means that between 15% and 20% of 
mutation gene carriers in HNPCC will not develop colorectal cancer during their lifetime 
(44,60,61). Prophylactic abdominal colectomy eliminates the majority of the colon at risk 
for cancer, may provide a psychological benefi t to the patient in terms of knowing that most 
of the main target organ for cancer has been removed, as well as eliminates colonoscopic 
examinations with the potential complications. However, the cancer risk will not be completely 
eliminated in these patients. Patients undergoing prophylactic abdominal colectomy will still 
have rectal mucosa at risk as well as cancer risk in other extracolonic organs, which, in turn, 
may even be potential target for subsequent surgical prophylaxis. As discussed in the FAP 
section, there is morbidity associated with this procedure. In addition, there is the potential 
for psychological trauma in terms of body image and sexuality after an invasive procedure in 
a young individual, as well as the effect on at-risk family members.

There have been mathematical models utilized to calculate the survival benefits of 
prophylactic surgery in gene carriers (61,62). None of these models demonstrated a survival 
advantage of more than 24-mo with surgical prophylaxis, as opposed to endoscopic surveil-
lance assuming 100% compliance (61,62). In these patients, colonoscopic surveillance has 
proven to be effective. Järvinen et al. reported a 62% decrease in colorectal cancer incidence 
and a 65% reduction in overall death rate in HNPCC at-risk individuals who underwent 
surveillance with fl exible sigmoidoscopy and barium enema or colonoscopy every 3 yr over 
a 15-yr period compared to those HNPCC at-risk individuals who refused surveillance (63).
Therefore, colonoscopy every 2–3 yr is an effective option in the management of at-risk 
individuals and in those individuals with a germline mismatch repair gene mutation who 
have not yet developed colorectal cancer. Surgical prophylaxis should not be an option in 
individuals who are at risk and have not developed any colorectal manifestations (adenomas 
or carcinoma). In these authors’ opinion, prophylactic colectomy should be offered only 
in highly selected situations such as in a mutation carrier with a normal colon where 
colonoscopic surveillance is technically not possible or in a patient who completely refuses 
colonoscopic surveillance. In both situations, the patient must realize that endoscopic rectal 
surveillance should be performed after prophylactic colectomy. There is no evidence against 
or in favor of prophylactic colectomy in a germline mutation gene carrier in HNPCC.

Chemoprevention as discussed in Chapter 5 should be considered in at-risk individuals, 
mutation carriers, and patients who have undergone abdominal colectomy. However, 
chemoprevention will not and should not be used as a substitute for surveillance in HNPCC.

3. HAMARTOMATOUS POLYPOSIS SYNDROMES

The hamartomatous polyposis syndromes are characterized by overgrowth of cells 
native to the area in which they normally arise. These syndromes comprise less than 1% 
of hereditary colorectal cancer syndromes. These syndromes are autosomal dominant 
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with variable penetrance and, therefore, surveillance of the proband and at-risk relatives 
are warranted. The most common of these syndromes are juvenile polyposis and Peutz–
Jeghers. Other hamartomatous syndromes include Cowden’s disease and the less common 
Rubalcava–Myhre–Smith syndrome. The management of these syndromes depends on the 
presentation of the patients and will be discussed next.

3.1. Juvenile Polyposis Syndromes
Juvenile polyposis syndrome is defi ned as any patient with greater than three or more 

colorectal juvenile polyps, and/or any number of juvenile polyps throughout the gastrointes-
tinal tract, and/or any number of polyps with a family history of juvenile polyposis (64,65).
As opposed to the solitary juvenile polyps of infancy, which have no malignant potential, 
patients with juvenile polyposis syndrome are at increased risk of developing colorectal, 
gastric, and small bowel carcinoma (66–68). In patients under 35 yr of age, the incidence 
of colorectal cancer has been reported to be 35%, whereas the cumulative risk of colorectal 
cancer by age 60 was 68% (64,69,70). Diarrhea, gastrointestinal bleeding, intussusception, 
rectal prolapse, and/or protein losing enteropathy characterize juvenile polyposis of the 
infancy (71). Gastrointestinal blood loss is the characteristic presentation in older patients.

The management and surveillance of juvenile polyposis patients will depend on the symp-
tomatology and extent of the polyposis as well as to their increased risk of gastrointestinal 
malignancies. In patients who present with severe clinical manifestations of the syndrome, 
supportive measures such as fl uid and electrolyte replacement, blood transfusion, and 
nutritional support will need to be addressed prior to defi nitive therapy. The symptomatology, 
extent of the polyposis, and reliability of the patient should guide defi nitive surgical therapy. 
Prior to elective surgical therapy, upper and lower endoscopy should be performed with 
biopsies when indicated to document the extent of the polyposis. Consideration should be 
given to enteroscopy where available or to a small bowel contrast study.

There will be patients with sparse polyps and no symptomatology for whom the colonic 
juvenile polyps will be able to be controlled endoscopically. In these patients, endoscopic 
polypectomy and surveillance will suffi ce. The interval of endoscopic surveillance should be 
no longer than 2–3 yr in these patients. Not all authors agree with this approach. Järvinen and 
Franssila (72) have recommended prophylactic colectomy in affected patients over age 20, 
whereas others suggest that as long as the polyps can be controlled endoscopically and the 
patient is compliant, colonoscopic surveillance is a reasonable option (65,73).

In patients with colonic polyps that can not be controlled endoscopically, surgical therapy 
should be instituted. The surgical procedures available to these patients are similar to those 
for patients with familial adenomatous polyposis. For patients in which the rectum is not 
involved, an abdominal colectomy and ileorectal anastomosis should be recommended. If 
the rectum is involved with polyps and there is no evidence of invasive adenocarcinoma 
precluding a sphincter-sparing procedure, then consideration should be given to a colectomy 
with an ileoanal pouch anastomosis. At the time of surgery, a careful exploration of the 
abdomen should be performed with special attention on palpation of the small bowel for 
additional juvenile polyps. We have used intraoperative enteroscopy as well as enterotomies 
to remove larger polyps (66). In patients with frank carcinoma, the extent of the surgical 
procedure should be dictated by the clinical fi ndings.

It is important not to forget the management of at-risk family members. There are little 
data in the literature regarding surveillance on familial juvenile polyposis. Based on the fact 
that colorectal cancer has been reported in the second decade in patients with familial juvenile 
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polyposis (64), it is not unreasonable to begin colonoscopic surveillance in the teenage 
years and tailor subsequent exams according to the fi ndings. In our practice, we perform 
colonoscopies every 2–3 yr and upper endoscopies every 3 yr. As previously discussed, 
surveillance can be tailored if there are positive results from genetic testing.

3.2. Peutz–Jeghers Syndrome
Peutz–Jeghers syndrome is characterized by hamartomatous polyps of the gastrointestinal 

tract, mainly the jejunum, and pigmentation in the perioral region, buccal mucosa, genitalia, 
or hands and feet (74). The most common presentation is intussusception or gastrointestinal 
bleeding (74). There is an increased malignancy rate both for intestinal and extraintestinal 
malignancies (75–78); the former mainly in the small bowel, but also the colon and rectum. 
The latter include breast, ovarian, pancreatic, and testicular carcinoma as well as adenoma 
malignum (well-differentiated multicystic adenocarcinoma) of the cervix.

Because of the rarity of this syndrome, management of intestinal polyps in the Peutz–
Jeghers syndrome has been controversial. Some authors advocate multiple laparotomies 
with enterotomies and polypectomies, whereas others have advocated the use of enteroscopy 
and polypectomy, both at the time of laparotomy and as surveillance in an attempt to reduce 
number of potential relaparotomies (79–81). Pennazio and Rossini reported their experience 
with surveillance of seven patients with Peutz–Jeghers syndrome (81). Over a 13-yr period, 
patients were under surveillance with upper and lower endoscopy every 2–3 yr, with 
surgery reserved for bowel obstruction. Five of seven patients underwent emergency small 
bowel resection. Two patients underwent re-exploration. Subsequently, over the last 6 yr, 
these patients have undergone enteroclysis with push enteroscopy and/or intraoperative 
enteroscopy based on the radiological fi ndings (81). Intraoperative enteroscopy was reserved 
for patients who had multiple large polyps throughout the small bowel. Push enteroscopy 
was performed approximately every 2 yr. Three of four patients with diffuse polyposis 
underwent intraoperative enteroscopy and polypectomy, whereas the other underwent push 
enteroscopy and polypectomy. These four patients are reported to be asymptomatic at a 
mean of 50 mo. The other three patients had polyps in the proximal small bowel. They 
underwent periodic push enteroscopy and polypectomy and remained asymptomatic at a 
mean of 47 mo (81). These authors concluded that clearance for small bowel polyps by 
enteroscopy will reduce the need for emergency procedures and potential small bowel 
resection in these patients (81).

The appropriate surveillance in Peutz–Jeghers syndrome affected individuals, and their
at-risk family members has not been extensively studied or validated. At the St. Mark’s
Hospital, surveillance recommendations include annual history and physical exam, complete 
blood counts, upper and lower endoscopies every 2 yr and enteroclysis every 2 yr, with 
laparotomy and intraoperative enteroscopy for small bowel polyps greater than 1.5 cm in 
diameter (82). Extensive small bowel resections should be avoided. In addition, extraintestinal 
sites should be evaluated with breast exams, mammography, pelvic exams, PAP smears, 
pelvic ultrasonography, and testicular exams and ultrasonography.

3.3. Cowden Syndrome
Cowden syndrome is a rare autosomal dominant hereditary disorder where hamartomatous 

gastrointestinal polyps may be present. Gastrointestinal polyps are present in approx 35% of 
Cowden syndrome patients (83). These polyps are not only hamartomas, but can be lipomas, 
ganglioneuromas, or infl ammatory polyps (83). Other manifestations of the disease include 
trichilemmomas, neurologic manifestations, and breast and thyroid pathology (84).
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Because of the rarity of this syndrome, there are no clear-cut recommendations in terms 
of surveillance. The malignant potential for gastrointestinal polyps is low however, periodic 
endoscopic surveillance, both upper and lower, should be undertaken. Surveillance should 
also be performed for thyroid and breast malignancies.
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1. INTRODUCTION

Recent technological advances in computed tomography (CT), ultrasound (US), and 
magnetic resonance imaging (MRI) have made these modalities standards of care in 
every aspect of colorectal cancer (CRC) management, including screening, staging, and 
surveillance.

Computed tomography remains a mainstay for the primary workup and staging of 
colorectal cancer, as well as assessment of treatment response. The basic CT principle is that 
a rotating X-ray beam is directed through a patient, and thousands of X-ray attenuation 
values are collected on a circular detector array. A cross-sectional image, or slice of 
anatomy, is generated from these “raw data.” Since its origins in the 1960s, CT technology 
has undergone signifi cant evolution. Early-generation scanners relied on the incremental 
movement of a patient in a gantry in order to obtain a collection of “single slices,” a process 
that required substantial time and was prone to missing small lesions because of respiratory 
misregistration and motion artifact. In the late 1980s, helical CT scanning allowed a patient
to be moved through a scanner at a constant speed while the X-ray beam revolved continu-
ously around the patient. An uninterrupted helix of X-ray data was obtained from which a 
“volume of slices” could be constructed. The late 1990s saw yet another advance with the 
introduction of multislice helical CT. Rather than obtaining a single helix of X-ray data, 
multiple slices could be acquired simultaneously, thereby decreasing scan time (on the order 
of less than 1 min to cover the chest, abdomen, and pelvis), improving spatial resolution, and 
lowering radiation exposure (1). In addition, multislice helical CT scanning has spawned 
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many new and exciting applications, including virtual colonoscopy for CRC screening and 
CT angiography for surgical planning.

Ultrasound imaging is often reserved for specifi c purposes, such as local tumor staging with 
endoscopic ultrasound, or biopsy guidance for suspected liver metastases. The last two decades 
have also seen important technological advances with this modality, including the development 
of specialized transducers, color and power Doppler imaging, harmonic and compound imaging, 
panoramic and three-dimensional (3D) viewing, and even inexpensive, hand-held equipment. 
Ultrasound contrast agents, which are essentially small microbubbles injected intravenously, are 
under development that could better distinguish subtle lesions within the liver, thereby allowing 
ultrasound to be used earlier in the management of CRC patients (2,3).

Magnetic resonance imaging avoids the stigma of ionizing radiation and provides 
superior tissue contrast resolution, compared to CT or ultrasound, in the evaluation and 
characterization of suspected liver metastases. Unfortunately, costs, limited availability, 
and lower patient compliance have limited MRI’s widespread use. Specialized techniques, 
such as endorectal MRI for staging rectal tumors and MRI virtual colonoscopy, are proving 
benefi cial (4). The development of novel MRI contrast agents and MRI spectroscopy for 
colorectal cancer imaging remain goals for future exploration.

2. SCREENING

Endorsement of endoscopic CRC screening has decreased the impact of radiologic 
methods in the last few years, particularly with respect to the barium enema. However, 
virtual colonoscopy (VC), fi rst described in 1994, is emerging as a strong contender to 
endoscopic screening (see Chapter 8) (5). Virtual colonoscopy combines volume scanning 
(helical CT or MRI) with computer visualization techniques to enable minimally invasive 
screening. As a total colon examination, VC offers several advantages over conventional 
colonoscopy, including better patient compliance, less risks, avoidance of unnecessary 
endoscopy, potentially lower cost, and earlier diagnosis and management of disease both 
inside and outside the colon.

Virtual colonoscopy consists of three basic steps: (1) bowel preparation, (2) helical CT 
or MRI scanning, and (3) image analysis (6). Effective bowel preparation remains the most 
critical step in a VC examination. Residual feces can simulate polyps and masses, and 
retained fl uid or collapsed bowel segments can obscure subtle lesions. Many VC investigators 
use conventional bowel preparation methods, such as a polyethylene glycol colonic lavage 
and hand-bulb air insuffl ation of the colon. However, refi nements to bowel preparation have 
been advocated, including the use of oral sodium phosphate, an oral iodinated contrast agent 
administered prior to CT scanning, and the use of a CO2 insuffl ator for controlled bowel 
distention (7). When MRI is employed for VC, the use of a dimeglumine gadopentetate 
enema following bowel cleansing has been suggested (8). Virtual colonoscopy research has 
focused on the exclusive use of oral contrast agents to opacify the fecal stream and eliminate 
conventional bowel cleansing altogether (9–11).

Volume scanning of a patient’s abdomen and pelvis is achieved with either helical CT or 
MRI. Regardless of the imaging modality, a caveat is that image datasets are obtained using 
the thinnest slices possible during a single breath-hold acquisition. Scanning patients in both 
supine and prone positions facilitates visualization of the entire colon. Although helical CT 
and MRI are capable of detecting small polyps, both modalities remain limited in their ability 
to fully characterize the histology of lesions or accurately stage local disease.



Chapter 7 / Overview of CT, MRI, and US 119

A radiologist’s primary goal is to identify sites of colorectal polyps and masses within the 
helical CT or MRI image data (Fig. 1). Image analysis requires that a radiologist interpret 
hundreds of CT or MRI images using a dedicated computer workstation and 3D imaging 
tools for problem-solving (e.g., determining whether a suspicious fi nding represents a 
polyp or complex haustra). With proper training and an adequate computer system, most 
investigators can interpret an examination in 10–15 min. The value of identifying diseases 
outside the colon on the source helical CT or MRI images is an added benefi t that is not 
possible with conventional endoscopic screening.

The ability to interact with simulated anatomy and navigate through the colon is the 
essence of VC. More advanced computer techniques are being developed to aid in-fl ight-
path planning, splitting or unfolding colon models, and computer-assisted polyp detection 
(CAPD). One form of CAPD uses measurements of the colon’s wall thickness at regularly 
spaced intervals and mathematical analysis of the colon’s shape in order to detect potential 
polyp sites (12). In this manner, CAPD assists a radiologist in identifying subtle lesions. 
Rapid image analysis affords a patient an option of undergoing a therapeutic colonoscopy 
procedure on the same day if deemed necessary.

Preliminary results from clinical trials comparing VC to direct colonoscopy (DC) indicate 
that the sensitivity and specifi city of VC ranges from 75% to 100% and 87% to 90%, 
respectively, for the identifi cation of polyps 1 cm or greater (i.e., those deemed signifi cant 
lesions) (13–18). As outcomes studies emerge, it is important for the medical community to 
realize that the accuracy of VC relative to DC may hinge on the selected bowel preparation 
and that false-positive VC fi ndings might actually represent false-negative DC results. In the 
future, a national consensus will be needed to determine what polyp size detected by VC 
necessitates therapeutic colonoscopy.

3. STAGING

After initial CRC diagnosis, accurate staging is the next important step in cancer manage-
ment. For rectal tumors, endorectal ultrasound and endorectal MRI have been benefi cial in 
discriminating T1 and T2 lesions from T3 lesions, and prompting presurgical radiation and/or 
chemotherapy to downstage more advanced lesions in order to permit sphincter-sparing 
curative surgery (see Chapter 9) (19,20).

Despite advances in CT and MRI, both remain limited with regard to determining regional 
lymph node status: Normal-sized lymph nodes may contain tumor, whereas enlarged nodes 
may only be reactive (Fig. 2). In the future, position-emission tomography (PET) and novel 
nuclear medicine techniques may play a greater role in determining nodal metastases (see
Chapter 10) (21).

For the evaluation of distant metastases, helical CT is the current standard of care because 
of its speed, availability, and superiority over conventional CT scanning. In the early 1990s, 
CT arterioportography (i.e., bolus injection of iodinated contrast via an arterial catheter 
placed in the celiac artery followed by helical CT scanning) was promoted for the detection 
of subtle liver lesions, but this has been replaced by multislice helical CT imaging and 
MRI in recent years (22,23).

Often, helical CT scanning detects small, indeterminate liver lesions that require ultrasound 
or MRI for better characterization. When available, MRI is superior for distinguishing small 
cysts and hemangiomas from metastases (Fig. 3). Furthermore, the development of MRI 
contrast agents shows promise for imaging occult liver disease (24,25). Unfortunately, MRI 
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Fig. 1. (A) Virtual colonoscopy reveals a pedunculated polyp in the sigmoid colon (arrow). (B) Three-
dimensional rendering of the CT data better illustrates the polyp.
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remains time-consuming, less available, subject to patient apprehension and claustrophobia, 
and limited in its ability to image potential carcinomatosis as a result of bowel peristalsis. 
Despite what imaging methods are employed during staging, an important caveat is that 
patients must be imaged in proximity to a planned surgical date in order to record accurate 
results.

When suspicious but indeterminate liver lesions are identifi ed, ultrasound-guided biopsy 
of such lesions may be required for defi nitive diagnosis (Fig. 4). Ultrasound is generally 
better for guiding these procedures because it images the liver in “real time,” which is 
especially advantageous when trying to biopsy small lesions in a moving liver. Ultrasound 
is hindered by its ability to image small or subtle lesions, but technical developments 
like harmonic imaging and ultrasound-specifi c contrast agents are overcoming this barrier 
(26–28).

Finally, when anatomical guidance is required for performing intraoperative cyrotherapy 
or radio-frequency ablation of liver lesions, portable ultrasound units are proving to be 
valuable. In addition, preoperative CT angiography utilizing multislice helical CT and 
intravenous iodinated contrast boluses can assist in road-mapping hepatic vasculature prior 
to placement of intra-arterial chemotherapy catheters (Fig. 5).

4. SURVEILLANCE

After treatment, patients must undergo serial monitoring of treatment response with tumor 
markers and imaging. No steadfast rules apply as to how frequently a patient should undergo 

Fig. 2. Multislice helical CT image of a sigmoid colon neoplasm. Note the small regional lymph nodes 
that are suspicious for metastatic disease (arrows).
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Fig. 3. (opposite page) MRI is useful for characterization of small liver lesions. (A) T2-weighted image 
indicates a hyperintense (bright) lesion in the right hepatic lobe (arrow). (B) Contrast-enhanced gradient 
image shows the lesion with ring enhancement. (C) Delayed postcontrast T1-weighted image with fat 
suppression reveals that the lesion enhances abnormally, thus indicating a metastasis.

Fig. 4. Ultrasound-guided biopsy of the lesion shown in Fig. 3. (A) The 1-cm liver lesion appears as a 
subtle sonolucency (arrows). (B) Ultrasound guidance directs an echogenic needle (arrows) toward the 
lesion that subsequently proved to be a colon cancer metastasis.

followup imaging. If elevations in tumor markers such as carcinoembryonic antigen (CEA) 
indicate recurrent disease, then imagining can be applied as deemed appropriate.

5. FUTURE INITIATIVES

The future of CRC imaging is focused on functional and molecular imaging with the aim 
of identifying tissue characteristics on a cellular or molecular level, thus overcoming the 
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Fig. 5. (A) Contrast-enhanced multislice helical CT reveals numerous small, hypodense liver metastases. 
(B) CT angiography was performed to outline the hepatic artery anatomy in preparation for placement 
of an intra-arterial chemotherapy catheter.

limited whole-organ view offered by today’s modalities (29). Nuclear medicine techniques, 
such as single-photon-emission computed tomography (SPECT), combined with specifi c 
monoclonal antibody tagging agents, have stimulated interest in this area (30,31). In addition, 
recent reports of positron emission tomography (PET) ability to detect earlier metastases 
and to monitor tumor response to chemotherapeutic agents has made this one of the most 
exciting technologies in the radiologic armamentarium (32,33).

Basic scientists have generated important information about tissue processes (e.g., 
angiogenesis, growth kinetics, drug delivery), cellular dynamics (e.g., tumor markers, drug 
targeting), and genetics (e.g., gene mutations, gene therapy) that imaging scientists need to 
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harvest. Future research will be directed at developing imaging markers, targeting and delivery 
systems, signal amplifi cation strategies, and dedicated imaging systems to take advantage of 
these discoveries. The formation of imaging strategies aimed at evaluating disease initiation, 
progression, and selection of the best treatment regimen remains an essential goal.
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1. INTRODUCTION

Although colorectal cancer remains a significant cause of morbidity and mortality 
in industrialized nations, compliance with screening recommendations is poor. This is 
because existing tests are feared by patients and misunderstood by practitioners. Computed 
tomography (CT) colonography (CTC) or virtual colonoscopy (VC) offers the hope of 
rapid, minimally invasive imaging of the entire colon and possibly offers improved patient 
acceptance. In addition, this evolving technology may be useful in a variety of other 
situations, including incomplete colonoscopy and surveillance in patients at increased risk 
of neoplasia. This chapter describes the current state of CTC, with particular emphasis on 
its use for colorectal cancer screening.

2. RATIONALE AND APPROACH TO CURRENT SCREENING
TESTS FOR COLORECTAL CANCER

Despite the fact that colorectal cancer (CRC) remains the second leading cause of cancer 
mortality in industrialized nations, accounting for more than 10% of all cancer deaths (1),
compliance with proven prevention strategies is poor. Current screening and prevention 
recommendations are based on our understanding of the adenoma–carcinoma sequence 
of CRC development. Therefore, secondary prevention of colorectal cancer involves the 
detection and removal of polyps before they transform into adenocarcinoma (2). Current 
methods of screening for colorectal cancer include fecal occult blood testing (FOBT), 
fl exible sigmoidoscopy, double-contrast barium enema, and colonoscopy, but all suffer from 
some limitations. FOBT and fl exible sigmoidoscopy are limited by incomplete views of 
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the colon and low sensitivities and specifi cities. Both barium enema and colonoscopy offer 
complete views of the colon, but are limited by the need for a cathartic bowel cleansing, 
a small but important risk of perforation, and fear of embarrassment and discomfort by 
patients. Colonoscopy is considered the gold standard for CRC screening and it offers 
the advantages of biopsy and polypectomy, but it requires sedation and is also the most 
expensive screening test.

The approach to CRC screening has been moving in the direction of total colonic 
examination and away from the limited views and insensitive tests of fl exible sigmoidoscopy 
and FOBT. Recently published studies have supported the use of colonoscopy over fl exible 
sigmoidoscopy for colorectal screening (3,4). National screening recommendations support 
this approach as well. The 1997 American Gastroenterology Association guidelines offer 
colonoscopy or barium enema as options for total colonic evaluation in average-risk 
individuals (asymptomatic, ≥50 yr old) (5). In 2000, the American College of Gastroenterol-
ogy proposed colonoscopy every 10 yr as the preferred examination for screening average-
risk patients (6). These recommendations have culminated in the United States government 
approving Medicare coverage of colonoscopy for CRC screening of patients at average-risk. 
It is anticipated that other third-party payers will follow this lead.

Despite the evidence and these recommendations, many physicians do not offer colorectal 
cancer screening and less than 40% of eligible patients ever have obtained fecal occult 
blood tests (7,8). There are a number of reasons for this persistently poor rate of screening. 
Polyps and early colorectal cancer are asymptomatic and therefore may be forgotten by 
busy physicians or patients seeking treatment for other problems. Patients dislike the bowel 
cleansing necessary for the imaging tests, and there is a great deal of embarrassment and 
fear of discomfort from the exams.

Recognition of the benefi t of colonoscopy for colorectal cancer screening combined with 
the currently poor rate of screening compliance has led researchers to seek a total colonic 
examination that is minimally invasive, fast, and offers increased patient acceptance. CTC is 
a novel imaging modality that may address many of these needs.

3. CT COLONOGRAPHY

Computed tomography colonography (also called virtual colonoscopy) is a technique 
that uses helical CT data to create standard axial and reformatted two-dimensional (2D) or 
three-dimensional (3D) images of the colon. In 1994, Vining and colleagues at Wake Forest 
University excited the gastrointestinal community with the fi rst report of this technique, 
in which they used volumetric CT data to create three-dimensional endoluminal images 
of the colon (9).

3.1. Technique
Although the technique by which virtual colonoscopy is performed continues to evolve, the 

basic approach is now fairly uniform at major centers (Table 1). The technical performance 
of this imaging modality relies on a combination of complete bowel preparation, dedicated 
hardware for data collection, and specialized software for data processing. Finally, CTC 
requires observer interpretation, image manipulation and problem-solving, and standardized 
result reporting. These functions have been performed by radiologists who are experienced 
in reading abdominal CT scans. Since the technique is still evolving, a learning curve and 
recommended number of procedures to determine competence has not been determined.

Because stool or liquid may complicate the interpretation of virtual colonoscopy, 
investigators have attempted to minimize these sources of error with a cathartic bowel 
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Table 1
Virtual Colonoscopy: The University of Chicago Technique

Identifi cation of patient (average risk = asymptomatic, >50 yr)
Bowel preparation [poly(ethylene glycol) preparation]
Glucagon, 1 mg intravenous (optional)
Digital rectal exam
Placement of rectal tube, insuffl ation until minimal patient discomfort
Scout fi lm to assess bowel distension
Breath hold and supine scanning of patient with multislice spiral CT (approx 30 s) helical technique; 

2.5 mm collimation; table speed 15 cm/s, HS (high speed) mode; reconstruction index, 1.5 mm, 
60–100 mA)

Reposition patient, additional insuffl ation
Breath hold and prone scanning of patient with multislice spiral CT (approx 30 s)
Data processing at computer workstation
Radiologist reading
    Simultaneous reading of supine/prone axial and coronal images
    Multiplanar reconstructions and 3D problem-solving for unclear lesions
    Soft-tissue windows for wall thickening and extracolonic fi ndings
Recording and reporting data

preparation similar to that used for conventional colonoscopy (e.g., a standard polyethylene 
glycol electrolyte solution). Next, insuffl ation of the colon is necessary in order to distinguish 
collapsed loops of bowel from polyps or masses. We perform a careful digital rectal exam 
to examine the distalmost area of the rectum, which may be obscured by the insuffl ation 
tube. Next, a fl exible tip catheter is inserted into the rectum and room air or carbon dioxide 
is infused either to a set volume (1.5–2 L) or to patient tolerance. Our approach is to use 
room air and insuffl ate the colon to minimal discomfort of the patient. Other centers use 
manometers (such as laparoscopic carbon dioxide pumps) and insuffl ate to a set pressure. 
Scout views are obtained to confi rm the adequacy of bowel distension before scanning is 
performed. Despite these rather imprecise methods of bowel distension, image quality is 
quite good because of the high contrast between the air-fi lled colon and the soft tissue of the 
colonic wall. The only complication of this method in our institution was a single patient 
with mild postprocedure bloating and discomfort.

Bowel spasm causes pain and can complicate interpretation in the sigmoid colon, so 
glucagon is used as a bowel-relaxing agent. We have found that glucagon minimizes patient 
discomfort and provides better images, although it also may result in ileocecal valve 
relaxation and unwanted refl uxing of air into the small bowel (10). Some investigators do 
not use glucagon however, and one study has shown no signifi cant difference in colonic 
distension when comparing CTC exams done with and without glucagon (10).

Most centers now use the newer multislice CT. This technology permits the rapid 
collection of volumetric data of the abdomen and pelvis in less than 30 s. Currently up to 
four slices can be acquired in one gantry rotation and eight-slice scanners are expected to 
be on the market shortly. Patients are now able to hold their breath during the entire scan 
and therefore minimize motion artifact. In addition, scans are obtained with the patient in 
supine and prone positions to allow shifting of gravity-dependent material and minimize 
errors in interpretation (11).

A number of investigators have described their results with differing CT scanning parameters. 
The goal of these parameters is to obtain maximum sensitivity with the least amount of data 
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collection (faster and less computer resources) and a safe amount of radiation exposure. 
Adequate image quality requires a collimation of 2.5–5 mm or less, pitch between 1 and 2, 
and reconstruction intervals of 1–3 mm. At 70 mA with these settings, the radiation dose 
administered is substantially less than that required for standard-body CT settings and approx 
20% less than the standard fi lms obtained during a double-contrast barium enema (12). Some 
researchers now advocate 1 mm collimation at a reduced mA in order to achieve isotopic voxels 
for high resolution multiplanar reconstruction at an acceptable radiation dose.

3.2. Three-Dimensional vs Two-Dimensional Images
Early virtual colonoscopy techniques attempted to simulate the perspective of conventional 

colonoscopy with endoluminal views and navigated “fl y-throughs.” These 3D perspectives 
were obtained by two different techniques, volume rendering and surface rendering. Volume 
rendering allows a multiplanar display of extraluminal soft tissues and attenuation data but 
is computationally more demanding, expensive, and time-consuming than surface rendering. 
Surface rendering eliminates the extraluminal data and uses the endoluminal surface data 
only, thereby offering somewhat limited information but using less computer resources. 
Advances in computational speed have made volume rendering more available, but optimal 
processing parameters remain undefi ned (13,14).

In order to “navigate” through the 3D endoluminal images and “fl y through” the colon, 
a centerline can be calculated. This allows the viewer to traverse the colon while inspecting 
pathology without focusing on navigation. Newer computers permit rapid navigation without 
a centerline by using simultaneous multiplanar images to map colon position. However, 
poor data quality can substantially distort 3D endoluminal images and result in artifi cial 
fl oating “debris.” The diffi culties with this approach for primary reading of CTC have 
supported the primary use of 2D images and selective use of 3D computations for problem-
solving. Improved software and semiautomated segmentation of the colon supplemented by 
automated centerline navigation may make 3D endoluminal views an important component 
of CTC primary interpretation.

Two-dimensional images are the standard CT images with which radiologists are most 
familiar. Numerous investigators have demonstrated that 2D images (usually magnifi ed 
axial images) are equally effective at polyp detection as 3D endoluminal constructions 
(15,16) (Figs. 1 and 2). In addition, navigation through 2D images is more rapid than 3D
reconstruction and navigation (17). Optimal 2D images require lung window settings, 
but soft-tissue windows may be necessary to assess areas of bowel collapse, bowel wall 
thickening, and incidental extracolonic fi ndings. Lipomas also are distinguished more 
clearly with soft-tissue windows. Intermediate window/level settings may permit both 
polyp detection and detection of wall thickening at the same time. A separate soft-tissue 
window/level setting review is necessary to detect extracolonic fi ndings and confi rm wall 
thickening.

A potentially signifi cant advantage of CTC is that data interpretation occurs after the patient’s
exam is completed. Most centers now employ user-friendly workstations that allow easy scrolling 
between cine-loop 2D images and 3D images-on-demand. Several independent companies as 
well as academic centers are developing more specialized software for CTC interpretation. 
Rapid interpretation would be important if CTC were to be applied in the screening setting, not 
only for optimal utilization of radiologists but also in order for the already-prepped patient to be 
sent to conventional colonoscopy if there are fi ndings on the CTC.
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Fig. 1. (A) Axial image from a supine scan shows a nondependent 8-mm soft-tissue polyp (arrow) in the 
ascending colon. (B) Endoluminal perspective image shows a sessile polyp (arrows) behind a normal 
colonic fold.



132                                                                                                                    Rubin and Dachman

Fig. 2. (A) Axial image from a prone scan displayed on a lung window (W = 2000, L = –450) shows 
a small polyp (arrow) projecting off a medially-oriented ileocecal valve. (B) Endoluminal perspective 
view shows the polyp on the valve.
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Fig. 3. Patient with a large lesion found at colonoscopy. (A) Endoluminal perspective view shows a polypoid 
mass. (B) Axial image from the cleansed, air-distended colon, displayed using soft-tissue window (W = 
400, L = 40) shows a large lobular fatty mass (arrow) in the transverse colon, diagnostic of a submucosal 
lipoma. No additional intervention was needed based on this diagnosis.



134                                                                                                                    Rubin and Dachman

At The University of Chicago, we use a commercially available workstation to view 
magnifi ed prone and supine images simultaneously in a 4-on-1 format showing both the axial 
and coronal images (18). Endoluminal views are used on-demand primarily to problem-solve 
and occasionally to rapidly view straight segments of the colon to search for additional 
lesions. This method adds little to reading time and increases confi dence of interpretation 
(18). One can rapidly change the endoluminal viewing angle and navigate the colon using 
simultaneous multiplanar images, or we use software that keeps the “camera’s eye” on a 
centerline or fi xed on an area targeted for problem-solving. Other centers describe a similar 
approach and studies have shown better sensitivity and specifi city for polyp detection using 
this method than 2D or 3D images alone (16). Various investigators now report reading 
times of approx 5–15 min per exam.

3.3. Performance
3.3.1. TOTAL COLONIC EXAMINATION

Computed tomography colonography has been studied at a number of centers to evaluate 
sensitivity and specifi city for polyp detection. Comparison of performance in these trials 
is diffi cult due to differences in technique, threshold for detection, and interpretation of 
results. In addition, newer helical scanners have improved image acquisition and resolution, 
and changes in computer workstations have made the work of reading CT colonography 
different in many institutions. Although most investigators have targeted polyps of 1 cm or 
larger, there are some investigators who believe that in order for virtual colonoscopy to be 
widely applicable, it should be sensitive for polyps 5 mm or greater (19). Table 2 summarizes 
the diagnostic performance of virtual colonoscopy for polyps >10 mm in size.

It is generally accepted that analyzing performance in a “by-patient” manner is acceptable, 
and eliminates errors in real-world management that may occur in a purely by-polyp analysis. 
In other words, identifying when a patient requires a conventional colonoscopy based on the 
results of the virtual colonoscopy is the goal, rather than identifying every polyp. However, 
the concern with this analysis is the question of the patient with a single small index polyp 
that is below the threshold of detection. This question requires additional study, and will 
affect recommendations for screening intervals.

The by-patient sensitivity for patients with polyps ≥10 mm ranges from 75–100% in 
most series, and was 100% in the two largest series published to date (20,21). A by-polyp 
sensitivity for polyps ≥10 mm ranges from 50–100%, and was 89–90% in the two largest 
series. If the threshold of detection is decreased to 5–9 mm, sensitivity and specifi city fall 
signifi cantly, and the number of false positive lesions is greatly increased.

The American College of Radiology Imaging Network (ACRIN) is conducting a multi-
center retrospective study in a large, well-defi ned cohort. We estimate that about 10,000 
examinations have been performed by investigators as of early 2000. In addition, a national 
multicenter study comparing virtual colonoscopy to conventional colonoscopy and to barium 
enema has started (NIH, Don Rockey, principal investigator). The study includes patients 
with any approved indication for colonoscopy, and includes detailed surveys of patient 
preference. This study will recruit approx 4000 patients and be completed in 2004.

Although the results of these early studies are encouraging, no large study has yet been 
published on an average risk screening population. Studies to determine the effectiveness 
of this technology on average risk individuals need to be performed. A multicenter trial 
to assess asymptomatic patients is now under way (Department of Defense, Peter Cotton, 
principal investigator).
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Table 2

Virtual Colonoscopy Exam Performance Data for ≥10 mm Polypsa

  No. of patients
Author, ref. no.,  Total no. w/lesions Sensitivity % Specifi city % No. of lesions Sensitivity % Reading Inclusion
year published of patients ≥1 cm (by patient) (by patient) ≥ 1 cm (by polyp) method criteria

Yee (21) 2001 300f ≥49 100f 182 1901.f 2D and 3D 96 screening, 204 
                symptomatic
Spinzi (49) 2001 196f 10 f 180 f 100 f1. 113 161.5f 2D and 3D High risk
Hara (20) 2001 237f 15f 100f 190a1. 119 189d1. 2D and 3D High risk
Mendelson (50) 2000 153b    111 1731.f 2D and 3D High risk
Macari (17) 2000 142f 14f 100f 1001.f 111 1001.f 2D, 3D problem  High risk  
   (≥7 mm)   1      solving
Hopper (51) 2001 100f    119 1001.f 2D and 3D  High risk. Supine
       Obs B: 37         and select
            prone/decub
Pescatore (52) 2000 150f  Obs A: 62 1741.f 111 162c1. 2D and 3D High risk
Fletcher (53) 2000 180f 96f 85.4 1931.f 121 175.2f1 2D, 3D problem  Very high risk,  
               solving     20 surveillance
            patients
Morrin (54) 2000 133e 6f 186f 1001,f 112 1911f. 2D and 3D High risk
Fenlon (27) 1999 100f 1 196f 1961.f 122 1911f. 2D and 3D High probability
Kay (55) 2000 138f 190f 182.1f 111  3D only High risk
            Supine ONLY
Rex (56) 1999 146f 10f 180f 1891.f 114 1501f. 3D (best) Screening
Pineau (57) 1999 188f 10f 100 1871.f   2D, 3D problem solving High risk 
Dachman (18) 1998 144f 16f 183f 100f 116 1831/f 2D, 3D problem  High risk. Supine 
      f     solving     and prone
Royster (15) 1997 120f 20f 100  122 1001.f     2D and 3D All 20 patients had 
                known masses
Hara (58) 1997 170f 12f Obs. A: 75 Obs. A: 91 115 Obs. A: 73 2D, 3D problem  35 known polyps, 
       Obs. B: 75 Obs. B: 90  Obs. B: 67     solving     35 high probability
            Supine only

Adapted from Diagnostic Performance of Virtual Colonoscopy (59), with permission. Note: Blank cells indicate data not available or not applicable, see text. Obs., Observer; ref., reference 
number in reference section.

aLarge masses (≥3 cm) and occlusive carcinomas excluded unless indicated. Patient data for Macari et al., is for ≥7 mm.
bOnly those with both prone and supine shown.
cIncludes 2 stoning carcinomas.
cHigh probability is indicated by (1) family or personal history of colorectal cancer, (2) personal history of adenomatous polyps, (3) positive fecal occult blood test, (4) rectal bleeding, (5) iron 

defi ciency anemia, (6) weight loss, (7) recent sigmoidoscopy demonstrating one or more polyps, or (8) altered bowel habit.
dSingle detector CT (multidetector had 80% sensitivity for polyps >1 cm and a patient specifi city of 93%).
eOnly patients without IV contrast and only polyps 1–2 cm shown.
fAdditional data by personal communication.
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3.3.2. CT COLONOGRAPHY VS BARIUM ENEMA

Early reports of the effi cacy of virtual colonoscopy have compared this imaging modality 
to the sensitivity of barium enema. The reported performance of CTC for polyp detection 
is better than that previously described for barium enema, although only one specifi c study 
has yet reported a direct comparison of these tests (22). However, several studies have 
demonstrated that CTC is superior to barium enema for viewing colonic segments proximal 
to obstructing lesions (23–26).

3.3.3. CT COLONOGRAPHY FOR INCOMPLETE COLONOSCOPY

Virtual colonoscopy offers the unique application in cases of incomplete colonoscopy 
resulting from technical diffi culties, patient discomfort, or obstructing lesions. Morrin and 
colleagues reported their experience with 40 patients in whom the cecum could not be 
reached during routine colonoscopy (24). CTC revealed 96% of all colonic segments, and 
identifi ed the probable reason for the incomplete colonoscopy in 74% of the cases. The same 
group of investigators recently reported a prospective study of 200 patients with similar 
results (25). Additionally 19% (33) of those 200 patients also underwent barium enema 
that adequately demonstrated 91% of segments. A similar study by Fenlon and colleagues 
evaluated the utility of CTC in 29 patients with occlusive colon carcinoma. They found 
that CTC identifi ed the obstructing lesion in all of the patients and synchronous lesions in 
18/20 patients compared to either colonoscopy or barium enema and visualized the proximal 
colon in 26/29 patients, whereas barium enema failed in all 29 patients (27). These results 
suggest that CTC may be the study of choice in patients with an incomplete colonoscopy 
due to an obstructing mass.

3.3.4. CTC FOR COLORECTAL CANCER STAGING

It has been proposed that the unique nature of CTC images may not only provide 
information about the intraluminal lesions but also simultaneously provide information 
about the stage of a colorectal cancer. Morrin’s group studied 34 patients with colorectal 
cancers and obstructing colorectal lesions and found that CTC correctly staged 13/16 cancers 
and identifi ed 16/17 synchronous polyps. Ninety-seven percent of the colonic segments 
were visualized, compared to only 60% with barium enema. In addition, CTC correctly 
identifi ed the surgical anastomosis of nine patients, but local tumor recurrence could not be 
distinguished from surgical changes in one patient (26). When colonoscopy is incomplete 
because of a constricting mass, a same-day CT scan can combine CTC for evaluation of 
the remainder of the colon and an intravenous contrast-enhanced CT for staging. Some 
investigators now perform a rapid wet reading of the CTC study while the patient is still 
on the CT table, and if a polyp or mass is seen, an infused study is done (Morrin, personal 
communication). Further study is required in this area.

3.3.5. EXTRAINTESTINAL FINDINGS

Because data collection for virtual colonoscopy involves CT scanning of the abdomen 
and pelvis, a proposed benefi t (and risk) of this exam is the ability to identify extraintestinal 
abnormalities of clinical signifi cance. Hara and colleagues reported the extraintestinal fi nd-
ings in 264 patients who had a CTC (28). Half of these patients had an abnormality identifi ed 
and 11% had highly signifi cant fi ndings (abdominal aortic aneurysm, renal adenocarcinoma, 
and inguinal hernia with bowel). In a retrospective review of 228 consecutive cases, Rosen
et al. reported that CTC detected extracolonic abnormalities in 26% of cases and 36% of 
these had a major impact on patient care (29). Investigators remain excited by the possibility 
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of total-body scans and identifying these extraintestinal lesions, but outcomes and cost-
analysis studies of the impact of these “incidentalomas” need to be performed. In addition, 
the potential for fi nding such unintended abnormalities should be included in the patient 
consent process. Finally, if radiologists who read and interpret CTC are required to review 
the additional abdominal organs, reading time will be signifi cantly increased and population-
level screening may be adversely affected.

3.4. Problems and Pitfalls
Despite the major advances that have occurred in the fi eld of CTC, there remain a number 

of problems and pitfalls requiring future improvement. Although the learning curve for 
CTC has not been defi ned, it is understood that interpretation errors can be minimized 
with experience and the application of the common principles of barium radiography. In 
fact, the levels of experience of the investigators may be one explanation for the difference 
in sensitivity and specifi city among the published CTC studies. The challenge remains in 
decreasing the reading time while maintaining appropriate sensitivity and specifi city for 
neoplasms in order to effect cost and mortality benefi ts.

False-negative results (“pitfalls”) decrease sensitivity of this exam and may occur as a 
result of retained fl uid or fecal material as well as from collapsed portions of bowel. These 
problems are addressed, but not eliminated, by the addition of prone scanning and shifting 
of gravity-dependent material (11,30). The balloon cuff on the tip of the insuffl ation catheter 
theoretically might obscure a distal rectal lesion, so we recommend a careful digital rectal 
exam prior to placement of the rectal catheter. Other investigators have proposed using 
intravenous contrast to better distinguish polyps or masses from stool (31–33). One center 
describes removal of the rectal insuffl ation tube and additional scanning in order to evaluate 
the distal rectum (21). The ileocecal valve can be mistaken for a polyp. In addition, some 
villous adenomas may appear as stool because of their surface architecture. Flat adenomas 
and infi ltrating cancers need to be distinguished from collapsed bowel folds and this may 
be accomplished by comparison to adjacent folds. In addition, the heterogeneous texture of 
ulcerated mass lesions may be misinterpreted as stool. False-negative results are potentially 
costly because they result in missed lesions and possibly cancer. Factoring in additional 
cancers and associated therapies must be considered in any cost-effectiveness analysis.

False-positive readings (“pseudolesions”) reduce specifi city and occur from misinterpreta-
tions of folds or retained stool. The larger the size threshold of interpretation, the fewer 
false-positive readings will result. This error may be minimized by recognizing that retained 
stool appears heterogeneous on CT imaging because of a mixture of air and fecal material. 
Stool does not have an obvious attachment to the bowel wall when prone images are obtained 
(30). The problem of false-positive readings is less dangerous (although not less expensive) 
than that of false-negative readings, because patients with false-positive errors will undergo 
colonoscopy and presumably, subsequent correction of this mistake. The impact of false 
positives would be a large number of unnecessary conventional colonoscopies with the 
accompanying fi nancial and psychological costs, in addition to potential complications.

Patient-related factors affecting reading include retained fl uid or fecal material, breathing 
artifacts, patient motion, and streak artifact from metallic prostheses or surgical clips. 
Although right hemicolectomy might affect colonic distension during CTC, we have not 
found this to be a problem in our experience. It may be necessary to include these factors 
and assign confi dence levels to the exam, similar to gastroenterologists’ description of the 
quality of preparation to determine recommendations for future exams.
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3.5. Unsettled Issues and Future Applications
There are a number of areas that require clarifi cation before CTC can reach its potential. 

Performance in screening populations needs to be evaluated. Researchers are developing 
methods of automated polyp detection in order to minimize reading time and potentially 
increase accuracy (34,35). Alternate methods of display and advances in dedicated CTC 
software are likely to further reduce interpretation time. The role of intravenous contrast in 
screening or surveillance CTC is unclear.

Detailed cost and resource analysis needs to be performed, including cost and outcome 
analysis for workup of incidental fi ndings. Sonnenberg and colleagues published a model that 
assumed a hypothetical population of 100,000 people who had screening virtual colonoscopy 
every 10 yr and underwent conventional colonoscopy for abnormalities, with surveillance 
exams subsequently. Their model suggests that in order for virtual colonoscopy to have cost-
effectiveness similar to colonoscopy, it needs to be 54% less expensive or have compliance 
rates 15–20% higher than conventional colonoscopy (even if it is 100% sensitive) (36).
However, the numerous assumptions required to model cost effectiveness are a subject 
of controversy.

Computed tomography colonography remains unproven in patients in high-risk groups, 
such as inherited forms of colorectal cancer (37). Patients with infl ammatory bowel disease 
(IBD) have an increased risk of developing colorectal cancer, but it is via dysplasia of (fl at) 
infl amed mucosa, and CTC is unlikely to offer an alternative to conventional colonoscopy 
surveillance and biopsies. More recent work has examined the utility of CTC for mapping 
of involved intestine in a small number of patients with IBD (38), and other investigators in 
Europe have explored the possibility of magnetic resonance colonography for IBD (39,40).

Early work has demonstrated that patients may prefer the minimally invasive CTC 
to barium enema or to conventional colonoscopy (41,42). Current CTC methods do not 
eliminate the need for a bowel prep, which is described by some patients as the most 
uncomfortable part of colorectal cancer screening tests. In fact, if the CTC has positive 
fi ndings, an additional bowel cleansing will then be required for the subsequent conventional 
colonoscopy. Institutions will need to offer immediate image interpretation and subsequent 
colonoscopy for positive fi ndings to eliminate the unpleasantness of requiring a repeat 
bowel preparation. Development of computer-assisted automated polyp detection and 
standardized reporting methods to inform a gastroenterologist of the location and size of 
a suspected lesion are necessary. Pilot work using a proprietary detection algorithm has 
been encouraging (43).

Physicians and patients alike eagerly await development of a “virtual preparation.” A pilot 
study using barium as a contrast agent instead of a cathartic preparation had fair results (44).
A combination of a low-fi ber diet and stool tagging with barium and a minimal preparation 
with magnesium citrate alone is under study and is now being marketed by industry (45).
Stool tagging offers the possibility of computer thresholding and electronic subtraction of 
stool which might permit CTC without any preparation (46). Other studies have suggested 
that different contrast agents or magnetic resonance (MR) colonography might hold promise 
in this area (47), but it does not yet offer comparable sensitivity to the cleansed colon. MR 
colonography in the prepared colon has shown accuracy similar to CTC (48).

4. CONCLUSIONS

Computed tomography colonography offers a minimally invasive view of the entire 
colon that may address some of the inadequacies of current screening and prevention 
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strategies and improve population compliance with CRC screening. Current approaches 
to this exciting technology appear to be safe, well tolerated, and sensitive for detection 
of polyps or masses larger than 1 cm. In addition, the current techniques may offer the 
ability to perform preoperative cancer staging and same-day identifi cation of synchronous 
lesions after incomplete or obstructed colonoscopic examinations. Routine use of CTC for 
screening purposes is limited by the absence of population studies, unclear cost and resource 
allocation, an undefi ned learning curve for radiologists, and possibly uncertain sensitivity 
for polyps 6–9 mm. Advances in technology and ongoing research hold promise for the 
widespread use of this test in the future.
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1. RATIONALE

The treatment algorithm for rectal cancer has changed markedly over the last decade. 
Radical surgery, either low anterior resection or abdominal perineal resection, is no longer 
the initial or only therapy for the majority of patients with rectal carcinoma. The reason 
for this is twofold: First, in both nonrandomized and randomized studies, preoperative 
multimodality treatment has been found to decrease the local recurrence rate and result in 
signifi cant downstaging in patients with rectal tumors; second, local excision of rectal tumors 
has become the preferred treatment in highly selected, early-stage patients. Because of this, 
preoperative staging has become increasingly important in order to direct patients into the 
appropriate treatment arm. In addition, in patients who are downstaged after undergoing 
preoperative chemoradiation, postoperative decisions regarding further chemotherapy are 
often dependent on the preoperative stage alone. Therefore, it is imperative to have easily 
available, accurate preoperative imaging studies in order to assess not only the depth of 
penetration but also the presence of involved lymph nodes. In addition, before embarking on 
expensive and often physically demanding preoperative therapies, it is important to assure 
the absence of metastatic disease.

Staging patients with rectal carcinoma by digital rectal examination is unreliable, with 
overall accuracy rates of 40–80% (1,2). In addition, digital exam is unable to reliably 
assess for the presence of involved lymph nodes. The identifi cation of pathologic nodes 
is particularly important in the evaluation of early (T1/T2) tumors because these patients 
should be excluded for consideration of local therapy.
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Although computed tomographic (CT) scans are 80–90% accurate in assessing transmural 
penetration (3,4) and are also accurate in determining adjacent organ invasion, the rectal 
wall layers cannot be resolved on CT. Therefore, this is not effective in distinguishing 
early-stage tumors. Conventional magnetic resonance imaging (MRI) results in accuracy 
rates of 58–82% for assessing the depth of penetration (1,5,6). In a prospective comparison 
of CT and MRI in staging patients with rectal lesions, CT was found to be more accurate 
than MRI in assessing penetration of the muscularis propria (74% vs 58%, respectively). 
In a separate study, there was no difference in assessing transmural penetration using these 
techniques (7). There appears to be no difference between the two modalities in assessing 
nodal status, with sensitivities of 40% and specifi cities of 70–90% (5,7).

Because neither of these modalities provides the accuracy needed to select patients for 
either neoadjuvant therapy or local excision, both endorectal ultrasound and endorectal coil 
MRI have been increasingly used.

2. ENDORECTAL ULTRASOUND

2.1. Introduction
Introduced in 1983, endorectal ultrasound (ERUS) has become the standard preoperative 

imaging modality for rectal carcinoma (8,9). ERUS is performed in the offi ce setting 
and is well tolerated without sedation. As with many varieties of ultrasonography, ERUS 
requires a fair amount of expertise on the part of the ultrasonographer. Still images are 
easily printed and saved for later review, but a great deal of information can be obtained 
during the real-time acquisition of images. The precise relationships of tumors to anatomical 
landmarks are best determined by actually performing the ultrasound and studying the 
images in real-time.

For the right-handed ultrasonographer, the procedure is best performed with the patient 
in the left lateral decubitus position. Gentle insertion of the lubricated transducer is easily 
accomplished with minimal discomfort to the patient. Most commonly, the transducer is 
inserted through a rigid proctoscope, thus facilitating both proctoscopic and ultrasound 
evaluation of the rectum at a single setting (10). The ultrasonographer should be seated in 
a comfortable position to manipulate the transducer with two hands. The right hand should 
be used to control the degree of insertion into the rectum and the left hand should be used 
to center the transducer. Maintaining the transducer in the center of the rectal lumen is 
important because it affords clear imaging of the entire 360° circumference of the bowel and 
prevents loss of contact between the transducer and the rectal surface.

There are many manufacturers who produce high-quality ultrasound devices, but probes 
that acquire 360° images are preferable for endorectal imaging. Such probes acquire several 
images per second of the complete endorectal luminal circumference. Ultrasonic signals 
travel best in water, thus (in the most common imaging setting) a balloon covering the 
transducer is fi lled with water following the insertion of the transducer into the rectum. A 
suffi cient quantity of water is instilled to prevent any separation of the balloon from the 
rectal wall; this prevents the interposition of nonconductive air between the probe and the 
rectum. The balloon is not used in certain situations. For example, the entire rectum can be 
fi lled with water (usually 180 cm3 instilled via a Foley catheter) for imaging selected lesions 
when it is anticipated that the balloon may cause distortion of the lesion preventing adequate 
imaging. In this case, the transducer is covered with a sonolucent plastic cap fi lled with water 
that does not cause compression of the rectal wall as with the balloon. Additionally, when 
precise imaging of the anal canal is desired, this water-fi lled plastic cap is simply placed 
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over the transducer. The transducer covered by a small plastic cap is moved through the anal 
canal with greater ease than one covered by the larger balloon.

Interpreting ERUS images requires some experience, but most physicians who are familiar 
with the anatomy of the lower pelvis learn to read these images quickly. Structures such as the 
seminal vesicles and prostate in males and the vagina in females serve as useful landmarks. 
These structures may help in properly orienting the ultrasonographer to anterior/posterior 
direction and also in determining the level of insertion of the probe. Generally, high-quality 
images cannot be acquired above 12–15 cm from the anal verge. Lower anorectal landmarks 
such as the puborectalis muscle as well as the internal and external anal sphincters are clearly 
demonstrated on ERUS and serve as useful distal landmarks. High-quality images can be 
acquired as low as the distal anal canal.

2.2. Interpreting the Images
Five layers of the rectal wall are clearly demonstrated by ERUS; familiarity with each of 

these leads to proper interpretation of the images (11,12). These layers are recognized by the 
alternating hyperechoic (bright) and hypoechoic (dark) appearance of each. The fi rst layer 
visualized (from the center of the image to the periphery) is hyperechoic and represents the 
interface of the balloon with the rectal mucosal surface. The second layer is hypoechoic and 
represents the mucosa and muscularis mucosa. The third layer is hyperechoic and represents 
the submucosa. The fourth layer is hypoechoic and represents the muscularis propria. In 
more distal images, the muscularis propria increases in thickness as it transitions into the 
internal anal sphincter. The fi fth layer is hyperechoic and represents the interface of the 
rectum with the perirectal fat.

2.3. Staging Rectal Cancers
Rectal tumors are identifi ed by their hypoechoic (dark) appearance on ERUS. Distinguish-

ing between superfi cial (T1/T2) tumors (Figs. 1–3) and deep (T3/T4) tumors (Fig. 4) is 
relatively easy (13). Superfi cial tumors will not cause distortion in the outer, dark layer 
of the muscularis propria, and this layer will be clearly visible around 100% of the rectal 
circumference. Diffi culty arises when attempting to distinguish a deep T2 tumor from an 
early T3 (14). Deep T2 lesions abut the outer portion of the muscularis propria and minimal 
tumor penetration beyond this layer may be diffi cult to visualize because of distortion of 
the muscularis at areas of maximal tumor involvement. The distinction between T2 and 
T3 lesions is important because, under current recommendations and in the absence of nodal 
disease, T2 tumors are treated differently than T3 tumors. Most patients diagnosed with T3N0 
lesions will be advised to undergo multimodality therapy, in accordance with the National 
Cancer Institute’s (NCI) consensus statement about these lesions. Patients with T3N0 disease 
will receive preoperative chemoradiation in many centers, followed by resection, whereas 
patients with T2N0 disease will be treated with resection alone (15).

Endorectal ultrasound can reliably distinguish T1 from deep T2 lesions. However, the 
distinction between T1 and superfi cial T2 lesions is often diffi cult to make by ERUS. Neither 
of these superfi cial tumors cause distortion of the muscularis propria. In the absence of
nodal involvement, T1 lesions may be satisfactorily treated with transanal, full thickness 
excision, as transanal resection of these lesions yields similar results when compared to more 
radical resection. However, current evidence reveals that transanal excision of T2 lesions 
leads to a high local recurrence rate, as high as 42%, and therefore should not be routinely 
employed as defi nitive therapy for T2 lesions in good-risk patients (16). Hence, patients 
identifi ed by ERUS to have deep T2 lesions should undergo major resection. However, 
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for patients who are staged by ERUS to have a T1 or superfi cial T2 lesion where reliable 
distinction is diffi cult, then transanal excision is an appropriate initial step in treatment 
(17). If the fi nal pathology confi rms a T1 lesion, then no further therapy is necessary, and 
careful ERUS follow-up alone is recommended. However, if the fi nal pathology reveals 
a signifi cant T2 lesion, then radical resection, such as low anterior resection or abdomino-
perineal resection, should be considered in the acceptable-risk patient. Another consideration 
is to treat locally excised T2 lesions with postoperative chemoradiation, but resultant local 
recurrence rates approach 20% (18,19).

2.4. Determining Nodal Involvement
Lymph nodes may be visible in the mesorectum during ERUS imaging (20–22). Nodes 

are usually visualized as round, hypoechoic (dark) structures within the mesorectum. 
Lymph nodes are categorized as pathologic or benign according to their size and ultrasound 
characteristics. If no lymph nodes are visualized within the mesorectum, then the patient is 
staged as N0. Hypoechoic nodes that are 5 mm or greater in diameter are generally felt to 
harbor metastatic disease (Fig. 4) (23). This is especially true of lymph nodes located adjacent 
or proximal to the level of the cancer. Hyperechoic mesorectal nodes usually contain benign 
infl ammatory changes. A hyperechoic focus within the center of an otherwise hypoechoic 
node or mixed echogenicity within a mesorectal node suggests a benign node (24).

One must exercise caution when diagnosing nodal disease, as blood vessels within the 
mesorectum will often appear similar to enlarged nodes in a still image. Imaging these 
structures in real-time allows one to easily distinguish blood vessels from lymph nodes. 

Fig. 1. Endorectal ultrasound image of a patient with a T1 lesion. The lesion is located in the left lateral 
position and invades into but not beyond the hyperechoic submucosal layer. This is characterized by 
irregularity but not disruption of the hyperechoic middle line.
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Any hypoechoic structure in the mesorectum that can be imaged while moving the probe 
in a proximal to distal fashion for a distance greater than the diameter of that structure is 
probably a blood vessel that is being seen in cross-section. Lymph nodes are generally round 
in shape and will disappear from the image when the probe is moved for a distance greater 
than its diameter. Unfortunately, ERUS is limited in its ability to detect the presence of 
micrometstatic disease in mesorectal lymph nodes.

2.5. Determining Proximity of Tumor
to the Sphincter Muscles and Adjacent Structures

Additional information that may be obtained on ERUS is a tumor’s precise relationship to 
the sphincter muscles. This information is relevant when attempting to make proper decisions 
regarding sphincter-preserving resection. As stated earlier, the puborectalis muscle can be 
identifi ed with ease. This structure has a striated, hyperechoic appearance is distinguished 
by its slinglike shape travels downward from the anterior lower pelvis, and envelopes the 
rectum posteriorly. Similarly, the external anal sphincter is also distinguished by its striated, 
hyperechoic character. The internal sphincter is hypoechoic and does not have striations. 
It is developed from the muscularis propria in the distal rectum. ERUS is an exquisitely 
accurate method of visualizing involvement or close proximity of a low-lying rectal tumor 
to the sphincter muscles.

Involvement of surrounding pelvic structures with tumor can also be easily assessed with 
ERUS. The vagina is clearly identifi able in its relationship to the anterior rectum in women, as 
are the prostate and seminal vesicles in men. T4 tumors that infi ltrate these structures can be 

Fig. 2. Endorectal ultrasound image of a patient with a posteriorly located T2 lesion. The tumor extends 
into but not beyond the muscularis propria and is characterized by disruption of the hyperechoic middle 
line.



148                                                                                                             Hiotis, Weber, and Wong

identifi ed with precision. Thus, decisions regarding the need for preoperative chemoradiation 
or radical resection with possible pelvic exenteration can be appropriately made.

2.6. Utility of ERUS Following Chemoradiation
Among those patients who receive preoperative chemoradiation, restaging prior to 

resection may be desirable. However, regardless of the response to chemoradiation, surgical 
resection should be offered to all acceptable-risk patients. Only one study has supported 
nonoperative observation for complete responders (25). However, data from Memorial 
Sloan-Kettering suggests that assessing complete response after chemoradiation is highly 
inaccurate, and patients who appear to have had a complete response usually harbor 
occult foci of tumor (25a). Restaging by ERUS is not reliable following treatment with 
chemoradiation. Scar develops in the rectal wall, and discriminating scar from tumor is 
often not possible (26). In one prospective study, the positive predictive value for ERUS 
determination of residual rectal wall penetration and lymph node involvement following 
preoperative chemoradiation was only 72% and 56%, respectively, although the negative 
predictive value of ERUS in this setting was signifi cantly better (100% for wall penetration 
and 82% for lymph node involvement) (27). However, given the currently available technol-
ogy and current recommendations for treatment, restaging patients with ERUS following 
chemoradiation is not recommended (28). Imaging in this setting is inaccurate and the 
treatment plan should not be altered, even if the patient is believed to have experienced a 
complete response to chemoradiation.

Fig. 3. Endorectal ultrasound image of a patient with a T2 lesion. This image was acquired without the 
use of a water-fi lled balloon around the probe. Instead, the rectum was fi lled with water and a sonolucent 
hard cap covered the transducer.
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2.7. Surveillance
Endorectal ultrasound may be used in a variety of settings for surveillance purposes. 

Most commonly, ERUS may prove useful following endoscopic or transanal resection 
of superfi cial cancers or benign lesions with suspicious histologic features. When used 
in combination with digital rectal examination and endoscopic surveillance, ERUS may 
signifi cantly improve the sensitivity of detection of recurrent lesions (29,30). Although 
little reported experience with ERUS exists in this setting, its potential value in imaging 
small, early lesions that cannot be felt or seen is implicit. The correct interval in between 
imaging studies is not clearly understood, although imaging every 4 mo may be appropriate. 
Additionally, the proper duration of surveillance following endoscopic or transanal resection 
is not clear, although continuing regular surveillance for a minimum of 3 yr may be 
appropriate, with less frequent ERUS surveillance until 5 yr.

2.8. ERUS Accuracy Rates
Endorectal ultrasound is most accurate in assessing transmural penetration, with a 

sensitivity of up to 95% (3,4,31,32). Overall accuracy rates are lower, however, because 
ultrasound tends to incorrectly overstage some T2 tumors (31). ERUS is 83–88% specifi c 
in separating patients with T1–T2 rectal cancers from patients with T3–T4 cancer (33).
Two recent series found very similar accuracy rates for T1 and T2 lesions. T1 tumors were 
correctly staged in 54–58% of patients, and for T2 tumors, accuracy was 70–75% (31). In 

Fig. 4. Endorectal ultrasound image of a patient with a T3N1 lesion. The tumor clearly extends beyond the 
muscularis propria. Several pathologic nodes are seen in this image. The enlarged pathologic lymph node 
located at the 6 o’clock position demonstrates hyperechoic foci within an otherwise hypoechoic node.
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Adams’ series, T1 lesions were equally understaged and overstaged, whereas T2 lesions 
were primarily overstaged (31).

The accuracy of ERUS for transmural penetration has been equal to or better than 
computed tomography (CT) when they have been directly compared (3,4). However, both 
modalities are less reliable in assessing nodal positivity, with an accuracy of 70% (3) and 
80% (24,32), respectively. It is important to remember that even small errors in specifi city 
may commit an incorrectly overstaged patient to several additional months of treatment 
with minimal benefi t. Because of its accuracy, particularly in identifying T3 or deeper 
tumors, ERUS should be considered an invaluable diagnostic modality in staging patients 
with resectable rectal tumors.

3. ENDORECTAL MRI

3.1. Introduction
The accuracy of MRI improves markedly when an endorectal coil is used instead of 

conventional imaging with a body coil. The endorectal coil is a rigid instrument with a 
receive-only loop coil covered with a balloon. The device is 15 cm in length. The coil 
is inserted into the rectum with the patient in the lateral position. Air is infl ated into the 
balloon to allow adequate distension of the rectum. Sagittal localizing images assure correct 
placement of the coil, then multiple images are obtained in the sagittal and axial planes. 
Glucagon may be administered to decrease artifact from intestinal peristalsis. The endorectal 
coil improves the signal-to-noise (S/N) ratio and allows imaging with a small fi eld of view, 
which improves resolution. This is essential for accurate visualization of the rectal wall 
layers and accurate interpretation of tumor T stage.

Additional use of a pelvic coil improves S/N at distances greater than 3 cm from the 
endorectal coil (34). This also results in an increased size of the fi eld of view, which improves 
detection of pelvic nodes. The combined use of two coils allows greater resolution local 
extension of tumors greater than 3 cm in depth. It is, therefore, important to distinguish the 
technique used when interpreting the results of preoperative staging with endorectal MRI.

It has been argued that the use of these techniques may overcome one criticism of 
ERUS—that it is extremely operator dependent. However, some series evaluating endorectal 
coil MRI have found it to have poor correlation between radiologists when images are 
reviewed by blinded examiners (35,36). One problem with the endorectal coil is that images 
of the rectal wall layers are often only seen clearly from part, but not all, of the circumference 
of the rectum (37). This may be the result of the compression of the layers of the rectal 
wall by the coil itself and may result in errors in interpretation of the depth of invasion. 
Poor contact between larger tumors and the coil may also limit image interpretation (38). In 
addition, although ERUS can usually be performed with minimal discomfort in 10–15 min, 
endorectal coil MRI is often uncomfortable and imaging may take up to 60 min (35).

3.2. Interpreting the Images
The T2-weighted MRI images performed with the endorectal coil distinguish three layers 

of the rectal wall. The initial layer of high signal density is the result of mucus and fl uid 
between the coil and the rectal wall. The fi rst rectal wall layer, the mucosa and muscularis 
mucosa, is of low signal intensity. The second, the submucosal, layer is of high signal 
intensity, followed by the third layer containing the muscularis propria, which is of low 
signal intensity. The outermost layer of perirectal adipose tissue is of high signal intensity. 
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On T2-weighted images, rectal tumors have a low-to-medium signal intensity higher than 
that of the muscularis propria.

Nodal tissue in the perirectal fat appears as rounded, nontubular structures (Fig. 5A, B). It
is not possible to distinguish infl ammatory from metastatic nodes, and there are no well-defi ned 
characteristics that classify a metastatic node. Therefore, when interpreting results from
studies examining nodal status, it is important to determine the criteria for nodal positivity.

Fig. 5. Endorectal MRI of a patient with node positive disease (arrows) on axial (A) and sagital (B) views. 
(MRI images courtesy of Dr. Ron Bleday, Boston MA.)
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3.3. Endorectal MRI Accuracy Rates
Overall accuracy rates for endorectal coil MRI preoperative staging, as compared to 

pathologic stage in patients who did not receive neoadjuvant therapy, are seen in Table 1. In 
most series, the accuracy for T stage varies from 70% to 85% and for N stage from 60% to 
80%. When endorectal coil MRI is examined according to its ability to accurately assess T3 
disease, between 70% (35) and 100% of patients are correctly staged as T3, with most series 
between 85% and 100% accurate (34,36,37,39,41).

Several studies are limited by the small number of patients and the use of neoadjuvant 
therapy in subsets of the entire patient group examined, and are therefore not included 
in Table 1 (34,41–43). Imaging with the endorectal coil, like other imaging modalities, 
is diffi cult after preoperative chemoradiation and does not reliably predict response to 
treatment (44).

Endorectal coil MRI is limited in its ability to distinguish T1 (Fig. 6) and T2 tumors; one 
study that utilized gadolinium-enhanced images overstaged 10/14 T2 tumors as T3 and 4/4 
T1 tumors as either T2 or T3 (35). In most series, the degree of overstaging is not as 
severe, but it is still far more likely than understaging tumor (37–39). This is likely the result 
of peritumoral infl ammation, which also limits distinction of early T-stage tumors with 
ERUS. Although overstaging will assure that patients are not undertreated, it also commits 
patients with potentially early stage tumors to more radical therapy, either a course of 
neoadjuvant therapy or a more extensive operation (e.g., low anterior resection instead 
of local excision).

Correctly determining nodal positivity is dependent on the criteria used to evaluate a node 
as pathologically involved with tumor. Large (>1 cm) nodes can be infl ammatory and small 

Table 1
Overall Results of Accuracy of Endorectal MRI in Preoperative Staging of Primary Rectal Cancer 
in Patients Who Did Not Receive Neoadjuvant Therapy (Comparison to ERUS When Available)

Criteria for
 MRI ERUS

   nodal  T N T N
Author Date n positivity Techniquea (%) (%) (%) (%)

Schnall et al. 1994 36 Structureb ECMRI 81 78
(37)

Murano et al. 1995 22 Structure ECMRI 73 82
(38a)

Drew et al. 1999 29 Structure, sizec*** MMRI, Gd 31 66
(35)

Kim et al. 1999 73 Structure, size** ECMRI 81 63 81 64
(39)

Maldjian et al. 2000 14 Structure, size* MMRI 71 77 71 54
(40)

Gualdi et al. 2000 26 All visibled ECMRI 85 73 77 76
(38)

aECMRI = endorectal coil MRI, MMRI = multicoil MRI (endorectal coil with pelvic multicoil array),
Gd = gadolinium-contrast enhanced.

bStructure = all nodes with abnormal appearance (loss of fat at the hilum, heterogeneous, or irregular) 
considered positive.

cSize = all nodes greater a particular size were considered positive (* >1 cm, ** >3 mm, *** >5 mm).
dAll visible = all nodes detected were considered positive.



Chapter 9 / Preoperative Staging of Rectal Cancer 153

nodes (<2 mm) metastatic (37). Thus, using size alone as the criteria for nodal positivity often 
results in erroneous readings. Structural characteristics, such as loss of fat at the hilum of 
the node, are also inaccurate. Because no preoperative staging system can accurately detect 
micrometastases, it is not surprising that accuracy for detecting metastatic nodes decreases 
compared to the assessment of T stage. Most series have shown almost equal numbers of 
patients that are overstaged and understaged with regard to nodal status (35,37,39,40). This 
is problematic because a high sensitivity (accurately determining all patients with positive 
nodes) is more important than specifi city, both in order to appropriately treat patients 
with stage III disease with chemoradiation and to exclude patients with early T-stage but 
node-positive disease from local excision.

Direct comparison to ERUS was performed prospectively in the last three studies listed 
in Table 1 and therefore are particularly important in comparing these two modalities. All 
of the studies found nearly equivalent rates of detection of depth of invasion, with little 
difference between accuracy rates in detection of individual T stages (Table 2). Only one 

Table 2
Accuracy Rates Between Endorectal MRI and ERUS for Individual T Stages

Author Technique T1 (%) T2 (%) T3 (%) T4 (%)

Kim et al. (39) ERUS 100a 50 87 100
 ECMRI  57 89 100
Gualdi et al. (38) ERUS 100 40 82
 ECMRI 100 60 96

aAll patients underwent local excision only.

Fig. 6. Endorectal MRI revealing T1 rectal lesion (arrows). (Image courtesy of Dr. Ron Bleday, Boston MA.)



154                                                                                                             Hiotis, Weber, and Wong

study suggested a small improvement in the ability of endorectal MRI to correctly determine 
nodal status, with MRI accurate in 10/13 cases compared to 7/13 cases with ERUS (40).
Overall, both techniques resulting in overstaging of patients with early T-stage tumors and 
low accuracy rates for detecting nodal disease.

The use of endorectal coil MRI in evaluating patients with recurrent disease may result 
in improved detection of small lesions and enhanced ability to differentiate posttherapeutic 
fi brotic change from tumor, because of the increased spatial resolution of the endorectal coil 
over both conventional, body coil MRI, and CT (36,45–47). The ability to detect recurrent 
diseases improved from 60% using conventional MRI techniques to nearly 80% with the 
endorectal coil (48). When the criteria for distinguishing recurrent tumor from fi brosis were 
evaluated, the combination of high signal intensity on T2-weighted images, round margins, 
and >40% contrast enhancement were most predictive of recurrence. When these three 
criteria were combined, the accuracy was 92%, with a sensitivity and specifi city of 100% 
and 85%, respectively. Interestingly, the specifi city was dependent on time from surgery, 
with patients who were more than 1 yr postoperative having an improved specifi city to 
100% (49). Endorectal coil MRI is only slightly less sensitive in detecting recurrence than 
PET scanning (50), but it adds the ability to assess extent of pelvic disease for preoperative 
planning.

An ideal preoperative imaging modality would not only be easily and readily available 
but also inexpensive. It is clear that the use of endorectal MRI will be limited by both of 
these factors. In Gualdi’s study, although the accuracy of endorectal MRI and ERUS were 
comparable, MRI cost 2.5 times as much (38). In addition, many centers do not routinely 
offer this technique. Also, MRI is often not possible in patients with metal implants. Because 
of all of these factors, this technology is unlikely to become either widely available or 
cost-effective compared to transrectal ultrasound.

4. CONCLUSION

In preoperative staging of patients with rectal carcinoma, it is extremely important to 
assess both depth of penetration and nodal spread because these factors will dictate entrance 
into neoadjuvant and adjuvant protocols. Also, accurately determining early T1/N0 tumors 
is essential in considering patients for local excision. Both ERUS and endorectal coil MRI 
offer similar accuracy rates when performed at centers with extensive experience in using 
these techniques. ERUS is less costly, less uncomfortable, and not limited in patients with 
metal implants. Because of these factors, patients with rectal carcinoma should be staged 
with ERUS as the procedure of choice. However, in experienced hands and when ERUS is 
not available, endorectal MRI is an equivalent alternative.
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1. INTRODUCTION

The initial challenge in the care of colorectal cancer patients is accurate staging (i.e., 
determining the extent of disease in order to select therapy most benefi cial for the patient). 
In one-third of patients, unresectable lesions are unexpectedly found during surgery (1,2).
The frequency of “recurrence” indicates that tumor cells had been left at the primary site 
or had already disseminated but were undetected at the time of initial evaluation despite 
the exquisite resolution available with contemporary diagnostic imaging such as computed 
tomography (CT) and magnetic resonance imaging (MRI). When colorectal carcinoma 
(CRC) does recur, it is necessary to restage the patient to identify if there are additional 
metastatic sites that would impact on the choice and effectiveness of therapy.

With appropriate radiopharmaceuticals, nuclear medicine imaging, despite its limited 
anatomic resolution, has the potential to recognize viable tumor based on alterations in tissue 
metabolism or the expression of surface markers in malignant tissue. Recent advances in nuclear 
imaging and detection instrumentation and the development of unique radiopharmaceuticals 
have made it possible to identify these functional differences between tumor and normal tissue. 
These functional images have been confi rmed to have greater sensitivity and specifi city for 
tumor detection in initial and follow-up evaluations of patients with CRC.

At the present time, three tracers are of demonstrated value in the management of patients 
with CRC. A radiolabeled analog of glucose, F-18 fl uorodeoxyglucose (FDG), previously 
only available at research centers, is now approved by the Food and Drug Administration 
(FDA) and produced commercially throughout the United States for distribution to nuclear 
medicine imaging facilities serving most population centers. Two radiolabeled monoclonal 
antibodies to antigens expressed on CRC, Oncoscint CR/OV® and CEA-Scan®, have also 
been approved as diagnostic agents by the FDA. They are available in kit form to all licensed 
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nuclear medicine facilities. The use of these radiopharmaceuticals has been optimized by 
parallel advances in nuclear medicine tomographic imaging, either single photon-emission 
computed tomography (SPECT) for radiolabeled antibody imaging or positron-emission 
tomography (PET) for FDG imaging.

In addition to the above currently available advances, a number of promising radiolabeled 
agents and techniques are currently being evaluated in clinical trials. Radiation detecting probe 
devices have been developed for use during surgery. This device is still experimental in patients 
with colorectal carcinoma but is likely to become a part of clinical management within the next 
few years. With these handheld devices and appropriate radiopharmaceuticals, the surgeon is 
able to detect and localize tumor beyond simple visual observation or external imaging.

2. TECHNICAL BACKGROUND

2.1. F-18 Fluorodeoxyglucose and PET Imaging
F-18 fl uorodeoxy glucose (FDG) is an F-18 glucose analog that enters cells via glucose 

transporter proteins in proportion to blood fl ow and glucose metabolism. Following entry and 
phosphorylation to F-18 fl uorodeoxyglucose-6-phosphate, there is no further metabolism. 
The F-18 transported across the cell membrane is thus an indicator of the glucose utilization 
up to that point. As tumors generally have increased metabolic rates and increased anaerobic 
glucose metabolism, there is increased glucose membrane transport and intracellular trapping 
of the F-18 FDG tracer in malignant tissues to a greater degree than that of the surrounding 
tissue. F-18 FDG is fi ltered in the renal glomerulus but, unlike glucose, it is not effectively 
reabsorbed by the renal tubules. Hence, there is rapid clearance of blood and interstitial 
background activity and good contrast images can be obtained at 1 h after tracer injection. 
Patients should be fasting for at least 4 h prior to tracer injection so as to assure that blood 
glucose levels are not elevated. Generally, satisfactory images can be obtained if blood glu-
cose is no greater than 200 mg/dL. If insulin is necessary to lower or maintain blood glucose, 
tracer administration should be delayed until after stabilization of blood glucose levels to 
assure that the FDG does not preferentially enter muscle and liver following injection.

F-18 decays by positron emission with a 2-h half-life, providing a coincident emission of 
two 511-keV photons in 180° opposition to each other. Coincident detection of these two 
simultaneously emitted photons by either a dual-detector system or a ring detector permits 
localization of the emission without collimation. Hence, coincidence detection is much more 
effi cient in detecting the signal emitted following positron decay. Furthermore, the technique 
is inherently tomographic, as the coincident data are used to generate a transaxial map 
following back-projection or other image-formating techniques. These computer-generated 
transaxial images can be reformated to create volume displays as well as coronal and 
sagittal tomographic slices. Imaging must be performed on devices that detect and process 
the coincident signal produced by positron decay. This can be achieved with either the 
widely available dual-detector modifi ed gamma camera systems or a so-called dedicated 
ring-detector PET system. Modifi ed gamma camera systems cost approximately an addi-
tional $200,000–250,000 above the cost of the dual-detector gamma camera system 
($350,000–450,000). The ring-detector systems cost $1–2 million. The ring-detector systems 
have better count sensitivity and resolution and, consequently, they provide greater clinical 
sensitivity for the detection of small lesions. Nevertheless, the dual-detector coincident 
systems are capable of detecting disease. The positive predictive value and specifi city of the 
two systems are likely to be equivalent, although the ring-detector system would be expected 
to have better negative predictive value.
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2.2. Radiolabeled Antibody Imaging
Two radiolabeled monoclonal antibodies, Oncoscint CR/OV and CEA-Scan, are currently 

available for the detection of colorectal carcinoma. Both agents have high affi nity for 
specifi c epitopes expressed on CRC. In separate studies, these agents have shown statistical 
utility for disease staging and detection of occult lesions. CEA-Scan is a second-generation 
radiolabeled monoclonal antibody that has several advantages that make it the current 
radioimmunodetection agent of choice in the evaluation of patients with CRC.

Oncoscint CR/OV was the fi rst radiolabeled monoclonal antibody approved by the FDA 
for diagnostic purposes. It is an intact IgG that recognizes a high-molecular-weight tumor-
associated antigen (TAG-72) that is expressed on a variety of neoplasms. The CR/OV 
designation indicates approval for use in patients with either CRC or ovarian carcinoma. As 
an intact IgG, Oncoscint has a relatively long plasma half-life so that tumor-to-background-
contrast satisfactory for imaging is not achieved for several days. Patients are usually imaged 
at 72–96 h after injection. This longer interval between injection and imaging necessitates 
labeling with In-111. The 5.0–6.0-mCi In-111 dose provides a lower photon fl ux than 
is generally available with Tc-99m-labeled agents. In addition, as an intact monoclonal 
antibody, Oncoscint regularly results in the production by the patient of antibodies to the 
murine immunoglobulin. These antibodies are known as human antimurine antibodies 
(HAMA). Although it is possible to repeat studies in patients with HAMA, the presence of 
HAMA presents an additional patient risk and usually will adversely alter the pharmacokinet-
ics of subsequent antibody injections as well as interfere with in vitro laboratory assays 
that use murine sera reagents.

CEA-Scan is a Tc-99m-labeled Fab′ fragment of a murine IgG that has a high affi nity 
for membrane-expressed CEA (carcino-embryonic antigen). As a Fab′ fragment, CEA-Scan 
is less immunogenic than an intact IgG and usually does not produce a HAMA response. 
Moreover, it clears rapidly from the circulation. Hence, satisfactory tumor-to-background 
contrast is obtained at 3–4 h after injection compatible with labeling with the 6-h half-life 
radionuclide, Tc-99m. A 25-mCi Tc-99m diagnostic dose can be used and there is greater 
photon fl ux resulting in images with greater information content than are available when 
lower doses of In-111 are used. The Fab′ fragment has little nonspecifi c hepatic uptake and, 
therefore, hepatic metastases can be detected (unlike Oncoscint). CEA-Scan differentiates 
between the membrane and shed (circulating) CEA and is thus effective regardless of whether 
serum CEA is elevated or not (i.e., it is not consumed by circulating CEA).

Although both CEA-Scan and Oncoscint CR/OV can be imaged with traditional (nonco-
incident) imaging equipment, radiolabeled antibody imaging should be performed and 
interpreted as a SPECT study using a dual-head gamma camera and tomographic processing 
software capable of producing coronal, sagittal, and transverse slices as well as volume 
displays. The recent introduction of devices capable of fusing SPECT images on simultane-
ously acquired CT images may further improve interpretation of these functional images.

2.3. Intraoperative Radiation Probes
Over the past several years, the use of the surgical probe to identify concentrations of 

radiotracer intraoperatively has found application in the identifi cation of sentinel lymph 
nodes in patients with melanoma and breast carcinoma. In those instances, a radiocolloid 
is injected around the primary lesion or at the site of the resected lesion. The radiocolloid 
infi ltrates and identifi es the lymphatic drainage from the site. Sentinel and other lymph nodes 
are identifi ed by gamma camera imaging (lymphoscintigraphy) and/or by the use of a hand-
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held probe device during the operative procedure. In this application, only lymphatic drainage 
is identifi ed so as to allow removal of sentinel lymph nodes for subsequent histopathologic 
identifi cation of tumor if present. This technique has had minimal experimental evaluation 
in CRC. There has been greater interest, however, in the use of the surgical probe to identify 
tumor-specifi c radiolabeled antibody injected intravenously prior to surgery. Although 
this is an area of active investigation, none of the radioimmunodiagnostic agents used 
experimentally have been approved for this application at this time.

3. CLINICAL APPLICATIONS

In evaluating the utility of the recently available nuclear medicine procedures, the various 
clinical situations associated with the management of patients with neoplasms should be 
considered. This includes comparison to conventional imaging in the initial staging of the 
patient (extent of disease), in determining the response to therapy (differentiating between 
effects of therapy and persistent tumor), in possibly predicting long-term outcome, and in the 
detection of recurrence. The sensitivity of detection determines the reliability of identifying 
the extent of disease at initial diagnosis as well as when a recurrence is suspected or identifi ed. 
Both sensitivity and specifi city determine the reliability in differentiating between changes 
produced by therapy vs persistent tumor viability. Other issues that have importance at the 
present time include clinical effi cacy, the infl uence on decision-making and effect on outcome, 
and cost-effectiveness in terms of possible savings vs incremental costs.

3.1. FDG-PET in Colorectal Cancer
3.1.1. INITIAL STAGING OF COLORECTAL CARCINOMA (EXTENT OF DISEASE)

Whereas some patients present with symptoms related to the primary tumor (obstruction 
or perforation), CRC is usually detected by one of the various screening procedures 
currently available leading to direct surgical biopsy by colonoscopy. The next step in patient 
management involves evaluation of the extent of disease (i.e., identifying if there are local 
or distal metastases in order to adequately plan therapy). Until recently, this had involved 
conventional imaging preoperatively and manual and/or visual assessment of the abdominal 
contents at surgery.

In December 2000, Health Care Financing Administration (HCFA) and Medicare expanded 
coverage to include reimbursement for FDG studies performed on dedicated ring-detector 
PET imaging devices for the evaluation of the extent of disease in the initial workup of 
patients with CRC (3) (see Fig. 1). Previously, reimbursement had been approved only to 
evaluate previously treated patients with rising CEA or other evidence of disease recurrence. 
This is based on the highly regarded study of Abdel-Nabi et al. who evaluated the diagnostic 
usefulness of FDG-PET and correlated the results with CT, surgical and histopathologic 
fi ndings in 48 patients with primary CRC (4). They found FDG-PET superior to CT in the 
staging of CRC. At the primary site, the negative predictive value for FDG-PET was higher 
than the positive predictive value (100% vs 90%), as there were false-positive fi ndings in 
patients with acute diverticulosis (three patients) and at a recent polypectomy site (one 
patient). No increased FDG accumulation was noted in hyperplastic polyps. FDG-PET 
sensitivity, specifi city, and positive and negative predictive values for intraluminal primary 
lesions were 100%, 43%, 90%, and 100%, respectively. FDG-PET was superior to CT in 
identifi cation of hepatic metastases with a sensitivity of 88% vs 38% and a specifi city of 
100% vs 97%. For nodal metastases, the sensitivity for both FDG-PET and CT was rather 
low (29%), although the specifi city for FDG-PET was higher than for CT (96% vs 85%).
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Mukai et al. found a sensitivity of 96% for FDG-PET in the detection of the primary 
tumor and 22% for detection of lymph node metastases (5). Fifteen patients who had 
histopathologically confi rmed negative lymph nodes; two (13%) had false-positive lymph 
nodes on FDG-PET.

Falk et al. compared FDG-PET with CT for the detection of primary as well as recurrent 
colorectal tumors in a group of 16 patients (6). In this study also, FDG-PET was found to 
be more sensitive but less specifi c than CT in the preoperative detection of the extent of 
disease in colorectal carcinoma (sensitivity: 90% vs 60%; specifi city: 66% vs 100%) (6).
The predictive accuracy for the detection of CRC by FDG-PET was 83% and 56% by CT. 
These studies support the conclusion that at the time of initial diagnosis, preoperative FDG-
PET imaging is of value to detect hepatic and extrahepatic metastases and thus improve 
the selection of surgical candidates. The primary lesion and some loco-regional lymph 
nodes are also identifi ed, but no incremental value over conventional imaging methods 
has been reported.

3.1.2. RECURRENT COLORECTAL CANCER

Loco-regional pelvic recurrence and hepatic metastases are the major sites of relapse after 
resection of colorectal cancer, predominantly within 3 yr of initial diagnosis and surgery 
(7,8). The recurrence rate after what was believed to be a curative resection of colorectal 
carcinoma is 10–40%. Approximately 25% of fi rst recurrences are isolated loco-regional 
failures that can be cured by a second procedure, but recurrence is frequent and considerable 
mortality and morbidity are observed (3,7,9).

Proper selection of patients for surgical resection is essential, as only 25% of patients 
with recurrent disease (loco-regional and metastatic) are subsequently cured by surgery. The 
5-yr disease-free survival rate after attempted curative resection of the recurrent tumor is 
only 20–40% (3). These results represent an improvement over what was achieved prior to 

Fig. 1. F-18 FDG-PET images from a 44-yr-old woman with a 4-mo history of change in bowel habits. 
Colonoscopy demonstrated a large rectal mass. Tomographic slice images: (A—transaxial slice; B—coronal
slice; C—sagittal slice) demonstrate the large rectal carcinoma. An involved lymph node is identifi ed 
anterior to the bulky primary mass in the transaxial and sagittal images. Activity is also seen in the 
bladder (sagittal slice). (Image courtesy of Henry Yeung, MD, Nuclear Medicine Service, Memorial 
Sloan-Kettering Cancer Center, New York.)
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availability of CT and MRI. The detection rates of local recurrence by CT have ranged from 
69% to 95% in various studies (8,10–18). The ability to distinguish recurrent tumor from scar 
tissue on T2-weighted images has been variable (10–12,15–18). The role of dynamic MRI 
with contrast is still unclear (17–19). In many cases, needle biopsy is required for defi nitive 
diagnosis. Nonetheless, false-negative biopsies may result from sampling errors.

The recently approved use of FDG-PET to monitor patients suspected of having recurrent 
disease (rising CEA or suspicious fi ndings on CT/MRI) provides an opportunity for greater 
accuracy in the detection and staging of recurrent disease (see Fig. 2). For several years, 
investigators have reported the use of FDG-PET in this setting to detect both for intrahepatic 
and extrahepatic recurrent CRC (20–39) (Tables 1 and 2). Despite the limited number of 
patients reported to date, FDG-PET consistently demonstrates sensitivity and specifi city 
greater than all other conventional imaging modalities.

3.1.2.1. Local/Pelvic Recurrence. One of the main applications of FDG-PET in recurrent 
CRC has been the differentiation of pelvic recurrence from postoperative fi brosis in patients 
with indeterminate results with anatomic imaging procedures (Table 1). In a study by 
Shiepers et al., FDG-PET provided the correct diagnosis in all patients referred, specifi cally 
by differentiating pelvic recurrence from fi brosis (22). FDG-PET was superior to CT in the 
detection of loco-regional metastases with a sensitivity of 93% vs 60%, specifi city of 97% 
vs 72% and an overall accuracy of 95% vs 65% (Table 1).

In a meta-analysis of 366 patients, FDG-PET had 94.7% sensitivity and 97.3% specifi city 
for the detection of local/pelvic recurrences (26). In another study of 103 patients with 
loco-regional recurrences, FDG-PET provided additional diagnostic information in 14%. 
Takeuchi et al. used FDG-PET to confi rm the appropriateness of planned surgery. CT or 
MRI failed to detect 25% of lesions, whereas FDG-PET was more sensitive and accurate, 

Fig. 2. F-18 FDG images (coronal and sagittal slices) from a 62-yr-old man postresection for a primary 
coloncarcinoma. During follow-up, a CT scan demonstrated a solitary hepatic metastasis. FDG-PET scan 
confi rmed a fi nding (A) and demonstrated an additional tumor site in the pelvis (B). The patient was 
explored and both sites were resected. Histopathology confi rmed tumor. In the coronal slice, the crescent 
shaped activity in the left chest represents myocardial glucose metabolism. F-18 FDG activity is seen 
in urine in the left renal pelvis and both ureters, as FDG, unlike glucose, is not reabsorbed in the renal 
tubules. (Image courtesy of Henry Yeung, MD, Nuclear Medicine Service, Memorial Sloan-Kettering 
Cancer Center, New York.)
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resulting in changes in patient management (31). Although FDG-PET accurately identifi es 
recurrent colorectal cancer in patients who have indeterminate fi ndings on CT or MRI, 
infl ammatory lesions and physiologic bladder activity can produce false-positive FDG PET 
fi ndings (40–43). The specifi city of FDG imaging in evaluation of the pelvis can be improved 
by removing urinary bladder radioactivity, either by catheterizing the patient or diluting 
urine and encouraging the patient to void with hydration and diuretics.

3.1.2.2. Hepatic and Abdominal Metastases. In contemporary surgical practice, it is 
possible to resect hepatic metastases as a potentially curative procedure. Extrahepatic disease, 
however, precludes the likelihood that such a procedure will be successful. Accordingly, 
detection of hepatic metastases and accurate detection of disease extent is essential in the 
selection of patients most likely to benefi t from this aggressive surgical approach.

Table 1
Evaluation of FDG-PET in Loco-regional and Distant Metastases in Recurrent CRC

 PET CT

  No. of Sensitivity Specifi city Sensitivity Specifi city Rx
Authors Site patients (%) (%) (%) (%) change

Schiepers et al. (22) Local/pelvic 183 193 197 60 72 NAa

Vitola et al. (24) Whole body 124 195 180 NA NA 25
Delbeke et al. (20) Whole body 161b 198 NA 74 NA 33
Keogan et al. (27) Local/pelvic 118 192 180 NA NA NA
Ogunbiyi et al. (28) Local/pelvic 147 191 100 52 80 44
Ruhlmann et al. (36) Whole body 159 100 169 NA NA NA
Flanagan et al. (38) Whole body 122 100 171 NA NA NA
Valk et al. (35) Whole body 115 195 179 78 50 31
Flamen et al. (29) Local/pelvic 103 194 100 NA NA 20

aNA = not studied.
bNumber of studies.

Table 2
Evaluation of FDG-PET in Hepatic Metastases in Recurrent Colorectal Carcinoma

 PET CT

 No. of Sensitivity Specifi city Sensitivity Specifi city
Authors patients (%) (%) (%) (%)

Schiepers et al. (22) 183 194 100 85a 98a

Vitola et al. (24) 155b 190 100 86a 58a

Lai et al. (21) 134 100 167 NAc NA
Delbeke et al. (20) 127b 191 196 81a 60a

Keogan et al. (27) 158 196 100 NA NA
Ogunbiyi et al. (28) 158 195 100 74a 85a

Valk et al. (35) 115 195 100 84a 95a

Flamen et al. (29) 103 198 100 NA NA
Boykin et al. (33) 114 100 NA 50a NA

aCombination of CT and Ultrasonography.
bNumber of lesions.
cNA = not studied.
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Several studies confi rm the value of FDG PET for this purpose. Vitola et al. compared 
FDG-PET fi ndings with those of CT for the detection of hepatic metastases in 24 patients 
(24). For hepatic lesions, the sensitivity of FDG-PET vs CT was 90% vs 86% and the 
specifi city was 100% vs 58%. When lesions of <1 cm were excluded, sensitivity improved to 
94% (FDG) vs 89% (CT); specifi city of FDG remained 100% vs 70% for CT. FDG-PET was 
accurate in differentiating postsurgical changes from malignant recurrence in the abdomen in 
seven patients. Flamen et al. found that FDG-PET provided additional diagnostic information 
in evaluation of hepatic lesions in 6% of 103 recurrent colorectal cancer patients (29). All 
patients with inconclusive fi ndings on conventional imaging of the liver were correctly 
classifi ed by FDG-PET. There were no false-positive FDG cases but one false negative in 
a patient with multiple small (<1 cm) metastases (determined by laparoscopy). In 7% of 
patients, extrahepatic abdominal metastases were identifi ed by FDG-PET and subsequently 
confirmed despite (false) negative conventional imaging. Boykin et al. reported more 
dramatic comparative results than other investigators for FDG-PET vs conventional imaging 
in the detection of hepatic metastases (33). They found a sensitivity of 85% for FDG-PET and 
20% for CT for histologically confi rmed intrahepatic metastases. In this series, FDG-PET 
changed patient management in 49% of patients.

A meta-analysis of 393 patients demonstrated overall weighted averages of FDG-PET 
to detect liver recurrences as 96.0% sensitivity and 97% specifi city (26). FDG-PET had 
greater sensitivity and specifi city than conventional imaging methods, including CT, MRI, 
and ultrasonography in depicting both hepatic or intraabdominal extrahepatic recurrent 
colorectal cancer (20–26,28,29,32–39) (see Table 2 and Fig. 2).

In one of these studies, FDG-PET correctly identifi ed hepatic metastases in 92.5% of 
patients evaluated (20). There were two false-positive FDG-PET results in patients with 
hepatic cysts (32). In another study, Ogunbiyi et al. also demonstrated superior sensitivity 
and specifi city for FDG-PET compared to CT, resulting in a change in clinical management 
in 43% of patients with suspected recurrent or metastatic colorectal cancer (28) (Tables 
1 and 2). Similarly, FDG-PET revealed unexpected extrahepatic metastases in 18% of 
patients (22). In this study, false-negative FDG-PET results occurred in patients with lesions 
smaller than 1 cm. Most false-positive fi ndings were the result of infl ammatory disease 
in the lungs.

3.1.2.3. Distant Metastases and Whole-Body Evaluation. Whole-body FDG-PET was 
found to be superior to conventional staging techniques in the evaluation of distant metastasis 
in patients with resected colorectal carcinoma (see Tables 1 and 2 and Fig. 3). Valk et al. 
found whole-body FDG-PET to be more sensitive than CT (93% vs 69%) and slightly more 
specifi c than CT (98% vs 96%) at all sites except the retroperitoneum (at which specifi city 
was 100% for both techniques) (39).

In another study investigating the accuracy of FDG-PET in hepatic metastases, extrahepatic 
abdominal and distant (lung) metastases were serendipitously detected using whole-body 
FDG-PET, altering surgical decision-making in 25% of patients (22). Ruhlman et al. also 
confi rmed that whole-body FDG-PET located metastatic lesions that would have been 
otherwise undetected. They found an overall sensitivity of 100%, a specifi city of 67%, and 
positive and negative predictive values of 92% and 100%, respectively (36) (see Table 1).

Although the number of false-positive studies has been limited, clearly the studies to date 
have been on relatively selected patient populations even when consecutive patients have 
been studied. Flamen et al. reported one false-positive FDG-PET in a patient who had focal 
colitis (29). False-positive unsuspected extra-abdominal lesions have been observed in the 
abdomen (focal colitis, diverticulitis) and thorax (infl ammatory lung disease) (30). When 
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larger populations are studied, additional false-positive, nonspecifi c fi ndings will likely be 
observed. Accordingly, despite the great value of FDG-PET imaging in assessing tumor 
status in patients with CRC and the appropriate approval by HCFA and Medicare for more 
extensive use of this extraordinary modality, there are inevitable instances of nonspecifi c 
positive fi ndings. F-18 FDG is a marker of glucose utilization. Although not totally tumor-
specifi c, it is a valuable addition to the diagnostic armamentarium in the staging and 
monitoring patients with CRC.

3.1.3. RISING CARCINOEMBRYONIC ANTIGEN LEVELS

Tumor recurrence in the asymptomatic patient may be suspected by detecting rising CEA 
levels, despite negative or indeterminate conventional imaging studies. Several studies report 
the high accuracy of FDG-PET for detection of tumor foci in occult disease and to determine 
resectability in patients with elevation of this tumor marker (21,29,36,38,39) (Fig. 3).

Fluorodeoxyglucose (FDG)-PET was true positive in 70% of 22 patients with elevated 
CEA and negative conventional imaging studies (38). Of these patients with positive FDG-
PET, 88% had metastatic disease proven by follow-up surgery or clinical and radiological 
follow-up. There were two false-positive FDG-PET. Overall positive and negative predictive 
values for whole-body FDG-PET were found to be 89% and 100%, respectively.

Valk et al. reported positive scan fi ndings on FDG-PET in 29 of 44 (66%) patients with
rising CEA (39). FDG-PET was true positive in 19 patients. There were two false-positive 
FDG-PET: one in the lung and one in the pelvis. Of the 15 patients with negative FDG-PET, two
were subsequently found to be false negative by tissue diagnosis during the follow-up period.

In a 1999 study, 8 of 57 (14%) patients had a normal conventional workup associated with 
rising CEA levels (29). FDG-PET correctly localized metastatic sites in two patients with 
one false positive. In a separate study of 51 patients with elevated CEA, FDG-PET detected 
disease in the liver in two patients not detected by CT. The presence of recurrent tumor 

Fig. 3. F-18 FDG images ([A] coronal and [B] sagittal) from a 64-yr-old man with CRC, status postresec-
tion. The patient was found to have a rising CEA on a follow-up visit. MRI (3 wk earlier) was negative. 
The FDG-PET images reveal multiple foci in the pelvis and lower para-aortic region consistent with nodal 
recurrence. The fi ndings were subsequently confi rmed at surgery. (Image courtesy of Henry Yeung, MD, 
Nuclear Medicine Service, Memorial Sloan-Kettering Cancer Center, New York.)
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in these cases was histologically proven (38). In still another group, FDG-PET correctly 
identifi ed pelvic recurrence in 2 of 35 patients with negative CT and rising CEA. Clinical 
management changed in 6 of 11 patients (54%) suspected of local recurrence (39).

These findings support the conclusion that whole-body FDG-PET is useful for the 
evaluation of presumed resectable local recurrence or distant metastases in patients with 
elevated CEA and normal anatomic imaging fi ndings.

3.1.4. MONITORING RESPONSE TO THERAPY

Although CT is an integral part of the evaluation of extent of disease in colorectal 
carcinoma, it is defi cient in the assessment of residual abnormalities after therapy. FDG-PET 
provides metabolic information that could be used to monitor tumor response to therapy. 
It has been shown, however, that up to 25% of FDG uptake can occur in nontumor cells 
and tissues such as macrophages, neutrophils, fi broblasts, and granulation tissue (40). In 
vitro studies demonstrated that irradiated tumor cells might have a 10-fold increase in FDG 
uptake. Large metabolic differences were observed in humans in vivo with FDG after therapy 
(41,42). Haberkorn et al. has recommended postponing FDG-PET studies for 60 d after 
radiation therapy to assess therapy response in colorectal cancer (41).

Findlay et al. examined 27 metastatic lesions in 20 patients before and 1–2 wk and 4–5 wk
after initiation of 5-fl uorouracil (5-FU) chemotherapy (42). They noted a clear correlation 
between reduction of the tumor metabolism 5 wk after systemic 5-FU treatment and long-
term outcome. The tumor-to-liver ratios and standardized uptake values (SUVs) at 4–5 wk 
discriminated between responders and nonresponders on a lesion-by-lesion and overall patient 
response assessment (100% and 75%, respectively). There was no correlation, however, 
between the changes in tumor metabolism at 1–2 wk and therapy outcome. This study 
confi rmed some limitations of the FDG-PET follow-up studies, such as the so-called “fl are 
phenomenon,” a marked increase in FDG metabolism in lesions responding to therapy shortly 
after initiation of chemotherapy.

Guillem et al. assessed response to preoperative radiation and FU-based chemotherapy in a 
pilot study of 15 patients (43). FDG-PET studies were obtained prior to therapy and at 4–5 wk
after in 100% of the patients by FDG-PET compared with 78% by CT.

3.1.5. LIMITATIONS OF FDG-PET IN COLORECTAL CANCER

Fluorodeoxyglucose (FDG)-PET detects tumor recurrences in surgical patients who are 
otherwise diffi cult to assess by CT, as well as in patients with distant metastases and small 
malignant nodes that are not identifi ed by other imaging modalities. FDG is not a tumor-
specifi c substance, however. Leukocytes and macrophages of infl ammatory processes also 
accumulate the tracer. Infl ammatory bowel diseases and recent surgical interventions may 
yield false-positive FDG-PET results (44).

3.1.6. COST-EFFECTIVENESS OF FDG-PET IN COLORECTAL CANCER

Valk et al. (45) reported that when FDG-PET was considered as an additional procedure, 
the savings-to-cost ratio was 2.5 to 1; when FDG-PET was considered as replacing CT of 
the abdomen and pelvis, the ratio was greater than 4 to 1. The incremental cost of FDG-PET 
is $1000/patient if CT is replaced and the cost of procedures avoided would be approx 
$4400/patient. The assumption that the decision for surgery would be based on a positive 
FDG-PET scan without the association of other tests such as CT portography or diagnostic 
laparoscopy may not be a realistic option in the clinical setting. Therefore, the cost of these 
additional confi rmatory investigations should be factored into the cost analyses.
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3.1.7. SUMMARY: FDG IMAGING IN COLORECTAL CARCINOMA

FDG-PET (using ring-detector systems) is now available (and approved by HCFA) for the 
preoperative staging of CRC, evaluation of patients suspected of having recurrent disease, 
the restaging of patients who have known disease recurrence, and long-term follow-up to 
exclude recurrence. Dual-detector systems are capable of identifying tumor activity in bulky 
disease and, hence, may be useful in situations when doubt exists as to the nature of a 
known mass. The negative predictive value of imaging with dual-detector systems, however, 
is uncertain. Acceptance of ring-detector FDG imaging is based on demonstrated greater 
sensitivity in the detection of CRC and greater specifi city in excluding disease than CT or 
MRI regardless of whether it is a loco-regional, hepatic, or extrahepatic site of involvement. 
The use of FDG-PET in the selection of patients for a second attempt at curative surgery 
differentiates between patients who will benefi t from the procedure and those who will 
not, thus avoiding the additional fi nancial cost and morbidity of unnecessary surgery. 
Hence, despite the incremental costs associated with FDG-PET imaging, it is both clinically 
effi cacious and cost-effective.

3.2. Radiolabeled Monoclonal Antibodies in Colorectal Carcinoma
In 1965, Gold and Freedman identifi ed the carcinoembryonic antigen (CEA), a fetal 

antigen that is overexpressed on certain tumors. This fi nding became the prototype for 
tumor-associated antigens, portions of the cell membrane that are expressed on tumor cells 
to a greater degree than normal tissue. Over time, antibodies, developed to this and other 
antigens, have become useful as reagents for in vitro diagnosis and, more recently, in vivo 
application as radiodiagnostic agents (46–49).

The role of monoclonal antibodies in the diagnosis and management of the patient with 
CRC is similar to other diagnostic imaging techniques: staging at the time of diagnosis, 
detection of recurrence (including confi rmation of sites revealed by other imaging modalities 
at initial staging and recurrence as well as detection of occult tumors in CT-negative patients) 
and restaging when the disease has recurred, evaluating the response to treatment, including 
differentiation between effects of therapy and residual viable tumor, and prediction of 
outcome (prognosis).

The most signifi cant contribution of radioimmunodiagnosis has been in the evaluation of 
patients after surgery, radiotherapy, and chemotherapy (49–64). Whereas radioimmunodetec-
tion has an advantage over anatomic imaging in the detection of recurrent disease, there 
have been no direct comparisons with FDG-PET imaging in this group of patients. Based 
on the mechanism of localization, it would be expected that radiolabeled antibody imaging 
would be more specifi c than FDG imaging, as there is no basis for accumulation of tracer in 
infl ammatory or granulation tissue. Furthermore, a tumor may be rendered hypometabolic 
as a consequence of chemotherapy or radiation but might continue to express the specifi c 
epitope recognized by an appropriate radiolabeled antibody or fragment (see Fig. 4).

Issues involved in the selection of one or another antibody for clinical use include safety 
(HAMA), sensitivity, and specifi city (65). In general, intact antibodies are more likely to 
be immunogenic than antibody fragments. Moreover, intact antibodies clear slowly from 
the circulation so that it may be several days before adequate tumor-to-background contrast 
permits detection of the tumor by external imaging. The longer biologic half-life of an intact 
immunoglobulin requires labeling with a radionuclide with a longer physical half-life. This 
is unfavorable for a diagnostic agent, as both the longer biologic and physical half-lives 
limit the amount of radioactivity that can be used. Ironically, if the radiolabeled antibody 
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were used as a therapeutic agent, a longer effective half-life (representing both the physical 
and biologic half-lives) would be advantageous in terms of delivering a greater radiation 
absorbed dose to tumor.

There is extensive literature describing antibodies to epitopes associated with colorectal 
carcinoma (47–63). Several have been developed and evaluated in research settings (66,67).

Currently, two radiolabeled monoclonal antibodies, CEA-Scan (Tc-99m anti-CEA) and 
Oncoscint (In-111 anti-TAG-72), have been approved by the FDA for the detection and 
staging of patients with CRC.

3.2.1. CEA AND CEA-SCAN

CEA is the prototype of a group of oncofetal antigens. This glycoprotein was isolated 
from human adult colon cancer and fetal colon epithelium. Preoperative CEA levels refl ect 
the tumor burden. CEA expression is observed in 95% of hyperplastic polyps, adenomas, 
and adenocarcinomas of the colorectum. There is an increase in CEA expression as colonic 
lesions progress in aggressiveness from hyperplastic polyps and adenomas to carcinomas 
(46). CEA-Scan (arcitumomab, IMMU-4; Immunomedics, Inc., Morris Plains, NJ) is the 

Fig. 4. Upper panel: coronal slices F-18 FDG-PET; lower panel: coronal slices Tc-99m CEA-Scan. 
Both studies are from a woman with a history of colon carcinoma, ascending colon, resected. She had 
been receiving postoperative chemotherapy for 10 mo and was observed to have an elevated CEA level
(38 ng/mL). The F-18 FDG images are negative in this instance, whereas the Tc-99m anti-CEA images 
reveal a focal area of accumulation to the right of the bladder (arrows). This was confi rmed at surgery to 
be metastatic adenocarcinoma of the colon. (Image courtesy of Josef Machac, M.D. Division of Nuclear 
Medicine, Mt. Sinai Medical Center, New York; reproduced with permission.)
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second radioimmunoscintigraphy agent to receive FDA approval as an antibody for the 
detection of recurrent or metastatic colorectal carcinoma (47–55). CEA-Scan is a murine 
Fab′ fragment developed against CEA, labeled with 25 mCi of technetium-99m pertechnetate 
(Tc-99m). Imaging is performed at 3–5 h and 18–24 h of antibody administration. As 
the excretion pattern of antibody fragments is predominantly renal, CEA-Scan has less 
nonspecifi c hepatic accumulation and thus has better potential to detect hepatic metastases 
than Oncoscint (the fi rst approved radiolabeled diagnostic antibody for detection of CRC; 
see Section 3.2.2.). The ability to detect lesions with CEA-Scan is not affected by circulating 
CEA levels as the antibody fragment apparently preferentially binds to cell surface CEA. 
No antigen–antibody complexes are detected at CEA levels of 250 ng/mL. Even at levels 
as high as 2000 ng/mL, less than 50% of the injected antibody is complex associated and 
metastatic sites are regularly identifi ed.

Moffat et al. reported that CEA-Scan was statistically more sensitive than conventional 
imaging methods to image occult colorectal tumor sites not identifi ed by other methods (53)
CEA-Scan detected at least one lesion that had been missed by conventional imaging methods 
in 34% of the patients studied. The sensitivity of CEA-Scan to detect liver metastases 
was found to be equivalent to that of conventional modalities (63% vs 64%). CEA-Scan 
sensitivity was superior elsewhere in the abdomen (55% vs 32%) and pelvis (69% vs 48%) 
(Fig. 5). More importantly, when conventional imaging modalities were complemented 
by CEA-Scan, the positive predictive value was 98% compared to 66% for conventional 
diagnostic tests alone. Less than 1% of patients showed an increase in HAMA titer after 
receiving CEA-Scan (51).

Fig. 5. SPECT (transaxial, coronal, and sagittal) slices and anterior volume display (lower right) obtained 
3 h after injection of 25-mCi Tc-99m anti-CEA Fab′ fragment (CEA-Scan) in a patient with elevated 
serum CEA not identifi ed on contemporaneous CT scan. Labeled antibody fragment identifi es lesion in 
the pelvis medial to the right iliac vessels and to the right and cephalad to the urinary bladder (containing 
excreted activity). There is some contamination of external genitalia. (Image courtesy of Division of 
Nuclear Medicine, Department of Radiology, New York Presbyterian Hospital-Weill Cornell Medical 
Center, New York.)
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Hughes et al. compared the accuracy of CT alone with CEA-Scan alone, as well as 
combined with CT for predicting abdomino-pelvic tumor resectability (54). CEA-Scan was 
more accurate than CT to assess resectability of locally recurrent or metastatic colorectal 
cancer (57% vs 47%) both in patients undergoing evaluation for curative abdomino-pelvic 
resection and in a subset of patients with suspected or proven liver metastases. In conjunction 
with CT, CEA-Scan identifi ed twice the number of patients who could avoid unnecessary 
surgery and to increase detection of patients who are most likely to benefi t from curative 
resection by 40%. This study indicates that when both imaging modalities indicate resect-
ability, surgery should follow. Conversely, when both techniques indicate nonresectable 
tumor, surgery is unnecessary.

The additional use of CEA-Scan with CT thus decreases cost, morbidity, and mortality 
by avoiding unnecessary abdomino-pelvic surgery. The combined techniques increase 
resectability by 40% compared to CT alone and identify nonresectability in twice as many 
patients as CT alone. Concordant CT and CEA-Scan results were accurate in identifying 
resectability in 67% of the resectable abdomino-pelvic recurrent tumors and nonresectability 
in 100% of those patients who cannot be cured by current surgical techniques. The study 
was negative in 64% of the patients without disease. When the two tests were discordant, 
CEA-Scan was correct substantially more often than CT (54).

In patients with elevated CEA levels but no evidence of recurrent tumor using CT, MRI, 
or other conventional imaging techniques, the sensitivity, specifi city, accuracy, and positive 
predictive value for CEA-Scan were 100%, 67%, 93%, and 92%, respectively (55–57).

3.2.2. ONCOSCINT CR/OV
Oncoscint (satumomab pendetide, CYT-103; Cytogen Corporation, Princeton, NJ) was 

the fi rst antibody agent approved by the FDA for cancer imaging. The monoclonal antibody 
component of Oncoscint CR/OV is B72.3, a murine IgG1 that recognizes a high-molecular-
weight mucin, tumor-associated glycoprotein-72 (TAG-72), which is expressed by more 
than 80% of colorectal and 95% of common epithelial ovarian carcinomas (58). Oncoscint 
CR/OV is labeled with 5.0 mCi of indium-111 (In-111) and imaging is performed at ~approx 
72 h–120 h after the blood pool background has cleared. Liver metastases are diffi cult to 
detect because of accretion of In-111 in the liver, consequently, Oncoscint CR/OV is inferior 
to conventional imaging to detect hepatic metastases (41% vs 84%). The indications to use 
this radiolabeled antibody as an imaging agent include the presence of rising CEA level 
despite an otherwise negative workup, known solitary disease in patients under consideration 
for curative resection, and equivocal lesions by conventional imaging, particularly in 
differentiating postoperative changes from recurrent tumor (59). Oncoscint CR/OV has been 
approved for repeat administration in HAMA-negative patients.

In a retrospective study to determine the diagnostic value of Oncoscint CR/OV immuno-
scintigraphy in assessing patients with suspected recurrence of carcinoma of the colon
and ovary, the combined sensitivity and accuracy of immunoscintigraphy in the detection of
extrahepatic disease was found to be signifi cantly higher than that of cross-sectional radiologi-
cal imaging (87% sensitivity and 83% accuracy for FDG-PET vs 44% and 53% for CT) with 
an equivalent specifi city of 74%. Scintigraphy identifi ed 36% of extrahepatic malignant lesions 
not diagnosed by conventional radiological techniques and infl uenced therapeutic planning in 
26% of patients. In the liver, conventional imaging had a signifi cantly higher detection rate for 
metastatic disease than immunoscintigraphy (sensitivity 93% vs 28%) (60).

In a multicenter trial, Oncoscint CR/OV immunoscintigraphy was helpful in the medical 
and/or surgical management in 44% of patients and provided information unavailable 
from other diagnostic modalities. In this trial, in 17% of patients, Oncoscint CR/OV 
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immunoscintigraphy revealed occult metastases (61). In another study however, Oncoscint 
CR/OV was benefi cial in only a small group of patients. When the contribution of the 
scan to diagnosis and management was graded by the surgeon, benefi cial effects were 
observed in only 13% (62). There was no effect in 67%. This issue suggests a need for 
standardization and refi nement of the technical aspects of imaging as well as potential bias 
in evaluating the contribution of an imaging technique to clinical management. SPECT 
is strongly recommended in all patients because it was found to identify tumors missed 
on planar scans in 35% of patients and provided additional information regarding tumor 
burden in 23% of patients (63).

3.2.3. SUMMARY: RADIOLABELED ANTIBODY IMAGING

At the present time, CEA-Scan, a Tc-99m-labeled antibody fragment, and Oncoscint, 
an In-111-labeled intact murine antibody, are both available for imaging in staging and 
evaluating patients suspected of having recurrent CRC. Both agents seem to perform better 
when used with contemporary dual-head gamma cameras in the SPECT mode. Data derived 
from comparing the agents to CT or MRI imaging demonstrate greater accuracy for these 
agents compared to CT or MRI in the detection or exclusion of loco-regional recurrences 
or the extrahepatic abdomen and distal sites. Because CT is a sensitive modality to image 
hepatic lesions, antibody imaging of the liver is recommended only as a complementary 
technique. Although both antibody agents have limited utility vs CT in the evaluation of the 
liver for metastatic sites, CEA-Scan outperforms Oncoscint in this application. There has 
been no direct comparison between the two agents; the several advantages of CEA-Scan 
(less frequent appearance of HAMA, advantages of Tc-99m as a label including better image 
quality, and same-day imaging) make it the radiolabeled antibody imaging agent of choice 
for the evaluation of patient with CRC.

3.3. Radioimmunoguided Surgery in Colorectal Carcinoma
As stated, approx 50% of patients undergoing potentially curative surgery for colorectal 

carcinoma have a recurrence of disease. This high rate of recurrence is a consequence of 
incomplete excision of microscopic disease. The detection and resection of disease is the 
principal goal of initial oncologic surgery.

Intraoperative localization and decision-making are surgeon-dependent variables. 
Radioimmunoguided surgery (RIGS) has been employed as an investigational procedure to 
improve the accuracy of staging. RIGS employs radiolabeled monoclonal antibodies directed 
against tumor-associated antigens and a gamma-detection probe to discriminate between 
normal and abnormal tissue. To date, it has been reported using In-111 labeled antibodies 
(Oncoscint) at 48–72 h after injection (68) and at 18–24 h with Tc-99m-labeled antibodies 
(OncoSPECT) (69–72) as well as at 2–3 wk with I-125 labeled antibodies (B72.3 or CC49) 
(73–79). OncoSPECT and I-125-labeled CC49 have been used in investigational settings 
only; neither agent has been approved for use in diagnosis. Currently, investigational studies 
are in progress evaluating CEA-Scan (Tc-99m-labeled anti-CEA Fab′ fragment approved by 
the FDA as a scanning agent) in combination with surgical probes to guide the surgeon in 
terms of extent of resection and detection of loco-regional tumor sites.

During surgery, the abdominal cavity is examined with selective radioactivity emissions 
from tumor tissue. In several reports, RIGS with I-125 CC49 provided immediate staging 
information that impacted on therapeutic interventions, challenging the adequacy of 
traditional procedures alone for primary colorectal cancer exploration (73–76). Positive 
antibody localization was observed in 83% of patients at surgery. Of those patients with 
localization, additional information was obtained at the time of surgery in 80%. In 34% of 
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patients, staging changes were made as a result of RIGS evaluation. New fi ndings resulted 
in operative changes in 25%. Thirty percent of the original 36 patients became eligible 
for adjuvant chemotherapy based on current recommendations because of RIGS fi ndings 
(73–76). When cases were evaluated separately for those with primary tumor and those with 
recurrent colorectal cancer, RIGS using I-125 CC49 antibody localized 86% of primary and 
97% of recurrent tumors. RIGS altered the planned operative procedure in 50% of cases 
with primary tumors and in 47% with recurrent tumors (73).

The results of several studies suggest that use of the RIGS identifi es patterns of disease 
dissemination different from those identifi ed by traditional staging techniques. Removal 
of additional RIGS-positive tissues in nontraditional areas may improve survival through 
accurate assessment of the extent of disease and the selection of appropriate therapy (74). In 
a group of colorectal cancer patients who underwent RIGS using I-125 CC49, with a median 
follow-up of 37 mo, survival in the RIGS-negative group was found to be 100%. In the 
RIGS-positive group, there was a mortality incidence of 87.5% (75).

Radioimmunoguided surgery can change the surgical procedure in cases with tumor 
deposits that are not detected by any other imaging modality. RIGS using I-125 CC49 
antibody was found to be a highly sensitive method and, thus, may guide therapeutic interven-
tions. In studies performed thus far, RIGS has been more sensitive than clinical or histopatho-
logic examination in detecting the regional spread of a tumor. Routine histologic analysis
was able to identify tumor in only 63%, whereas the intraoperative probe signaled the presence 
of tumor in 89% of cases. In lymph nodes with no evidence of tumor by routine histopatho-
logic examination, a positive RIGS reading was associated with the subsequent confi rmation 
of occult metastases in 33% of cases (76). In a similar study, radioimmunoscintigraphy
and RIGS using In-111 B72.3 were evaluated for its usefulness in detecting clinically
occult regional lymph node involvement. The overall sensitivity for radioimmunoscinti-
graphy and RIGS was 71.4% (55.6% in primary tumors and 100% in recurrences) and 82.1% 
(83.3% in primary tumors and 80% in recurrences), respectively (68).

In investigational settings, the RIGS system has been used to predict patient outcome. In 
a study using I-125 B72.3 and I-125 CC49, 37.4% of patients underwent a curative resection 
based on RIGS fi ndings. Among this group, 55% were alive 2–8 yr after operation. In the 
group with nonresectable tumors, only 2% of patients were alive. There were no survivors 
in the group in which cancers were found to be traditionally resectable but unresectable 
with RIGS (77). Likewise, in another study, survival of stage I or II patients was found to be 
longer than that of stage III or IV patients (78).

Radioimmunoguided surgery has been performed using a Tc-99m-labeled OncoSPECT 
in patients with newly diagnosed, recurrent, or metastatic CRC. Overall sensitivity for CT, 
RIGS, and surgery was reported as 43%, 91%, and 96%, respectively. RIGS detected all 
liver and extrahepatic abdominal tumor sites and correctly predicted histological tumor-free 
margins and tumor beds in all cases. RIGS did not identify tumor deposits that the surgeon 
could neither see nor feel (79). It is important that RIGS be utilized by an experienced 
surgeon.

3.3.1. SUMMARY: RADIOIMMUNOGUIDED SURGERY

Although surgical probes are not yet approved for use in combination with radiolabeled 
antibodies, the technique appears to be promising in the hands of experiended surgeons. 
This is a likely area for a future role of nuclear medicine in the management of the patient 
with CRC.
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4. CONCLUSION

At the present time, nuclear medicine offers several imaging techniques for the improved 
detection of CRC at the various stages of diagnosis and management of the patient with 
this clinical problem: FDG-PET and a Tc-99m labeled anti-CEA antibody fragment (CEA-
Scan) specifi c for CRC. Fluorodeoxyglucose (FDG) PET imaging is revolutionizing the 
practice of oncology, as it provides high-quality images with greater sensitivity for the 
detection of viable tumor than conventional imaging modalities. Although the frequency of 
the nonspecifi c FDG-PET fi ndings will increase as the technique is used more frequently, it is 
likely to maintain its advantage in terms of accuracy over CT/MRI. Other positron-emitting 
radiotracers such as amino acids to characterize protein synthesis or nucleotides to identify 
foci of increased DNA or RNA synthesis are currently under investigation. Eventually, these 
tracers may augment FDG-PET in the evaluation of oncology patients in general.

Practitioners and patients not having access to ring-detector FDG-PET imaging are well 
served with the use of CEA-Scan SPECT imaging, provided that this latter technique is 
properly performed on well-maintained state-of-the-art equipment.

The data comparing FDG-PET and CEA-Scan to traditional imaging (CT/MRI) demon-
strate that both nuclear medicine imaging techniques outperform conventional imaging 
in the pelvis and abdomen and in the evaluation of the total body. FDG-PET appears 
to outperform CT even in the liver, whereas the results with CEA-Scan indicate near 
equivalence. To date, there is only a single comparison of the accuracy of the two nuclear 
medicine techniques in patients with colorectal carcinoma. In a recent publication, Willkomm 
et al. performed both FDG-PET and CEA-Scan planar and SPECT imaging in 28 patients
in whom the recurrence of CRC was suspected based on either elevated CEA (13 patients),
CT fi ndings (9 patients), sonography (4 patients), or severe constipation (2 patients) (80).
Although SPECT imaging of the pelvis was performed in all 28 patients, abdominal 
SPECT was performed in only 15 of the 28 patients. CEA-Scan detected eight of nine local 
recurrences, whereas FDG-PET detected nine of nine. In addition, there was a false-positive 
FDG-PET scan. Liver metastases were detected in nine patients by FDG-PET imaging 
compared to only one with CEA-Scan (only planar imaging of the liver in 13 of the 
28 patients). Consequently, the sensitivity of FDG-PET exceeded the sensitivity of CEA-
Scan (100% vs 89%), but the lesions missed had no effect on patient management. In 
this small series, the specifi city of FDG-PET was less than that of CEA-Scan (95% vs 
100%). The overall accuracy of both techniques was 96%, with FDG having a 90% positive 
predictive value (PPV) and 100% negative predictive value (NPV), whereas CEA-Scan
had a PPV of 100% and a NPV of 95% in this series (80). As indicated, the number of
direct comparisons between these two valuable techniques are few in number. It remains
to be evaluated whether radiation or chemotherapy interferes with the sensitivity or specifi -
city of one or the other techniques (see Fig. 4). These data suggest that both techniques
provide greater detectability of colorectal recurrences than traditional imaging methods 
alone.

The use of radiolabeled antibodies and intraoperative probes for the detection of residual 
tumor foci remains investigational. Finally, investigations are also underway to evaluate 
the potential for radiolabeled antibodies as agents to deliver targeted radiotherapy for use 
either as adjuvant therapy or treatment of otherwise unresectable disseminated disease 
unresponsive to traditional chemotherapy. These applications have not been discussed in this 
chapter, as many issues remain before they would be available for clinical use.
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Nuclear medicine imaging techniques are no longer a merely interesting additional 
procedure that can be performed in patients with colorectal carcinoma. Technical advances 
in radiopharmaceutical and instrument development have made available imaging techniques 
that have withstood the rigors of clinical investigation, regulatory review, and the challenging 
cost-effective criteria of the current medical environment.

FDG-PET imaging and CEA-Scan should be viewed as essential elements in the contem-
porary management of patients with colorectal carcinoma.
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1. INTRODUCTION

Diagnostic evaluations are critical to determining the location and volume of rectal 
disease. It is particularly important to identify occult metastatic disease. All of these factors 
determine whether a course of treatment is designated as curative or palliative. Specifi c 
clinical presentations also can infl uence the sequence of combined modality therapy.

The benefi t of adjuvant radiation and chemotherapy for locally advanced disease, defi ned 
as having stage T3/T4 primary tumors or positive regional lymph nodes, was clearly observed 
in several prospective randomized trials (1–5). With surgery alone, the overall 5-yr disease-
free survival rate is 55% for patients with rectal cancer. The addition of postoperative 
radiation therapy has been shown to reduce the local relapse rate among locally advanced 
rectal cancers. The local failure rate with surgery alone ranges from 35% to 50% and is 
decreased to 10–20% with the addition of postoperative radiation (6,7). However, the risk of 
distant metastases without the addition of systemic therapy is approx 20% for stage II disease 
and 40–60% for stage III disease. Without chemotherapy, the 5-yr survival rates are approx 
70–90% for stage II disease, 40% for T3N1 tumors, and 15–20% for T4N1 lesions.

A number of prospective randomized studies have specifi cally evaluated these issues. 
The National Surgical Adjuvant Breast and Bowel Project (NSABP) in a three-arm trial 
compared (1) surgery alone, (2) surgery plus postoperative radiation, and (3) surgery plus 
postoperative chemotherapy (5). The radiation dose was 46 Gy in 25 fractions; however, 
only 86% of the patients received the total prescribed dose of radiation. The surgery-plus-
postoperative-radiation arm had a decrease in the rate of local recurrence, but this did not 
affect survival (Table 1). The addition of adjuvant chemotherapy signifi cantly improved 
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disease-free survival and overall survival, but the rates of local failure and distant metastases 
were not signifi cantly different compared with those for surgery alone.

Two other randomized studies, the Gastrointestinal Tumor Study Group (GITSG) and 
the Mayo/North Central Cancer Treatment Group (NCCTG), also showed reductions in
local recurrence rates and improvements in disease-free and overall survival when post-
operative radiation and chemotherapy were administered to patients with stages B2 and 
C rectal cancer. The GITSG randomized trial included four treatment arms: (1) surgery 
alone, (2) surgery and postoperative radiation (40–48 Gy), (3) surgery plus postoperative 
5-fl uorouracil chemotherapy, and (4) surgery plus postoperative radiation (40–48 Gy) and 
5-fl uorouracil chemotherapy. Compared to surgery alone, all the arms that included some 
form of adjuvant therapy resulted in improvements in local control, disease-free, and overall 
survival (3,4). The addition of radiation therapy decreased the incidence of local failure as the 
initial form of disease recurrence and reduced the risk of local failure to 10% in the combined 
modality arm of the trial. With a local failure rate of 27%, postoperative chemotherapy was 
not shown to reduce the risk of local recurrence (Table 2). These results showed a statistically 
signifi cant recurrence-free survival and overall survival advantage for combined modality 
therapy with radiation therapy and chemotherapy over surgery alone.

The advantage of combined-modality therapy was also demonstrated in the Mayo/NCCTG 
trial that compared outcomes for postoperative radiation alone to the results achieved with 
postoperative radiation and 5-fl uorouracil chemotherapy. In this trial, higher radiation doses 
were administered: 50.4 Gy in 28 fractions. The addition of chemotherapy lowered the rate 
of local failure from 25% to 13.5% and the rate of distant metastases from 46% to 29%. 
These factors improved the disease-free survival rate from 37% to 59% and the overall 
survival rate from 48% to 58% (1). The combined-modality trial with radiation therapy 
and chemotherapy reduced local and distant recurrences by 34%, and the overall death 
rate was reduced by 29%.

Because of these fi ndings, a clinical announcement in 1991 by the National Cancer 
Institute confi rmed that adjuvant radiation and chemotherapy was the standard of care for 
locally advanced rectal cancer (8). These prospective randomized trials demonstrated that 
radiation therapy signifi cantly decreases the risk for local recurrence and that adjuvant 
chemotherapy had a systemic benefi t that resulted in improvements in disease-free and 
overall survival, especially when combined with radiation.

The National Cancer Data-Base found four trends in the patterns of care for rectal cancer 
between 1985 and 1995. First, stage I disease was found in only one-third of cases. Second, 
local excision was performed with increasing frequency for stage I disease. Third, stage 
for stage, there was a decline in the used of abdomino-perineal resections (APRs). Finally, 

Table 1
Results from the NSABP-RO1 Trial That Randomized Therapy Among

528 Patients Among Surgery (S) Alone, Surgery and Chemotherapy (S + CTX),
and Surgery and Postoperative Radiation Therapy (S + XRT)

 S S+CTX S+XRT

Overall survival 38% 46% 39%
Disease-free survival 30% 37% 34%
Local failure 16% 12% 10%

Note: Radiation therapy totaled 40 Gy to 47 Gy. Chemotherapy consisted of 5-fl uorouracil/methyl-
CCNU/vincristine.
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multimodal treatments were used with greater frequency, especially in stage II and III 
disease (9). Radiation, chemotherapy, and surgery were applied in <1% of stage I, 6% of 
stage II, 13% of stage III, and 8% of stage IV disease in 1985; by 1995, these values had 
increased to 11%, 40%, 52%, and 15%, respectively. Survival rates at 5 yr were 62% for 
chemotherapy and surgery, with or without radiation, as compared to 55% with surgery 
alone or in combination with radiation for stage II rectal cancer. For stage III rectal cancer, 
5-yr survival rates were 31% with surgery alone, 39% with surgery and radiation, and 42% 
with radiation, chemotherapy, and surgery.

The infl uence of the National Cancer Institute (NCI) statement was evident in the Patterns 
of Care study that evaluated the treatment of rectal cancer in the United States between 1992 
and 1994 among 507 patients at 57 different institutions. Among these patients, 243 had T3 
and/or N1-2 M0 disease. Postoperative radiation was administered to 75%, 22% were treated 
with preoperative radiation, and 2% received both preoperative and postoperative radiation. 
Although only 7% were on a clinical trial, 90% received chemotherapy for a median of 21 wk.
In this group of 243 patients, 54% underwent a low anterior resection and 46% had an
APR. Modern radiation techniques with high-energy photons were administered in the 
majority of patients, and 93% were treated with three or four radiation portals (10). The 
prone position was used by 83%, but only 37% used small bowel contrast at simulation, 16% 
treated patients with a full bladder, and only 11% used a belly board to displace the small 
bowel. Most patients received 45 Gy to the pelvis and a boost dose of 9 Gy to the primary 
site, for a total of 54 Gy with conventional fractionation. Overall, the NCI guidelines had a 
profound infl uence in that 90% of patients were receiving combined-modality therapy.

The long-term results of a previous Patterns of Care Study, performed between 1988 and 
1989, confi rmed that only the stage of disease and use of chemotherapy were signifi cant 
to survival. The 5-yr survival rate with chemoradiation was 69% as compared to 50% with 
radiation alone. Preoperative radiation resulted in a higher survival rate, 69% at 5 yr, when 
compared to postoperative radiation alone but not when it was compared to postoperative 
chemoradiation. Survival was stage dependent; 5-yr overall survival rates were 85% for 
stage I, 69% for stage II, and 54% for stage III (11). The 5-yr survival rate also dropped from 
89% with stage C1 disease to 48% with stage C2/C3 disease.

The concurrent administration of chemotherapy during radiation for rectal cancers has been 
shown to improve the therapeutic ratio over radiation alone. These sentinel studies provided 
a model for combined-modality therapy in other sites. Radiosensitization by 5-fl uorouracil 
(5-FU) is thought to occur by effecting the G1–S phase of the cell cycle through the inhibition 
of thymidylate synthetase. Another metabolite of 5-FU, fl uorodeoxyuridine monophosphate, 

Table 2
Results from the GITSG-7175 Trial That Randomized Therapy Among 202 Patients

Among Surgery (S) Alone, Surgery and Chemotherapy (S + CTX), Surgery
and Postoperative Radiation Therapy (S + XRT), and Combined Modality Therapy

with Surgery, Radiation Therapy, and Chemotherapy (S + CTX + XRT)

 S S+CTX S+XRT S+CTX+XRT

10-yr overall survival 26% 41% 33% 45%
10-yr disease-free survival 44% 51% 50% 65%
Recurrence 55% 46% 46% 35%
Local failure 25% 27% 20% 10%

Note: Radiation therapy totaled 40–48 Gy. Chemotherapy consisted of 5-FU/methyl-CCNU.
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is incorporated into RNA and affects RNA synthesis. When 5-FU is given, the early-S-phase 
population in the tumor expands and results in enhanced radiosensitivity that is more than 
that seen with cell synchronization alone (12–14). Correlated with this are the relationships 
between radiation repair and the molecular sensors at the G1–S checkpoint, like p53 and 
cyclin-dependent kinases. In general, radiosensitization is accomplished by limiting tumor 
repopulation and reducing the effi ciency of radiation repair during treatment. When combined 
with radiation, the effects of 5-FU are additive or supra-additive. The potentiation of radiation 
response is greatest when 5-FU is present for about 1 d prior to radiation.

Clinical trials with radiation and chemotherapy have been divided into four generic types 
that depend on how radiation and drugs interact. The fi rst involves spatial cooperation in 
which each modality treats a different site, such as adjuvant chemotherapy that treats 
sites outside of the radiation portal or radiation to an area where chemotherapy does not 
penetrate well. The second relationship involves the ability to give maximum doses of each 
modality because toxicities do not overlap. The third relates to the protection of normal 
tissues. The fourth is enhancement of tumor response by the chemotherapy and radiation 
interaction (15–18). Because of this, the dose and timing of the administration of each 
agent is critical.

These concepts were demonstrated in two clinical trials for locally advanced rectal 
cancer. The initial trials combined 5-FU and methyl-CCNU as the systemic agents, but 
methyl-CCNU was later found to have no benefi t. An evaluation was then performed of 1696 
patients who received 2 cycles of bolus 5-FU chemotherapy followed by pelvic radiation 
with chemotherapy and 2 more cycles of 5-FU chemotherapy. The issue was whether 
biomodulation, with either leucovorin or levamisole, was of benefi t (19). Chemotherapy 
consisted of bolus 5-FU alone, 5-FU with leucovorin, 5-FU with levamisole, or 5-FU 
with leucovorin and levamisole. Compared to 5-FU alone, no advantage was seen with 
biomodulation after a median follow-up duration of 48 mo. However, more gastrointestinal 
toxicity was seen with the three-drug arm compared to bolus 5-FU alone.

The difference between bolus and infusional 5-FU was evaluated among 660 patients 
with stage II and stage III rectal cancer. Adjuvant 5-FU was given at a dose of 500 mg/m2 on 
d 1–5 and d 36–40, and 450 mg/m2 were given on d 134–138 and d 169–173. During pelvic 
radiation, which began on d 64, patients received either a 500-mg/m2 bolus of 5-FU given
for three consecutive days during wk 1 and 5 of radiation therapy or infusional 5-FU given 
at a rate of 225 mg/m2, 7 d/wk (20). This trial showed signifi cant improvements in the time 
to relapse and overall survival with infusional 5-FU. Local control rates, however, were 
similar. These improvements in time to relapse and overall survival were attributed to 
the systemic effect of 5-FU during radiation therapy. The average dose of 5-FU during 
radiation was 6546 mg/m2 when given by infusion and 2499 mg/m2 when given by bolus 
technique. It was considered that the higher total doses and the more prolonged exposure 
to 5-FU enhanced cytotoxicty. The toxicity profi les were also different; bolus 5-FU was 
associated with more hematological toxicity and infusional 5-FU was associated with more 
gastrointestinal toxicity.

Combined-modality therapy has signifi cantly improved local and distant rates of disease 
control and is now the standard of care for locally advanced rectal cancer. However, the 
challenge is how to best optimize these combined components of therapy.

2. RADIATION THERAPY

Radiation therapy has three general roles in rectal cancer management. First, radiation 
therapy is used to enhance local–regional control by eliminating microscopic residual 
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disease around the primary tumor and in the draining lymphatics. Second, signifi cant tumor 
regression can result when radiation is administered preoperatively to locally advanced 
primary tumors. In these cases, an inoperable lesion can become resectable or amenable 
to a more conservative surgical approach with sphincter preservation. Third, radiation 
therapy can be used to palliate symptoms resulting from infi ltration of pelvic structures 
or metastatic disease.

The identifi ed prognostic factors after surgery alone refl ect the risk of residual microscopic 
disease and include stage, tumor location, and serosal, lymphatic, and neurovascular invasion. 
In addition, the risk of local failure after surgery alone has been shown to increase as the 
tumor approaches the anus and because of the limited radial (presacral) surgical margin 
(21,22). Adjuvant radiation eradicates microscopic residual tumor and eliminates the risk for 
local recurrence in approx 90% of patients with these adverse prognostic factors. Extension 
of tumor into the perirectal fat or adjacent viscera (stage II; T3/T4, N0) can increase the 
rate of local recurrence to approx 30% with surgery alone (Fig. 1). Tumor in the regional 
lymphatics (stage III) can also be effectively treated with radiation, reducing the more than 
50% rate of local recurrence after surgery alone.

Adjuvant radiation can be administered either preoperatively or postoperatively. Regard-
less of the sequencing of surgery and radiation, the primary goal is to improve local–regional 
control by eradicating microscopic residual disease. Each approach has specifi c advantages 
and disadvantages. Prospective randomized assessment of these approaches has been 
attempted, but, because of low patient accrual, the studies had to be closed before they were 
completed. Emphasis has now been placed on other issues, like the combination of newer 
systemic agents with radiation and radiation fractionation (13).

2.1. Radiation Field Arrangement and Management
of Treatment-Related Side Effects

Careful attention to the technique used for radiation is important with either preoperative 
or postoperative therapy. Whenever possible, the small bowel should be displaced from 
the treatment portal. The volume of small bowel in the radiation portal has been shown to 
directly correlate with radiation toxicity (23).

Observed clinical effects have been correlated with biological evaluations. Using either 
a single 5-Gy dose of radiation or a continuous dose of 20 cGy/d for a total dose of 5 Gy 
over 25 d, signifi cant differences were seen in the epithelial ultrastructure (24). With the 
protracted radiation schedule, the changes in the villous enterocytes, goblet cells, and 
lamina propria returned to normal within 3 d of completing radiation. Mast cell hyperplasia 
is a characteristic feature of both the infl ammatory and fi brotic component of intestinal 
radiation injury. It was found that mast cells allow transforming growth factor-β to stimulate 
a fi brotic reaction (25). Serving to protect the intestinal mucosa during the early phase 
of radiation enteropathy, mast cells promote intestinal fi brosis after breakdown of the 
mucosal barrier.

In addition to the effects on the small bowel, changes also occur in the colon with 
radiation. A radiation-dose-dependent decrease in absorption of water and sodium/chloride 
ions and a twofold secretion of potassium was noted 4 d after exposure (26). The acute 
effects of radiation on the bowel wall have been evaluated. Reductions of 40–70% in tensile 
strength were reported 3 d after surgery when radiation, ranging between 10 and 25 Gy, was 
given to a colonic anastomosis in the rate model (27). Although the anastomosis remained 
patent 7 d after surgery, the adjacent area of colon was at risk for perforation. Therefore, the 
anastomotic region acutely is at risk after intraoperative radiation.
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Late radiation effects on the colon have also been evaluated. When various lengths of the 
colorectum were radiated, a threshold effect was observed between 10 and 15 mm after 32 Gy
had been administered in the mouse model (28). Re-epithelization, resulting from the 
proliferation of epithelial cells outside the crypt on the mucosal surface, was complete after 
32 Gy when the irradiated length of colorectum was less than 20 mm. When the radiated 
length was more than 20 mm, consequential obstruction as a result of secondary fi brosis 
occurred. A single dose of 10–20 Gy, administered as an intraoperative dose of radiation 
to the distal limb of a bowel anastomosis, did not threaten anastomotic integrity or bowel 
function. However, dose-related changes, like fi brosis, were observed between 6 and 12 mo
after surgery (29).

Fig. 1. Endorectal ultrasound appearance of the normal rectal wall and a tumor (A).
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Radiation techniques such as the use of a belly board to displace the small bowel from the 
radiation portal also help to reduce gastrointestinal side effects (Fig. 2). Based on computed 
tomography (CT) treatment planning in the supine position and in the prone position with 
the belly board, the median volume of small bowel was reduced by 54% (30). The median 
dose to the small bowel was 15 Gy with the belly board technique and 24 Gy in the supine 
position. The median volume of the bladder was also reduced 62% with the belly board 
technique. When it is not possible to use a belly board because of patient size or extension 

Fig. 1. (continued) Perirectal lymph node involvement can be detected with a hypoechoic lesion outside
the rectal wall in (B). (C) shows tumor extension through the bowel wall into the perirectal fat.
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of the tumor to anterior structures, treatment in the prone position is preferred. Another 
study showed a 70% reduction of small bowel in the radiation fi eld that was independent 
of patient weight, age, gender, or whether preoperative or postoperative radiation was 
administered (31).

Fig. 2. The belly board technique places the patient in the prone position and allows the small bowel to 
fall outside of the radiation fi elds (A). The treatment planning computed tomography scan shown in (B)
demonstrates bowel displacement with the belly board technique.
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Exclusion of the small bowel is particularly important because the risk for treatment-
related diarrhea results from both radiation and chemotherapy. Both of the chemotherapeutic 
agents used in the treatment of rectal cancer, 5-FU and irinotecan (CPT-11) cause diarrhea. In 
order to administer the maximum doses of radiation and chemotherapy without interruption, 
radiation techniques must exclude as much small bowel as possible and an aggressive 
supportive care approach is needed during treatment.

For most cases, the radiation treatment portals encompass the entire pelvis through a 
posterior, and right and left lateral treatment portals. High-energy photons, like 18 mV-X, 
should be used to reduce integral dose. Unlike the treatment of other pelvic malignancies, 
the external iliac lymph node chain does not need to be routinely included in the treatment 
portal (32). Anterior fi elds should be considered when there is anterior extension of disease 
to the urogenital regions. In some cases, anterior–posterior fi elds or a four-fi eld arrangement 
may prove necessary based on tumor extension and/or anatomical constraints. Adequate 
coverage of the tumor volume should be confi rmed with treatment planning imaging. If an 
anterior portal is used, there also needs to be careful accounting of the dose administered 
to the small bowel. The volume of small bowel in the fi eld can be determined either with 
contrast used at the time of simulation and/or CT-based treatment planning.

Even with distal rectal involvement, including infi ltration of the anal canal, the risk for 
inguinal node involvement is limited and radiation treatment portals do not need to include 
the inguinal region. The risk for recurrence in the inguinal region among distal rectal tumors 
is less than 5% (33). However, radiation techniques should be modifi ed if inguinal lymph 
nodes are clinically evident and pathologically confi rmed to be involved with metastatic 
disease. Metastatic involvement in the inguinal nodes portends an especially poor prognosis 
for dissemination of disease (34).

The superior border of the radiation fi eld, in general, should be placed at the L5–S1 
interspace. However, if the rectosigmoid is involved, individual anatomy may dictate that 
the superior border be placed at the L4–L5 interspace. The inferior border of the fi eld is 
dictated by the inferior extent of the tumor; generally the inferior aspect of the fi eld should 
be placed 2 cm inferior to the lowest aspect of the tumor. The anus may need to be included 
in the treatment fi eld in some cases when the tumor is located in the distal rectum (Fig. 3A).
Whenever possible, however, the anus should be blocked from the radiation portal to 
reduce treatment-related morbidity. For tumors located in the mid and proximal rectum, 
the inferior border of the radiation fi eld is placed at the bottom of the obturator foramen. 
The lateral border should include the sacroiliac joints and a 2-cm margin should be placed 
around the pelvic brim to include the internal iliac lymph node chains in the posterior 
treatment portal.

For the lateral treatment fi elds, the superior and inferior borders should be consistent 
with the posterior portal. With routine simulation, contrast should be placed in the rectum 
to ensure an adequate margin on the primary tumor. The anterior aspect of the fi eld should 
be placed 2 cm in front of the most anterior aspect of the sacral promontory and be placed 
anterior to the femoral heads to include the obterator nodes (Fig. 3B). Every effort should be 
made to exclude small bowel. To reduce morbidity to the genitalia, a block should be placed 
anterior to the femur. Posteriorly, the entire sacrum should be included. This is important to 
avoid the penumbra of the beam and ensure adequate radiation dose to the radial margin of 
resection in the presacral region. Like the effects on other mechanical devices, care should be 
taken to exclude chemotherapy infusion pumps from the radiation fi eld (35).

Approaches have also been taken to minimize side effects related to chemotherapy, like 
hematological and gastrointestinal toxicities. Using a protracted infusion of 5-FU, a higher 
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total dose of chemotherapy can be administered with fewer hematological side effects (20).
Although the protracted infusion decreased hematological side effects and allowed a higher 
total dose of chemotherapy, which resulted in improved rates of disease-free and overall 
survival, gastrointestinal side effects, like diarrhea, increased. Other chemotherapy agents, 
like CPT-11, also can result in profound diarrhea (36).

Besides gastrointestinal and hematological side effects, other toxicities of chemotherapy 
must also be monitored during a course of chemoradiation. Specifi cally, mucositis and 
hand–foot syndrome can occur. Superinfection, especially with candida, must be closely 
monitored in the oral and perineal regions. Generally, the treatment is symptomatic with 
the use of salt and soda oral rinses and emollients in the perineal region. Occasionally, mild 
nausea due to chemotherapy can occur, so nutritional and fl uid balance must be evaluated.

Because radiation effects are well defi ned, gastrointestinal toxicities that occur in the fi rst
2 wk of radiation generally are attributable to chemotherapy. Regardless of whether it is 
related to the radiation, the chemotherapy, or both, the management of treatment-related 
diarrhea is generally the same. Etiologies, like infection, should be considered if the 
symptoms are not typical or if they are refractory to usual supportive care strategies. Possible 
infection with C. diffi cile should always be considered, especially with clinical signs, like 
fever and blood in the stool (36).

A three-step bowel management program has been instituted at The University of Texas 
M.D. Anderson Cancer Center (37). Results of this bowel management program were 

Fig. 3. (A) Routine radiation portals for rectal cancer. The posterior fi eld is shown.
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prospectively evaluated using a validated bowel assessment survey. With a 95% compliance 
rate for completion of the survey each week during the course of chemoradiation, no 
signifi cant differences were documented between the presenting symptoms and the symptoms 
that were reported at the completion of chemoradiation.

At the time of simulation, all patients receive written instructions in bowel management 
and a prescription for antidiarrheal (loperamide) and an antiemetic agent to be used if 
necessary. The three-step program anticipates the development of treatment-related toxicity 
(Table 3). The strategy is proactive; at the fi rst sign of symptoms, the patient should proceed 
to the next step of management (37). Under this program, the patient should not have more 
than three bowel movements in a day; it is important to recognize that the patient does 
not need to have watery or loose stools to follow the bowel management guidelines. The 
goal is to prevent, rather than treat, symptoms like frequent stooling, fl uid and electrolyte 
imbalance, and skin irritation.

In this bowel management program, Step 1 uses loperamide as needed and Step 2 begins
a scheduled administration of loperamide to prevent symptoms of frequent stooling. In Step 3,
opioid analgesics are added to the loperamide to relieve the symptoms of abdominal 
cramping and to exploit the constipating effects of opioid analgesics. Established principles 
for pain management, that titrate the dose to effect, are used. Unlike loperamide, there is 
no dose limit with opioid analgesics and usually the doses of opioids that are required in 

Fig. 3. (B) The lateral fi elds are represented showing displacement of the bowel.
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Step 3 are modest. Because the treatment-related changes in the bowel do not resolve during 
therapy, a sustained-release analgesic is preferred in Step 3 to avoid the need for multiple 
doses of medications during the day (37). Medications that have a 3-hr duration of effect, 
like tincture of opium or short-acting analgesics, can result in cycles of symptoms if a strict 
schedule of administration is not followed; because of this, sleep is often also disrupted. 
Fentanyl patches are often avoided because of the diffi culty in titration and because analgesic 
needs are not always stable as the patient undergoes the course of radiation.

Generally, skin care is restricted to the perianal region because of the bolus effect in this 
area. With the fi rst signs of dry desquamation, an emollient that also acts as a barrier for the 
skin, like lantiseptic, is constantly placed on the skin, except during the time of radiation. 
Routine use of tissues can result in further irritation of the skin. In addition to the discomfort, 
small regions of moist desquamation in the perianal area can place the patient at risk for a 
secondary infection and cellulitus resulting from bacteria in the stool. This is of particular 
concern when chemotherapy is also administered. An emollient that acts as a barrier helps 
to prevent infection. Among patients who develop a candida infection in the perianal region, 
a compound with nystatin, desitin, and xylocaine is often of signifi cant benefi t. Patients 
with distal rectal tumors who develop localized moist desquamation in the perianal area 
should maintain hygiene and derive symptomatic relief with sitz baths or warm compresses 
and Domboro’s powder.

Similar approaches have been used for the treatment of chemotherapy-induced diarrhea. 
Alternative strategies for the control of diarrhea include the use of loperamide with 
enkephalinase inhibitors, like acetorphan, to treat the secretory diarrhea induced by CPT-11. 
The synthetic octapeptide octreotide also is effective with secretory diarrhea. Octreotide 
prolongs intestinal transit time, promotes absorption of electrolytes in the intestine, decreases 
mesenteric blood fl ow, and decreases the secretion of fl uids and electrolytes. Octreotide has 
primarily been used in the treatment of other conditions like carcinoid syndrome, vasoactive 

Table 3
The University of Texas M.D. Anderson Cancer Center Three-Step Bowel Management Program

 Strategy

Step 1 Loperamide prn (1–2 tablets)
Step 2 Loperamide (1–2 tablets) qid on a scheduled basis 1/2 h before meals and before 
 bedtime
Step 3 • Continue loperamide (1–2 tablets) qid and begin opioid analgesics.

• Add a sustained release analgesic (like morphine or oxycodone) and an immediate 
  release analgesic for breakthrough abdominal cramping/stooling.

• The analgesics are titrated to effect using the same principles that are used in 
   pain management.
   • Because of diffi culties in titration and changing needs over the course of
    radiation, refrain from the use of a fentanyl patch unless used for primary
    pain management.

• The goal is to give suffi cient medications to consistently control frequent
   stooling and abdominal cramping.

Note: If one step is ineffective, the next step is used. Medications are titrated to effect. The goal is to maintain 
three or fewer stools per day.
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intestinal polypeptide (VIP)-secreting tumors, short bowel (ileostomy) syndrome, and 
dumping syndrome. Also, octreotide has been used to treat diarrhea associated with the 
use of 5-FU and in the bone marrow transplant setting (36,38). Complete response rates 
of more than 90% were observed after 3 d of treatment in two pilot trials with 5-FU-based 
chemotherapy regimens. Given subcutaneously, 100 µg bid to 500 µg tid of octreotide is 
injected. In other studies, octreotide has been given as a continuous intravenous infusion. 
The optimal dose and route of administration of octreotide is currently unknown and has 
been indexed to the clinical presentation (36). The cost-effectiveness of the use of octreotide 
or alternative strategies is dependent on the cost of preventing hospitalization or infusional 
therapies for treatment-related complications.

The success of sphincter-preserving strategies must be determined by the late treatment-
related complications. Late radiation proctitis may represent a continuum of symptoms. 
Although there is a radiobiological dissociation between acute and late toxicities, one clinical 
trial linked acute proctitis to three late symptoms (tenesmus, frequency, and diarrhea) and the 
EORTC/RTOG score for late effects. There appeared to be fi ve subgroups of patients with 
different levels of rectal symptoms. One group had minimal symptoms; the second group only 
had an increased number of bowel movements in a day. Group 3 had tenesmus and bleeding, 
Group 4 had tenesmus and increased frequency, and Group 5 had all symptoms. Although rectal 
bleeding and discharge had a signifi cant infl uence on the EORTC/RTOG scores, tenesmus and 
bleeding had the most impact on daily living (39). A low concordance was also found between 
the patient’s assessment of their symptoms and the EORTC/RTOG score.

A relationship was also observed between the development of symptomatic acute enteritis 
and chronic bowel injury in another study of 386 patients. Only 13 patients developed acute 
radiation-induced enteritis; 3 of these cases also experienced chronic bowel injury. A total 
of 18 patients developed chronic treatment-related symptoms and reoperation was required 
in 17 cases (40). The risk for reoperation was 5%, but chronic proctitis developed in 19% 
at 5 yr. Factors related to an increased risk for complications included transanal excision, 
increased radiation dose, and increased age.

Other quality-of-life issues relate to fertility. Among men, preoperative sperm preservation 
is an option given the risk for surgery-induced sexual dysfunction, like retrograde ejaculation 
(41). If radiation therapy is necessary, sperm preservation should also be considered because 
the prostate gland is included in the radiation portal.

To determine the health-related quality-of-life, two factors must be considered. The fi rst 
is the effect of the intervention on survival. The second is the effect of the intervention 
on the health-related quality of life. By combining these two factors, the quality-adjusted 
life-years are determined. Determining the quality of life requires analysis of all of the 
utilities involved (42). These can include the risk of local recurrence, the utility of living with 
a permanent colostomy, the acute and late side effects of treatment, and the costs associated 
with the recommended therapies.

Long-term follow-up is required to determine quality of life. With combined modality 
therapy, patients with locally advanced rectal cancer undergo 1–2 mo of radiation, approxi-
mately 1 mo between radiation and surgery, and about 4 mo of adjuvant chemotherapy. A 
second surgical procedure is added, for takedown of the temporary ileostomy, if a sphincter-
preserving surgery is performed. The total length of time under treatment can range from 
8 to 12 mo. Quality-of-life ratings predictably improve after 3 yr of follow-up and bowel 
function is closely linked to quality of life (43–46).
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2.2. Postoperative Radiation
The advantages of administering radiation postoperatively include the ability to plan 

treatment based on complete pathological staging of the primary tumor and a theoretical 
reduction in perioperative morbidity because surgery is performed in an unirradiated fi eld. 
Pathological tumor staging assures that adjuvant radiation is indicated and it allows more 
precision in defi ning the regions that are to be included in the radiation portal (47). For 
tumors located in the mid to proximal rectum, postoperative radiation is often used because 
sphincter-preserving surgery can routinely be performed in these cases without the need for 
tumor downstaging. In addition, prompt surgical intervention and postoperative radiation are 
indicated in cases in which there is signifi cant bleeding or risk of obstruction.

The disadvantages of postoperative radiation include relative hypoxia within the operative 
bed and potential tumor repopulation from microscopic residual disease during postoperative 
healing. Hypoxia enhances resistance to radiation; approximately three times the radiation 
dose is required to kill hypoxic tumor cells as to kill the same number of well-oxygenated 
cells. Therefore, higher total doses of radiation are generally administered postoperatively 
than preoperatively. In comparison to the 45–50 Gy generally prescribed with preoperative 
radiation, 53–55 Gy is usually administered postoperatively. However, the risk of radiation-
related short- and long-term gastrointestinal toxicity increases precipitously as the total dose 
of radiation increases (48). The potential risk of radiation morbidity also increases with 
postoperative radiation because the small bowel is less mobile because of adhesions.

2.3. Trials with Preoperative and Postoperative Radiation:
Effects on Local Control and Survival

The impact of radiation alone on local control and survival were evaluated in the Uppsala 
and the Swedish Rectal Trial. First, the addition of radiation decreased the risk for local 
failure over surgery alone (49–51). Second, radiation alone was found to improve survival 
rates over surgery alone (50). Third, preoperative and postoperative radiation was compared 
(52,53). However, these comparisons between preoperative and postoperative are diffi cult 
to interpret because of the signifi cant differences in the fractionation schedules used. 
Furthermore, issues regarding sphincter preservation with preoperative radiation were not 
addressed because not enough time was allowed for downstaging between the completion 
of radiation and surgery.

A prospective randomized trial by the Stockholm Colorectal Cancer Study Group 
compared preoperative radiation plus surgery to surgery alone. The study involved 285 
patients with all stages of disease (49,51). Local recurrence occurred in 16% of the group 
who received preoperative radiation and in 30% who underwent surgery alone (p <0.001). 
The advantage was confi ned to patients with Dukes’ B disease, although a trend (p = 0.068) 
for an advantage with radiation therapy was also observed in Dukes’ C patients. With a 
median follow-up of 50 mo, the rate of distant metastases was 19% after preoperative 
radiation and surgery as compared to 26% after surgery alone (p = 0.02), and this translated 
to a survival advantage for irradiated patients (p = 0.02). Although the disease-free interval 
was initially longer in the preoperative radiation group, the lower rate of distant metastases 
and overall survival advantage after preoperative radiation were not durable with longer 
follow-up totaling 107 mo. The loss in the survival advantage, however, was accounted 
for by the higher perioperative mortality rate in the preoperative radiation group because 
the disease-specifi c survival rate continued to show an advantage when radiation was 
administered (p < 0.01).
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The advantages of preoperative radiation were then shown in the Swedish Rectal Trial 
that randomized patients to surgery alone or preoperative radiation. Consistent with the 
previously reported Stockholm experience, preoperative therapy totaled 25Gy/5 fractions 
over 1 wk followed by surgery within 1 wk (50,51). After 5 yr of follow-up, the local 
recurrence rate was 11% in the preoperative radiation group and 27% with surgery alone 
(p < 0.001). Improvements in local control were observed among all stages of disease. 
The overall survival rate at 5 yr was also signifi cantly improved and totaled 58% in the 
preoperative radiation group as compared to 48% in the surgery alone group (p = 0.004). 
The cancer-specifi c survival rates at 9 yr was 74% with preoperative radiation and 65% 
with surgery alone (p = 0.002).

The outcomes and toxicities of preoperative and postoperative radiation were compared 
in the Uppsala Trial. Treatment was randomized between a short course of preoperative 
radiation or high-dose postoperative radiation among 471 patients with resectable rectal 
cancer (52). In the preoperative radiation arm, 236 patients received fi ve 5.1 Gy/fraction 
to a total dose of 25.5 Gy over 5–7 d; surgical resection was performed 1 wk later. In the 
postoperative radiation arm, radiation was initiated 4–6 wk after surgery in 235 patients. 
Patients received 40 Gy at 2 Gy/fraction over 4 wk; at this point, radiation was discontinued 
for 10–14 d, and then an additional 10 Gy was administered to the entire pelvis and another 
10 Gy was administered to a reduced treatment volume. With this postoperative regimen, 
the pelvis received 50 Gy and the tumor bed received 60 Gy. Only patients who had 
evidence of transmural extension of disease or positive pelvic nodes at resection received 
postoperative chemotherapy. Although the radiation doses and the effective biological 
doses were substantially different in this trial, a local control benefi t was observed with 
preoperative radiation over postoperative radiation; local failure rates at 5 yr were 13% vs 
22%. There was no difference in the survival rates among the study groups.

Moderate to mild acute radiation effects were observed in virtually all patients receiving 
postoperative radiation in these trials. Acute radiation effects, like diarrhea and cystitis, 
were infrequent in the preoperative arm. Perioperative complications included small bowel 
obstruction, diagnosed radiographically or requiring surgical intervention, in 6% after 
surgery alone, 5% after preoperative therapy, and 11% after postoperative radiation. However, 
perioperative complications were more common after preoperative therapy. For example, 
perineal wound sepsis occurred after abdominoperineal resection in 33% of the preoperative 
radiation group and in 18% of the postoperative radiation group (52–54). However, because 
of perioperative complications, half of the patients in the postoperative group could not start 
radiation therapy within the recommended 6 wk after surgery.

Although the Stockholm trials identifi ed advantages of combined modality therapy, 
signifi cant late morbidity was also observed. Peripheral nerves are relatively resistant to the 
late effects of radiation, but lumbosacral plexopathy occurred with the preoperative radiation 
regimen used in this trial (52). Other late adverse effects of this preoperative radiation 
regimen included thromboembolism (p = 0.01), femoral neck and pelvic fractures (p = 0.03),
intestinal obstruction (p = 0.02), and postoperative fi stulae (p = 0.01). However, no increase 
in genitourinary complications was observed.

The radiation techniques that were used signifi cantly infl uenced the risk for complications 
and mortality. Complications resulting from small bowel toxicity were higher because the 
superior border was placed at L2 in many of the studies, rather than at the L5/S1 interspace 
(52–54). Higher mortality rates were observed among patients treated with anterior–posterior
opposed portals as compared to three- or four-fi eld techniques (15% vs 3%; p < 0.001). 
Because of these complications, the overall mortality rates were the same for the surgery 
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alone and the preoperative radiation groups. Although the addition of radiation therapy 
signifi cantly improved the local control and disease-specifi c survival rates, the morbidity of 
radiation therapy was substantial enough to negate the impact of these results.

Another experience with hypofractionated preoperative radiation among 83 patients, 
however, did not result in signifi cant treatment-related morbidity. Like the Swedish Rectal 
Trial, 25 Gy was given in 5 fractions over 1 wk, followed by surgery (50,55). However, 
anterior–posterior portals were avoided and the superior border of the radiation field 
was limited to the L5–S1 interspace. With a mean follow-up of about 5 yr, the actuarial 
local control rate is 95% and the disease-specifi c survival rate is 77%. Only 13% of cases 
experienced a ≥ grade 3 perioperative or late toxicity; there was a 3.5% incidence of bowel 
obstruction. No signifi cant difference in the toxicity profi le was seen among the 16 patients 
who also received chemotherapy during radiation.

Although it does not represent a prospective randomized trial, the Patterns of Care 
Study evaluated survival on the basis of whether radiation was given preoperatively or 
postoperatively and whether chemotherapy was given during radiation. Local failure rates 
were approximately 10% for all stages and treatment arms. The Patterns of Care Study also 
found a signifi cantly higher survival rate with preoperative radiation and with postoperative 
chemoradiation when compared to postoperative radiation alone. At 5 yr, the overall survival 
rate with postoperative radiation was 50% and it was 85% with preoperative radiation and 
69% with postoperative chemoradiation (11).

These studies demonstrated the benefi t of radiation therapy in reducing risk for local 
failure with possible impact on overall survival. Variations in radiation techniques and 
administered chemotherapy impact signifi cantly on morbidity and outcomes. It is diffi cult 
to interpret outcomes from radiation with planned treatment interruptions. It is recognized 
that these treatment interruptions were included to improve tolerance to therapy. Some trials 
included chemotherapy agents that provided no benefi t, but may have contributed to overall 
toxicity of therapy. The routes and schedules of administration of chemotherapy also has a 
signifi cant impact on patterns of failure. Because no direct comparison between preoperative 
and postoperative conventional radiation schedules has been performed with standardized 
chemotherapy, a comparison of the relative advantages and disadvantages of preoperative 
and postoperative chemoradiation remain theoretical.

2.4. Preoperative Radiation
Preoperative radiation capitalizes on the disadvantages of postoperative radiation. The 

key advantage of preoperative radiation is the potential reduction in tumor size, allowing a 
greater chance for a sphincter-preserving surgical procedure. This is especially important 
for lesions located in the distal rectum. Response to preoperative radiation also results in 
sterilization of potential sites of microscopic residual disease, such as the radial surgical 
margin and regional lymphatics (56–60). Because the blood supply has not been disrupted by 
surgery, the effects of both radiation and chemotherapy are potentially enhanced. This allows 
administration of a lower total dose of radiation, which also reduces the risk for radiation 
morbidity. The risk of radiation morbidity also decreases with preoperative radiation because 
the small bowel is more mobile before surgery and can be displaced from the radiation 
fi eld (61,62). The ability to assess response to chemotherapy and radiation also may have 
prognostic importance.

The disadvantages of preoperative radiation include the lack of pathological tumor staging 
(56,57). Surgical expertise is needed to minimize perioperative morbidity because surgical 
resection is performed in an irradiated fi eld (50,63). Additionally, a two-stage surgical 
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approach that initially involves resection with fecal diversion followed by re-establishment of 
intestinal continuity is generally necessary to allow adequate healing of the anastomosis.

A meta-analysis was performed among 6426 patients with resectable rectal cancer in 14 
randomized controlled trials who received preoperative radiotherapy or surgery alone. Even
though higher rates of morbidity were reported in some studies, no overall increase in post-
operative mortality was reported with radiation (64). Preoperative radiation was found to
reduce the 5-yr overall mortality rate, cancer-related mortality rate, and local recurrence rate.

Sphincter preservation is a major goal of preoperative radiation therapy. The current 
application of preoperative chemoradiation builds upon the experience with postoperative 
combined-modality therapy and the data that demonstrate the effi cacy of preoperative radiation 
alone (48,62,65). Tumors located <6 cm from the anal verge would generally require an APR. 
However, variation exists in surgical practices, whether or not preoperative radiation is used. 
Among 18,695 cases of operable rectal cancer in Ontario, a wide variation was demonstrated 
in APR rates and referral for postoperative radiation relative to geographic location (66).
Sphincter-preservation rates after preoperative radiation or chemoradiation also vary but 
are reported to range between 65% and 85% (56,57,67). The variation among these results 
can probably be related to the details of the clinical presentation, including invasion of the 
sphincter muscles by the tumor and tumor size and circumference. However, the interim 
analysis of the NASBP trial showed that only 27% of patients were converted from an APR to 
a sphincter-preserving procedure (68). The reasons for this were considered to be unclear.

Based on sphincter preservation and the other considerations, like lower total radiation 
dose and tumor oxygenation, many centers have evaluated the use of preoperative radiation 
therapy. The more recent series have administered chemotherapy with preoperative radiation. 
The results of these reports are summarized in Table 4. With preoperative radiation alone, 
the pathological complete response rate is about 15%. With bolus or infusional 5-FU during 
the fi rst and last week of radiation, the pathologic complete response rates are about 20%. 
Using a continuous infusion of 5-FU throughout the course of preoperative radiation, the 
pathological complete response rate increased to 27% (63). Tumor regression or downstaging 
is evident in about 65% of cases. Sphincter preservation after preoperative chemoradiation is 
possible in more than two-thirds of patients with low rectal cancers.

Factors that can increase tumor regression and the possibility of performing a sphincter-
sparing surgery include allowing an appropriate interval between completion of radiation 
therapy and surgery to maximize tumor regression, administration of higher radiation doses, 
and the administration of chemotherapy. Issues specifi c to chemotherapy during preoperative 
radiation include the type of agent and the schedule of infusion.

The interval between completion of preoperative radiation and surgery is critical to allow 
maximal tumor regression. When the interval between preoperative radiation alone, totaling 
39 Gy in 3 wk, and surgery increased from 2 wk to 6–8 wk, the downstaging rate was also 
increased from 10% to 26% (69). Although it was intended that surgery be performed within 
10 d of completion of radiation in the Swedish Rectal Cancer Trial, a wide range (5–155 d) 
of time occurred radiation and surgery (50). It was found that the downstaging rate was only 
4% among patient who were resected within 10 d of completing therapy. By comparison, the 
downstaging rate was 45% when more than 10 d elapsed between completion of radiation 
and surgery. Another trial specifi cally evaluated the interval between completion of 39 Gy in 
13 fractions and pathologic downstaging after surgery among 201 patients (70).

The possible disadvantage of attempts to increase the total dose given during preoperative 
radiation is the possible increase in treatment-related toxicity. Although this was not reported 
in one dose-escalation trial that used an intermittent infusion of 5-FU during radiation, no 
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signifi cant improvements in response parameters, like the rates of pathological complete 
response, downstaging, or sphincter preservation, were observed (71). A dose-response 
relationship for downstaging with preoperative radiation alone was identifi ed at 44 Gy with 
conventional fractionation (69). This relationship held for Duke’s stage A and B, but not 
in stage C disease.

Table 4
Results of Published Series with Preoperative Radiation Therapy

    Interval  
    between Complete 
 No. Preop XRT CTX during XRT and response Downstaging
Study resected dose XRT resection rate rate SP rate

Janjan 142 45 Gy  CI 5-FU  4–6 wk 31% 86% 79%
    et al. (72)      pelvis +      300 mg/m2;
      CB (7.5 Gy)     d/wk 
       during pelvic 
       XRT
Bosset et al. 160 45 Gy Bolus 5-FU  3 wk  15.6% 30% 58%
    2000       Wk 1: 350–     (range 
        450 mg/m2      13–111 d)
       wk 5 370–
       350 mg/m2

Pucciarelli 151 45 Gy 5-d infusion  4–5 wk  15.7% 59% 84%
    et al. 2000       5-FU       (range 
       350 mg/m2     19–53 d)
       d 1–5 and 
       29–33
Valentini  140 45 Gy to  5-d infusion   6–8 wk 23% 68% 85%
    et al. 1999      the pelvis      5-FU 1000 mg/m2

      + 5.4 Gy      d 1–4 and 
      boost     29–32
       CDDP 60 
       mg/m2 d 1+29
Movsas  123 45 Gy to  5-d infusion   4–6 wk 17.4% 57% 30%
    et al. (71)      pelvis +      5-FU 1000 mg/m2

      hyperfx      d 1–4 and 
      boost to total      29–32
      doses of 54.6, 
      57, or 61.8 Gy
Janjan  117 45 Gy to pelvis CI 5-FU   4–6 wk 27% 62% 59%
    et al. (63)       300 mg/m2;
       d/wk during 
       pelvic XRT
Wagman  135 46.8 Gy to  No 4–5 wk 14% 63% 77%
    et al. 1998      pelvis + 
      3.6 Gy boost
Mohiuddin 170 40 to 45 Gy No 5–10 wk NR 30% 86%
    et al. 1998      + 10–15 Gy 
      boost

Note: Included are reported rates of sphincter preservation, pathological complete response and tumor downstag-
ing. XRT = radiation therapy; CTX = chemotherapy; SP = sphincter preservation; NR = not reported; hyperfx = 
hyperfractionated; CI = continuous infusion; CB = concomitant boost.



Chapter 11 / Radiation Therapy of Resectable Rectal Cancer 197

Reports have demonstrated the benefi t when 5-FU is administered as a continuous infusion 
during radiation. This was confi rmed in the experience with postoperative chemoradiation 
where disease-free and overall survival benefi t was observed with the administration of 5-FU 
as a continuous infusion (20). This is also inferred from the results with preoperative radiation 
using conventional fractionation and from the preliminary results with the concomitant 
boost experience (59,60,63,72). Using lower total doses of preoperative radiation, 45 Gy, 
downstaging parameters with a continuous infusion of 5-FU were comparable to series 
that administered higher total radiation doses. When accelerated fractionation (concomitant 
boost) was used to deliver a total radiation dose of 52.5 Gy with a continuous infusion 
of 5-FU, the pathological complete response rates were nearly twice that of other series 
using the same or higher doses of radiation and bolus/intermittent infusion of 5-FU. The 
pathological downstaging rates were approximately 20% higher than those achieved with 
other series that used bolus/intermittent infusion of 5-FU.

In addition to its potential infl uence on sphincter preservation, tumor downstaging may 
also have prognostic importance. The level of response to preoperative radiation for locally 
advanced rectal cancers also has been reported to infl uence survival rates. Improved survival 
rates were observed among patients who had pathologic evidence of downstaging after 
preoperative radiation (69). The 5-yr overall survival after preoperative radiation was 92% 
for patients whose tumors were downstaged to a Dukes’ stage 0-A lesion; these 5-yr survival 
rates decreased to 67% and 26% when the pathologic stage was Dukes’ B and C, respectively. 
The corresponding disease-free survival rates were 87%, 56%, and 28% for pathologic 
Dukes’ stage 0-A, B, and C tumors, respectively.

Another trial showed that higher cancer-specifi c survival rates, 100% versus 45% at 5 
yr, were observed among patients who had pathologic evidence of tumor downstaging after 
preoperative radiation and bolus 5-FU. The 5-yr recurrence-free survival rate was 94% 
with downstaging as compared to 50% without downstaging (73). A similar relationship 
was seen with 5-FU given as a continuous infusion with preoperative radiation (74). Any 
response to preoperative chemoradiation resulted in a reduced risk for distant metastases 
and improved disease-free survival.

Higher rates of tumor regression have been correlated among smaller tumors, with high 
Ki-67 levels, and mitotic activity, and elevated posttumor proliferative activity strongly 
correlated with improved survival (75). Because fl uorodeoxyglucose–positron-emission 
tomography (FDG-PET) provides functional imaging of tumors, PET scans are now being 
used in the investigational setting to evaluate response to preoperative chemoradiation (76).

The risk for pelvic relapse was evaluated as a function of total radiation dose and overall 
treatment time. Accounting for the overall duration of radiation, the dose-response curve was
found to be steep (77). The time-related displacement of the dose-response curve showed 
a median tumor doubling time of about 4–5 d. This doubling time was more rapid than 
that of the primary tumor at diagnosis. It was considered that acceleration of growth 
among subclinical deposits of tumor in the pelvis was rapid during preoperative radiation. 
Strategies that shorten overall treatment time or that provide uninterrupted administration 
of antineoplastic therapy should be targeted to improve tumor response with preoperative 
radiation for rectal cancer. This is consistent with the clinical approach that uses a continuous 
infusion of 5-FU and with accelerated fractionation.

2.5. Oral Administration of 5-FU Analogs
A variety of oral fl uoropyrimidine analogs are becoming available. Most of the data 

relate to their use as chemotherapeutic agents alone. Data are extremely limited at this point 
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regarding their administration during either preoperative or postoperative radiation (78–84).
Although the use of oral fl uoropyrimidines has many theoretical advantages, they must be 
compared to the intravenous administration of 5-FU in order to optimize dose administration 
for effi cacy and to minimize associated toxicity.

Early experience during preoperative radiation involved a dose-escalation trial to establish 
the maximum tolerated dose (MTD). It was determined that the MTD of oral uracil and tegafur 
was 350 mg/m2/d with 90 mg/d of leucovorin when given 5 d/wk concurrent with radiation 
(78). Results were comparable to those with infusional 5-FU with a sphincter-preserving 
surgery performed in 12 of 14 patients and a pathologic complete response in 3 cases.

Several advantages exist for the use of an oral route of chemotherapy administration. 
Among these are the ease of administration and avoidance of the inconvenience, discomfort, 
and cost associated with either bolus or continuous infusion of 5-FU (79–81). Some of the 
newer agents also may concentrate to a greater degree within tumor cells as compared to 
infusional 5-FU. Importantly, though, severe diarrhea is the dose-limiting toxicity in most 
of these oral agents (82,83). When compared to infusional 5-FU, the incidence of mucositis, 
neutropenia, and hand–foot syndrome is small (84).

With oral agents, however, come concerns regarding patient compliance in taking the 
medications. The pharmacokinetics of drug administration also must be assured, especially 
when taken in lower doses during radiation. A variety of oral fl uoropyrimidines have been 
developed and each has its own metabolic characteristics (85,86). Some result in complete 
inactivation of dihydropyrimidine dehydrogenase (DPD) activity (87). Because of this it 
is unclear if the agent should be taken at a specifi c time relative to the administration of 
radiation.

Many issues need to be resolved before oral fl uoropyrimidines become the new standard 
of care during radiation therapy. Because of the differences among the agents, each will 
require clinical assessment with radiation therapy. The activity of other agents, like CPT-11 
and oxaliplatin, will need to be considered relative to the use of oral fl uoropyrimides as 
well (88).

2.6. Local Excision
As part of the trend to maintain sphincter function, radiation therapy has been used with 

local excision among early-stage tumors that involve the distal rectum. A Radiation Therapy 
Oncology Group trial was among the fi rst reports using this approach. Based on tumor 
size and stage, grade, and surgical margin, 65 patients were either observed or underwent 
adjuvant treatment with 5-FU and one of two radiation dose levels (89). A total of 14 
patients were followed with observation because they had microscopic confi rmation of a 
total excision, a well/moderately well differentiated stage T1 tumor that was <3 cm in size, 
and no evidence of vascular or lymphatic permeation on pathology. With a median follow-up 
of 5 yr, 11 patients had recurrent tumor. Local failure correlated with T stage; 4% T1, 16% 
T2, and 23% T3 tumors recurred. Other factors that infl uenced local failure rates were 
degree of circumferential involvement; 6% of tumors with less than 20% circumferential 
involvement as compared to an 18% local failure rate when 20–40% of the circumference 
was involved.

Patient selection is extremely important in performing a local excision. Because lymph 
nodes are not resected with a local excision, it is contraindicated to perform a local excision 
on a patient with evident lymph node metastases (90). The depth of tumor penetration and 
the tumor grade are directly related to the risk for perirectal nodal involvement. The risk 
for lymph node involvement in a low-grade T2 tumor is about 12% in contrast to the 55% 
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risk of nodal involvement with a high-grade T2 tumor. Other studies have shown that tumor 
ulceration and histologic evidence of lymphatic, vascular, or perineural invasion are also 
associated with an increased risk of nodal metastases (90,91). Tumors should be 3 cm or less 
in size and involve less than one-half of the rectal circumference. Fewer complications are 
associated with a transanal rather than a Kraske approach to local excision and postoperative 
radiation (92).

Radiation therapy after local excision is unnecessary in T1 tumors that have favorable 
characteristics because the risk for local failure is less than 10%. Postoperative radiation is 
recommended among T1 tumors with unfavorable characteristics or T2 tumors because 
the risk for local failure is about 20% (66,91–93). A complete surgical resection with 
mesorectal excision is recommended among patients with T3 tumors because of the risk 
for tumor cut-through and inadequate lymph node resection with local excision. The local 
recurrence rate was approximately 30% among patients with T3 tumors that were treated 
with local excision and chemoradiation because they refused or were unfi t to undergo a 
radical resection.

Radiation techniques are similar to those with postoperative therapy. The entire pelvis is 
treated to 45 Gy, with the boost volume receiving a total dose of 54–65 Gy depending on the 
margins of resection and/or aggressive histologic features (91). It is critical to avoid small 
bowel in the radiation boost volume.

The use of preoperative chemoradiation followed by local excision is controversial 
because of the lack of pathologic data. This is especially critical to avoid radiation among T1 
cases with favorable characteristics. However, it is less controversial for T2 and T3 tumors. 
Traditionally, preoperative chemoradiation or radiation alone followed by local excision 
has been used among patients who refuse or who are medically unfi t for a radical resection 
(94). Because of pathologic downstaging and the theoretical advantages with preoperative 
chemoradiation, this approach has judiciously applied.

2.7. Endocavitary Radiation and Brachytherapy
Brachytherapy and endocavitary radiation can be used alone or, more commonly, in 

conjunction with external beam radiation. Administering highly localized doses of radiation 
can provide high doses of radiation directly to well-defi ned volumes to achieve local control 
with defi nitive radiation. Most often, these approaches are used among patients who are 
unable or unwilling to undergo surgical resection (see Chapter 12).

Contact or endocavitary radiation is another approach in the conservative management of 
rectal tumors. Soft 50-kV X-rays are produced by a generator that delivers radiation through 
a tube that contains an anode and ring fi lament (95). Two aluminum fi lters can be used and 
the 0.5-cm fi lter is used for most applications. With the 0.5-cm aluminum fi lter and a focal 
distance of 4 cm, with a 20-cGy/min output, and a 3-cm circular fi eld, the percentage depth 
dose is 100% at 0 mm, 44% at 5 mm, 23% at 10 mm, and 9% at 20 mm depth. Because 
of this, highly infi ltrative tumors are not amenable to contact therapy. The tumor must 
be within 12 cm of the anal verge and accessible; on occasion, posterior wall tumors are 
diffi cult to localize with the cone.

The dose of the fi rst contact treatment is between 30 and 40 Gy in 2–4 min with a 
0.5-mm aluminum fi lter. One to two weeks later a second, application of contact radiation 
is administered. Three weeks after the initiation of therapy, the third contact application 
is performed; at this time, a smaller (2 cm) cone is generally used to account for tumor 
regression. For 3-cm tumors, 90–120 Gy is given in 4–5 fractions over 5–8 wk. For tumors 
less than 2 cm that regress completely after two sessions, a total dose of 80 Gy in 4 fractions 
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(30 Gy on d 1; 20 Gy on d 7; 15 Gy on d 21, and 15 Gy on d 36) is suffi cient (95). The normal 
mucosa of the rectal wall should not receive more than 15–20 Gy.

Like the use of local excision, patient selection is critical to the success of contact therapy. 
For the same reasons, any patient with lymph node involvement is not a candidate for contact 
therapy (95). Factors that increase risk for lymph node involvement, like high histologic 
grade, perineural or lymphvascular invasion, or ulceration, are generally contraindications 
for contact therapy. The response to contact therapy also is predictive of therapeutic success. 
The chance for local control is good if the tumor regresses by more than 80% of its original 
volume by 2 wk after the second contact session.

Complete response was achieved in over 90% of patients with endocavitary therapy in one 
series. Local failure occurred in 28%, but the addition of external beam radiation in cases 
with poor prognostic factors improved local control. Local failure was more common with 
tumor size (>3 cm) and partially fi xed tumors. Accounting for salvage therapy, sphincter 
preservation was accomplished in 84% and local control was accomplished in 82% (96).
Severe late effects occurred in 4% of those treated.

The techniques used for brachytherapy depend on anatomic constraints. Four techniques 
have been described and include the use of metallic needles through a perineal template, an 
iridium fork, a plastic loop technique, and the use of a remote after-loading device (95). In 
order to localize the radiation dose to the lesion and avoid treatment of the opposite rectal 
wall, obturators are often used in conjunction with the implant to distend the rectum.

Patients with lesions <3 cm in size can be treated with brachytherapy alone, but external 
beam radiation should be added for larger size tumors. Using this approach, 90% rates 
of local control are obtained without signifi cant complication (97). Although continuous 
low-dose-rate brachytherapy is usually used, a pulsed low dose rate can give similar late 
effects and be considered as an alternative approach (98).

Both endocavitary therapy and brachytherapy offer alternative and effective means of 
administering localized radiation, especially among patients with limited treatment options. 
Further integration of these techniques should be considered, as therapy is optimized to use 
more conservative surgical approaches to the treatment of rectal cancer.

2.8. Recurrent Rectal Cancer
Recurrent rectal cancer can vary signifi cantly in its clinical presentation and it requires a 

broad range of therapeutic approaches. When the recurrence is identifi ed early, the patient 
is usually asymptomatic and resection is possible. Regrettably, many patients are diagnosed 
with recurrent rectal cancer only after diagnostic evaluations are performed to evaluate 
progressive symptoms and they are often found to be inoperable. Because the morbidity of 
recurrent disease is so profound, aggressive therapeutic attempts are frequently undertaken 
to secure local–regional control.

Recurrent disease among patients who have previously been treated with radiation poses 
signifi cant challenges. Approaches have included reirradiation with external beam therapy 
and intraoperative radiation therapy (IORT). The dose of external beam radiation has varied 
when given to patients who have been previously been treated with radiation, especially 
when given in conjunction with IORT. Bleeding, pain, and mass effect were palliated with 
reirradiation among 100%, 65%, and 24% of cases, respectively; 80%, 33%, and 20%, 
respectively, were palliated until the time of death (99,100). The acute grade 3 toxicity rate 
was 31%, and the late grade 3 and grade 4 toxicity rates were 23% and 10%, respectively, 
including a 17% rate of small bowel obstruction. The only factor that reduced the toxicity 
rates was hyperfractionation. However, the factors that infl uenced median survival were 
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Karnofsky Performance Status (KPS), the initial stage of disease, and the radiation dose given 
at the time of reirradiation (≤30.6 Gy = 22 mo vs >30.6 Gy = 9.5 mo median survival).

The risk for and outcomes after the diagnosis of recurrent rectal cancer is the same among 
patients initially treated with an APR or low-anterior resection (18% and 24%, respectively). 
Of the 175 patients evaluated in one study of recurrent rectal cancer, 25 had an isolated pelvic 
recurrence (101). The survival rate among the patients with an isolated pelvic recurrence of 
disease who received radiotherapy was signifi cantly greater (16 mo) as compared to those 
who were treated with palliative operations or analgesics (2.4 mo).

One study evaluated 519 patients with locally recurrent rectal cancer at The Princess 
Margaret Hospital. Relapse of disease occurred after an APR among 326 patients, after a 
low anterior resection among 151 patients, and in 42 after a local excision. No patients had 
previously been treated with radiation (102). The mean time between the initial surgery and 
radiation therapy was 18 mo (3–138 mo). The relapse was confi ned to the pelvis among 
355 cases, but distant metastases were found in 32% (164 cases) at the time that the local 
recurrence was also discovered. A total dose of ≥ 35 Gy was given to 214 patients with 1.8- 
to 2.5-Gy fractions. The median survival was 14 mo and the median time to local disease 
progression was 5 mo. The pelvic disease progression-free rate was 7% and the 5-yr survival 
was 5%. Multivariate analysis showed that overall survival was correlated to the ECOG 
performance status, absence of extrapelvic metastases, long intervals between the initial 
surgery and radiotherapy, total radiation dose, and absence of obstructive uropathy.

No dose-response relationship was found to exist for recurrent rectal cancer on a review of 
the available retrospective series in the literature. No signifi cant differences were observed 
in the initial response or the durability of the response to therapy (103). The signifi cance of 
persistent pelvic disease is seen in the dose-response relationship when patients with primary 
untreated cancers were compared to those with postoperative residual disease.

Three dose regimens were used at the Peter MacCallum Cancer Institute for incompletely 
resected, locally recurrent rectal cancer. These regimens included 50–60 Gy (designated as 
radical radiation) or 45 Gy (high-dose radiation) with conventional fractionation; palliative 
radiation of <45 Gy was given to others. No signifi cant difference was observed between 
the radical or high-dose radiation groups with regard to symptomatic relief (about 80%); 
only 33% of those receiving palliative therapy, however, achieved partial symptomatic relief 
(104). The estimated median survival was 16 mo for all patients; for patients with radical 
radiation, the median survival was 26 mo compared to 16 mo with high-dose radiation. 
Survival was compromised when macroscopic residual disease was present, with a median 
survival of 14 mo vs 31 mo with only microscopic residual tumor.

Intraoperative radiation has been used as a supplement to external beam radiation or 
as the only therapy when further external beam radiation is not possible. The outcomes 
were evaluated among 73 patients with recurrent rectal cancer; 86% of the patients studied 
had locally recurrent disease without metastases (105). External beam radiation had been 
previously administered in 52% and the recurrences were located in the presacral region 
(radial margin) in 55% of cases. Surgical resection allowed for complete macroscopic 
resection of disease in 57%, partial resection with gross residual disease in 29%, and no 
resection in 14% of the recurrences. Intraoperative radiation was given ranging from 10 to 
25 Gy; 30 patients received either preoperative or postoperative external beam radiation. 
Actuarial overall survival equaled 72% at 1 yr, 45% at 2 yr, and 31% at 3 yr; the actuarial 
local control rate was 71%, 48%, and 31%, respectively. The actuarial disease-free survival 
was 58%, 27%, and 18%. Therefore, controlling symptoms of recurrent disease was a 
critical factor for quality of life, given the relatively extended survival among these patients. 
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Actuarial survival was improved with complete or partial resection. Among the 21 cases of 
local failure, 8 were in the IORT fi eld, 8 were in the external beam radiation fi eld, and 3 
occurred in areas that received both IORT and external beam radiation. In the IORT fi eld, 
local control was 87% at 1 yr, 72% at 2 yr, and 65% at 3 yr. Actuarial local control in the 
IORT fi eld was better without rather than with gross residual disease (77% vs 51% at 3 yr). 
Among patients with an isolated local recurrence and with a partial or complete resection, 
the local control rates with IORT plus external beam radiation was 61% at 3 yr and 0% 
with IORT alone. Four patients had long-term morbidity. These included one case of sciatic 
plexopathy that resolved with further follow-up (12 Gy IORT + 45 Gy postoperatively). Two 
cases of sacral necrosis occurred at 6 mo (39 Gy preoperatively + 25 Gy IORT) and at 13 mo
(40 Gy preoperatively + 20 Gy IORT). There was one case of necrosis of L5 (28 Gy 
preoperatively + 15 Gy IORT) after 51 mo of follow-up.

The previous study showed an advantage when external beam radiation was added over 
IORT alone (105). A phase I/II study of IORT for locally advanced or recurrent rectal 
cancer that was performed by the Radiation Therapy Oncology Group showed an advantage 
when IORT was added over external beam radiation alone (106). Again, local control was 
dependent on the amount of residual disease; for all patients, the 2-yr actuarial local control 
rates were 77% (64% among the recurrent disease group) if no gross disease remained versus 
10% if there was gross residual disease after surgery. For all patients and among the recurrent 
group, the overall survival was improved (88%) if there was no gross residual disease after 
surgery vs a 46% survival if gross residual disease was present. The 2-yr actuarial risk for 
major complications attributable to IORT was 16%. In virtually all clinical settings, IORT is 
feasible and adds less than 1 h to the surgical procedure (107).

Combined-modality therapy, which includes chemoradiation and surgical resection, 
improved resectability, local control, and survival. In one study of 47 patients who received 
a preoperative dose of 45 Gy with concomitant 5-FU and mitomycin chemotherapy (108),
an objective response to therapy occurred in over 50% of cases and 45% underwent a radical 
resection. Pain relief was accomplished in 86% and higher radiation doses correlated with 
better pain control. Radical resection resulted in better local control and survival. The overall 
5-yr survival and local control rates were 22% and 32%, respectively; when IORT was 
given, the 5-yr rates were 79% and 41%, respectively. The modifi ed Suzuki classifi cation 
was found to be prognostic. In this classifi cation, the recurrent tumor has no contact with 
the pelvic side wall in the F0 group. In the F1 group, less than 1/4 of the pelvic side wall is 
involved, and between 1/4 and 1/2 of the circumference of the pelvic side wall is involved 
in F2 disease. More than 1/2 of the circumference of the pelvic side wall is involved in 
F3 disease. Infi ltration of the bone or small bowel occurs in F4 disease. This classifi cation 
correlated closely with the level of pain, disease-free survival, and overall survival.

No signifi cant difference was seen among three different intraoperative radiation 
approaches for recurrent colorectal cancer that included IORT, high-dose-rate brachytherapy, 
and intraoperative placement of iodine-125 seeds. The overall 5-yr local control rate was 26% 
(109). Tumors in the para-aortic region had better rates of local control than tumors located 
in the pelvis (65% vs 19% at 5 yr), but this did not translate into an improvement in overall 
survival rates. The 5-yr overall survival rate was 4%; only the presence of residual disease 
(30% for microscopic and 7% for macroscopic at 3-yr) and administration of postoperative 
external beam radiation (48% vs 12% at 3 yr and 24% and 0% at 5 yr) infl uenced overall 
survival rates. Identifying residual disease may also be diffi cult. Radioimmunoguided 
surgery has been advocated to identify occult tumor deposits that may result in failure to 
completely resect the disease (110).
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Combined-modality therapy that includes IORT for recurrent colorectal cancer can 
result in wound-healing problems. With primary closure, one series reported a 46–65% 
rate of wound-healing problems (111). However, introduction of unirradiated tissue via 
myocutaneous fl ap reconstruction reduces the risk for major complications to 12% (112).

Irrespective of the use of IORT, resection of recurrent disease often requires an extensive 
surgical procedure for tumor clearance. This is often complicated by a prior history of 
radiation or reirradiation. Resection of recurrent disease was possible among 79% of patients 
(103 of 131 cases) and this resulted in a 31% 5-yr survival rate. Favorable prognostic 
factors included a normal preoperative carcinoembryonic antigen (CEA) level and recurrent 
tumor that is limited to the bowel wall (113). Aggressive surgical resection, including 
abdominosacral resection for fi xed tumors, also can result in a 31% long-term survival rate 
(114). These aggressive surgical approaches are possible with reconstruction procedures that 
include placement of a myocutaneous graft.

In summary, long-term survival is possible among patients with recurrent disease if it 
is found early and total surgical resection is possible. Radiation therapy is needed to clear 
potential nests of residual microscopic tumor. Because of prior therapies, like surgery and 
radiation, these tumor cells may be in hypoxic regions that require higher radiation doses. 
Reirradiation, especially with hyperfractionated treatment schedules, is well tolerated.

3. CONCLUSION

There has been substantial progress in the therapy of rectal cancer, especially with the 
advent of combined-modality therapy. Each modality contributes to local and systemic 
control of disease, and they have allowed the development of function-preserving surgical 
approaches. These combined-modality approaches also are effective in cases of recurrent 
disease and some patients may be rendered disease-free. Radiation therapy remains an 
integral aspect in the treatment of all clinical presentations of rectal cancer.
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1. INTRODUCTION

The use of postoperative combined-modality therapy (5-fluorouracil [5-FU]-based 
chemotherapy plus concurrent pelvic radiation therapy) signifi cantly improves local control 
and survival for patients with clinically resectable, transmural (T3) rectal cancer (1–4). For 
patients with unresectable disease (T4), it is more diffi cult to obtain these results.

In contrast to resectable rectal cancer, unresectable rectal cancer is a heterogeneous 
disease. For example, there is no uniform defi nition of resectability. It can vary from a 
tethered or “marginally resectable” cancer to a fi xed cancer with adherence to or direct 
invasion of adjacent organs or vital structures. This broad defi nition has prognostic implica-
tions because patients with gross invasion of tumor into vital pelvic structures are commonly 
approached in a palliative rather than a curative fashion. The defi nition of resectability also 
depends on whether the assessment is made clinically during an offi ce or radiological exam 
or at the time of an examination under anesthesia or surgery. For example, tumors thought to 
be unresectable at the time of clinical or radiographic examination may be found to be more 
mobile when the patient is relaxed under anesthesia. There are also prognostic differences 
between primary and recurrent tumors, and many series do not report the results separately. 
The heterogeneity of the disease and absence of a uniform defi nition of resectability may 
explain, in part, the variation in results seen among the series.

Radical surgery alone such as a pelvic exenteration may be curative in selected patients 
with unresectable disease. These include tumors invading pelvic organs, including the 
prostate, base of bladder, or uterus where the disease can be resected en bloc with negative 
margins. Some midline posterior tumors adherent to or invading the distal sacrum may 
be resectable for cure with an extended abdomino-perineal resection (APR) that includes 
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the sacrum. However, despite achieving a complete resection with negative margins, these 
patients still require combined-modality therapy for local control. In the subset of patients 
with recurrent unresectable disease, the tumor is commonly more locally extensive than 
indicated by physical and radiographic examination. With the exception of a limited suture 
line recurrence, initial surgery in this group of patients will likely leave microscopic or 
gross residual disease. Therefore, preoperative combined-modality therapy should be used 
routinely in patients with primary or recurrent unresectable disease.

2. STAGING

Physical examination, computed tomography (CT) scan, magnetic resonance imaging 
(MRI), and cystoscopy are helpful in staging these patients. The involvement of the sciatic 
notch as indicated by neurologic symptoms or pelvic imaging suggests a situation unlikely to 
be helped by surgery. With CT or MRI imaging, recurrent pelvic tumor, especially following 
an APR, is diffi cult to differentiate from scar. Positron-emission tomography (PET) may 
offer a more accurate assessment (5,6).

3. THERAPEUTIC APPROACHES

3.1. Preoperative Radiation Therapy
The primary goals of preoperative therapy are to convert an unresectable cancer to a 

resectable status and decrease the incidence of local failure. Because surgery commonly 
leaves residual disease in the pelvis in patients with unresectable disease, the standard 
approach until recently has been preoperative pelvic radiation therapy. Even when negative 
margins are achieved, the incidence of local failure is 30% or greater (7).

The only randomized trial is from the British Medical Research Council. A total of 279 
patients with clinical T4 primary rectal cancer were randomized to preoperative radiation 
therapy, albeit with a suboptimal dose of 40 Gy in 20 fractions, versus surgery alone (8).
Patients who received preoperative radiation had a signifi cant decrease in local failure (36% 
vs 46%, p = 0.04) and distant failure (35% vs 48%, p = 0.02). There was an improvement in 
median survival (31 mo vs 24 mo, p = NS) but no difference in survival (32% vs 28%).

As would be predicted, the results seen in patients with primary disease are more favorable 
than those with recurrent disease. In the series from the Massachusetts General Hospital 
(MGH), the rate of complete resection with negative margins was 59% for patients with 
primary cancers (9) compared with 44% of those with recurrent cancers (10). Limiting the 
analysis to the most favorable group of patients (primary cancers and negative margins), the 
5-yr actuarial local failure rate was 29% and disease-free survival was 60%. Therefore, even 
in the most favorable group of patients, local failure is still almost 30%. At the University 
of Florida, in the 48% of patients who were able to undergo a complete resection with 
negative margins, the local failure rate was 55% and the 5-yr determinate survival was 
20% (11,12). Tobin and colleagues reported a local failure rate of 20% and 5-yr survival of
60% in 85 patients treated with preoperative radiation (13). At Memorial Sloan-Kettering, 
58% of patients underwent a complete resection with negative margins following preopera-
tive radiation and the local failure rate was 25% (14). Similar results are reported from the 
University of Kentucky (15).

The most favorable outcome of patients with clinical T4 disease are the subset with 
tethered cancers. In a separate series from the MGH, 28 patients with tethered rectal cancers 
were treated with preoperative radiation (16). Tethered was defi ned as the sensation on the 
examining fi nger of partial tumor mobility consistent with extensive perirectal spread and 



Chapter 12 / Locally Unresectable Rectal Cancer 211

adherence but without fi xation to unresectable structures. Although a complete resection 
with negative margins was possible in 93%, the local failure rate was 24%. A local failure 
rate of 14% and 5-yr survival of 68% in 49 patients with tethered cancers treated with 
preoperative radiation was reported by Tobin and associates (13).

In conclusion, most series report that over 90% of patients with tethered disease and 
48–64% of patients with unresectable disease will be converted to a resectable status 
following standard doses of preoperative radiation therapy. However, despite a complete 
resection and negative margins, the local failure rate will vary, depending on the degree 
of tumor fi xation, from 24% to 55%. Because retrospective data suggest an increase in 
both the response (17) and resection (18) rates when 5-FU-based chemotherapy is added 
to preoperative radiation and prospective randomized data reveal an improvement in local 
control with postoperative combined-modality therapy (3), most patients with unresectable 
disease receive preoperative combined-modality therapy.

3.2. Improving the Results of Preoperative Radiation Therapy
The dose of radiation required to achieve an adequate level of local control in many cases 

of unresectable rectal cancer exceeds the tolerance of the surrounding normal tissues. A 
number of approaches have been used to address this limitation of preoperative radiation. 
The most promising have included intraoperative radiation therapy (IORT) and the addition 
of systemic chemotherapy.

3.3. Intraoperative Radiation Therapy
The primary advantage of IORT is that radiation can be delivered at the time of surgery 

to the site with the highest risk of local failure (the tumor bed) while decreasing the dose 
to the surrounding normal tissues. IORT is delivered by two techniques: electron beam 
and brachytherapy. With the electron beam technique, the radiation is delivered by a linear 
accelerator and, with the use of a cone, is directed to the tumor bed.

Techniques of brachytherapy include low-dose and high-dose radiation. The low-dose 
method involves implantation of radioactive sources with either removable iridium-192 
afterloading catheters or iodine-125 or palladium-103 permanent seeds (19) . If needed, the 
permanent seeds can be sutured or implanted directly into the tumor. As an alternative, they 
can be placed in a dexon mesh, which is then sutured to the tumor bed (20). Most of the 
experience with low-dose brachytherapy has been in patients with gross residual disease. It 
has also been used as an alternative to electron beam IORT in patients with negative margins 
(21,22). High-dose-rate (HDR) brachytherapy utilizes a fl exible multichannel applicator 
that conforms to the tumor bed. The applicator is positioned and an iridium-192 source 
and is programmed to deliver a uniform dose to the area at risk using a dose rate similar 
to electron beam IORT (22,23).

One technical advantage of brachytherapy compared to electron beam is there are virtually 
no clinical situations when, because of anatomic or technical constraints, that IORT cannot 
be delivered (22). In contrast, electron beam IORT was not able to be delivered because of 
anatomic or technical constraints in 10% of patients in the M.D. Anderson series (24) and in 
9% of patients in both the MGH recurrent (25) and primary unresectable (26) series.

The results of treatment depend on whether the patient has primary unresectable or 
recurrent disease as well as the margins of resection (negative vs microscopic vs gross 
residual). The discussion will be limited to patients who, in general, receive preoperative 
pelvic radiation with or without 5-FU-based chemotherapy. Most receive 45–50.4 Gy to the 
pelvis and 10–20 Gy IORT with either electrons or HDR brachytherapy. In general, patients 
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with negative margins have received lower IORT doses (10–15 Gy), whereas those with 
microscopic or gross residual disease have received higher doses (15–20 Gy).

3.3.1. PRIMARY UNRESECTABLE DISEASE

The most extensive experience with preoperative therapy followed by IORT has been 
reported from MGH (26). As seen in Table 1, for patients with negative margins, local 
failure is decreased from 18% without IORT to 11% with IORT. In patients with positive 
margins, local failure is decreased from 83% without IORT to 43% with IORT if there is 
gross residual, and to 32% with IORT if there is microscopic residual disease. For the total 
patient group (with or without IORT), the 5-yr disease-free survival was 63% for patients 
with negative margins and 32% for patients with positive margins. These results underscore 
the importance of delivering preoperative therapy in order to help achieve the most complete 
resection as possible. If negative margins cannot be obtained, then microscopic residual 
is still preferable to gross residual. Series from the Mayo Clinic (27) and Memorial Sloan-
Kettering (22) report similar local failure rates in patients with negative margins (7% and 
8%, respectively). The results of other selected series from Munich (23), Heidelberg (28),
and the NE Deaconess Hospital (20) are seen in Table 1.

3.3.2. RECURRENT DISEASE

The largest experience with IORT in patients with recurrent disease is from the Mayo 
Clinic (30). In contrast with the series of patients treated for primary unresectable disease, 
those with recurrent disease have less uniform treatment programs. For example, some have 
received prior pelvic radiation (25,30,31) and others were treated with IORT alone (22,34).
Selected series in which all patients received IORT are seen in Table 2.

In a report from the Mayo Clinic, 119 patients received, in general, 50.4–54 Gy preopera-
tively followed by a 7.5- to 20-Gy electron beam IORT (30). The higher IORT doses were used 
for patients with residual disease. For patients with negative margins, the crude local failure 
rate was 6% and increased to 18% for microscopic and 25% for gross residual disease. The 
5-yr actuarial local failure rates were 27% for microscopic disease and 45% for gross residual 
disease. For the total patient group, overall 5-yr survival was 20%. The M.D. Anderson (24),
Memorial Sloan-Kettering (22), and the French IORT groups (33) reported similar local 
failure rates for the total patient group (36%, 37%, and 31%, respectively). In the series by 
Hashiguchi et al. of 25 patients selected to receive IORT, the 5-yr survival was 21% (36).

Other series have not reported such favorable results. In a series from MGH, the 5-yr 
actuarial local failure rate for patients with gross residual was 89%, and for the total patient 
group, it was 70% (25). The 5-yr disease-free survival was 21% for patients with nega-
tive margins and only 7% for those with positive margins. Investigators from Eindhoven 
also reported that patients with gross residual disease had a signifi cantly lower rate of
3-yr actuarial local control (21% vs 79%, p = 0.01), disease-free survival (11% vs 54%,
p = 0.0008), and overall survival (35% vs 74%, p < 0.05) compared with those with negative 
or microscopic positive margins (34). At Memorial Sloan-Kettering there were no survivors 
at 2 yr with positive margins (22),whereas in the Heidelberg series, the 4-yr disease free 
survival was 29% (35). In contrast to patients with recurrent disease who have negative 
or microscopic positive margins, it is unclear if those with positive margins benefi t from 
aggressive therapy.

3.4. Complications of Electron Beam IORT
Complications such as neuropathy, vasculitis, bone necrosis, and ureteral injury in canines 

who received IORT have been described by Gillette et al. (37,38). In two series, hyperthermia 



C
hapter 12 / Locally U

nresectable R
ectal C

ancer 
213

Table 1
Primary Locally Advanced/Unresectable Rectal Cancer ± IORT (Selected Series)

Local failure Survival

No. of Months Preoperative
 Margins Margins

Series patients (follow-up) treatmenta IORT No. Negative No. Positive Total Negative Positive Total

Mayo (27) 61 18 45–55 Gy ± 5-FU Yes 18 16% crude 19 (micro) 15% crude 13% crude  Gross 21% 5 yr 46% 5 yr
  9 (minimum) 10–20 Gy IORT   17% 5 yr  14% 5 yr 16% 5 yr
       16 (gross) 25% crude
        27% 5 yr
MGH (26) 145 41 45–50.4 Gy ± 5-FU Yes 45 11% 5 yr 21 (micro) 32% 5 yr  63% 5 yr  Gross 32% 5 yr
  (median)     ± 10–20 Gy IORT    17 (gross) 43% 5 yr      DFS Gr9ss DFS
       28 total 35% 5 yr
    No 66 18% 5 yr 16 total 83% 5 yr
Heidelberg (28) 40 18 41.4 Gy + 5-FU Yes      91% DFS
  (median) 10–18 Gy IORT
Memorial 18 18 50.4 Gy + 5-FU/LV Yes  18% 2 yr  62% 2 yr 19% 2 yr 77% 2 yr Gross 38% 2 yr 69% 2 yr
    Sloan-Kettering (22)  (median) 10–20 Gy HDR IORT           DFS Gr9ss DFS
NE Deaconess 27 24 50.4 Gy ± 5-FU Yes     27% crude   41% NED
    Hospital (29)  (median) 12.5–17 Gy
   Orthovoltage IORT
Munich (23) 19 — 39.6 Gy BID + 5-FU Yes     10% crude
   15 Gy HDR IORT

aIn most patients. Note: BID = twice-a-day radiation; HDR = high-dose-rate intraoperative radiation; NED = no evidence of disease; DFS = disease-free survival.
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Table 2

Recurrent Rectal Cancer: Intraoperative Radiation ± Preoperative or Postoperative Therapy (Selected Series)

Local failure Survival

No. of Months Preoperative
 Margins Margins

Series patients (follow-up) treatmenta No. Negative No. Positive Total Negative Positive Total

Mayo (30) 119 — 50.4–54 Gy 17 16% crude 40 (micro) 18% crude 20% crude   20% 5 yr
   7.5–20 Gy IORT    27% 5 yr 37% 5 yr
   Some postop EBRT
       65 (gross) 25% crude
       40% 5 yr
MGH (25) 141b 31 50.4 Gy ± 5-FU 27 58% 5 yr 14 89% 5 yr 70% 5 yr 21% 5 yr 7% 5 yr 16% 5 yr
  (median) 10–20 Gy IORT      (or micro+)      (gross)      DFS     DFS
   Some prior EBRT
Heidelberg (35) 131b 28 41.4 Gy (22 preop) 14 21% crude 19 (micro) 33% crude 29% crude 71% 4 yr 29% 4 yr 48% 4 yr  
  (median) Mean 13.7 Gy IORT  22% 4 yr  39% 4 yr      DFS     DFS      (DFS)
           58% 4 yr 
      18 (gross) 37% crude
       40% 4 yr
Memorial 146b 18 (16) 50.4 Gy ± 5-FU/LV  18% 2 yr  81% 2 yr 37% 2 yr 71% 2 yr 0% 2 yr 47% 2 yr
    Sloan-Kettering (22)  (median) (15) 10–20 Gy HDR IORT          DFS     DFS
       (25) 10–20 Gy IORT alone
NE Deaconess 113b 24 50.4 Gy ± 5-FU     73%   27% NED
    Hospital (29)  (median) 12.5–17 Gy 
   Orthovoltage IORT
French IORT 173b 30 (30) 39 Gy ± 5-FU     31% 3 yr   31% 3 yr
    Group (33)  (median) (15) 10–15 Gy IORT     (57% margins–)
   (43) 10–15 Gy IORT alone
M.D. Anderson (24) 143b 26 45 Gy + 5-FU ± CDDP     36%   37% 5 yr
  (median) 10–20 Gy IORT            (DFS) 
                58% 5 yr 
Eindhoven (34) 137b 37 (17) 50.4 Gy preop 15 13% crude 18 (micro) 13% crude 24% crude   32% 3 yr  
  (mean) ( 15)10 Gy IORT   14 (gross) 43% crude 40% 3 yr       (DFS)
    (5) 30 Gy reirradiation        58% 3 yr
   (15) 15 Gy IORT
   (15) 17.5 Gy IORT
Catholic University 111b 80 45–46.8 Gy preop     20% crude   41% 5 yr
    Rome (31)  (median)     ± 5-FU/MMC

aIn most patients. Note: EBRT = external beam pelvic radiation therapy; HDR = high-dose-rate intraoperative radiation; DFS = disease-free survival.
bExcluding 10 patients with multifocal or extrapelvic disease.
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increased the neurological complications of IORT (39,40). In canines, IORT induced 
secondary malignancies are seen in 15%, with most occurring at doses >25 Gy (44).

In series with longer follow-up, similar morbidity has been reported in humans. The 
incidence of toxicity depends on whether the patient has primary or recurrent cancer. In 
the MGH IORT series, the incidence of complications were higher in those with recurrent 
disease (10% soft tissue or sacral injury and 10% pelvic neuropathy) compared with primary 
disease (2% sacral necrosis or ureteral obstruction) (9,10). In the Eindhoven series, 16% of 
patients developed neuropathy; however, it was grade 3 in only 3% (34).

Investigators at the Mayo Clinic have reported higher complication rates (42). In patients 
with primary or recurrent colorectal cancer, the incidence of peripheral neuropathy was 32%. 
The symptoms of pain, numbness, and tingling resolved in 40% of patients; however, only 
13% had resolution of weakness. Ureteral obstruction or hydronephrosis were seen in 63% 
of patients who did not have evidence of ureteral obstruction at presentation. Although there 
was no relationship between the incidence of complications and the external beam dose, the 
incidence of complications increased with the IORT dose.

It is diffi cult to clearly separate treatment-related complications from disease-related 
complications. The total incidence ranges from 15% to 50% in most series and is highest 
in patients with recurrent, unresectable disease. Complications such as delayed healing, 
infection, fi stula, and neuropathy may be the result of recurrent tumor, aggressive surgery, 
radiation, or, more likely, a combination of these. In the RTOG 85-08 trial, the 2-yr actuarial 
risk of signifi cant complications in the 42 patients with advanced or recurrent rectal cancer 
who received IORT as a component of their therapy was 16% (43). However, compared 
with a nonrandomized group who underwent surgery without IORT, there was no signifi cant 
increase in acute surgical complications in the IORT patients (44).

In conclusion, the phase I/II data suggested that the addition of IORT improved local 
control compared with preoperative therapy alone. The results in the subset of patients with 
recurrent cancer and/or residual disease are still not optimal. Unfortunately, there are no 
phase III trials of IORT.

3.5. Preoperative Combined-Modality Therapy
Based on the positive results seen in patients with resectable rectal cancer who receive 

adjuvant postoperative combined-modality therapy (1–3), there has been a shift to preopera-
tive combined-modality therapy.

As seen in Tables 1 and 2, there are a number of phase I/II trials of preoperative combined-
modality therapy for patients with unresectable disease. In most series, patients received 
45–50.4 Gy of pelvic radiation at 1.8–2.0 Gy/fraction plus two cycles of concurrent 5-FU 
based chemotherapy with bolus 5-FU/leucovorin or continuous-infusion 5-FU, followed by 
surgery (± IORT) and an additional four cycles of postoperative chemotherapy. Some have 
used methotrexate (45) or interferon (46). Marsh et al. have combined chronobiologically 
shaped 5-FU infusion with preoperative radiation therapy (12). Phase I/II trials examining the 
use of newer chemotherapeutic agents such as Tomudex (47–50), UFT/leucovorin (51,52),
CPT-11 (53–55), oxaliplatin (56–58), eniluracil (59), and capecitabine (60) with preoperative 
radiation therapy are in progress.

The presence of unresectable disease is, by itself, not a contraindication to sphincter 
preservation. Sphincter-preservation rates following preoperative therapy in patients with 
primary unresectable disease range from 24% to 50% (15,24,26,31,61). However, data 
from Shibata et al. from Memorial Sloan-Kettering Cancer Center (MSKCC) revealed that 
in 18 patients who underwent IORT as a component of their therapy and had sphincter 
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preservation, 56% reported fair to poor functional outcome and 56% were dissatisfi ed with 
their quality of life (62). For this patient group who are considered for a coloanal anastomosis 
or a very low anterior resection, they may be better served by a permanent diversion.

3.6. Relationship Between Response Rate and Survival
It is unclear if the response rate predicts outcome. Furthermore, because most studies 

that examine this issue do not report the results of patients with clinically resectable and 
unresectable disease separately, the data are diffi cult to interpret.

The pathologic complete response rate after combined-modality therapy varies from 10% 
to 30%. In a retrospective series of 33 patients from the study by Mohiuddin and associates, 
the pathologic complete response rate was higher in patients who received 55–60 Gy vs 
45–50 Gy (44% vs 13%, p < 0.05) (15). The highest pathologic complete response rate 
was seen in the subset of 12 patients who received both continuous infusion 5-FU and the 
higher radiation dose of 55–60 Gy (67%). However, these differences did not translate into 
a signifi cant local control or survival advantage.

Other series suggest that there is an advantage in outcome with increased downstaging. In 
an analysis by Kaminsky-Forrett et al. of 88 patients with clinical T3–4 rectal cancers who 
received preoperative radiation with or without 5-FU/leucovorin, there was a decrease in 
local failure (4% vs 15%) and a signifi cant increase in 5-yr cancer-specifi c survival (100% vs 
45%, p = 0.01) in patients who achieved a complete or near-complete response (pathologic 
stage T0-2N0 disease) compared with those with less of a response (pathologic stage T3–4
and/or N1-2) (63). Ahmad and colleagues reported a 5-yr actuarial local control rate of 96% 
and a 91% survival rate in the subset of 49 of a total of 315 patients with clinical T3–4
disease who achieved a complete response following preoperative radiation (64).

3.7. Predictive Tumor Markers
A variety of tumor markers have been identifi ed that may help predict tumors that

respond favorably to preoperative therapy (Table 3). Based on the experience that rapidly 
dividing cells are more sensitive to radiation, Willett et al. analyzed the proliferative index 
in patients with unresectable disease who received preoperative radiation therapy with or 
without 5-FU (74). Tumors with a higher proliferation index had a higher response rate to 
preoperative therapy, and following radiation, there was a corresponding reduction in the 
proliferative index (75). In a follow-up study, the authors reported that the addition of 5-FU 
to pre-operative radiation decreased three markers of proliferation (mitotic counts, Ki-67, 
and PCNA) compared with radiation therapy alone (66).

Tumors with a low spontaneous apoptosis index and positive BCL-2 staining had lower 
rates of downstaging in a series of 50 patients who received preoperative combined modality 
therapy reported by Rich and associates (76). In 167 patients treated with preoperative 
radiation, there was a signifi cant increase in downstaging in well-differentiated cancers (77).
Using residual tumor cell density rather than stage as a measure, this difference did not reach 
statistical signifi cance. By univariate analysis, patients who achieved a pathologic complete 
response had a nonsignifi cant improvement in survival. Berger and associates found that 
well-differentiated tumors had a greater degree of downstaging compared with moderately 
or poorly differentiated tumors (78).

Desai and colleagues reported a higher incidence of recurrence but less downstaging in 
PCNA-positive rectal cancers (79). By multivariate analysis, Neoptolemos and associates 
showed that this index did not add to the prognostic value of the Dukes’ staging system (80).
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Table 3
Molecular Predictors of Response to Preoperative Therapy in Rectal Cancer

 No. of Clinical Preoperative
Series patients stage therapy % CR Findings

Desai et al. (65) 23 T3–4     RT 9 ↑ downstaging with normal p53 and/or PCNA negative
Fu et al. (67) 49 T1–3     RT 4 ↑ downstaging, ↑ local failure, and ↓ survival with mutated p53 and 
         normal p21
Sakakura et al. (68) 28 T3–4     CMT + — ↑ downstaging with ↑ apoptotic index—highest correlation with 
   hyperthermia      wild-type p53
Scott et al. (69) 24 T3–4     CMT 25 ↑ apoptotic index with ↑ CR. No relationship to p53  or bcl-2
Tannapfel et al. (70) 32 T3–4     CMT — ↑ apoptotic index following pre-op CMT. ↓ proliferative capacity 
         ([Ki67, PCNA] following CMT but did not predict the CR rate).
Luna-Perez et al. (71) 26 T3–4     CMT 15 ↑ CR with normal p53 versus mutated p53
Willett et al. (66) 153 T3–4     RT ± CMT 12 ↑ downstaging with ↑ growth fraction (↑ mitotic count and Ki-67 
         and PCNA)
Nehls et al. (72) 100 T1–3     RT — No change in p53 expression pre-RT vs post-RT
Adell et al. (73) 148 T1–4     RT — In p53 negative patients, preoperative RT decreased local failure, 
         whereas p53 positive patients had no benefi t from preoperative RT.

Note: All analysis were performed by immunohistochemistry on paraffi n fi xed tissues.
CR = pathologic complete response; CMT = combined-modality therapy (radiation plus chemotherapy).
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The proliferative index may be useful in predicting the response to preoperative therapy 
however, given the confl icting data, additional experience is needed.

Although some tumor markers may be predictive of response, the decision to use preopera-
tive therapy should not be made solely on their presence or absence. The development of tumor 
markers to predict response and prognosis remains an active area of investigation (81).

3.8. Intraoperative or Postoperative Radiation Therapy for Residual Disease
For a variety of reasons, some patients with unresectable cancer do not receive preopera-

tive therapy or, despite a preoperative assessment of resectability are not able to undergo 
a complete resection. In this setting, does IORT and/or postoperative pelvic radiation 
therapy have any benefi t? As previously discussed, the interpretation of treatment results is 
complicated because many studies combine patients with primary and recurrent cancers as 
well as those with gross and microscopic residual disease. Patients are randomly selected to
receive chemotherapy and some series include patients with metastatic disease. The discus-
sion will be limited to those series in which patients have disease limited to the pelvis.

Therapeutic options are limited for patients who have failed prior pelvic radiation. The 
standard therapy is usually palliative surgery or systemic chemotherapy. Furthermore, the 
response rate with chemotherapy may be reduced in a pelvis that has received full-dose 
radiation.

There are a variety of aggressive options for patients who have failed prior pelvic radiation 
(Table 4). Although these are investigational approaches, they may offer an improvement 
in local control in selected patients.

3.9. Subtotal Resection and Postoperative Radiation Therapy
In a report from the Mayo Clinic, 17 patients with rectal cancer received postoperative 

radiation therapy (40–60 Gy) ± 5-FU (86). The overall local failure rate was 76% and the 
5-yr actuarial survival was 24%. The 7 patients with gross residual disease had a higher 
incidence of local failure (86% vs 70%) and lower survival (14% vs 30%) compared to 
the 10 patients with microscopic residual disease. There was no clear dose-response curve; 
however, only one patient received ≥ 56 Gy.

In a separate report from the Mayo Clinic, the results of 106 patients who underwent 
a palliative (subtotal) resection for locally recurrent rectal cancer were presented (87).
5-FU was delivered in 48%. In the subset of 34 patients with gross residual disease who 
received IORT and postoperative therapy, the 3-yr survival was 44%. However, despite the 
encouraging survival rate, 40% developed local failure and 60% developed distant failure. 
Univariate analysis revealed a signifi cant improvement in survival in those patients with 
microscopic compared with gross residual disease, the use of IORT, a limited number of sites 
of tumor fi xation, and higher performance status. These data suggest that even in patients 
with locally recurrent residual disease, an aggressive approach should be considered.

Other reports have included patients with both rectal and colon cancers as well as patients 
with both primary and recurrent disease. At MGH, patients received higher doses of radiation 
(60–70 Gy) compared with the Mayo Clinic external beam alone series (88). Seven patients 
received electron beam IORT. For the total group, local failure was 42% and 5-yr disease-
free survival was 18%. The 23 patients with gross residual disease had a higher local 
failure rate (57% vs 30%) and a signifi cant decrease in survival (4% vs 42%) compared 
with the 30 patients with microscopic residual disease. The improvement in local control 
when compared with the Mayo Clinic external beam alone series may have been related 
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Table 4
Aggressive Surgical Plus Radiotherapeutic Salvage Techniques

 No. of  Mediana  % Local
Series patients Treatment follow-up Margins failure Survival 

USC/Mayo (82) 30b Surgery and brachytherapy 27.5 (20) Gross+ 62% 23% NED
    1(8) Micro + 34%
    1(2) Negative 10%
Mayo (83) 16b Sacral resection + IORT 18.5          — 25% 48% 2 yr
Thomas Jefferson  39b Preoperative 36 Gy 36.5          — 55% 5 yr 24% 5 yr
    Univ. (84)      (reirradiation) + surgery    45 mo median
Ohio State (85) 26b Surgery and IORT 28.5          — 77% 4 yr 36% 4 yr
      23 mo median
Memorial 36b Surgery and brachytherapy 24.5 Gross+ 44% 25% 4 yr
    Sloan-Kettering (19)
Memorial 46b HDR IORTc 17.5          — 37% 2 yr 47% 2 yr
    Sloan-Kettering (22)      plus surgery
Catholic 13b Preoperative 23.4 Gy 80.5          — 59% 5 yr 30% 5 yr
    University, Rome (31)      (reirradiation) ± surgery
      ± brachytherapy

Note: NED = no evidence of disease; IORT = intraoperative radiation therapy, EBRT = external beam radiation therapy; HDR = high-dose-rate intraoperative 
radiation.

aMonths.
bOnly 69% with prior EBRT.
cIncludes 16 patients who received preoperative radiation who did not receive prior pelvic radiation.
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to the higher radiation doses. There was no clear dose-response curve in patients with 
gross disease; however, patients with microscopic residual disease who received <60 Gy 
did have a higher incidence of local failure compared with those who received ≥60 Gy 
(38% vs 26%).

The volume of gross residual disease may also have an impact on the local failure rate. As 
seen in Tables 1 and 2, this is consistent with the reports from MGH (25,26) and the Mayo 
Clinic (27,30) IORT series where patients with gross residual disease had lower survival and 
higher local failure rates compared with patients with microscopic residual disease.

In patients who undergo a complete resection and have potential microscopic disease, 
45–50.4 Gy is the recommended dose, which is within the tolerance of the surround-
ing normal tissues. However, when microscopic or gross biopsy-proven residual disease is 
present (i.e., following a subtotal resection), the dose of radiation required is higher. Even in 
situations where the small bowel can be excluded from the external beam radiation fi eld, other 
surrounding normal tissues in the pelvis limit the dose to 60–65 Gy, which may be inadequate 
for controlling large volumes of gross residual tumor. Therefore, it is not surprising that
the results for patients with residual disease who receive postoperative radiation therapy are 
disappointing. The obvious advantage of preoperative therapy is that it increases the ability to 
achieve negative margins thereby allowing maximum surgery and IORT.

3.10. Reirradiation with External Beam Followed by Surgery
Mohiuddin et al. reported the use of reirradiation in a selected group of 39 patients with a 

local recurrence who received prior pelvic radiation (Table 4) (84). They were retreated with 
a median dose of 36 Gy using limited lateral fi elds plus continuous infusion 5-FU. A partial 
pelvic fi eld was used and the bladder and small bowel were excluded as much as possible 
from the radiation fi eld. With a median follow-up of 3 yr, the 5-yr actuarial local failure 
rate was 55% and survival was 24%. Valentini and colleagues treated 13 patients in a 
similar fashion (however, four underwent surgery ± brachytherapy) and reported a 5-yr local 
control and survival rate of 41% and 30%, respectively (31). Although retreatment with 
limited radiation fi elds may be an option in highly selected patients, this approach should 
be considered experimental.

3.11. Palliative Radiation Therapy Without Surgery
The most favorable results are reported for patients who are able to undergo surgery as 

a component of their therapy. There are, however, a subset of patients who are unable to 
undergo surgery because they are medically inoperable, present with extensive unresectable 
disease grossly invading bone, have received prior pelvic radiation, or refuse surgery. 
In general, they have been treated with external beam with or without chemotherapy 
(14,84,89–94).

As seen in Table 5, in a series of 519 patients treated with radiation therapy alone at the 
Princess Margaret Hospital, the median survival was 14 mo and the 5-yr survival rate was 
5% (92). In the subset of patients who received conventional doses of radiation (≥ 50 Gy),
the median survival was 24 mo and the 5-yr survival was 13%. Other selected series reviewed 
in Table 5 report similar results (14% at 3 yr (84) and 31% at 2 yr) (93) however, they have 
shorter follow-up and a smaller number of patients. In a subset of patients without metastatic 
disease who received >46 Gy, Overgaard et al. reported a 30% 2 yr survival (95). A 30% 
3-yr survival was reported by Minsky and associates (14).

The data from Princess Margaret Hospital also suggest that pelvic radiation provides 
very effective palliation. In the subset of 84 patients who received >45 Gy, the following 
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Table 5
Nonsurgical Palliative Radiotherapeutic Options

No. of Mediana Defi nition
 % Palliation of those patients with symptoms at presentation

Series Treatment patients Subset (follow-up) % LF % Survival of palliation Pain Bleeding Neuro Mass Discharge Total

Princess Margaret 20–60 Gy ± 5-FU 519 Total — 93% 5 yr 15% 5 yr 6–8 wk s/p  78 168 27 53 44
    Hospital (92)           EBRT
  >45 Gy ± 5-FU 184  —     —     — 6–8 wk s/p  89 179 52 71 50
           EBRT

≥50 Gy ± 5-FU 174  — 85% 5 yr 13% 5 yr 
≥50Gy ± 5-FU 142 Resectable, —  21% 5 yr

       but refused
Thomas Jefferson Reirradiation with 152 Total 16     — 14% 3 yr Complete 65 100  24
    Univ. (84)     30.6 Gy ± 5-FU      Partial 28 —  64
         (failed EBRT)      Total 93 100  88
       Duration 19 mo 110 mo  1 8 mo
       Until death 33 100  20
Centre Hospitalier Intracavitary + 129 Total 46 38% 68% 5 yr
    Lyon Sud (94)     39 Gy accelerated
     EBRT ± brachytherapy
Peter McCallum 50–60 Gy 139 Radically 49     — 31% 2 yr Complete      33
    Cancer Institute        treated    Partial      52

(93)       Total      85

Note: EBRT = external beam radiation therapy; LF = local failure; s/p = following.
aMonths.
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presenting symptoms were palliated by 6–8 wk following the completion of radiation: pain, 
89%; bleeding, 79%; neurologic, 52%; mass effect, 71%; discharge, 50%; urologic, 22%; 
and other, 42% (92). In the series from Thomas Jefferson University, complete plus partial 
symptomatic relief was achieved in the following categories: pain (65% + 28%), bleeding 
(100%), and mass effect (24% + 64%) (84). The duration of palliation was 8–10 mo.

The palliative benefi ts of pelvic radiation are also seen in elderly patients. Valentini et al. 
delivered combined modality therapy (38–45 Gy plus mitomycin-C and continuous infusion 
5-FU) to a group of 17 patients with a median age of 79 (range: 75–90) (96). Symptomatic 
relief was obtained in four of four patients with pelvic pain and fi ve of six patients with rectal 
bleeding. The 18% incidence of grade 3+ toxicity was similar to that reported for the general 
population who receive preoperative combined-modality therapy.

In summary, the data suggest that patients with advanced rectal cancers who are medically 
inoperable should be treated aggressively with pelvic radiation therapy as a component 
of their therapy. It offers not only a defi ned cure rate but a high degree of palliation of 
symptoms.

3.12. Treatment of Gross Residual Disease with IORT Alone
There is a subset of patients with recurrent rectal cancer who have clinically unresectable 

gross residual pelvic disease and, because of prior full-dose pelvic radiation therapy, would 
require an attempt at resection without the benefi t of preoperative and/or postoperative 
radiation therapy. Furthermore, when IORT is not available, this group of patients is 
commonly approached in a palliative fashion because surgery alone will not control gross 
residual disease.

As seen in Table 4, the limited data suggest that IORT with either electrons or brachy-
therapy does not improve the ultimate survival rate in this group of patients. However, it 
does offer reasonable local control (56–60%) with acceptable morbidity. Because local 
control alone is an important end point in the treatment of rectal cancer, it is appropriate 
to continue to evaluate IORT as part of an overall aggressive approach in patients in this 
clinical setting.

3.13. Postoperative Combined-Modality Therapy
Although most patients now receive preoperative therapy, there are two randomized trials 

comparing postoperative combined-modality therapy with radiation alone. The fi rst trial was 
reported from the Radiation Therapy Oncology Group (RTOG) and included 129 patients 
with residual, primary unresectable, or recurrent rectal cancers who were randomized to 
radiation therapy plus concurrent 5-FU followed by maintenance 5-FU methyl CCNU 
(MeCCNU) vs radiation therapy alone (97). Some patients received IORT. There was no 
signifi cant difference in the estimated actuarial 2-yr survival rate in patients who received 
combined-modality therapy compared with radiation therapy alone (44% vs 36%). Of the 
patients with gross residual disease (in either arm), 25% were without evidence of disease, 
6% were locally controlled, and 50% died with a component of local failure.

In the second trial, the Eastern Cooperative Oncology Group (ECOG) randomized 30 
patients with recurrent, residual, or primary inoperable rectal cancer to postoperative 
continuous-course radiation therapy versus split-course radiation therapy plus 5-FU followed 
by maintenance 5-FU/MeCCNU (98). The median survival in both arms was 17 mo. The 
fi ve patients with primary inoperable cancer (defi ned as gross residual disease) had the 
shortest 2-yr survival (0%) compared with the 16 with recurrent (25%) or the 9 with residual 
disease (54%).
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In conclusion, postoperative combined-modality therapy, as designed and delivered in 
these two randomized trials, did not have a signifi cant impact on survival compared with 
postoperative radiation therapy alone in this subset of patients. Other chemotherapeutic 
agents and schedules are being investigated.

3.14. Hyperthermia
There is an in vitro synergistic interaction of radiation and hyperthermia. Hyperthermia, 

in conjunction with radiation, has been mostly used as a palliative modality in rectal cancer 
(99–104). The results of this combination in patients with various pelvic and abdominal 
malignancies has been reported in a phase I/II trial by the RTOG (105). The acute and long-term 
toxicities were acceptable in 68% of the patients; however, hyperthermia had to be discontinued 
because of discomfort. Final results of this trial are pending. Hyperthermia has also been 
reported to increase the neurological complications of patients receiving IORT (39,40).

3.15. Neutron Beam Radiation Therapy
The theoretical advantages of neutrons compared with more conventional photon radiation 

include increased sensitivity of hypoxic cells and more advantageous radiation repair 
and sensitivity characteristics of normal tissues. The results of two randomized trials that 
compared neutrons and photons in patients with unresectable and recurrent rectal cancers 
were reported by Duncan et al. (106). A total of 35 patients received neutrons using a variety 
of techniques and doses. Not only were there were no signifi cant differences in local control 
or survival, but patients who received neutrons experienced higher acute and late grade 3+ 
skin toxicity. The preferential absorption in fat of neutrons may have contributed to the 
increased incidence of complications. Similar severe and fatal complications were reported 
in a series of 25 patients with advanced rectal cancer treated by Batterman and colleagues 
(107). Despite the theoretical advantages, there is little interest in the treatment of rectal 
cancer with neutrons.

3.16. Radiosensitizers
Various mechanisms for 5-FU-mediated radiosensitization have been proposed however, 

none alone explain all of the interactions (108). Randomized clinical trials in rectal cancer 
have clearly shown that 5-FU is a radiosensitizer. When combined with adjuvant postopera-
tive radiation therapy, it signifi cantly decreases local failure compared with radiation therapy 
alone in patients with resectable disease (1–3). Nonrandomized data from Rhomberg et 
al. suggest that razoxane may improve local control and median survival in patients who 
receive radiation for inoperable recurrent rectal cancer (109). Trials of other radiosensitizers 
have not revealed a clear benefi t.

3.17. Radioprotectors
The benefi t of radioprotectors is controversial. There are six randomized trials examining 

the effi cacy of various compounds to decrease bowel toxicity. These trials have included 
such compounds as butyric acid to decrease chronic radiation proctitis (110), sucralfate 
enemas (111), and oral preparations (112) to decrease acute radiation proctitis, olsalazine 
to decrease acute enteritis (113), and mesalazine to decrease acute radiation enteritis (114).
All of these randomized trials have been negative. In a randomized trial of 73 patients with 
pelvic malignancies, the addition of 5-aminosalicylic acid increased rather than decreased 
acute radiation toxicity. Diarrhea was more frequent with the radiation plus 5-aminosalicylic 
acid arm compared with radiation alone (91% vs 74%, p = 0.07) (115).
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Liu et al. performed a randomized trial of pelvic radiation therapy (2.25 Gy/fraction 
to 45 Gy) with or without the radioprotector WR-2721 in patients with inoperable or 
unresectable rectal cancer (116). The incidence of RTOG long-term grade 3+ gastrointestinal, 
genitourinary, and skin toxicity was 3% in the radiation-therapy-alone arm compared with 
0% in the radiation-therapy-plus WR-2721 arm. A separate trial by Montana and colleagues 
showed no benefi t with a topical application of WR-2721 to the rectal mucosa (117). Based 
on these data, WR-2721 does not offer radioprotection in patients with rectal cancer who 
receive pelvic radiation therapy.

3.18. Altered Radiation Fractionation Approaches
Various fractionation programs have evolved with the goal of enhancing tumor cell 

damage by radiation without increasing normal tissue injury (118). The repair of subcellular 
injury, regeneration, cell-cycle redistribution, and reoxygenation are all factors at the cellular 
level contributing to differences in how various normal tissues and tumors respond to 
fractionated radiation. The use of hyperfractionation and accelerated fractionation schemes 
take advantage of some of these factors. The late effects should be the same as or, more 
likely, less than conventional fractionation schemes. A phase I trial from Lausanne of 
postoperative accelerated hyperfractionation (1.6 Gy twice a day [bid] to 48 Gy) reported 
acceptable acute toxicity (119). Recent data from this group suggests that bid radiation 
is better tolerated when delivered preoperatively as compared with postoperatively (120).
Bozzetti et al. reported a pathologic complete response rate of only 9% in 59 patients with 
ultrasound stage T2–3 disease who preoperatively received 1.5 Gy bid to 45 Gy (121).

The major limitation of accelerated hyperfractionation is acute normal tissue toxicity. 
Because it is unlikely that these altered fractionation schemes can be combined with adequate 
doses of systemic chemotherapy, Movsas and colleagues have limited the hyperfractionated 
portion to the boost. In their phase I trial of preoperative combined-modality therapy patients 
receive conventional pelvic radiation plus continuous infusion 5-FU followed by a boost 
with escalating doses of hyperfractionated radiation (1.2 Gy bid) (122). Providing the 
small bowel was excluded after 52.3 Gy, the recommended dose level with this approach 
was 61.8 Gy.

In a randomized trial of patients receiving radiation therapy for pelvic malignancies, 
three-dimensional conformal radiation therapy decreased the volume of normal tissue in the 
fi eld however, it did not decrease acute toxicity (123).

3.19. Three-Dimensional Radiation Treatment Planning
Innovative techniques using three-dimensional (3D) treatment planning are being 

investigated. In a report from the Photon Treatment Planning Collaborative Working Group, 
it was found that the most important contribution of 3D treatment planning in rectal cancer 
was the ability to plan and localize the target and normal tissues at all levels of the treatment 
volume rather than using the traditional method of planning with only a single central 
transverse slice and simulation fi lms (124). There was also a slight improvement when 
there were no constraints on the type of plans (i.e., when non-coplanar beams were used). 
A randomized trial of conformal versus conventional radiation therapy in 266 evaluable 
patients with pelvic malignancies has been reported by Tait et al. (123). Although there was 
a decrease in the volume of normal tissue volumes in the radiation fi eld with conformal 
versus conventional treatment (689 vs 792 cm3), there was no difference in the level of 
symptoms or in medication prescribed.
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Investigators in Uppsala examined six patients with rectal cancer who underwent both 
proton and conventional photon treatment planning (125). By dose-volume histogram 
analysis, protons offered only a marginal benefi t in sparing normal tissues.

3.20. Approach to Patients with Synchronous Metastatic Disease
There are a subset of patients who present with unresectable disease and synchronous 

extrapelvic disease. Because the natural history of these patients is dependent on a variety 
of factors such as the volume and site(s) of metastatic disease and the disease-free interval 
in those with recurrent disease, treatment recommendations are individualized. There is 
no standard of care. The management of these patients is discussed in greater detail in 
the chapter on metastatic disease. At Memorial Sloan-Kettering, the general approach is 
often to deliver preoperative combined-modality therapy both as a therapeutic measure 
and to help identify those who may benefi t from an aggressive surgical approach. If in 
following the completion of therapy, there has been a response in both the primary and 
metastatic site(s), then the patient is evaluated, on a case-by-case basis, for resection of 
the primary and metastasis.

4. CONCLUSIONS

In summary, unresectable rectal cancer is a heterogeneous disease and it is diffi cult to 
accurately compare different series because of this selection bias. However, in patients who 
have not received prior external beam radiation, the data suggest that the best results are 
obtained with preoperative combined-modality therapy, followed by maximum surgical 
resection plus IORT. Combined-modality therapy regimens with newer chemotherapeutic 
regimens are being actively investigated.
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1. INTRODUCTION

In the mid-1960s, it was reported that only a modest dose of external beam radiation
therapy (RT) given to the whole liver could produce clinically signifi cant hepatic dysfunction 
(1). Because this dose was well below that required for the primary treatment of a number 
of solid tumors, RT was generally only considered for palliation, and research efforts were 
directed toward determining the degree of symptomatic benefi t. Additional attempts were
made to increase the relative effect of whole-liver RT by adding radiation sensitizers or
chemotherapy. Other efforts avoided irradiation of the whole liver by using radiopharma-
ceuticals, either placed directly in the liver or administered via vascular infusion.

In the last decade, there have been tremendous improvements in the ability to plan RT 
treatment (2). Prior to these developments, RT was typically planned using a single contour 
of the external surface of the patient at the center of the treatment region. Target volumes 
to be irradiated and normal tissues to be avoided were then outlined on the contour using 
bone landmarks, contrast on plain X-rays, and/or the physician’s best guess at transferring 
anatomy from a diagnostic computed tomography (CT) scan. With the recent advances 
in radiographic imaging, computer graphics, and computational speed, a complete three-
dimensional representation of the patient’s external shape and internal anatomy is possible. 
This has allowed the routine use of radiation beams that are not confi ned to the axial plane, 
potentially sparing a maximal volume of liver from the radiation (3). Three-dimensional 
treatment planning has also allowed the radiation oncologist to have an accurate measurement 
of the distribution of dose within the normal tissues. These developments led to a resurgence 
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of interest in the use of external beam RT. Indeed, recent studies have shown that a hepatic 
radiation dose of over three times the whole-liver tolerance dose can be given safely if 
enough normal liver is spared (4).

2. RADIATION-INDUCED LIVER DISEASE

The typical symptoms of radiation-induced liver disease (RILD) occur 1–2 mo after 
the end of RT (for review, see ref. 5). The clinical appearance is similar to suprahepatic 
vein obstruction or Budd–Chiari syndrome, with fatigue, rapid weight gain, and increased 
girth. Although ascites and hepatomegaly may be present on physical exam, jaundice is 
usually absent. Blood tests reveal moderate elevations of aspartate transaminase and alanine 
transaminase and a normal or slightly increased bilirubin, but an alkaline phosphatase that is 
3–10 times normal. Radiographic studies are useful for ruling out progressive hepatic disease 
as the cause of dysfunction, but it cannot rule in RILD, as reversible changes resulting 
from RT are frequently observed (6). Biopsy of the liver will show the typical pattern of 
veno-occlusive disease, with severe congestion of the sinusoids in the central lobules and 
atrophy of the inner portion of the liver plates (5). However, in contrast to Budd–Chiari
syndrome, there are no changes in the larger veins of the liver.

The risk of developing RILD is dependent on both the dose of radiation given and the 
volume of liver irradiated. In the original description of RILD, 40 patients with lymphoma or 
ovarian cancer were treated with 13–51 Gy (median: 39 Gy) to the whole liver (1). Thirteen 
developed RILD, which was lethal in three patients and had an obvious relationship with the 
dose administered (Table 1). A later, prospective study by the Radiation Therapy Oncology 
Group (RTOG) tested four different dose and fractionation combinations for whole-liver RT, 
from as short as 21 Gy in 7 treatments to as long as 30 Gy in 15 treatments and found no 
evidence of RILD in over 100 patients treated (7). The safety of the 21 Gy in the 7-treatment 
schedule was redemonstrated in a prospective trial in which 81 patients were treated without 
RILD (8). The RTOG also performed the only phase I study of RT dose, administering 27 Gy,
30 Gy, and 33 Gy at 1.5 Gy twice a day (9). None of the 122 patients treated to 27 and 
30 Gy experienced RILD, however, 5 of 51 patients entered at the 33-Gy level revealed 
clinical or biochemical evidence of RILD but no grade ≥4 toxicity. Overall, through this 
and other reports (10), it seems fairly certain that the whole liver can tolerate 30–35 Gy 
in standard fractionation or hyperfractionation, but above this amount, the risk of RILD 
rises steeply (11).

There is considerable evidence that a portion of the liver can be irradiated to a very high 
dose as long as other volumes of the liver have not been irradiated directly. Although this 
observation has been recognized for decades (1), quantifi cation of the relationship has been 

Table 1
Development of Radiation-Induced Liver Disease

in Patients Irradiated to the Whole Liver

Dose (Gy) No. of patients with RILD / No. treated

<30 0 / 5
<30–35 1 / 8
<35–40 5 / 9 (1 fatal)
<40–51 7 / 18 (2 fatal)

Source: Modifi ed from ref. 1.
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described only recently (12,13). Using three-dimensional treatment planning techniques, 
investigators have found that a dose of RT as high as 90 Gy can be given safely to liver 
abnormalities as long as a minimum volume of normal liver was not irradiated (4).

The risk of developing RILD may be increased by the coadministration of chemothera-
peutic agents and RT, resulting from both direct hepatotoxicity (14) and radiosensitization 
(15). The largest experience with combined chemotherapy and hepatic RT is with the 
fl uoropyrimidines, which have little hepatotoxicity but are mild radiation sensitizers. The 
combination of either systemic or hepatic arterial fl uoropyrimidines with whole-liver RT to 
approximately 30 Gy has been tested in multiple studies, without evidence that the whole-
liver tolerance dose was reduced (16–18). Hematologic toxicity may be affected as one trial 
of concurrent 5-fl uorouracil (5-FU) and whole-liver RT required a major chemotherapy dose 
reduction during the study (19); however, other studies using a similar combination 
have not reported undue toxicity (16–18,20). Severe or fatal liver dysfunction has been 
reported with other chemotherapeutic agents. One phase II trial combined hepatic arterial 
5-FU and mitomycin C with whole-liver RT and found 11 of 13 patients with signifi cant 
persistent liver enzyme elevations and one death as a result of hepatic dysfunction with an 
RT dose of only 19.5 Gy at 1.5 Gy/d (21). This experience suggests that the combination of
whole-liver RT with any new drug will require a phase I study to determine the safe dose 
of either modality.

3. PALLIATIVE TREATMENT

Whole-liver RT in symptomatic patients has resulted in excellent palliation (Table 2), with 
pain improvement in 55–89% of patients (7,8,17,20,22,23) and complete relief in about 50% 
(8). Symptomatic improvement in pain was prompt and occurred within a median of about
2 wk from the beginning of treatment (7,8). Patients with more severe symptoms experienced 
the greatest degree of improvement in one prospective trial, with 70% of those in severe pain 
but only 27% of patients with mild pain reporting improvement (7). Other symptoms, such 
as nausea, vomiting, fever, jaundice and anorexia, have also been reported to improve in 
25–50% of patients (7,20,22). The duration of palliative benefi t has been variable, with one 
study reporting an average of only 1.2 mo of improved symptoms (22), but others fi nding 
that pain relief lasted for most of the patients remaining median 4.5-mo lifetime (23). In 
the largest prospective series (8), symptomatic patients experienced a median duration of 

Table 2
Results of Palliative Whole-Liver RT

Symptomatic improvement

No. of
(% Any improvement / % complete resolution)

Author (ref.) Dose (Gy) patients Pain Hepatomeg Fever/NS Anorexia Fatigue N/V Jaundice

Phillips et al. (22) 20–37.5 36 187 / 87 — 61 / 61 65 / 65 55 / 55 44 / 44 —
Sherman et al. (23) 15–30 55 190 / 54 93 / 62 — — — — —
Borgelt et al. (7) 20–30.4 103 155 / 24 — 45 / 27 28 / 9 19 / 7 49 / 34 27 / 17
Leibel et al. (8) 21 187 180 / 54 — — — — — —
Mohuiddin et al. (20) 18–31 33 171 / — 59 / — 67 / — 35 / — 17 / — 25 / — 25 / —
 33–59.39 12 100 / — 89 / — * * * * *

Note: Hepatomeg = hepatomegaly; NS = night sweats; N/V = nausea and vomiting; — = not reported; * = 
less than 5 patients with complaint.
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response of 13 wk and 52% of those surviving 3 mo remained improved. Retrospective 
studies have suggested no additional palliative benefi t with combined liver RT and concurrent 
chemotherapy (22,23); however, there are no randomized trials available.

The RTOG tested a number of different dose and fractionation regimens in a prospective, 
nonrandomized pilot study (7). A total of 103 evaluable patients with liver metastases, 
including 55 from the gastrointestinal tract, were treated with 1 of 6 different RT schedules, 
ranging from 21 Gy in 7 fractions to 30.4 Gy in 19 fractions. Approximately one-quarter of 
patients were unable to complete the treatment, primarily the result of declining performance 
status. Of the 78 patients with abdominal pain, 55% experienced some improvement in 
pain, with complete relief in 24%. There was no relationship among the frequency of pain 
relief and the primary tumor, extent of metastases, or treatment regimen. The toxicity was 
acceptable, with 16% of patients compaining of nausea and vomiting, which led to an early 
termination of therapy in only 3%.

The RTOG also performed the largest randomized prospective trial of palliative liver 
RT, testing 21 Gy in seven fractions alone vs combined with the hypoxic cell sensitizer 
misonidazole (8). There were 187 evaluable patients, including 60% with metastatic colon 
cancer, and patients were stratifi ed according to the primary site of disease. The addition 
of misonidazole was associated with an 87% rate of improvement in pain with complete 
relief in 63% vs 74% improvement, with complete relief in 47% of patients treated with 
RT alone (p = 0.08 and p = 0.20, respectively). Patients with metastatic colon cancer had 
a signifi cantly greater frequency of palliative benefi t than other primary sites (p = 0.02). 
Symptoms other than pain were not reported. The objective response was assessed by CT 
scan in 164 patients and included 1 complete and 11 partial responses with no difference 
between the treatment arms. Although responses were rare and there was no survival benefi t 
with misonidazole, this study did demonstrate the palliative benefi t of short-course whole-
liver RT in a prospective multicenter setting.

A higher dose of RT may be associated with an increased rate of palliation. One study 
reported 45 patients treated for metastatic colorectal cancer and found that the palliation rates 
were substantially better in 12 patients who were treated with whole-liver RT plus a boost 
to a total dose of 33–60 Gy, compared to 33 historical controls treated with whole-liver RT 
alone (20). This fi nding has not been tested in randomized prospective trials.

4. PRIMARY TREATMENT

The surgical results with liver resection suggest that control of hepatic metastases may 
be associated with long-term survival. Typically, resection has been limited to patients 
without involved hepatic lymph nodes, unresectable extrahepatic disease, or more than three 
metastatic deposits (24). Even with these criteria, approx 50% of patients explored were 
found to be unresectable in a prospective multi-institutional study, usually resulting from 
the presence of bilobar disease found at exploration (25). Nonresection therapies, such as 
RT, are not impaired by vascular considerations or lobar location and offer the possibility 
of successful treatment in a larger group of patients, ideally approaching the success rate 
reported for resection.

Because of the wide variety of prognostic factors, it is very diffi cult to compare treatments 
in the absence of randomized trials. For example, a review of 1568 patients with resected 
liver metastases found seven variables with an independent prognostic value: age, extension 
of the primary tumor to the serosa, lymphatic spread of the primary tumor, time interval 
from the primary tumor to metastases, size of the largest metastasis, number of metastases, 
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and margins of the hepatic resection (26). Patients with none to two of these variables had a 
2-yr survival of 79%, whereas those with fi ve to seven of the variables had a 2-yr survival of 
43%. Prognostic factors for patients with unresectable disease have also been identifi ed and 
include performance status and the presence of extrahepatic disease (17,27).

4.1. Whole Liver Treatment
The success of whole-liver RT alone has been reported by the RTOG in the above-

mentioned prospective randomized study testing the addition of the radiosensitizer misoni-
dazole (8). In the control arm, 94 patients with hepatic metastases, including 57 with 
metastatic colorectal cancer, were treated with 21 Gy in 7 fractions and had an objective 
response rate of 4%. Patients with metastatic colorectal cancer and a Karnofsky performance 
status ≥80 had a median survival of 6 mo. Modifying the RT by using hyperfractionation, 
which administered a slightly higher dose of RT (up to 33 Gy), produced no recognizable 
survival benefi t (9).

There are two randomized studies of whole-liver RT combined with chemotherapy or 
radiosensitizers. One was a trial that randomized whole-liver RT to 25.5 Gy in 17 fractions
given 2 wk after completion of a course of hepatic arterial 5-FU (28). The study involved 
37 patients with metastatic colorectal cancer and found no benefi t in response rate (37%) or 
survival (median 6 mo) with the addition of RT. The other randomized study was the previ-
ously mentioned trial of concurrent liver RT and misonidazole that found a nonsignifi cant 
increase in the response rate to 10% and no survival benefi t (8).

A number of nonrandomized studies have successfully combined intravenous or hepatic 
arterial fl uoropyrimidine chemotherapy with whole-liver RT without evidence of severe 
toxicity. The reported response rates have varied from 39% to 65%, with median survival 
rates ranging from 4 to 16.2 mo (17,18,20,29,30). In general, these studies reported higher 
response rates but similar median survival rates to that of whole-liver RT alone (Table 3). 
One study (29) reported a median survival that was more than double the whole-liver RT 
alone rates, however, only 13 patients were treated in this trial and this fi nding probably 
refl ects the selection bias inherent in any nonrandomized study.

Table 3
Response and Survival Rates of Whole-Liver Radiation Therapy

 No. of Dose RT  Response Median
Author (ref.) patients (Gy) Chemo rate (%)  survival (mo)

Herbsman et al. (30) 13 25–30 HA FUdR — 16.2
Friedman et al. (31) 22 (19 C) 13.5–21 HA 5-FU 47.6 See article
    55% C
Rotman et al. (17) 23 22–32 IV 5-FU 65 6.5
Leibel et al. (8) 94 (57 C) 21 None 14 See article
 93 (55 C) 21 Misonidazole 10 See article
Wiley et al. (29) 19 25.5 HA 5-FU 37 6
Lawrence et al. (18) 20 (? C) 33 HA FUdR 39 8a

Russell et al. (9) 173 (130 C) 27–33 None — 4.2
Mohiuddin et al. (20) 33 18–31 IV/HA — 4

Note: Chemo = chemotherapy administered concurrently with RT; C = colorectal cancer; — = not available; 
HA = hepatic arterial; FUdR = fl uorodeoxyuridine; IV = intravenous.

aIncludes patients treated with focal liver RT.



238     Robertson

4.2. Focal Liver Treatment
There is a considerable amount of experience demonstrating that a higher dose of RT may 

be given safely to the liver if a suffi cient volume of normal liver remained untreated. One 
example of this principle is the use of radiopharmaceuticals, which achieve selectivity by 
direct placement in the tumor using brachytherapy techniques or infusion via the hepatic 
artery or by systemic administration with targeted monoclonal antibodies (for a thorough 
review, see ref. 31). Brachytherapy techniques have included remote afterloading interstitial 
iridium-192 (32,33), which delivered 30 Gy in a single treatment, and permanent iodine-125 
(34–36), which delivered a 160-Gy minimum peripheral dose over the lifetime of the isotope. 
The primary disadvantage of brachytherapy is the need for an open abdomen in order to 
place the catheters used to direct the radioactive material. On the other hand, the abdominal 
exploration may have allowed both the optimal selection of patients without extrahepatic 
disease and the best available defi nition of the target volume for RT. Indeed, there has been 
pathologic verifi cation of a complete response in patients treated with brachytherapy (33). In 
the largest experience with brachytherapy, 56 patients with unresectable or residual disease 
after surgical resection of liver metastases were treated with permanent iodine-125 and had 
a 23% 5-yr actuarial control of liver disease and an 8% 5-yr actuarial survival (36). Other 
methods using radiopharmaceuticals, such as yttrium-90 microspheres via direct injection 
(37) or the hepatic artery (38), or radiolabeled anticarcinoembryonic antigen monoclonal 
antibody (39) have also been reported.

Focal liver RT using external beam treatment has been studied with the use of sophisticated 
three-dimensional radiation therapy treatment planning (18). In a report of 22 patients 
with unresectable colorectal liver metastases, 14 of whom had progressed after previous 
chemotherapy, external beam RT to a total dose of 48–72.6 Gy was combined with hepatic 
arterial fl uorodeoxyuridine (40). An objective response was found in 11 patients with an 
overall median survival of 20 mo, which compared favorably to other modalities. However, 
the responses were not durable and hepatic progression was frequent (Fig. 1). Further studies 
at the same institution have used modeling of the risk of RILD (41) to safely administer 
40.5–81 Gy (median: 54 Gy) combined with hepatic arterial fl uorodeoxyuridine to 16 patients 
with colorectal liver metastases (4) and found an 86% response rate and an 18-mo median 
survival. In this trial, the maximum tolerable dose of focal liver RT has not been reached and 
further improvements may be achieved. Overall, the use of focal liver RT to escalate the dose 
of radiation has been demonstrated to be safe when three-dimensional treatment planning 
was used, with excellent response rates, even in patients with chemotherapeutic failure, 
and encouraging median survival rates (Table 4). Another method using three-dimensional 
treatment planning to treat focal portions of the liver is extracranial stereotactic RT (42).
This technique was based on the successful use of stereotactic RT for brain tumors and 
administered a single large dose of external beam RT. Preliminary results of response rates 
and survival have not yet been reported.

5. ADJUVANT THERAPY

The possible role of adjuvant whole-liver RT combined with systemic 5-FU for the 
prevention of liver metastases was tested by the Gastrointestinal Tumor Study Group (19). A 
total of 300 participants with resected Dukes’ stage B2 and C colon cancer were randomized 
to either observation or combined concurrent liver RT with 21 Gy at 3 Gy per fraction 
combined with 350–500 mg/m2 intravenous 5-FU and followed by two further courses of 
5-FU chemotherapy. The study found no delay in the development of liver metastases or a 
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Fig. 1. CT scan of patient prior to RT (A) and after 50 Gy RT using three-dimensional treatment planning 
techniques at 1 mo (B) and 3 mo (C) after treatment (continued).
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survival benefi t and did encounter signifi cant hematologic toxicity in about 60% of patients 
treated with 500 mg/m2, prompting a reduction in the chemotherapy dose.

After a partial hepatectomy for liver metastases, the presence of a positive resection 
margin is a well-recognized risk factor for recurrence (26,43). Despite this fi nding, the 
possible role of adjuvant whole-liver RT or RT directed only to the resection margin to 
prevent a recurrence has not been tested. The surgical experience, however, has suggested 
that the margin itself was not at any particular increased risk (44), implying that adjuvant 
RT directed only to the positive margin would not be of benefi t.

6. FUTURE DIRECTIONS

There are several possible directions for the development of improved therapies using RT. 
Because the safe dose of external beam RT is highly dependent on the volume of normal liver 
irradiated and higher doses of RT may lead to improved therapeutic results, the techniques 
to reduce the volume of liver irradiated may be helpful. One such avenue relates to the 
volume of liver included as a result of breathing motion. In current applications, the motion 
of the liver resulting from breathing has been added to the superior and inferior dimensions 
of the target volume to ensure that the tumor was always within the irradiated volume. If 
this volume could be reduced or eliminated, then the safe dose of RT could be increased 
accordingly (45,46).

Another area of exploration is the combination of aggressive focal liver RT with long-term 
administration of hepatic arterial chemotherapy. Considering that a randomized trial has 
demonstrated the benefi t of six cycles of hepatic arterial fl ourodeoxyuridine with intravenous 
5-FU vs intravenous 5-FU alone for patients with resected liver metastases (47), it is possible 
that a similar benefi t could be achieved after focal high-dose hepatic RT.

Fig. 1. (continued).
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The dual blood supply of the liver suggests that studies of radiation sensitizers infused 
via the hepatic artery or radioprotectors given intravenously or by means of the portal vein 
may be successful. Aside from the fl uoropyrimidines, other sensitizers such as the thymidine 
analogs bromodeoxyuridine (48) and iododeoxyuridine, and other nucleosides such as 
gemcitabine (15) and cisplatin may be considered for study.

The mechanism of the development of RILD may also provide avenues for research. 
Recent evidence has suggested that cytokines such as transforming growth factor-β may at 
least participate in the process leading to RILD (49). Thus, aggressive thrombolytic therapy, 
as is currently under study for bone marrow transplantation patients (50), may be able to 
prevent the development of RILD.
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1. INTRODUCTION

From initial diagnosis through defi nitive treatment, pathologic evaluation plays a central 
role in the care of patients with colorectal cancer. The pathologic stage of a surgically 
resected colorectal carcinoma is widely recognized as the most accurate predictor of survival 
and it typically determines the appropriateness of adjuvant treatment as well. Numerous 
additional pathologic factors have been shown by multivariate analyses to have prognostic 
signifi cance that is independent of stage, and these may help to further substratify tumors. In 
this chapter, the pathologic features of colorectal cancers that predict outcome after surgical 
resection and have direct bearing on patient care are reviewed.

2. DIAGNOSTIC BIOPSY IN COLORECTAL CANCER

Masses or ulcers discovered by rectal examination, imaging, or endoscopic studies that 
are suspicious for colorectal carcinoma typically require biopsy confi rmation as carcinomas 
before initiating treatment. Although clinical diagnosis of established colon carcinomas 
is usually accurate, a number of benign and malignant conditions that may mimic colonic 
carcinoma grossly require exclusion on biopsy. For example, other tumors that may resemble 
colorectal carcinoma include colorectal lymphomas, carcinoid tumors, gastrointestinal stro-
mal tumors (mural sarcomas), metastatic tumors that exhibit tropism for the gastrointestinal 
tract (e.g., malignant melanoma), and malignancies of adjacent organs that directly invade 
the colorectum (e.g., cancers of the ovary, endometrium, bladder, or prostate). Benign lesions 
that may mimic colorectal cancer include adenomas, hamartomas, solitary rectal ulcers, 
stercoral ulcers, endometriomas, and Crohn’s disease or diverticular disease with mural 
stricturing. In acquiring biopsies from a colonic lesion, the diagnostic yield is maximized 
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when multiple samples are taken from the edges and base of an ulcerating mass or from the 
intact surface of a polypoid mass. However, when stricturing is present, endoscopic access to 
diagnostic tissue may be compromised, and in this situation, brush cytology may be a useful 
alternative approach. Even when direct and targeted access to the lesion is possible, biopsies 
may fail to reveal a defi nitive diagnosis if the tumor is extensively ulcerated or otherwise 
necrotic. In these cases, elevated serum carcinoembryonic antigen (CEA) levels and/or the 
presence of associated adenomatous epithelium from the edge of the lesion increase the 
certainty that the mass is a carcinoma.

The type and amount of information that can be derived from a diagnostic biopsy is 
limited. Even if the biopsy successfully demonstrates the presence of carcinoma, an accurate 
determination of the histologic type or tumor grade is limited by sampling error. In some 
cases, the presence of stromal invasion also may be diffi cult to diagnose defi nitively, and 
even if the presence of tissue invasion can be identifi ed with certainty, it is never possible to 
determine the depth of invasion from biopsy material.

3. PATHOLOGIC EVALUATION OF A MALIGNANT POLYP

The diagnosis and treatment of colorectal cancers by endoscopic polypectomy has 
become commonplace. The cancer may be unsuspected at endoscopy and revealed only on 
microscopic examination of the polypectomy specimen. “Malignant polyps” are adenomas 
that contain any amount of “invasive” carcinoma, which is defi ned as tumor that penetrates 
through the muscularis mucosae into the submucosa. They also encompass polypoid 
carcinomas, in which the entire polyp head is replaced by carcinoma. By defi nition, malignant 
polyps exclude adenomas containing intraepithelial carcinoma or intramucosal carcinoma 
because these polyps possess no biological potential for metastasis (see Section 4.6.). 
Polyps containing invasive carcinoma represent about 5% of all adenomas (1,2). The chance 
that any given adenoma will contain invasive malignancy increases with polyp size, and 
the incidence of invasive carcinoma in adenomas greater than 2 cm in greatest dimension 
ranges from 35% to 53% (3). Therefore, any polyp greater than 2 cm in diameter should 
be approached with the suspicion that it might harbor an invasive cancer. If technically 
possible, it is recommended that these polyps be removed intact rather than piecemeal, with 
as great a margin as possible at the base or stalk. Only when the polypectomy specimen 
is unfragmented can the true resection margin be identifi ed with certainty on pathological 
examination. Identifi cation of the resection margin is necessary for determining both the 
adequacy of the excision and the closest approach of the tumor, a parameter that predicts the 
risk of tumor recurrence (see below).

Malignant polyps constitute a form of early carcinoma that may be cured by endoscopic 
polypectomy alone (4–6). However, the incidence of an unfavorable outcome (i.e., lymph 
node metastasis or local recurrence from residual malignancy) for malignant polyps treated 
by polypectomy alone varies from about 10% to 20% (7,8). Pathologic evaluation is 
critical in defi ning polyps with an increased risk of residual or recurrent disease, and the 
subsequent clinical management of the patient may be based, in part, on the fi ndings (4). The 
histopathologic parameters that are known to be associated with a signifi cantly increased 
risk of adverse outcome are as follows (9–18):

 1. High tumor grade (poorly differentiated adenocarcinoma, signet-ring-cell carcinoma, small-
cell carcinoma, or undifferentiated carcinoma)

 2. Tumor at or less than 1 mm from the resection margin
 3. Small (thin-walled) vessel (lymphatic or venular) involvement by tumor
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In the presence of one or more of these features, the risk of an adverse outcome following 
polypectomy is estimated to be about 10–25% (10,19–22). Therefore, if one or more of 
these high-risk features are found on pathologic examination, further therapy may be 
indicated. Optimal management is decided on an individual case basis (23), but segmental 
resection of the involved colonic segment, local excision (e.g., transanal disk excision for 
a low rectal lesion), or radiation therapy may be considered. In the absence of high-risk 
features, the chance of adverse outcome is extremely small, and polypectomy alone is 
considered curative.

In the pathologic evaluation of malignant polyps, assessment of small vessel invasion 
can be diffi cult and, not surprisingly, is associated with the greatest degree of interobserver 
variability (8). In fact, small vessel invasion may be impossible to diagnose defi nitively in 
some cases and ultimately may be judged as being indeterminate. An absolute diagnosis of 
vessel invasion is dependent on fi nding carcinoma cells within an endothelial-lined space. 
Contraction artifact in the tissue, tumor-induced stromal sclerosis, and extracellular pools 
of mucin secreted by tumor cells may all complicate the evaluation of vessel invasion. 
Examination of additional tissue levels of the specimen, review by a second observer, and/or 
immunohistochemical staining for endothelial markers (e.g., factor VIII or CD34) may or 
may not help to resolve the dilemma. In published cases in which the malignant polyps have 
lacked defi nitive evidence of high-risk features but the patients have gone on to die of their 
disease, lymphatic invasion had been judged (on blinded review) as indeterminate because of 
a lack of interobserver agreement (8). This suggests that even the suspicion of small vessel 
invasion on pathologic examination should be considered as potentially important.

4. PATHOLOGIC EVALUATION AND STAGING OF SURGICALLY 
RESECTED COLORECTAL CANCER

The pathology report of a colorectal cancer resection specimen typically documents the 
anatomic site of the malignancy, the histologic type, the parameters that determine the local 
tumor stage, and the histopathologic confi rmation of distant metastasis, if applicable. Other 
reported features include those having additional prognostic or predictive value as well as 
those that may be important for clinicopathologic correlation or quality control (e.g., actual 
tumor size vs size measurement by imaging techniques). The essential pathologic features of 
a colorectal cancer and the clinical signifi cance of these fi ndings are reviewed individually 
in the following subsections.

4.1. The Anatomic Site of the Tumor
Documentation of the exact anatomic location of a colorectal carcinoma is typically part 

of the “gross” or “macroscopic” examination of the specimen. Because of distortion of the 
anatomy by tumor and/or lack of clear-cut anatomic landmarks in the resected segment, 
orientation of the specimen may be diffi cult in some cases, and the assistance of the surgeon 
may be required.

The anatomic site of the tumor is often documented by measurement from known 
landmarks according to general guidelines defi ning colonic topography. In general, four 
major anatomic divisions of the colon are recognized: the right (ascending) colon, the middle 
(transverse) colon, the left (descending) colon, and the sigmoid colon. The right colon is 
subdivided into the cecum (peritoneally located and measuring about 6 × 9 cm) and the 
ascending colon (retroperitoneally located and measuring 15–20 cm long). The descending 
colon, also located retroperitoneally, is 10–15 cm in length. The descending colon becomes 
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the sigmoid colon at the origin of the mesosigmoid, and the sigmoid colon becomes the 
rectum at the termination of the mesosigmoid. The upper third of the rectosigmoid segment 
is covered by peritoneum on the front and both sides. The middle third is covered by 
peritoneum only on the anterior surface. The lower third (also known as the rectum or rectal 
ampulla) has no peritoneal covering (24). Clinically, the rectum is defi ned as commencing 
opposite the sacral promontory and ending at the upper border of the anal canal. When 
measuring below with a rigid sigmoidoscope, it extends 16 cm from the anal verge. A 
tumor is classifi ed as rectal if its inferior margin lies less than 16 cm from the anal verge 
or if any part of the tumor is located at least partly within the supply of the superior rectal 
artery (25).

Additional guidelines for assigning a tumor site have been established by the American 
Joint Committee on Cancer (AJCC) (24). Tumors located at the border between two subsites 
of the colon (e.g., cecum and ascending colon) are registered as tumors of the subsite that 
is more involved. If two subsites are involved to the same extent, the tumor is classifi ed as 
an “overlapping” lesion. Tumors may also be classifi ed as overlapping when the anatomic 
distinction between two subsites according to above guidelines is precluded because of 
tumor distortion (26).

4.2. Tumor Size
Measurement on the gross pathologic examination is considered the defi nitive determina-

tion of tumor size. Although it is recorded for purposes of documentation and may be 
important for quality control (e.g., comparisons with dimensions derived via imaging 
modalities), tumor size is not related to outcome. Eight separate studies have shown that 
tumor size is of no prognostic signifi cance in colorectal cancer (27–34).

4.3. Tumor Confi guration
Tumor confi guration is usually classifi ed as exophytic (fungating), endophytic (ulcerative), 

diffusely infi ltrative (linitis plastica), or annular. Exophytic growth may be subclassifi ed 
as either pedunculated or sessile. Overlap among these types is common. The clinical 
signifi cance of tumor confi guration is moot. Although most studies have failed to demonstrate 
an independent infl uence of gross tumor confi guration on prognosis (32,35,36), exophytic 
growth has proven to be an adverse prognostic factor in some multivariate analyses (37–39).
The uncommon linitis plastica confi guration has been linked with an unfavorable prognosis 
(40), but the prognostic import may be related primarily to the histologic type (signet-ring-
cell carcinoma) and high grade of carcinomas that typically exhibit this gross morphology.

4.4. Histologic Type
For consistency and uniformity in pathologic reporting, the internationally accepted 

histologic classifi cation of colorectal carcinomas proposed by the World Health Organization 
(Table 1) is recommended by the College of American Pathologists (41,42). It should 
be noted, however, that medullary carcinoma has been added to the newly revised WHO 
classifi cation (42). Medullary carcinoma is a distinctive type of nongland-forming carcinoma 
that previously would have been classifi ed as “undifferentiated carcinoma.” It is composed of 
uniform polygonal tumor cells that exhibit solid growth in nested, organoid, or trabecular pat-
terns and are characteristically infi ltrated by lymphocytes (tumor-infi ltrating lymphocytes). 
The importance of this unique type is its strong association with microsatellite instability 
and DNA repair gene dysfunction.
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Histologic type is always designated in the pathology report, but aside from a few notable 
exceptions, it has no independent prognostic signifi cance (32,33,35,38,39,43–50). The 
exceptions include rare types such as signet-ring-cell carcinoma and small-cell carcinoma, 
which are prognostically unfavorable, and medullary carcinoma, which is prognostically 
favorable (51). As mentioned earlier, the latter is a histologic type that was not formerly 
recognized in the WHO classifi cation (and would have been classifi ed as undifferentiated 
carcinoma) but is now known to be associated with microsatellite instability and/or the 
hereditary nonpolyposis colon cancer syndrome. By convention, some histologic types 
are always assigned a specifi c histologic grade. For example, signet-ring-cell carcinoma, 
small-cell carcinoma, and undifferentiated carcinoma (histologic type) are all defi ned as 
high-grade, itself an adverse prognostic factor overall (see Section 4.5.).

To date, no large studies on prognostic factors in colorectal cancer have considered the 
relationship between the genetic status of the tumor (i.e., with or without microsatellite 
instability), histologic type, and outcome. This shortfall is particularly relevant to mucinous 
carcinoma, a histologic type representing a high proportion of microsatellite unstable 
colorectal cancers but, overall, occurring most frequently without microsatellite instability. 
Thus, it is not surprising that among all of the histologic types of colonic cancer, the 
prognostic signifi cance of mucinous carcinoma has been the most controversial. A few 
studies, largely limited to univariate analyses, have indicated that mucinous adenocarcinoma 
may be an adverse prognostic factor (50,52–54). More specifi cally, mucinous carcinoma 
has been linked with adverse outcome only if occurring in specifi c anatomic regions of the 
bowel (e.g., the rectosigmoid) (52,54) or in a specifi c subsets of patients (i.e., those less 
than 45 yr of age) (55). In yet other studies, an association with decreased survival has been 
demonstrated only when mucinous carcinoma and signet-ring-cell carcinoma have been 
grouped together and compared to typical adenocarcinoma (56–58). However, data of this 
type may be merely a refl ection of the aggressive biologic behavior of signet-ring-cell tumors. 
Only one multivariate analysis has shown mucinous carcinoma to be a stage-independent 
predictor of adverse outcome (31), but the study was limited to tumors presenting with large 
bowel obstruction, which itself is an adverse prognostic feature.

Signet-ring-cell type of adenocarcinoma and small-cell (oat-cell) carcinoma are the 
only histologic types of colonic carcinoma that consistently have been found to have an 

Table 1
World Health Organization Classifi cation of Colorectal Carcinoma

Adenocarcinoma
Mucinous adenocarcinoma (>50% mucinous)
Signet-ring-cell carcinoma (>50% signet-ring cells)
Squamous cell carcinoma
Adenosquamous carcinoma
Small-cell (oat-cell) carcinoma
Medullary carcinoma
Undifferentiated carcinoma
Other (e.g., papillary carcinoma)

Note: The term “carcinoma, NOS” (not otherwise specifi ed) is not part of the WHO 
classifi cation.
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stage-independent adverse effect on prognosis (59–61). Small-cell carcinoma is a malignant 
neuroendocrine carcinoma that is similar histologically and biologically to small-cell 
(oat-cell) carcinoma of the lung. Less clear is the general prognostic signifi cance of focal 
neuroendocrine differentiation that may occur as a variable feature in other histologic 
types of colorectal cancer. Two studies, the most recent of which included a multivariate 
analysis of 350 cases (62), have indicated that extensive neuroendocrine differentiation may 
adversely affect outcome (62,63).

In summary, based on current evidence, it must be concluded that the only histologic 
types of colorectal cancer that are prognostically signifi cant are signet-ring-cell and small-
cell carcinomas (prognostically unfavorable) and medullary carcinoma (prognostically 
favorable). Mucinous carcinoma, when it is associated with microsatellite instability, is 
also prognostically favorable.

4.5. Tumor Grade
In general practice, the histologic grading of colorectal cancer is evaluated subjectively to 

a large degree. Although a number of grading systems have been suggested in the literature, 
a single widely accepted and employed standard for grading is lacking. Among the suggested 
grading schemes, both the number of strata as well as the criteria for distinguishing among 
them vary markedly. In some systems, grade is defi ned on the basis of a single microscopic 
feature, such as the degree of gland formation, and in other systems, a large number of 
features are included in the evaluation. Irrespective of the complexity of the criteria, however, 
most systems stratify tumors into three or four grades as follows:

  Grade 1: well differentiated
  Grade 2: moderately differentiated
  Grade 3: poorly differentiated
  Grade 4: undifferentiated

However, variation in the appearance of individual histologic features may be extensive 
enough to make implementation of the even the simplest grading systems problematic and, 
ultimately, subjective. Thus, a signifi cant degree of interobserver variability in colorectal 
cancer grading exists (64). Despite the variability in its assessment, histologic grade has 
been shown by numerous multivariate analyses to be a stage-independent prognostic factor 
(27,28,30–32,36,37,45,48,65–71). Specifi cally, high tumor grade has been shown to be an 
adverse prognostic factor. In the vast majority of studies documenting the prognostic power 
of tumor grade, the subclassifi cations of the grading scheme have been collapsed to produce 
a two-tiered stratifi cation for data analysis as follows:

  Low-grade: well differentiated and moderately differentiated
  High-grade: poorly differentiated and undifferentiated

In general practice, the pathologic diagnosis of poorly differentiated or undifferentiated 
tumors is relatively consistent and the associated interobserver variability is small (64).
However, differentiation between well differentiated and moderately differentiated carcino-
mas is less reproducible and is associated with signifi cant interobserver variability (64).
A two-tiered grading system that eliminated this distinction might be expected to greatly 
improve diagnostic consistency. Given its proven prognostic value, relative simplicity, and 
reproducibility, a two-tiered grading system for colorectal carcinoma (i.e., low-grade and 
high-grade) has been recommended by a multidisciplinary colorectal working group of 
a consensus conference sponsored by the College of American Pathologists (72). In the 
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proposed system, stratifi cation is based solely on the proportion of gland formation by the 
tumor (e.g., greater or less than 50% gland formation).

4.6. Pathologic Stage
The best estimation of prognosis in colorectal cancer is related to the anatomic extent 

of disease determined on pathologic examination of the resection specimen (40). Although 
a large number of staging systems have been developed for colorectal cancer over the 
years, use of the TNM (Tumor, Nodes, Metastasis) Staging System of the AJCC and the 
International Union Against Cancer (UICC) is recommended by the College of American 
Pathologists (24,41). The TNM system is widely used by national, regional, and local tumor 
registries in the United States, and it is internationally accepted.

In the TNM system, the designation “T” refers to the local extent of the primary tumor at 
the time of diagnosis. The designation “N” refers to the status of the regional lymph nodes, 
and “M” refers to distant metastatic disease. The symbol “p” used as a prescript refers to the 
pathologic determination of the TNM (e.g., pT1), as opposed to the clinical determination 
(designated by the prescript “c”). Pathologic classifi cation is based on gross and microscopic 
examination of the resection specimen of a previously untreated primary tumor. Assignment 
of pT requires a resection of the primary tumor or biopsy adequate to evaluate the highest pT 
category; pN entails removal of nodes adequate to validate lymph node metastasis; and pM 
implies microscopic examination of distant lesions. Clinical classifi cation (cTMN) is usually 
determined by imaging techniques carried out before treatment during the initial evaluation 
of the patient or when pathologic classifi cation is not possible (24). It is the grouping of a 
T, an N, and an M parameter that determines the stage of the tumor and relates to prognosis. 
A TNM stage grouping can be constructed using a combination of clinically derived and 
pathologically derived data (e.g., pT1, cN0, cM0). However, when pathologic data become 
available (following surgical resection of the tumor, for example), it typically replaces the 
corresponding clinically determined parameter. This convention is based on the presumption 
that pathologically derived data are more accurate.

The defi nitions of the individual TNM categories and stage groupings for colorectal 
carcinoma are shown in Table 2. TNM stage-related survival is shown in Table 3 (73,74). It 
is considered the responsibility of the pathologist to assign a pTNM stage grouping when 
reporting on a colorectal cancer resection specimen. Thus, the pathologically determined
T and N categories of the tumor should be explicitly assigned and included in the pathology 
report. However, the pathologist often lacks knowledge of the status of distant metastatic 
disease, and assignment of pMX is appropriate in this circumstance. It also may be appropri-
ate to use other staging systems (e.g., Dukes’ or Modifi ed Astler–Coller classifi cations) in 
pathology reporting, depending on institutional tradition, but it is suggested that these be 
used in addition to (not in place of) the TNM stage grouping.

Specifi c issues related to the assignment of pathologic TNM are discussed in detail in 
the following subsections.

4.6.1. DEFINITION OF PTIS

For colorectal carcinomas, the staging category pTis (carcinoma in situ) includes both 
malignant cells that are confi ned within the glandular basement membrane (intraepithelial 
carcinoma) and those that are invasive into the mucosal lamina propria (intramucosal 
carcinoma). Intramucosal carcinoma that extends into but not through the muscularis 
mucosae also is included in the pTis category. Penetration of the muscularis mucosae 
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and invasion of the submucosa is classifi ed as pT1. High-grade (severe) dysplasia and 
intraepithelial carcinoma sometimes may be used synonymously, especially in cases of 
infl ammatory bowel disease (75).

It is noteworthy that for all organ systems other than the large intestine, “carcinoma in
situ” refers exclusively to malignancy that has not yet penetrated the basement membrane 
of the epithelium from which it arose, and “invasive carcinoma” encompasses all tumors 
that penetrate the underlying stroma. Stromal invasion of any degree is a feature of extreme 
importance in all noncolorectal sites because of the possible access of tumor cells to stromal 
lymphatics or blood vessels and the consequent risk of metastasis. In colorectal cancer, 
however, the designation “pTis” (i.e., carcinoma in situ) is used to refer to both intraepithelial 
malignancies and cancers that have invaded the mucosal stroma (intramucosal carcinomas) 
because the colonic mucosa is biologically unique. In contrast to the mucosa elsewhere in 
the gastrointestinal tract (or, indeed, in the entire body), tumor invasion of the lamina propria 

Table 2
AJCC/UICC TNM Defi nitions and Stage Groupings

Primary Tumor (T)
    TX Primary tumor cannot be assessed
    TO No evidence of primary tumor
    Tis Carcinoma in situ (intraepithelial or intramucosal carcinoma)
    T1 Tumor invades the submucosa
    T2 Tumor invades the muscularis propria
    T3 Tumor invades through the muscularis propria into the subserosa or into the nonperitonealized

pericolic or perirectal tissues
     pT3a—minimal invasion: <1 mm beyond the border of the muscularis propria
     pT3b—slight invasion: 1–5 mm beyond the border of the muscularis propria
     pT3c—moderate invasion: >5–15 mm beyond the border of the muscularis propria
     pT3d—extensive invasion: >15 mm beyond the border of the muscularis propria
    T4 Tumor directly invades other organs or structures (T4a) or perforates the visceral 

peritoneum (T4b)

Regional Lymph Nodes (N)
    NX Regional lymph nodes cannot be assessed
    NO No regional lymph node metastasis
    N1 Metastasis in one to three lymph nodes
    N2 Metastasis in four or more lymph nodes

Distant Metastasis (M)
    MX Presence of distant metastasis cannot be assessed
    M0 No distant metastasis
    M1 Distant metastasis

TNM Stage Groupings Modifi ed Astler–Coller Stage
    Stage 0 Tis N0 M0 N/A
    Stage I T1 N0 M0 Stage A
 T2 N0 M0 Stage B1
    Stage II T3 N0 M0 Stage B2
 T4 N0 M0 Stage B3
    Stage III Any T N1 M0 Stage C1 (T2); C2 (T3); C3 (T4)
 Any T N2 M0 Stage C1 (T2); C2 (T3); C3 (T4)
    Stage IV Any T Any N M1 Stage D
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has no associated risk of regional nodal metastasis. Therefore, for the colon and rectum, 
inclusion of intramucosal carcinoma in the pTis category is justifi ed. Nevertheless, the 
term “carcinoma in situ” in reference to colorectal cancer can be confusing, depending on 
whether it is used to refer to the T category of the TNM staging system or to intraepithelial 
tumor only, as it does in all other epithelial systems. Therefore, the terms “intraepithelial
carcinoma” and “intramucosal carcinoma” may be preferred descriptive terms for colorectal 
tumors in the pTis category (72,76).

4.6.2. OPTIONAL EXPANSION OF PT3
The T3 category refers to all transmurally invasive tumors that are confined to the 

perimuscular soft tissue (i.e., that have neither violated the serosal surface nor infi ltrated an 
adjacent structure). However, all T3 tumors may not be equivalent. The extent of extramural 
soft tissue invasion has been reported to infl uence prognosis (26). The deeper the tumor 
invades into the perimuscular tissues, the worse the prognosis. This adverse effect is observed 
whether or not regional lymph node metastasis is present. In recognition of the prognostic 
importance of this phenomenon, it has been proposed that pT3 be substratifi ed as shown in 
Table 2. However, because extramural extension of >5 mm appears to be the critical level 
of invasion linked to adverse outcome in most studies, a simpler (two-tiered) subdivision, 
such as pT3a/b and pT3c/d, may be justifi ed (26). In either case, substratifi cation of T3 is 
currently optional. Extramural extension of the tumor within lymphatics or veins does not 
count as local spread of tumor as defi ned by T3 (26).

4.6.3. SUBCLASSIFICATION OF PT4
The highest category of local extent is pT4, which includes both extension into adjacent 

organs or structures (pT4a) and penetration of the parietal peritoneum with or without 
involvement of an adjacent structure (pT4b). A free perforation of a colorectal carcinoma 
into the peritoneal cavity is also classifi ed as T4b (26). Among the features that defi ne T4 
tumors, serosal penetration is clearly the most dire. A number of large studies have evaluated 
serosal penetration as a separate pathologic variable and have demonstrated by multivariate 
analysis that it has independent adverse prognostic signifi cance (27,32,77,78). As shown in 
Table 4, the median survival time following surgical resection for cure is signifi cantly shorter 
for pT4 tumors that penetrate the visceral peritoneum compared to pT4 tumors without 
serosal involvement, with or without distant metastasis (26). A careful pathologic study of 

Table 3
Correlations Between TNM Stage and Survival

in Colorectal Carcinoma

TNM stage 5-yr survival

Stage 0, I (Tis, T1; N0; M0) >90%
Stage I (T2; N0; M0) 80–85%
Stage II (T3, T4; N0; M0) 70–75%
Stage III (T2; N1-3; M0) 70–75%
Stage III (T3; N1-3; M0) 50–65%
Stage III (T4; N1-3; M0) 25–45%
Stage IV (M1) <3%
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local peritoneal involvement by Shepherd et al. (77) has suggested that the prognostic power 
of this feature may supersede that of regional lymph node status (N category).

Despite its biologic importance, serosal involvement is often underdiagnosed by patholo-
gists. Documentation of peritoneal involvement by tumor demands meticulous pathologic 
analysis and may require extensive sampling and/or serial sectioning. Thus, it can be missed 
on routine histopathologic examination. In fact, it has been shown that cytologic examina-
tion of serosal scrapings reveals malignant cells in as many as 26% of tumor specimens 
categorized as pT3 by histologic examination alone (77,79). In addition, the histopathologic 
fi ndings associated with peritoneal penetration are heterogeneous and standard guidelines 
for their diagnostic interpretation are lacking. These problems lead both to a high degree 
of interobserver variability and to underdiagnosis of peritoneal involvement, because most 
pathologists tend to err on the side of conservative interpretation.

In the pathologic study by Shepherd et al. (77), the spectrum of microscopic features 
that may be seen with local peritoneal involvement by tumor was specifi cally addressed. 
Three types of local peritoneal involvement were defi ned: (1) a mesothelial infl ammatory 
and/or hyperplastic reaction with tumor close to, but not at, the serosal surface; (2) tumor 
present at the serosal surface with infl ammatory reaction, mesothelial hyperplasia, and/or 
erosion/ulceration; and (3) free tumor cells on the serosal surface (in the peritoneum) 
with underlying ulceration of the visceral peritoneum. All three types of local peritoneal 
involvement were associated with decreased survival, whereas tumor well clear of the serosal 
had no independent adverse effect on prognosis (77). Therefore, it has been recommended that 
the defi nition of T4b be modifi ed to encompass the three types of reactions outlined (76).

For T4a, it should be noted that direct invasion of other organs or structures includes 
invasion of other segments of the colorectum by way of the serosa or mesocolon (e.g., 
invasion of the sigmoid colon by carcinoma of the cecum). In contrast, intramural extension 
of tumor from one subsite (segment) of the large intestine into an adjacent subsite or into 
the ileum (e.g., for a cecal carcinoma) or anal canal (e.g., for a rectal carcinoma) does not
affect the pT classifi cation (26).

4.6.4. EVALUATION OF REGIONAL LYMPH NODES

Stage-related outcome data are derived from studies in which the pathologic evaluation 
of the regional lymph nodes has been performed by conventional histologic staining of 
macroscopically identified lymph nodes. Because it has been shown that many nodal 
metastases in colorectal cancer are found in small lymph nodes (less than 5 mm in diameter) 
(80), diligent search for lymph nodes in resection specimens is essential. However, universally 
accepted standards for acceptable lymph node harvests and for handling of the recovered 
lymph nodes are lacking in general pathology practice. Typically, all lymph nodes found are 
submitted either in part (e.g., half of a bisected node) or in toto for microscopic examination, 

Table 4
Prognostic Signifi cance of Serosal Involvement by Tumor in Colorectal Carcinoma

 5-yr survival rate Median survival time (mo)

pT4a,M0 49% 58.2
pT4b,M0 43% 46.2
pT4a,M1 12% 22.7
pT4b,M1 10% 15.5
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and wide variation in the numbers of lymph nodes recovered from resection specimens 
exists. In truth, the actual number of lymph nodes present in any given resection specimen 
may be limited by anatomic variation, surgical technique, or both. However, it has been 
shown that a minimum of 12–15 lymph nodes must be examined in order to accurately predict 
regional node negativity (64,72,81). For this reason, it has been suggested that 12 lymph 
nodes be considered the minimum acceptable harvest from a careful specimen dissection and 
that if fewer than 12 nodes are found after careful gross examination, additional techniques 
(i.e., visual enhancement techniques such as fat clearing) be considered (72). It has been 
further recommended that all grossly negative or equivocal lymph nodes be submitted 
entirely for microscopic examination (72) and that involvement of grossly positive lymph 
nodes be confi rmed by either complete or partial microscopic examination.

Regional lymph nodes must be examined separately from lymph nodes outside of the 
anatomic site of the tumor because metastasis in any lymph node in the regional nodal group 
is classifi ed as pN disease, whereas all other nodal metastases are classifi ed as pM1. The 
regional lymph node groups of the anatomic subsites of the colorectum are listed in Table 5.
On microscopic examination, tumor in a regional lymph node, whether arriving there via 
afferent lymphatics or direct invasion through the capsule, is regarded as metastatic disease. 
In addition, microscopic examination of the extramural adipose tissue may reveal discrete 
nodules of tumor that may represent lymph nodes that have been replaced by metastatic 
tumor but cannot be identifi ed as such with certainty. In order to eliminate arbitrary decisions 
by different pathologists as to whether or not such nodules were to be interpreted as nodal 
metastasis, the AJCC/UICC had established a guideline known as the 3-mm rule. Any 
extramural tumor nodule within the regional lymph node distribution of the tumor that 
measured > 3 mm in diameter but lacked histologic evidence of residual lymph node 
tissue was classifi ed as pN disease, whereas tumor nodules measuring ≤ 3 mm in diameter 
were classifi ed in the pT3 category as discontinuous extramural extension of tumor (26).
Multiple nodules > 3 mm in size were considered as metastasis in a single lymph node 
for purposes of classifi cation (24). Recently, this approach has been called into question 
by evidence suggesting that pericolonic tumor deposits of any size correlate with shorter 
survival independently of lymph node metastasis (82). The evidence also indicates that 

Table 5
Defi nitions of Regional Lymph Node Groups in Anatomic Subsites of the Colorectum

Cecum: anterior cecal, posterior cecal, ileocolic, right colic
Ascending colon: ileocolic, right colic, middle colic
Hepatic fl exure: middle colic, right colic
Transverse colon: middle colic
Splenic fl exure: middle colic, left colic, inferior mesenteric
Descending colon: left colic, inferior mesenteric, sigmoid
Sigmoid colon: inferior mesenteric, superior rectal sigmoidal, sigmoid mesenterica

Rectosigmoid colon: perirectal,a left colic, sigmoid mesenteric, sigmoidal, inferior mesenteric, 
    superior rectal, middle rectal
Rectum: perirectal,a sigmoid mesenteric, inferior mesenteric, lateral sacral, presacral, internal iliac, 
    sacral promontory, superior rectal, middle rectal, inferior rectal

aLymph nodes along the sigmoid arteries are considered pericolic nodes and their involvement is classifi ed as 
pN1 or pN2 according to the number involved. Perirectal lymph nodes include the mesorectal (paraproctal), lateral 
sacral, presacral, sacral promontory (Gerota), middle rectal (hemorrhoidal), and inferior rectal (hemorrhoidal) 
nodes. Metastasis in the external iliac or common iliac nodes is classifi ed as pM1 (26).
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the number of pericolonic tumor correlates inversely with disease-free survival (82). Thus, 
the 3-mm rule has been abandoned by the AJCC/UICC, and the 6th editions of their TNM 
staging manuals will recommend that smooth-bordered extramural tumor nodules of any 
size be regarded as replaced lymph nodes and be classifi ed in the N category as regional 
nodal metastasis.

The detection of regional lymph node metastasis has long been limited to the use 
of conventional pathologic techniques (either gross or histologic) and straightforward 
morphologic diagnosis. Recently, however, attention is being focused on alternative methods 
of detection of metastatic cells. Tumor detected only by special techniques or a minute 
amount of tumor (measuring ≤ 0.2 mm) detected histologically is known as micrometastasis. 
At present, the clinical signifi cance of micrometastatic disease is unproven and the data are 
insuffi cient to recommend either the routine examination of multiple tissue levels of paraffi n 
blocks or the use of special/ancillary techniques such as immunohistochemistry for epithelial 
and/or tumor-associated antigens (e.g., cytokeratin, carcinoembryonic antigen, etc.) or 
polymerase chain reaction (PCR) techniques to identify tumor RNA/DNA. Furthermore all 
of these approaches are costly and some can be diffi cult to quality control.

In one recent study of stage II colorectal cancers (N = 26), more than 50% of cases showed 
evidence of micrometastatic disease in “negative” regional lymph nodes analyzed by reverse 
transcription (RT)-PCR for CEA (83). The 5-yr survival rate was 50% for patients with 
micrometastatic disease and 91% for patients without micrometastasis. However, in a larger 
study (N = 77) using immunohistochemistry to identify micrometastasis (found in 25% of 
cases), no difference in the 10-yr survival was observed among patients with and without 
micrometastasis (84). Clearly, larger statistically robust studies with careful quality control of 
methodology are required to further defi ne the biological signifi cance of minute amounts of 
metastatic tumor in regional nodes and its impact on outcome. Pending defi nitive studies, it 
is recommended that any histologically identifi ed focus of tumor that measures ≤ 2.0 mm but
> 0.2 mm be classifi ed as N1 by the pathologist but be accompanied by a note stating that
the biologic signifi cance is unknown (72,85). Isolated tumor cells, cell clusters that measures 
≤0.2 mm on hematoxylin and eosin (H&E) stains, or micrometastasis detected only by special
studies (immunohistochemical or molecular) should be reported but classifi ed as N0.

4.6.5. DEFINITION OF DISTANT METASTASIS

As stated earlier, metastasis to any nonregional lymph node or metastasis to any distant 
organ or tissue is classifi ed as M1 disease. Peritoneal seeding of abdominal organs is also 
considered M1 disease, as is positive peritoneal fl uid cytology. Isolated tumor cells found in 
the bone marrow are classifi ed as distant micrometastasis, but, like nodal micrometastasis 
(see Section 4.6.4.), their signifi cance is as yet unproven (26).

Multiple tumor foci in the mucosa or submucosa of adjacent bowel (“satellite lesions”
or “skip metastasis”) are not classifi ed as distant metastasis. However, “satellite” lesions 
must be distinguished from additional primary tumors in which obvious evidence of origin 
from an overlying adenoma exists.

4.6.6. PATHOLOGIC STAGING OF RESIDUAL CARCINOMA

By defi nition, the TNM categories describe the anatomic extent of malignant tumors that 
have not been previously treated, and the predictive value of the corresponding TNM stage 
groupings is based solely on data derived from outcome studies of such tumors following 
complete surgical resection. Tumor that remains in a resection specimen after previous 
(neoadjuvant) treatment of any type (radiation therapy alone, chemotherapy therapy alone, or 
any combined-modality treatment) is codifi ed by the TNM using a prescript “y” to indicate 
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the posttreatment status of the tumor (24). For many therapies, the classifi cation of residual 
disease has been shown to be a strong predictor of posttreatment outcome. In addition, the 
ypTNM classifi cation provides a standardized framework for the collection of data needed 
to accurately evaluate new therapies.

In contrast, tumor remaining in the patient after primary surgical resection (e.g., cor-
responding to a proximal, distal, or radial resection margin (see Section 4.7.) that is shown 
to be involved by tumor on pathologic examination) is categorized by a system known as 
the R classifi cation as follows (24).

 RX Presence of residual tumor cannot be assessed
 R0 No residual tumor
 R1 Microscopic residual tumor
 R2 Macroscopic residual tumor

4.6.7. PATHOLOGIC STAGING OF RECURRENT COLORECTAL CARCINOMA

In contrast to residual disease, tumor that is locally recurrent after a documented disease-
free interval following surgical resection should be classified according to the TNM 
categories and modifi ed with the prefi x “r” (e.g., rpT1). By convention, the recurrent tumor 
topographically assigned to the proximal segment of the anastomosis unless the proximal 
segment is the small intestine (24,26).

4.7. Status of Surgical Resection Margins
(Proximal, Distal, Circumferential (Radial), and Mesenteric)

The pertinent margins of a colorectal cancer resection specimen include the proximal- and 
distal transverse margins, the mesenteric margin, and, when appropriate, the circumferential 
(radial) margin. The circumferential resection margin (CRM) represents the retroperitoneal 
or perineal adventitial soft-tissue margin closest to the deepest penetration of tumor. For 
all segments of the large intestine that are either incompletely encased (ascending colon, 
descending colon, upper rectum) or not encased (lower rectum) by peritoneum, the CRM 
is created by blunt dissection of the retroperitoneal or subperitoneal aspect, respectively, 
at operation.

When the distance between the tumor and the nearest transverse margin is 5 cm or more, 
anastomotic recurrences are very rare. Therefore, it may be justifi ed to forego histologic 
examination of the proximal and/or distal margin if they are 5 cm or more from the tumor 
(86). It has even been suggested (in guidelines from the Royal College of Pathologists in 
the UK) that donuts from stapling devices, which are the true margins of resection, need not 
be examined histologically of the tumor is > 30 mm from the cut end of the main specimen 
(87). In low anterior rectal resection specimens of rectal cancers, however, distal margins 
are often critical since 5-cm cuffs of normal mucosa may be hard to achieve. A margin of
2 cm of normal tissue is accepted as adequate to prevent local recurrence, and in many cases, 
distal margins of 1 cm or less also prove suffi cient (88). Thus, on pathologic examination, 
the distance of the tumor from the transverse margins is always recorded, but microscopic 
examination may be considered optional if those distances are greater than 5 cm. 

The CRM has been demonstrated to be of importance in relation to the risk of local 
recurrence after surgical resection of the rectal carcinomas (89–92). Multivariate analysis has 
suggested that tumor involvement of the CRM is the most critical factor in predicting local 
recurrence in rectal cancer (91,92). For this reason, routine assessment of the radial margin is 
recommended in all applicable colorectal cancers, and measurement of the distance from the 
tumor to the CRM, representing the “surgical clearance” around the tumor, is also suggested 
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(41,90). It is recommended that the CRM be considered involved if tumor is present 1 mm 
or less from the nonperitonealized surface of the resection specimen. For segments of the 
colon that are completely encased by a peritonealized (serosal) surface (e.g., transverse and 
sigmoid colon), the mesenteric resection margin may be relevant because tumors may extend 
to this margin with (pT4) or without (pT3) penetrating the serosal surface. It should be 
examined when the point of deepest penetration of the tumor is on the mesenteric aspect of 
the colon. For those tumors limited to an antimesenteric peritonealized aspect of the bowel, 
the mesenteric margin is not relevant.

Because of its association with local recurrence, involvement of the CRM or the mesenteric 
margin has implications for adjuvant therapy. Whether the primary tumor is classifi ed as 
pT3 (without serosal penetration) or pT4b (with serosal penetration), resection is considered 
complete only if all surgical margins are negative, including the CRM. That is, whether or 
not the tumor penetrates a serosal surface, resection is considered complete if the resection 
margins are free of tumor. If a CRM or mesenteric margin is involved by tumor, however, 
adjuvant therapy (e.g., local radiation) may be appropriate irrespective of the T category 
of the tumor.

4.8. Venous, Lymphatic, or Perineural Invasion by Tumor
In at least 10 different studies, venous invasion by tumor has been demonstrated by multivar-

iate analysis to have an independent adverse impact on outcome (27,31,32,37–39,55,56,71,93)
and by univariate analysis in several additional studies (43,94–96). However, some studies 
identifying venous invasion as an adverse prognostic factor on univariate analysis have failed 
to confi rm its independent impact on prognosis on multivariate analysis (34,96). Similarly 
disparate results have also been reported for lymphatic invasion (34,38,39,45,93,95,97–99).
In several studies, vascular invasion as a general feature was found to be prognostically 
signifi cant by multivariate analysis, but no distinction between lymphatic and venous vessels 
was made. Yet, in other studies, the location of the vascular involvement (e.g., invasion 
of extramural veins) has been a strong determinate of prognostic signifi cance (56,64).
Overall, therefore, data from existing studies are diffi cult to amalgamate. Nevertheless, the 
importance of venous and lymphatic invasion by tumor is strongly suggested and largely 
confi rmed by the literature.

It is likely that the disparities among existing studies on vessel invasion are directly 
related to inherent problems related to the pathologic analysis of this feature. Defi nitive 
diagnosis of vessel invasion requires the identifi cation of tumor within an endothelial-lined 
channel. However, assessment of vessel invasion may be diffi cult and may be complicated by 
tumor-induced fi brosis and fi xation artifact. Interobserver variability may be substantial in 
the interpretation of small vessel (i.e., lymphatic or postcapillary venule) invasion, and large 
vessel (i.e., muscular vein) invasion with tumor infi ltration of the vessel wall and destruction 
of the vascular architecture may also be diffi cult to recognize. Special techniques such as 
immunohistochemical staining of endothelium or elastic tissue stains of venous walls may 
increase the ease and accuracy of evaluation. However, because these techniques are labor-
intensive, time-consuming, and expensive, they are not routinely performed. Additional 
limitations in the detection of vessel invasion are related to specimen sampling. For example, 
it has been shown that the reproducibility of the detection of extramural venous invasion 
increases proportionally from 59% with examination of two blocks of tissue at the tumor 
periphery to 96% with examination of fi ve blocks (64). At present, however, no widely 
accepted standards or guidelines for the pathologic evaluation of vessel invasion exist, and 
pathology sampling practices may vary widely on both individual and institutional levels. 
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Complicating this issue is the impact of cost containment on surgical pathology practice, 
which, in general, has tended to reduce overall sampling of resection specimens. The College 
of American Pathologists is recommending that at least three blocks (optimally fi ve blocks) 
of tumor at its point of deepest extent be submitted for microscopic examination (72). By 
AJCC/UICC convention, lymphovascular invasion and venous invasion are classifi ed as L1 
and V1, respectively. Conversely L0 and V0 indicate the absence of lymphovascular and 
venous invasion, respectively.

4.9. Tumor Border Confi guration and Perineural Invasion
For colorectal cancer, the growth pattern of the tumor at the advancing edge (tumor border) 

has been shown to have prognostic signifi cance that is independent of stage and may predict 
liver metastasis. Specifi cally, an irregular, infi ltrating pattern of growth as opposed to a 
pushing border has been demonstrated to be an independent adverse prognostic factor by 
several univariate (43,56,100,101) and multivariate analyses (33,46,47,59,77,102,103).
Defi ned as microscopic clusters of undifferentiated cancer cells just ahead of the invasive 
front of the tumor, irregular growth at the tumor periphery has also been referred to as 
“focal dedifferentiation” (99) and “tumor budding” (102). It is recommended that pathologic 
assessment of tumor border confi guration be routinely reported in transmurally invasive 
colorectal tumors.

Jass et al. (46) assessed interobserver variability among pathologists evaluating tumor 
border confi guration in general practice (no specifi c defi nition provided) and found only 
a 70% (fair) agreement in diagnosis of infi ltrating growth pattern. However, concordance 
was found to improve to 90% when the following diagnostic criteria for defi ning infi ltrating 
growth were employed (46):

  Naked-Eye Examination of a Microscopic Slide of the Tumor Border
• Inability to defi ne limits of invasive border of tumor
• Inability to resolve host tissue from malignant tissue

  Microscopic Examination of the Tumor Border
• “Streaming dissection” of muscularis propria (dissection of tumor through the full
 thickness of the muscularis propria without stromal response)
• Dissection of mesenteric adipose tissue by small glands or irregular clusters or cords 
 of cells
• Perineural invasion (several studies have shown perineural invasion alone to be an
 independent indicator of poor prognosis by multivariate analysis) (18,27,31,39,45,93).

4.10. Host Lymphoid Response to Tumor
Lymphocytic infi ltration of tumor or peritumoral tissue is indicative of a host immunologic 

response to the invasive malignancy and has been shown by multivariate analysis in several 
studies to be a favorable prognostic factor (36,46,56,59). In contrast, other studies have either 
failed to confi rm the prognostic signifi cance of a peritumoral lymphoid reaction (33,103) or 
demonstrated its signifi cance only by univariate analysis (43,104–107). The results of these 
studies are diffi cult to compare because the histologic criteria for qualitative and quantitative 
evaluation differ from study to study. Some of the specifi c features that have been studied 
include perivascular lymphocytic cuffi ng in the muscularis propria, perivascular lymphocytic 
cuffi ng in the pericolonic fat or subserosa, lymphocytic infi ltration at the tumor edge, and 
a transmural “Crohn’s-like” lymphoid reaction. However, in some reports, little if any 
explanation of the criteria used for evaluation of this parameter have been offered. Therefore, 
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although this feature appears promising as a favorable prognostic factor, further studies 
using comparable criteria are needed for confi rmation.

Agreement has emerged, however, that large numbers of tumor infi ltrating lymphocytes 
(TILs) are uniquely associated with microsatellite instability in colorectal cancers (108)
and, for that reason, may be a favorable prognostic factor. Indeed, large numbers of TILs 
are one of the diagnostic features of medullary carcinomas of the colorectum but they may 
be found in other histologic types of tumors with microsatellite instability. Therefore, it is 
recommended that TILs be distinguished from peritumoral lymphocytic infi ltrates and that 
moderate to high densities of TILs (approx 4 per high-power fi eld) be reported (72).
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1. PREOPERATIVE ASSESSMENT

1.1. Clinical Presentation
Colon cancers typically develop slowly and silently, and most patients present with few 

or subtle symptoms. Brief episodes of rectal bleeding, constipation, diarrhea, or abdominal 
discomfort may be the only indication of disease, even among patients with advanced, 
incurable cancer. Severe or long-standing symptoms generally indicate extensive disease 
but do not necessarily preclude curative treatment. Asymptomatic patients are frequently 
fi rst identifi ed because of anemia or fecal occult blood or they are diagnosed by endoscopic 
screening.

1.2. Diagnosis
A defi nitive diagnosis of colon cancer is achieved by endoscopic visualization and 

biopsy of the malignant lesion. Nearly all colon cancers present as a mass lesion, typically 
with friability and ulceration. Because of tumor heterogeneity, biopsies may reveal only 
adenomatous or infl ammatory tissue and thus fail to document invasive adenocarcinoma. 
Repeat biopsies are rarely necessary, as the presence of a malignant-appearing lesion that 
is too large for endoscopic removal is a clear indication for surgical resection. The use 
of endoscopic digital imaging for instant photodocumentation of tumors has signifi cantly 
enhanced endoscopic reporting (1,2). Anatomic localization of the tumor within the colon is 
another important aspect of diagnosis. Colonoscopy is not always reliable for localization, 
and in selected cases, it should be supplemented with barium enema (3).
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1.3. Evaluation of the Colon
Synchronous colonic cancers and synchronous colonic polyps are present in 2–7% and 

25–40% of patients, respectively (4,5). Complete colonoscopy to the cecum is the preferred 
method of clearing the colon prior to surgery, as it is the most sensitive test and also allows for 
either removal or tattooing of secondary lesions (6,7). Air-contrast barium enema and virtual 
colonoscopy are alternative methods of polyp identifi cation when complete colonoscopy is 
not possible for technical reasons or patient refusal (3,8,9).

1.4. Extent of Disease
Preoperative imaging of the chest, abdomen, and pelvis to evaluate the extent of local 

and metastatic cancer is necessary for optimal treatment planning. Approximately 20% of 
patients present with established metastases and up to 5% have locally advanced tumors 
with invasion of adjacent organs (5). Preoperative imaging allows better preparation for 
the surgical procedure and will, in some cases, alter surgical management. For example, 
bulky local–regional disease may prepare the surgeon for extended lymphadenectomy and 
adjacent organ resection. Limited metastatic disease in the liver may suggest the feasibility 
of combined colon–liver resection and infl uence the choice of abdominal incision. The 
presence of small, indeterminant nodules in the liver, retroperitoneum, or pelvis can guide the 
surgeon’s abdominal exploration and may call for intraoperative ultrasound and biopsy. Lung 
or mediastinal nodules may prompt bronchoscopy, mediastinoscopy, or thoracoscopic biopsy. 
Detection of extensive or multiorgan metastatic disease may be an indication for initial 
systemic chemotherapy. In addition to its infl uence on cancer management, preoperative 
imaging of abdominal aortic aneurysm, portal hypertension, or other pathology may affect 
the nature and timing of colon surgery.

Spiral technology has improved the speed and resolution of computed tomography (CT) 
imaging in the chest, abdomen, and pelvis and is the emerging standard for preoperative 
anatomic imaging (10). For patients with indeterminate liver lesions on CT scan, magnetic 
resonance imaging (MRI) can discriminate small hepatic metastases from benign cysts and 
hemangiomas with a high degree of accuracy (11). Tumor imaging with fl uorodeoxyglucose 
(FDG)-18–positron-emitting tomography provides additional information and will alter the 
management of a small subset of high-risk cases (12).

1.5. Colon Cancer Syndromes
Colon cancer may arise in the setting of a familial cancer syndrome or in the presence of 

infl ammatory bowel disease. It is essential for the surgeon to recognize such cases and take 
appropriate steps to assure proper diagnosis and management (5,13–18). Table 1 summarizes 
the most common syndromes, their clinical features, and surgical considerations.

1.6. Infl ammatory Bowel Disease
There is a well-documented increased risk of colon cancer among patients with infl am-

matory bowel disease (19,20). Two clear independent risk factors for the development of 
colon cancer are duration and extent of the colitis (21,22). For ulcerative colitis, the risk 
of developing carcinoma is estimated to be 1–2% per annum for each year after the fi rst 
decade of disease (23–25).

Regular colonoscopic evaluations are advocated to detect early or precancerous lesions 
(26). At present, debate exists as to how often colonoscopy should be performed. Several 
studies have indicated that biennial colonoscopy is probably inadequate in preventing 
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patients from developing carcinoma (23,27,28). Consequently, annual colonoscopy is 
recommended (10).

An alternative to a surveillance program for colon cancer prevention is elective total 
proctocolectomy (29). For patients who have pan-colitis, disease greater than 10 yr, or age 
of onset of 15 yr or less, a total proctcolectomy with ileoanal anastomosis is indicated. The 
presence of pan-colitis increases the relative risk of developing carcinoma 15-fold over 
matched normal controls (29). Crohn’s colitis also confers an increased risk for colon cancer; 
the risk is highest in patients diagnosed with Crohn’s disease before age 30 (5,30).

1.7. Comorbidity and Operative Risk
An elective colon resection is a well-tolerated procedure with an overall operative mortal-

ity of less than 1%. Patients’ suitability for general anesthesia and an abdominal exploration 
must be considered. Angina pectoris, severe cardiac valvular disease, congestive heart 
failure, chronic respiratory failure, large aortic aneurysm, recent venous thromboembolism, 
severe neurologic impairment, second cancers, and severely compromised performance 
status are the most common reasons to defer or withhold surgical treatment. Given the nature 
of colon cancer and the consequences of no surgery, it is uncommon not to proceed with 
colon resection for patients with localized tumors. When possible, medical comorbidities are 
addressed in the preoperative period to minimize operative risk.

1.8. Preoperative Evaluation
The usual components of the preoperative evaluation for patients with colon cancer are 

listed in Table 2. Additional studies and consultations may be required for patients with 
advanced disease or signifi cant comorbidities.

Table 1
Colon Cancer Syndromes

Syndrome Clinical features Surgical considerations

FAP No family history in 20% TAC + ileorectal anastomosis
 Presentation in teens, 20s, 30s, 40s TPC + ileal J-pouch anal 
 Hundreds of colonic polyps     anastomosis
Attenuated FAP Presentation in 40s, 50s, 60s TAC + ileorectal anastomosis
 0-100 colonic polyps TPC + ileal J-pouch anal 
      anastomosis
HNPCC Strong family history of cancer (colon, Standard hemicolectomy
     endometrial, and other types) Subtotal colectomy
 Synchronous and metachronous colon cancers Prophylactic TAH/BSO
Ulcerative colitis Distal or pan colitis TPC + end ileostomy
 Autoimmune cholangitis in 10% TPC + ileal J-pouch anal 
      anastomosis
  Liver biopsy
Crohn’s disease Segmental or pan colitis Standard hemicolectomy
 Anal fi stulas TPC + end ileostomy
 Terminal ileitis
 Small bowel cancer

FAP, familial autosomal polyposis; TAC, total abdominal colectomy; TPC, total proctocolectomy; HNPCC, 
Hereditary Nonpolyposis Colorectal Cancer; TAH/BSO, total abdominal hysterectomy and bilateral salpingoo-
pherorectomy.
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2. SURGICAL MANAGEMENT

2.1. Bowel Preparation
Adequate preoperative bowel preparation is important to minimize the risk of postopera-

tive wound and intra-abdominal infections. A thorough mechanical bowel cleansing is 
advocated to minimize the fecal load within the colon. There are several regimens for bowel 
preparation in use today; each with relative advantages and disadvantages in regard to 
patient compliance, effi ciency, infl uence on fl uid and electrolyte balance, and effect on fecal 
micro-organisms (31–36). A 1-d outpatient preparation with poly(ethylene glycol) solutions 
or phosphasoda has proven safe and effective. Patients with partially obstructing tumors may 
require a longer preparation or hospital admission.

2.2. Antibiotic Prophylaxis
For optimal risk reduction, antibiotic prophylaxis is added to mechanical bowel prepara-

tion. In the absence of perioperative antibiotics, the overall infection rate for colon surgery 
is between 30% and 60% (37,38). Preoperative administration of oral antibiotics reduces the 
bacterial colonization of the large bowel and is effective in reducing infectious complica-
tions by 60–80% compared to untreated controls (39). Neomycin plus metronidazole and 
neomycin plus erythromycin are popular regimens. Systemic antibiotics are recommended 
just prior to operation, so adequate tissue levels are present at the time of contamination. A 
prospective double-blind study reported a reduction of wound infections from 28% to 14% 
when systemic antibiotics were added to an oral antibiotic preparation (40).

2.3. Venous Thromboembolism Prophylaxis
Patients with malignancy are at increased risk of thromboembolic complications, and 

all patients having a colectomy require prophylaxis (41). The most common measures are 
intermittent pneumatic compression devices and subcutaneous heparin. Oral anticoagulants 
or dextran are also effective. Prophylaxis with anticoagulant drugs does produce a slight 
increase in risk of hemorrhagic complications (42–44).

Table 2
Preoperative Evaluation of Patients with Colon Cancer

• Informed consent
• History and physical
• Complete colonoscopy with biopsy
• CT scan of abdomen/pelvis
• Chest X-ray
• Electrocardiogram
• Blood tests

• Complete blood count
• Electrolytes
• Liver function tests
• Coagulation profi le
• Type and screen

• Bowel preparation
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2.4. Anatomy and General Principles
The colon can be divided into an intraperitoneal portion and a retroperitoneal portion. 

The cecum, transverse colon, and sigmoid colon are mobile structures that lie free within 
the peritoneal cavity and are completely covered with serosa. On the other hand, the dorsal 
aspects of the ascending colon, hepatic fl exure, splenic fl exure, and descending colon lack 
a serosa, and these retroperitoneal segments are relatively fi xed. Local treatment failures of 
cancers within the intraperitoneal colon generally involve peritoneal seeding; local failures 
in the retroperitoneal colon may present as local recurrence involving the retroperitoneal 
soft tissues, kidney, ureter, and pancreas.

The arterial blood supply to the right colon, derived from the mid-gut, is from the ileocolic, 
right, and middle colic branches of the superior mesenteric artery (Fig. 1). The left colon, 
derived from the hindgut, receives its blood supply from the left colic and sigmoid branches 
of the inferior mesenteric artery. Collateral blood supply is provided by the marginal artery of 
Drummond, which courses near the colon and connects the superior and inferior mesenteric 
arteries. The venous drainage of the colon parallels its arterial supply, with drainage into 
the portal venous system.

The lymphatic drainage of the colon fl ows sequentially through epicolic, paracolic, 
intermediate, and principal nodes. Lymphatic vessels originate in the bowel wall as a 

Fig. 1. Anatomic segments and vascular supply of the colon.
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plexus within the submucosa and drain into the intramuscular lymphatics, which course 
radially through the bowel wall and into the subserosa. The subserosal lymphatics drain into
the epicolic nodes, which lie in close proximity to the colon along the arterial arcades. The
epicolic nodes drain into the paracolic nodes, which lie along the marginal arteries.
The paracolic nodes then drain into the intermediate nodes, which course along the major 
colic vessels. Ultimately, the intermediate nodes drain into the principal nodes, which lie 
at the origins of the superior and inferior mesenteric arteries and are contiguous with the 
para-aortic nodes.

2.5. General Surgical Principles
Colon cancers are treated by wide resection of the bowel and adjacent mesentery. Surgical 

lymphadenectomy is considered both a therapeutic and staging procedure (see Table 3). The 
paracolic nodes along the vascular arcade are the most numerous and are a signifi cant site 
for metastatic disease. Because the route of lymphatic fl ow follows the arterial and venous 
anatomy, tumors that lie in close proximity to a large vascular pedicle have a relatively 
uniform lymphatic drainage. However, for tumors that lie between two vascular pedicles, 
lymphatic fl ow may course in either or both directions (Fig. 2). Based on the location, 
vascular anatomy, and clinical features of the primary tumor, the surgeon determines the 
lymph node stations at risk, which in turn determines the extent of lymphadenectomy and 
subsequent colon resection.

Besides the hematogenous and lymphatic routes, another potential route of dissemination 
is intraluminal spread. Tumor cells can exfoliate and implant themselves at the anastomosis, 
producing a suture line recurrence. For colon cancer, this phenomenon is infrequent, 
occurring in less than 1% of cases. It is important to avoid unnecessary manipulation of 
the tumor (10).

The “no touch” technique, popularized by Turnbull et al. (45), requires ligation of the 
regional arterial and venous blood supply before mobilization of the colon and mesentery. 
The rationale is that intraoperative manipulation of the tumor during dissection may 
dislodge cancer cells into regional veins with the potential for spread to distant organs. 
This theory arose from the observation that cancer cells are detectable in the portal vein 
during intraoperative manipulation of the tumor (45,46). In 1988, a prospective randomized 
study by Wiggers et al. (47) did not show a statistical difference in survival between initial 
mesenteric vascular ligation vs initial tumor mobilization. Nevertheless, early identifi cation 
and ligation of vascular pedicles and avoidance of unnecessary tumor manipulation are 
still advisable.

2.6. Abdominal Exploration
Primary colon resections are generally performed through a midline laparotomy incision. 

This incision provides good exposure to the entire contents of the abdominal cavity and may 
easily be extended superiorly or inferiorly. For hemicolectomy, a right or left transverse 
incision is also effective. Upon entering the abdomen, an initial exploration is performed 
by gentle palpation and inspection. The examination includes the primary tumor site, the 
mesentery and omentum, the stomach and pancreas, the liver and hepatoduodenal ligament, 
peritoneal surfaces, including both hemidiaphragms, the small intestine, the appendix and 
remaining colon, the para-aortic lymph nodes, and the pelvic structures. Palpable abnormali-
ties are visualized and, if appropriate, biopsied. In the absence of intraoperative fi ndings that 
change the planned procedure, the surgeon then proceeds with the resection.
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2.7. Colon Resection
The goals of resection are (1) complete removal of the colonic tumor and regional lymph 

nodes and (2) re-establishment of bowel continuity. The extent of mesenteric and bowel 
resection is based primarily on the regional vascular anatomy. The preferred approach is 
initial ligation of the major regional arterial branches at their origin, followed by a wide
en-bloc surgical resection of the mesentery and colon. Only in a small minority of patients 
with minimally invasive polypoid cancers is segmental colectomy with limited lymphad-
enectomy appropriate. The site of bowel transection is generally determined by the adequacy 
of arterial blood supply following mesenteric resection. Removal of at least 5–10 cm of 
colon both proximal and distal to the tumor is desirable. The lateral margins of resection are 
often the bowel serosa and fascia propria of the mesentery. If the tumor invades deep into 
the retroperitoneum or is attached to adjacent viscera or parietes, an in-continuity resection 
of the involved tissues is performed. For elective operations, bowel continuity is routinely 
restored by primary anastomosis.

There remains debate as to the therapeutic benefit of routinely extending regional 
lymphadenectomy to include the central/principal lymph nodes in addition to the paracolic 
and intermediate lymph nodes. Enker and colleagues reported excellent results for treatment 
of colon cancer with extensive lymphadenectomy (48). Studies by Gabriel and by Nicholls 
suggest a survival benefi t for high ligation, especially when intermediate lymph nodes are 
involved. However, a more recent study did not demonstrate a survival benefi t for high 
ligation of the inferior mesenteric artery for sigmoid cancers (5). Despite uncertainty about 

Table 3
TNM Classifi cation of Colon Cancer/AJCC/UICC Stage Grouping

Primary tumor (T)
 T× Primary tumor cannot be assessed
 T0 No evidence of primary tumor
 Tis Carcinoma in situ: intraepithelial or invasion of lamina propria
 T1 Tumor invades submucosa
 T2 Tumor invades muscularis mucosa
 T3 Tumor invades through the muscularis propria into the subserosa, or into nonperitonealized
      pericolic tissues
 T4 Tumor directly invades other organs or structures, and/or perforates visceral peritoneum
Regional lymph nodes (N)
 N× Regional lymph nodes cannot be assessed.
 N0 No regional lymph node metastasis.
 N1 Metastasis in 1–3 regional lymph nodes.
 N2 Metastasis in 4 or more regional lymph nodes.
Distant metastis (M)
 M× Distant metastasis cannot be assessed.
 M0 No distant metastasis.
 M1 Distant metastasis.
Stage grouping—AJCC/UICC
 Stage 0 Tis N0 M0
 Stage I T1 or T2 N0 M0
 Stage II T3 or T4 N0 M0
 Stage III Any T N1 or N2 M0
 Stage IV Any T Any N M1
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its optimal extent in the individual patient, lymphadenectomy should be regarded as an 
essential component of surgical therapy for colon cancer. Unlike other solid tumors such 
as lung, bladder, and cervix cancer in which surgical cure of node positive cancers is rare, 
approx 50% of node-positive (stage III) colon cancers can be cured by surgery alone (49).
Because of the safety of wide lymphadenectomy and the impossibility of predicting the 
extent of mesenteric lymph node spread by palpation and inspection, routine use of wide 
lymphatic resection is recommended. Less extensive lymphadenectomy may be acceptable 
when there is unresectable metastatic disease. Removal of at least 12 regional lymph nodes 
is considered necessary for accurate pathologic staging (50). Standard resections for primary 

Fig. 2. For tumors that lie between two vascular pedicles, lymphatic fl ow may drain in either or both 
directions. From a study of cleared specimens, it was possible to determine the preferential route by 
the location of hepatic metastases. The numbers in the fi gure signify the percentage of metastasizing 
carcinomas in the above locations that have demonstrated positive nodes along a given vascular route. For 
example, node positive tumors lying between the ileocoloc and right colic arcades metastasize along the 
ileocolic arcade in 100% of cases and along the right colon in 12% of cases (47a).
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colon cancer are shown in Fig 3. The survival of over 1800 patients surgically treated for 
colon cancer at Memorial Sloan-Kettering Cancer Center is presented in Fig. 4.

2.7.1. RIGHT COLON

Patients with tumors of the cecum, ascending colon, and hepatic fl exure are treated by 
right hemicolectomy. The terminal ileum (10–15 cm length), cecum, ascending colon, and 
proximal transverse colon are removed. Vascular structures ligated include the ileocolic, 
right colic, and the right branch of the middle colic arteries. If mesenteric lymph nodes 
near the origin of the middle colic artery are clinically suspicious, then an extended right 
hemicolectomy should be performed. The subsequent anastomosis (Fig. 3, panel A) is 
between the ileum and transverse colon.

2.7.2. TRANSVERSE COLON

Patients with tumors of the transverse colon may undergo an extended right hemicolectomy 
(Fig. 3, panel B) or a transverse colectomy (panel C). In a transverse colectomy, the middle 

Fig. 3. Extent of surgical resection for cancer of the colon at various sites. The cancer is represented by a 
black disk. Anastomosis of the bowel remaining after resection is shown in the insets. Panel A represents 
treatment of a cecal lesion, Panel B an ascending colon lesion, Panel C a transverse colon lesion, Panel D a 
splenic fl exure lesion, Panel E a descending colon lesion, and Panel F a sigmoid colon lesion (50a).
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colic artery is ligated at or near its origin. After removal of an adequate segment of transverse 
colon, the right colon and left colon are joined near the midline. Because both the hepatic 
and splenic fl exures are fi xed, this operation requires extensive mobilization of the colon to 
avoid tension on the anastomosis. It can be a diffi cult procedure unless the transverse colon 
is long and redundant. Extended right hemicolectomy is generally preferable. The procedure 
entails a right colectomy plus transverse colectomy with high ligation of the left branch 
of the middle colic artery. The terminal ileum, cecum, ascending colon, and transverse 
colon are removed. The anastomosis is performed between ileum and descending colon, 
which is perfused by the ascending branch of the left colic artery. This procedure achieves 
a maximal lymphadenectomy along the middle colic vessels and is preferred for high-risk 
cancers of the transverse colon.

2.7.3. DESCENDING COLON

Cancers arising at the splenic fl exure or within the descending colon are treated with 
left hemicolectomy (Fig. 3, panel D). The left colic artery is ligated at its origin and the 
splenic fl exure and descending colon are removed. The remaining transverse colon may then 
be stapled or hand-sewn to the sigmoid colon. For more distal lesions, a portion or all of 
the sigmoid colon may also be resected with high ligation of one or more of the sigmoidal 
arterial branches. The anastomosis of the transverse colon is made to the distal sigmoid or 
upper rectum (Fig. 3, panel E).

Fig. 4. Kaplan-Meier Survival Curves for 1824 patients operated on for colon cancer at Memorial Sloan 
Kettering Cancer Center. Top solid line represents stage I patients; dotted line, stage II; dashed line, stage 
III; and the bottom dashed/dotted line, stage IV.



Chapter 15 / Surgery of Colon Cancer 277

2.7.4. SIGMOID COLON

For sigmoid tumors, a sigmoid colectomy is the standard resection. The patient is 
positioned in dorsal lithotomy with the legs supported in stirrups to allow transanal stapling. 
For proximal or advanced sigmoid cancers, the inferior mesenteric artery (IMA) is ligated 
at its origin; the left colic artery is then ligated proximal to its bifurcation into ascending 
and descending branches. For more distal or early sigmoid cancers, the arterial ligation may 
be done at the origin of the superior rectal artery with preservation of the infl ow through 
the IMA into the left colic artery (Fig. 3, panel F). In both cases, the lymph nodes along 
the sigmoidal arteries and the superior rectal artery are removed. High ligation of the IMA 
allows removal of lymph nodes along the IMA; it may also require removal of some of the 
descending colon. Because of the potential for injury to the preaortic sympathetic nerve 
plexus, many surgeons reserve high ligation of the inferior mesenteric artery for those cases 
judged to be at high risk for nodal dissemination.

2.8. Colon Anastomosis
There are three basic techniques for performing an entero-enteric anastomosis: suturing, 

stapling, or placing an anastomotic ring device. There are no large, defi nitive, randomized 
clinical trials comparing all three techniques, but the available randomized data indicate that 
there is no difference in complication rates or recovery time (51). The choice of technique is 
made according to the surgeon’s preference. Meticulous care must be given when performing 
colonic anastomoses, as the morbidity and mortality of dehiscence are signifi cant (52). It is 
up to the surgeon to achieve a mechanically secure anastomosis while maintaining optimal 
blood supply and minimizing tension, infl ammation, and infection (53,54).

Hand-sewn colonic anastomoses are frequently performed in two layers: an inner layer of 
absorbable suture material to approximate the mucosa and bowel wall, and an outer layer of 
nonabsorbable suture material to secure the serosal edges together while incorporating the 
submucosa for strength. This represents Czerney’s modifi cation of the Lembert anastomosis 
(originally a single-layer technique) (55,56). A one-layer anastomosis is preferred by many 
surgeons, and large clinical studies and experimental data from animal models support the 
safety of one-layer suturing. A retrospective analysis (57) of single-layer anastomoses in 
1000 patients over a 9-yr period observed that anastomotic leakage (1%), obstruction (2%), 
wound complication rate (2%), and mortality (1%) are comparable or better than other series 
reporting outcomes using two layer technique (51,58).

Advocates of stapled anastomoses cite shorter time to completion and equal safety and 
functional results compared to the hand-sewn technique. A prospective trial with 652 patients 
comparing stapled and hand-sewn techniques found no statistical difference in clinical leak 
rates (4.5% vs 4.4%) (59). Another prospective randomized trial of 250 patients found no 
difference in clinical or radiographic leak rate (60). Concern that stapled anastomoses might 
yield a higher incidence of anastomotic recurrence has been dispelled by prospective trials 
showing equivalence to sutured anastomoses (59). A variety of linear and circular staplers 
are in widespread use for colonic surgery.

Anastomotic devices that compress the proximal and distal bowel walls between two 
or three rings have been in use for more than a century. At present, the biofragmentable 
anastomosis ring (Valtrac BAR) is commercially available. The Valtrac device (61) is made 
of polyglycolic acid with barium sulfate added for radiographic visualization. The device 
snaps together and rapidly creates an end-to-end anastomosis. Several experimental and 
clinical studies have validated the safety of the Valtrac device compared to hand-sewn and 
stapled anastomosis (51,61–66).
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2.9. Adjunct Techniques
2.9.1. INTRAOPERATIVE ULTRASOUND

Intraoperative ultrasound (IOUS) has been touted as the most sensitive method for detec-
tion of hepatic metastases. A comparison of IOUS, CT scan, and preoperative ultrasound 
published in 1987 reported that each modality had a specifi city of approx 90% for detection 
of hepatic metastases from colon cancer. However, sensitivity of IOUS was superior at 98%, 
vs 48% and 41% for CT scan and preoperative ultrasound, respectively (67). Consequently, 
a subset of patients will have hepatic involvement detectable only by IOUS. In a study of 55 
patients undergoing resection for colorectal cancer, occult hepatic metastases were detected 
by IOUS alone in 5% of cases. When analysis was restricted to patients with T3 or T4 lesions 
and patients operated on for recurrence, the yield from IOUS increased to 10% of patients 
(68). However, the authors concluded that routine use of IOUS is not warranted in patients 
with colon cancer who have had a good quality preoperative CT scan. With the availability of 
spiral CT scans, the diagnostic yield of intraoperative ultrasound is likely to be even lower. 
At present, its most useful roles are for the characterization of indeterminant liver lesions 
and as an aide in defi ning liver anatomy during liver resection.

2.9.2. RADIOIMMUNOGUIDED SURGERY

Radioisotope-labeled monoclonal antibodies that recognize specifi c tumor surface antigens 
can be used for intraoperative localization of tumor deposits. Several days or weeks prior 
to surgery, patients are intravenously administered the labeled antibody. Intraoperatively, 
a handheld gamma detection probe is used to identify tissues with high levels of antibody 
uptake. In a study of 36 patients, there was 83% positive antibody localization. In patients 
who localized, staging changes were made in 34% and operative changes were made in 25% 
(69). Despite some success in identifying occult sites of disease, nonspecifi c uptake of signal 
remains problematic. Use of radiolabeled antibodies remains investigational.

2.9.3. SENTINEL NODE EVALUATION

Sentinel lymph node identifi cation has played a signifi cant role in the evaluation of 
patients with melanoma and breast cancer. The success of this technique in these two 
diseases has sparked enthusiasm in the treatment of other malignancies, notably colon cancer. 
A recent review (70) summarized the experience of intraoperative sentinel lymph node 
identifi cation in 85 patients. At the time of operation, the surgeon injects lymphazurin 1% 
dye subserosally around the tumor. The dye will quickly travel through the lymphatics into 
the draining lymph nodes, turning pale to deep blue (Fig. 5). The fi rst four such lymph nodes 
are identifi ed and marked with a suture as sentinel lymph nodes. The standard resection 
then proceeds. These sentinel lymph nodes are then analyzed pathologically, as are the other 
lymph nodes in the specimen. A theoretical advantage is that the pathologist may then focus 
on the sentinel nodes, potentially identifying micrometastatic disease that may upstage the 
patient, who may then benefi t from further adjuvant therapy. More prospective analysis of 
this technique is required, but the early experience is encouraging.

2.10. Prophylactic Resections
2.10.1. GALLBLADDER

Patients with gallstones detected on preoperative imaging studies may be safely treated 
with cholecystectomy at the time of elective colon resection. Initial laproscopic cholecystec-
tomy followed by open colectomy may be advantageous for patients with sigmoid or rectal 
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cancers. Prophylactic cholecystectomy for asymptomatic gallstones detected intraoperatively 
is not necessary and is generally not advisable.

2.10.2. APPENDIX

When a mass in the appendix is encountered intraoperatively, appendectomy with frozen-
section analysis of the mass lesion is appropriate treatment. Most of these lesions will 
prove to be mucoceles or small carcinoid tumors, and no further treatment is required. 
Right colectomy is indicated for carcinoid tumors larger than 1.5 cm and for appendiceal 
adenocarcinomas (71–73). Prophylactic removal of a normal appendix is not recommended.

2.10.3. OVARIES

Careful intraoperative assessment of the ovaries in a woman with colon cancer is essential. 
Metastatic spread to the ovaries may be present at the time of initial colonic resection or may 
develop subsequently and, in some cases, require reoperation. Consequently, prophylactic 
oophorectomy at the time of colon surgery has been advocated. No defi nitive randomized 
study to assess the impact of prophylactic oophorectomy on cancer recurrence or survival 
has been performed. Some justifi cation for prophylactic oophorectomy can be found in 
retrospective studies (74–77). In one large study, in which 201 women received prophylactic 
oophorectomy at time of large bowel surgery, there was a 2% incidence of ovarian involve-
ment by metastatic colon carcinoma. In the control arm (134 patients), 2.2% of patients 
developed subsequent ovarian disease (2 primary ovarian carcinoma and 1 metastatic 
breast carcinoma) (77). A randomized study comparing prophylactic oophorectomy vs no 

Fig. 5. A sentinel lymph node being marked with a suture after a cecal lesion (top of photograph) has 
been injected with lymphazurin 1%. Note tracking of blue dye between two lymph nodes. (Personal 
correspondence, used with permission, S. Saha, MD, Michigan State University.)
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oophorectomy in stage II and III colon cancer demonstrated a benefi t in 5-yr disease-free 
survival for the oophorectomy group (80%) compared to no oophorectomy (65%) (78).
Further patient accrual is necessary in this trial of 155 patients in order to achieve more 
statistical power; however, the possibility of a recurrence-free survival advantage emphasizes 
the need to continue this preliminary work. Based on the available data, offering prophylactic 
adjuvant oophorectomy to postmenopausal women with colon cancer is reasonable. For 
premenopausal women, only those patients with a clearly increased risk of developing 
ovarian carcinoma (strong family history, known carrier of breast cancer (BRCA) or 
hereditary nonpolyposis colorectal cancer [HNPCC] mutation) or those with established 
metastatic (stage IV) colon cancer are considered for prophylactic oophorectomy. Preopera-
tive consultation with a gynecologist to discuss ovarian cancer risk and postoperative 
hormone replacement is advisable.

3. SPECIAL SITUATIONS

3.1. Small Colon Tumors
In a minority of cases, the colon tumor may be too small to be identifi ed intraoperatively 

by palpation. When this is recognized preoperatively, the best solution is tattooing of the 
tumor site by endoscopic injection of India ink. Another preoperative solution is air-contrast 
barium enema, which is often successful in localizing small tumors. Alternatively, the tumor 
may be identifi ed at the time of surgery by intraoperative colonoscopy.

3.2. Obstructing Colon Carcinomas
Obstructing colon carcinomas frequently occur in the descending colon and sigmoid 

colon, but they may also occur in the cecum when cancer invades the ileocecal valve. 
Malignant obstruction can progress insidiously for months and then present to the surgeon 
as an acutely ill, undiagnosed patient with a dilated, unprepped, and often ischemic colon. 
In this setting, urgent hemicolectomy has signifi cantly increased risks of anastomotic leak, 
infection, colostomy, and death (52,79).

Following fl uid resuscitation and enemas, the site and severity of colon obstruction 
is documented by single-column gastrograffi n enema. Passage of contrast through the 
obstructing lesion suggests that clinical improvement may be possible. Stable patients should 
be given a chance to resolve the obstruction and convert to an elective operation. Further 
workup with CT scan and colonoscopy is desirable. However, patients with unremitting 
colon obstruction may require urgent abdominal exploration.

For obstructing tumors of the right and transverse colon, the preferred management for 
clinically stable patients is resection and primary anastomosis (79). The obstructed colon is 
resected, and anastomosis between ileum and distal colon can be performed safely.

Surgical management for obstructing left-sided colon carcinoma may be done in one, 
two, or three stages. One-stage operations with resection and primary anastomosis have 
signifi cant benefi t. Temporary colostomy and the complications associated with reoperation 
for colostomy reversal are avoided. There are two options for one-stage operation: standard 
colectomy with on-table colonic lavage or subtotal colectomy. The safety of the colonic 
lavage technique has been well documented, with a mortality rate of less than 10% and an 
anastomotic leakage rate of 5% (79–82). A prospective, randomized trial comparing subtotal 
colectomy with standard colectomy with colonic lavage showed that the two techniques 
have similar rates of complication and mortality (83). However, the colonic lavage group 
had signifi cantly better bowel function with fewer bowel movements and less diarrhea. 
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Standard colectomy plus colonic lavage is the preferred method of one-stage resection for 
most patients with acutely obstructing cancers of the left colon. Subtotal colectomy may 
be preferable for patients with synchronous tumors, prior colectomy, cecal ischemia, or 
cecal perforation.

Resection of the obstructing left-sided cancer with proximal colostomy is reserved for 
cases in which primary anastomosis is felt to be unsafe: poor nutrition, immunosuppression, 
peritonitis, and shock. Proximal diversion (i.e., a three-stage approach) does not often have 
any safety advantage over resection plus diversion and is reserved for acutely unstable 
patients (84–86).

3.3. Perforating Cancers
Colonic perforation is a surgical emergency. The differential diagnosis includes perforated 

diverticulitis, perforated gastroduodenal ulcer, and appendicitis. Colonic perforation may 
occur at the site of an ulcerated carcinoma or, more commonly, proximal to an obstructing 
carcinoma. The primary goals of treatment are to save the patient’s life and to control the 
infection. After resection of the perforated segment, the surgeon may create an ileostomy 
or colostomy proximally and oversew the distal colon (Hartmann procedure) or create a 
mucous fi stula. If there is a left-sided colon lesion causing right-sided perforation, a subtotal 
colectomy should be performed.

3.4. Contiguous Organ Involvement
Direct invasion of adjacent organs by colon carcinoma occurs in approx 10% of patients 

(87,88). At operation, the colon may be adherent either because of infl ammation with dense 
adhesions or actual cancer invasion. Pathologically, approximately half of clinically adherent 
viscera are the result of infl ammatory adhesions only (88). Invasion of a hollow viscus such 
as bladder or bowel may create a malignant fi stula. The goal of resection is to obtain a 
tumor-free margin; all or part of the adherent organ is removed in continuity with the diseased 
segment of colon. Carcinomas in the cecum or sigmoid may directly invade the ovaries, 
fallopian tubes, uterus, or small bowel. Bulky carcinomas of the hepatic fl exure, transverse 
colon, or splenic fl exure may invade the gallbladder, duodenum, stomach, pancreas, or 
spleen. High-quality preoperative CT scanning will prepare the surgeon for the possibility of 
multivisceral resection. Figure 6 shows the preoperative CT scan of a patient who presented 
with a large splenic fl exure tumor and was treated with in-continuity left colectomy, distal 
pancreatectomy, splenectomy, and partial gastrectomy. Final pathology revealed a T4N0 
adenocarcinoma with invasion of the pancreas and infl ammatory adhesions to spleen and 
stomach. For colon cancer invading the abdominal wall, the colon must often be resected 
together with abdominal fascia. Primary closure is preferred, but use of synthetic mesh is 
acceptable if contamination has been minimal. Aggressive surgery in locally advanced cases 
will result in cure rates between 20% and 50% (88,89). Marking the resection fi eld with 
metallic surgical clips is helpful if postoperative adjuvant radiotherapy may be required.

3.5. Synchronous Primary Tumors
Synchronous colon cancers occur in 2–5% of patients (4.90). One-third of patients 

will have associated benign polyps. Consequently, it is recommended to clear the colon 
preoperatively, either with air-contrast barium enema or, preferably, colonoscopy. For 
patients who require resection of two colonic lesions, most are managed with subtotal 
colectomy. Patients with carcinomas in the same anatomic region may be treated with a 
conventional hemi-colectomy.
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3.6. Synchronous Liver Metastases
Synchronous hepatic involvement in colon cancer is reported to occur in 8–25% of patients 

at initial presentation (91–95). The majority of patients have diffuse hepatic parenchymal 
disease that is not amenable to surgical resection. However, about one-fourth of patients 
with hepatic involvement at presentation may have lesions that are solitary or few in number 
and may be potentially resectable (92,96–98). The surgeon may elect to perform a combined 
colon and hepatic resection, or do a staged procedure in which the colon is resected and then 
the hepatic resection is performed at a later date (see Chapter 20).

In retrospective analysis, survival appears to be equivalent between synchronous colon 
and hepatic resection and delayed hepatic resection. In fact, a staged procedure may allow 
the biologic behavior and metastatic phenotype of the tumor to declare itself, theoretically 
enhancing the ability to select patients who are most likely to benefi t from resection (99).
In a recent retrospective review of the Memorial Sloan-Kettering experience in 132 patients 
looking at combined vs staged resection for colorectal cancer with hepatic involvement, 
the two groups had similar complication rates when matched for extent of surgery. Median 
survival was not different in the two groups (44 vs 43 mo) (Grace et al., unpublished data).

3.7. Metachronous Colon Cancer
Estimates of the incidence of metachronous colon cancer vary between 2% and 26% 

(100–103). These data emphasize the importance of close endoscopic surveillance following 
initial surgery. Subtotal colectomy is generally the procedure of choice for management of 

Fig. 6. Preoperative abdominal CT scan of 64-yr-old male who was operated on at Memorial Sloan 
Kettering Cancer Center for a locally invasive splenic fl exure lesion. Operative treatment included a 
left hemicolectomy, distal pancreatectomy, splenectomy, and partial gastrectomy. The tumor measured 
13 cm by 10 cm and was 5 cm in maximal thickness; it was adherent to the distal pancreas, posterior 
wall of stomach, and splenic hilum. Pathologically, the spleen, stomach, and pancreas were not involved 
by tumor.
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metachronous carcinoma. This procedure reduces the risk of a second recurrence. Subtotal 
colectomy also minimizes the risk of devascularizing a colonic segment related to prior 
surgical ligation of vascular pedicles.

3.8. Rising CEA
Postoperative surveillance involves serial serum carcinoembryonic antigen (CEA) levels. 

A rise in CEA in the asymptomatic patient may represent a new primary cancer, recurrent 
colon cancer, or an unrelated condition such as bronchitis or cholecystitis. When endoscopic 
evaluation and CT scanning fail to detect a recurrent cancer, it is controversial whether 
such patients should be subjected to exploratory laparoscopy or open surgery. The most 
recent data suggest CEA-directed surgery for recurrent colon cancer has at best a minimal 
impact on survival (5). Recent work with FDG-18–PET scanning has shown that it may 
be more sensitive and specifi c than CT scan for detection of recurrent colon cancer, but it 
remains unestablished as to whether FDG-18–PET scanning alters outcome or management 
in this setting (104).

4. COMPLICATIONS

4.1. Anastomotic Leak
The published rates of anastomotic leak following colectomy vary between 4% and 18%, 

depending on anatomic location and method of detection. Subclinical leaks may occur in as 
many as 35% of patients (105). The smaller leaks may often be treated conservatively, but 
larger leaks with associate abscess or with symptoms require intervention. Surgical options 
to treat anastomotic leaks include closure of the leak, proximal diversion, and resection of 
the anastomosis with proximal colostomy. Each of these operations may be performed with 
or without a drainage procedure. Certain leaks may be treated successfully by percutaneous 
drainage alone. Patients with gross anastomotic dehiscence, associated bowel obstruction, or
peritonitis generally require surgical treatment.

4.2. Anastomotic Stricture
In contradistinction to leaks, anastomotic strictures are generally late complications 

of colon surgery, with an incidence of 2–5% (106). Patients are diagnosed with bowel 
obstruction or during follow-up surveillance with barium enema or colonoscopy. Treatment is 
through endoscopic or operative approaches. Endoscopically, patients may have the stricture 
forcefully dilated (using balloons or bouginage) or ablated (using laser or electrocautery). 
Dilation incurs a small risk of perforation. Ablation techniques are used more often when 
there is a suture line recurrence rather than with a benign stricture. Operative treatment 
involves resection of the involved segment and reanastomosis. Although this technique 
is possible, repeated operation may be technically challenging and carries an increased 
morbidity and mortality with it, especially in patients with signifi cant coexisting illnesses.

4.3. Small Bowel Obstruction
Postoperative ileus is a normal phenomenon following abdominal operations and generally 

represents a temporary motor dysfunction of the peristaltic mechanism. It is most prevalent 
in the left colon, with return to normal motor function generally within 3–5 d. In elective 
colon surgery, routine postoperative nasogastric decompression is not necessary. An ileus 
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that persists longer than 1 wk may be a sign of an underlying pathologic condition, such as 
electrolyte imbalance, excessive narcotic use, an intra-abdominal fl uid abscess, peritonitis, 
or a mechanical small bowel obstruction. Mechanical obstructions will usually resolve with 
conservative treatment using nasogastric decompression and parenteral nutrition.

4.4. Wound Complications
The risk of a postoperative wound infection depends on the bacterial contamination of 

the wound, the condition of the wound when the abdomen is closed, and the host’s systemic 
defense. Colon resections for malignancy incur a risk of wound infection between 3% 
and 16% (107). This range includes cases in which there was frank contamination of the 
operative fi eld or preoperative perforation. For the majority of elective colon resections, 
the wound infection rate is 3–5%. In the presence of a grossly contaminated operative fi eld 
with a high risk of wound infection, the surgeon may elect not to close the skin, allowing 
for delayed wound closure.

5. UNCOMMON COLON TUMORS

5.1. Lymphoma
Colonic lymphoma is a rare tumor, accounting for less than 1% of all cancers affecting the

large bowel (108). Of all lymphomas arising in the gastrointestinal tract, the colon is
the primary site in approx 15% of cases (109). A pathologically confi rmed large bowel lym-
phoma may be considered primary if the following criteria are met: if there is no radiologic 
evidence of lymphoma in the chest, if the peripheral blood smear and bone marrow aspiration 
are within normal limits, and if there is no hepatosplenomegaly or palpable peripheral 
adenopathy (5). The majority are B-cell lymphomas of intermediate to high grade.

Clinical presentation is indistinguishable from that of colonic adenocarcinoma (110,111).
Although surgical resection is often technically feasible, optimal therapy for gastrointestinal 
lymphoma has not yet been identifi ed. Historically, surgical resection has been the initial treat-
ment, with complete resection achieved in 50–80% (108,111–114). However, primary therapy 
with systemic chemotherapy can be successful, with surgery reserved for chemotherapy 
failures. Available retrospective data regarding surgery, radiation therapy, and chemotherapy 
are diffi cult to interpret because of small series size and lack of uniformly accepted regimens. 
Overall, 5-yr survival rates for colonic lymphoma are approx 50% (109,111,112,115).

5.2. Gastrointestinal Stromal Tumors (GIST)
Gastrointestinal stromal tumors (GISTs) arise from intestinal pacemaker cells within 

the muscularis propria of the intestine. GIST accounts for most of the cases formerly 
characterized as leiomyosarcoma of the colon. These stromal tumors account for less than 
1% of large bowel malignancies. Most present as large intraluminal masses and may have 
signifi cant local invasion. GISTs are treated with wide surgical resection along with the 
associated mesentery. Lymphatic spread is extremely rare, and extensive lymphadenectomy 
is not indicated. Prognosis for patients with GISTs depends on tumor size, histologic grade, 
and contiguous organ involvement (116–118). Recurrences most commonly arise in the 
peritoneal cavity or liver; these patients have a poor prognosis. Traditional chemotherapy 
and radiation had little benefi t. The discovery of STI571 (an inhibitor of tyrosine kinase 
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activity of the protooncogene c-kit) as an active agent for treatment of GISTs is an exciting 
advance that may lead to improved outcomes for colonic GISTs (119).

5.3. Carcinoid
Gastrointestinal sites account for nearly 95% of all carcinoids, with the colon being 

involved in about 6% of cases (half of these involve the cecum) (120,121). The appendix 
is the most common site (35% of cases) and will be discussed in the next section (121).
Patients with carcinoid of the colon almost never present with the traditional carcinoid 
syndrome; usually, the clinical presentation is indistinguishable from adenocarcinoma 
(121,122). Lesions tend to be advanced, with nodal involvement in 60% and liver metasta-
ses in 40% (120,122,123). Surgical treatment is by standard colon resection. Five-year 
survival of early-stage carcinoid is nearly 80% (120); overall patient survival, however, 
is between 25% and 35%, owing to the preponderance of advanced cases at presentation 
(120,122). Synchronous or metachronous lesions are reported in 15–40% of patients with 
gastrointestinal carcinoids (120,121,124–126), with nearly two-thirds of these occurring 
in the gastrointestinal tract.

6. APPENDIX TUMORS

Neoplasms of the appendix are rare, with an incidence of approx 1% in all appendectomy 
specimens (127). Carcinoids account for between 70% and 90% of all appendiceal tumors. 
The remainder are benign mucoceles, mucinous cyst–adenocarcinoma, adenocarcinoma, 
lymphosarcoma, paraganglioma, and granular cell tumors (128). Recognition is rare prior to 
surgery; initial preoperative diagnosis is often appendicitis or a gynecologic disease process. 
Because of this, patients often undergo a second operation as defi nitive therapy.

In one series of appendiceal carcinoids, 54% of patients presented with signs/symptoms of 
appendicitis, and in 46% of patients, the diagnosis was made incidentally (73). Appropriate 
treatment is based on size: Carcinoids that are less than 1 cm in size may be treated by 
appendectomy alone, whereas those that are greater than 2 cm require a right hemicolectomy. 
Controversy exists for tumors that measure 1–2 cm (73,128). Prognosis is generally favor-
able, with 5-yr survival varying from 90% to 100% (121,129–132). The most signifi cant 
prognostic indicator is presence or absence of hepatic metastasis at time of surgery. It is 
rare for appendiceal carcinoids to metastasize to the liver (73). In one study, carcinoids 
less than 1.5 cm never metastasized, those between 1.5 and 2.0 cm had minimal metastatic 
potential, and those larger than 2.0 cm (only 1% of all appendiceal carcinoids) metastasized 
frequently (127).

Primary adenocarcinoma of the appendix, similar to appendiceal carcinoid, often presents 
as acute appendicitis. Treatment is right hemicolectomy, ideally at initial operation. Patients 
treated with appendectomy alone have been shown to have a worse 5-yr survival than those 
treated with right hemicolectomy: 50–68% vs 25–30%, respectively (72,128). In the small 
number of cases reported, prognosis is the same as for other colon adenocarcinomas (128).

Mucoceles of the appendix may be benign or malignant, and both are characterized by an 
obstructed, mucin-fi lled appendix. Most benign lesions are small and are cured by simple 
appendectomy. Cystadenocarcinoma, by defi nition, has invaded the appendiceal wall and 
possibly spread to other peritoneal sites. Treatment requires wide resection of the primary 
disease, right hemicolectomy, and debulking of peritoneal implants. Five-year survival in 
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patients with metastatic cystadenocarcinoma of the appendix may approach 50%, in part 
due to the indolent nature of metastatic progression (127).
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1. INTRODUCTION

1.1. Historical Review
The successful removal of the gallbladder with minimally invasive surgery in the late 

1980s and the demonstration of initial benefi ts of less morbidity and shorter recovery times 
with laparoscopic cholecystectomy (1,2) encouraged other surgeons to apply this new 
method in their fi eld of expertise. In the case of colon and rectal surgery, the next logical 
step was the development laparoscopic bowel resection. The reasons for the initial use in 
colonic surgery were the avoidance of a long and often painful incision and a more rapid 
postoperative recovery. Aspiring to these goals, surgeons began performing laparoscopic 
colectomy as early as 1990. The fi rst laparoscopic-assisted colonic resection was a right 
hemicolectomy, which was accomplished by Moises Jacobs in Miami, FL, in June 1990 
(3). Joseph Udo performed a laparoscopic colostomy closure on November 1990 (4). The 
anastomosis was constructed with a circular stapling device. The introduction of laparoscopic 
intestinal staplers allowed intraperitoneal transection of the bowel. Using this instrument 
for ligation of the mesentery and transection of the colon, Dennis Fowler performed the 
fi rst laparoscopic-assisted sigmoid resection in October 1990 (5). Using a similar technique 
described by Fowler, Patrick Leahy performed the fi rst laparoscopic-assisted low anterior 
resection for a proximal rectal cancer in November 1990 (4). The fi rst series of 20 patients 
who underwent laparoscopic-assisted colectomy was published in 1991 by Jacobs et al. (3).
The authors provided a detailed description of their technique. Although limited by the lack of 
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appropriate instruments, these surgeons were able to perform right and sigmoid colectomies. 
Other investigators were then stimulated to follow this accomplishment. Subsequently, the 
literature has been replete with reports of series of varying sizes, innovative techniques 
for virtually every colorectal operation, and the results, complications, and consequences 
associated with the new technology.

The application of minimally invasive techniques in the treatment of different intra-
abdominal pathologies has lead to the evolution and progression of therapeutic laparoscopy 
surgical techniques into more complex operations. Currently, organs such as the bile duct, 
appendix, kidney, liver, lymph nodes, esophagus, stomach, and spleen have been successfully 
treated using laparoscopic techniques (6–12).

1.2. Oncological Issues Pertinent to the Application
of Laparoscopic Surgery in Colorectal Cancer

Whether laparoscopic colectomy proves merely to be a new technology or to truly 
represent a singular advance in the management of patients with colorectal disease remains 
to be proven.

Several issues still concern the many of surgeons when laparoscopic techniques are used for 
the treatment of colorectal malignant disease. Controversies exist regarding the fulfi llment of 
oncological surgical principles by this new method. The adequacy of intraperitoneal staging, 
extent of resection, and the problem of port site recurrences are three of the main issues that 
deserve discussion. Although visual inspection of the peritoneal cavity and both surfaces of 
the liver can clearly be achieved using laparoscopic inspection, the fact that organ palpation 
is not possible with minimally invasive surgery generates the concern of whether a complete 
intraperitoneal staging can be performed with this technology. Traditionally, palpation of 
peritoneal surfaces and of intra-abdominal organs has been a requirement for complete staging 
of colorectal cancer. Liver palpation allows the surgeon to detect deep hepatic parenchymal 
lesions; to compensate for this limitation, a preoperative computed tomography (CT) scan or 
abdominal ultrasound give useful information on abnormalities within the hepatic parenchyma 
and appear to complement laparoscopic visualization. It is likely that this combination will 
be as accurate as intraoperative bimanual palpation; however, this remains to be proven in 
controlled trials. New approaches such as laparoscopic ultrasonography have been tested 
in several studies (13,14), demonstrating that laparoscopic ultrasound probes can detect 
intrahepatic lesions with high accuracy rates. Laparoscopic ultrasonography staging, however, 
is not widely practiced and has yet to be proven in a controlled trial.

Other concerns have regarded whether the extent of resection is adequate with laparoscopic 
colectomy. A curative laparoscopic oncologic resection should include resection of suitable 
margins of normal bowel wall and excision of draining regional lymph nodes accompanying 
the major vascular pedicle of the involved bowel. Fortunately, current data suggest that the 
same bowel resection can be accomplished with laparoscopic surgery as with open surgery. A 
number of studies have demonstrated that the number of lymph nodes in a specimen resected 
laparoscopically is similar to that of a conventional open procedure (Table 1) (15–28).
Because of the ease and reproducibility of counting lymph nodes in a resected specimen, it 
has become a factor by which surgeons measured the adequacy of an oncologic resection. 
However, more important than the actual number of nodes is the anatomical dissection. An 
appropriate oncologic resected specimen should contain not only paracolic nodes but also 
the deep central nodes. This anatomical dissection is accomplished when a high pedicle 
ligation is performed. Several clinical studies have shown that such an anatomical dissection 
is feasible with laparoscopic colectomy (29–31).
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The greatest criticism of the laparoscopic approach in treating malignant colorectal 
disease has come from the issue of abdominal wall or port site recurrences. Despite all of 
the current discussion, this form of recurrence is not a totally new phenomena. In 1913, Dr. 
William Mayo reported a case of adenocarcinoma recurrence in a colostomy site proximal 
to the original tumor (32). Similarly, in 1928, an abdominal wall recurrence was published 
after a colon resection when a Mikulicz procedure was performed (33). The rate of incisional 
recurrence after open surgery for colorectal cancer varies from 7.6% (34) to 0.8% (35) to 
0.6% (36). Similar reports of trocar site recurrence after laparoscopic colectomies have been 
published. Although earlier articles suggested that the rate was anywhere between 2.5% and 
21% (37–39), more recent large studies have demonstrated that it is possible to reproducibly 
have a 0% implantation rate, or at least a rate of 1% or less (Table 2) (28,30,37–45).
However, the reported presence of viable exfoliated tumor cells in the abdominal cavity after 
laparoscopic colectomy (46) and the high incidence of trocar site recurrence in the earlier 
years of laparoscopic colectomy prompted concerns and recommendations that laparoscopic 
colectomy for colorectal cancer should preferably be performed only in the context of 
prospective randomized trials (47).

Animal models and clinical trials have been used to try to understand the possible etiology 
for implantation of tumor cells into the trocar sites. It seems that the main cause of this 
problem is direct contact, direct inoculation from surgical instruments, or unprotected 
extraction of the surgical specimen, resulting in port site tissue trauma and implantation 
(46,48). The role of pneumoperitoneum in tumor cells seeding appears to be secondary. 
Although many animal models have shown that a pneumoperitoneum increases the risk of 
incisional and port site recurrence (49), this risk appears to be related to the size of the 
inoculum (50), the number of manipulations required through each port site (51), and port 
site leakage (52). The single most important factor to avoid altered patterns of spread is 
surgical technique. The surgeon’s contribution to the seeding of tumor cells is based on 
traumatic manipulation of the tumor, tumor perforation, replacement of trocars, and failure 
to use wound protection during extraction. The fact that wound implants are absent in newer 

Table 1
Comparison of Lymph Node Harvest for LAC vs OS

 No. of lymph nodes

Author, year Laparoscopic Open

Tate, 1993 (15) 10.0 13.0
Peters, 1993 (16) 9.0 8.5
Musser, 1994 (17) 10.6 7.9
Ota, 1994 (18) 8.8 18.8
Hoffman, 1994 (19) 8.0 6.1
Darzi, 1995 (20) 9.5 6.0
Lacy, 1995 (21) 12.7 12.8
Saba, 1995 (22) 6.0 10.0
Fine, 1995 (23) 9.0 10.0
Lord, 1996 (24) 7.8 8.9
Stage, 1997 (25) 7.0 8.0
Wu, 1997 (26) 13.0 —
Goh, 1997 (27) 20.0 19.0
Khalili, 1998 (28) 12.0 16.0
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series suggest that once the learning curve is achieved, careful techniques with attention to 
detail in tumor manipulation minimizes the risk of port site recurrence.

2. DESCRIPTION OF PRACTICAL APPLICATION

2.1. Preoperative Management
In general, indications for laparoscopic surgery do not differ from those of laparotomy 

for colorectal malignancy; however, patient selection and tumor-related factors are critical 
variables for obtaining good results and benefi ts from this technology (Table 3).

Pulmonary and hemodynamic changes that may be caused by pneumoperitoneum (53–56)
infl uence the selection of patients to be operated on with laparoscopic surgery. Patients 
suffering from heart disease with marginal cardiac reserve, major vascular disease, or severe 
respiratory pathologies have an absolute contraindication to this type of procedure.

Patient selection may be also be contraindicated if certain conditions are present, such 
as portal hypertension, coagulopathy, pregnancy, previous surgery with multiple incisions, 
or obese body habitus. Pregnancy has been considered a contraindication for laparoscopic 
surgery; however, a number of articles describing emergency laparoscopic cholecystectomy 
and appendectomy during pregnancy have been published (57,58). All reports have had 
successful results and all patients delivered full-term, healthy babies, with technical 
modifi cations including a direct technique to establish pneumoperitoneum, lower insuffl ation 
pressures (between 8 and 10 mm Hg), or access through a gasless approach, and cannulas 
placed higher than usual because of the enlarged uterus.

Patients who have had multiple prior laparotomies, especially if these procedures have 
been performed in the same region of planned surgery, may have signifi cant intra-abdominal 
adhesions. The risk of perforation or incidental bowel insuffl ation during establishment of 
pneumoperitoneum is increased as a result of bowel adhesions to the anterior abdominal 
wall (59). Also, extensive adhesions increased the time of the procedure, as well the chance 

Table 2
Wound Implant Recurrence After LAC for Colon Cancer

    Interval to
   Stage of recurrence Location of
Author, year No./total % disease (Duke) (months) recurrence

Guillou, 1993 (37) 1/57 11.8 C 3 Port site
Berends, 1994 (38) 3/14 21 B,C,D NS Paraumbilical (2)
     Port site
Ramos, 1994 (40) 3/208 11.5 C,C,C 6,8,21 Port site (2)
     Extration site
Lumley, 1996 (41) 1/103 10.9 D NS Port site
Boulez, 1996 (39) 3/117 12.5 B,C NS Port site (3)
Fleshman, 1996 (42) 4/372 11.1 D,C,B,A NS Midline incision
     Port site (2)
     Subcutaneous fat
Franklin, 1996 (30) 0/191 10
Fielding, 1997 (43) 2/149 11.3 C,D NS Port site (2)
Bouvet, 1998 (44) 0/91 10
Khalili, 1998 (28) 0/80 10
Leung, 1999 (45) 1/179 10.5 D NS Port site

NS, not stated.
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of conversion because of the unclear anatomy and/or possible organ injuries sustained 
during dissection. However, laparoscopic enterolysis is feasible, making adhesions a relative 
contraindication.

Morbid obesity is probably the most common relative contraindication to laparoscopic 
colectomy. Major obstacles can arise with morbid obese patients, including proper and 
stable positioning on the operating table, adverse effects of steep positional changes, proper 
reach of laparoscopic instruments, and exposure of the viscera. Under these circumstances, 
the chance of converting a laparoscopic into an open surgery are high; the policy in our 
institution is to counsel obese patients on an increased risk of conversion and proceed with 
at least laparoscopic exploration.

Certain features of the colonic tumor, including size, location, stage, and presence of local 
complications may mitigate against laparoscopic resection. Neoplasms larger than 8 cm
in diameter are often technically diffi cult to dissect laparoscopically, increasing the risk 
of bowel injury and intraperitoneal spillage of tumor cell. More importantly, removing a 
mass of this magnitude would require an incision larger than 6 cm; therefore, no cosmetic 
benefi t will be obtained from the procedure. In this instance, a conventional laparotomy 
should be performed.

Lesions located in the transverse colon are more diffi cult to dissect because of omental 
attachments and the need to dissect two fl exures. Tumors of the right, left, and sigmoid 
are generally amenable to the laparoscopic approach. Tumors 15 cm above the anal verge 
are readily resected with laparoscopic techniques; however, those located less than 15 cm 
from the anal verge are more challenging. The technical limit of a laparoscopic anterior 
resection is the distal anastomosis. Because of anatomical (narrow pelvis) and instrument 
(laparoscopic intestinal staplers) limitations, the stapled suture line is easiest when it is 
10–12 cm from the anal verge. Therefore, the colonic lesion must be at least 14–15 cm 

Table 3
Contraindications

Absolute
 Patient-related
  Major cardiac disease
  Severe pulmonary disease
  Liver disease with portal hypertension
  Coagulopathy
  Pregnancy
  Tumor-related
  Tumor infi ltration into adjacent structures (T4)
  Acute complications: Obstruction, perforation, and ileus
Relative
 Patient-related
  Morbid obesity
  Multiple previous abdominal surgeries
  Same site scars

“Prohibitive adhesions”
 Tumor-related
  Large mass (>8–10 cm)
  Primary tumor with resectable liver metastasis
  Transverse colon cancer
  Carcinomatosis
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or greater from the anal verge in order to achieve an adequate distal margin. Tumors less 
than 14 cm from the anal verge often require an assisted approach to place a stapler or 
clamp below the tumor.

Any tumor involving contiguous structures requires an en-bloc multivisceral resection. 
Whether en-bloc resection is truly feasible with laparoscopic techniques remains to be 
proven; therefore, T4 lesions should be operated with a conventional laparotomy. Other lesion 
factors that contraindicate a minimally invasive approach are acute tumor complications such 
as obstruction, ileus, and perforation with diffuse peritoneal contamination. An obstructing 
tumor resulting in dilated bowel increases the risk of perforation during pneumoperitoneum 
and port access. Further visualization of the abdominal cavity is reduced.

In laparoscopic colectomy, identifi cation of the tumor site is often diffi cult. Marking the 
precise site of the pathology is essential to avoiding resection of the wrong bowel segment 
(60,61). Several methods have been described for identifying the lesion site. The topical 
injection of India ink or blue dye by preoperative colonoscopy is the most prevalent method 
to mark the tumor site; however, such a procedure has the risk of injecting the dye into the 
peritoneal cavity or causing fat necrosis (62,63). In addition, the injected marker may also 
spread so widely that the intended site margins may increase in size or the dye may diffuse 
into the retroperitoneal portion, making laparoscopic tumor localization diffi cult (64).

Intraoperative colonoscopy is another widely performed technique to locate lesions. 
Apart from requiring an experienced endoscopist and specifi c instruments in the operating 
room, intraoperative colonoscopy can pose problems resulting from bowel distention by air 
insuffl ated during the procedure, which may interfere with operative exposure. Clamping of 
the proximal bowel by the surgeon should avoid this complication.

An alternative approach consists of the use of mucosal clipping during preoperative 
colonoscopy. Several methods of exposing the clip-marked site have been described. 
Intraoperative fl uoroscopy is one method used for identifying the clips, but this requires X-ray 
equipment and a technician in the operating room. Other techniques utilize intraoperative 
ultrasound (65) or a metallic detection probe (66) to localize the clips. Both methods seem to 
be accurate in localizing the clip-marked site; however, training and expensive equipment are 
required to successfully apply these two alternatives. A simpler approach is to take an X-ray 
during a diagnostic colonoscopy, with the tip of the endoscope adjacent to the tumor. The 
developed fi lm can be used as a reference to locate the site to be excised.

Preparation of the patient for surgery is the same for laparoscopic as for standard 
colectomy. Bowel cleansing is performed the day before surgery. Prophylaxis against deep 
venous thrombosis and thrombophlebitis is provided by the application of pressure stockings 
and sequential compression devices (67). Systemic prophylactic antibiotics are administered 
at induction of anesthesia (68,69). To avoid the risk of injury of the stomach and bladder at 
surgery, a nasogastric tube and urinary catheter are inserted. Patients who are likely to need a 
temporary or permanent stoma are marked prior to surgery by a stoma therapist.

Once a patient has been selected for laparoscopic colon surgery, he or she must be 
counseled regarding potential risks, benefi ts, and the possible need for conversion to an 
open surgical procedure.

2.2. Intraoperative Procedure
The following items are the basic equipment needed to perform a laparoscopic colectomy 

(Fig. 1): (1) video imaging set including; a video-camera unit, the laparoscope, a light source, 
monitoring and recording devices, (2) the insuffl ator unit or abdominal-wall-elevating 
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instrument, (3) suction and irrigating device, (4) hemostasis source, and (5) laparoscopic 
instruments. This last item should include not only the standard general laparoscopic surgery 
equipment but also instruments specifi c for colorectal surgery. Simple modifi cations in the 
general-surgery laparoscopic instrument pan should include reusable grasping instruments 
such as Babcock and alligator clamps. The instrument length should be at least 38–40 cm 
in order to reach the pelvis and abdominal cavity from any port site. Trocars and cannulas 
of 10 or 12 mm with stability threads plus adaptors for 5-mm instruments are preferable. To 
reduce costs, reusable instruments are used routinely. Disposable instruments are kept in the 
operating room and opened only as needed. All available instruments and equipment should 
be checked and calibrated for effi ciency, with replacements immediately available in case 
of malfunction during the procedure.

The patient should be secured to the operating table such that multiple steep positions 
can be accomplished. Positioning of the patient depends on the anatomic position of the 
tumor and the location of the proposed anastomosis. The supine position for right and left 
hemicolectomies and modifi ed lithotomy for sigmoid and abdominoperineal resection are 
preferred. The patient legs are fi tted with pneumatic athrombotic stockings before placing 
them in Allen or Lloyd–Davies stirrups. Ankle straps or beanbags are used to secure the 
patient during steep table positioning. Once the patient is positioned on the operating room 
table, the cords from the video camera, light source, insuffl ator, and cautery should be placed 
in a convenient confi guration, so as not to interfere with the operative fi eld (Fig. 2).

The video monitor and patient’s tumor should be placed in direct linear alignment with 
the surgeon’s hands and eyes in order to avoid reverse images. To achieve this position, the 
surgeon and assistant are on the side opposite to the tumor, the monitor is on the side of the 
tumor, and the working ports are directly in between.

Fig. 1. Basic equipment and instruments used for laparoscopic colon surgery. From left to right: video-
camera cord, 30° laparoscope, electrocautery cord, light cord, CO2-insuffl ator tubing, dissecting scissors, 
suction and irrigating system, exchange rod, three 10- to 12-mm trocars with 5-mm adaptors, blunt 
dissectors, and Babcock and alligator clamps. When combined with a general laparoscopic pan, these 
instruments create a full complement of the required equipment. Reprinted with permission of Mosby 
and Mayo Foundation (69a).
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3. RESECTION OF RIGHT COLON

The resection of the right colon starts by placing the fi rst port in a supraumbilical site, if 
no previous midline incision exists (Fig. 3). In the case of a patient with a midline scar, 
the fi rst port should be placed in the left upper quadrant, to avoid possible adhesions. 
Once the port is inserted with a Hasson technique, a pneumoperitoneum of 12–14 mm Hg 
is created by insuffl ating carbon dioxide into the abdominal cavity. The next two ports 
are positioned under direct vision: one in the suprapubic midline 8 cm caudad to the fi rst 
trocar and the third cannula is inserted in the left upper quadrant below the rib cage in 
the mid-clavicular line.

Once all of the ports are positioned, the exploratory–early-conversion phase begins. 
Massive adhesions, small bowel fi xed pelvis, extensive right upper or lower quadrant 
scarring, bulky or extended tumor or disseminated disease could compromise a laparoscopic 
colectomy, indicating an early conversion to an open procedure. Although a brief attempt at 
adhesiolysis is reasonable, prolonged attempts should be discouraged.

The next step involves mobilization of the cecum (Fig. 4). To facilitate the procedure, the 
operating room table is placed in Trendelenburg, with the right side inclined upward. This 
displaces the small bowel out of the operative fi eld. The dissection is begun by cephalad 
and medial retraction of the ileocecal area. Countertraction of the ileocecal junction toward 
the left shoulder raises the cecum, achieving transperitoneal visualization of ureter and 

Fig. 2. Position of the equipment and the surgical team for laparoscopic resection of the right colon. 
With the patient supine, the monitor and the nurse are positioned on the same side and the surgeon and 
assistant on the side opposite of the pathology; this minimizes reverse-image problems. The cords are 
placed along the lateral aspects of the sterile fi eld, so as not to interfere with the working fi eld. Reprinted 
with permission of Mosby and Mayo Foundation (69a).
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iliacs (Fig. 5). Dissection is then continued by grasping the cut edge of the peritoneum, not 
the bowel. The direction of excision starts around the base of the cecum toward the lateral 
peritoneal attachments (white line of Toldt) and ends at the hepatic fl exure.

As dissection continues up the right pericolic gutter, the retraction on the edge of the 
colon is changed to a caudad and medial direction, and reverse Trendelenburg is instituted 
to better visualize the peritoneal attachments toward the hepatic fl exure and duodenum 
(Fig. 6). As the hepatic fl exure is approached, the hepatocolic ligament and small vessels 
in the gastrocolic ligament should be pinched closed with a grasper, cauterized twice, and 
then divided; as an alternative, vascular clips can be applied. In order to obtain adequate 
mobilization, the dissection of the transverse colon should extend as far as the right branch 
of the middle colic vessel. At this point in the dissection, the ileum, right colon, and hepatic 
fl exure are usually extremely mobile and several choices are available for identifi cation and 
control of the mesenteric vessels. Usually, an extracorporeal division of mesenteric vessels 
is performed. This allows for a quicker and easier identifi cation and proximal ligation of 
the right colic and right branch of the middle colic vessels. However, in obese patients with 
signifi cant mesenteric fat or thick abdominal wall that precludes adequate exteriorization, 
intracorporeal ligation is indicated (Fig. 7). The colon is elevated to expose the mesentery 
of the superior mesenteric, ileocolic, right colic, and middle colic vessels, all of which can 
be visualized. Applying moderate tension on the junction of the ileum and cecum readily 
displays the ileocolic vessels and facilitates intracorporeal ligation. Mesenteric windows 
are created within the avascular planes, and the vascular pedicle is then secured by using 

Fig. 3. Position of the cannulas for laparoscopic right hemicolectomy. Two cannulas are inserted in the 
midline, the fi rst supraumbilical and the second a handbreadth or about 8 cm below the fi rst trocar. A third 
cannula is inserted at the left upper quadrant below the rib cage in the mid-clavicular line. Reprinted with 
permission of Mosby and Mayo Foundation (69a).
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hemoclips, endoloops, or a linear vascular stapler. Once the major vascular pedicle is ligated, 
the bowel should be fully mobile and ready for exteriorization.

The next technical step involves the exteriorization, resection, and anastomosis (Fig. 8).
The incision at the supraumbilical port is extended vertically to 4–6 cm depending on the 
size of the patient and specimen. This incision is much smaller than a laparotomy and the 
evisceration of the pathological segment must be carefully done, to avoid injury of the tumor 
and to minimize the risk of spreading malignant cells to local and distant sites. A simple 
extension may be adequate to relieve the resistance and allow effortless removal of the 
segment. In addition, the wound must be protected with gauze or a plastic drape, to avoid 
direct contact of wound with the tumor. It is important to maintain mesenteric orientation at 
all times for proper creation to the anastomosis. As mentioned earlier, a proximal vascular 
ligation is carried out and the resection of the specimen is performed in a standard manner, 
respecting appropriate proximal and distal margins. Then, an anastomosis is performed 
according to the surgeon’s preference, with proper mesenteric orientation. The mesenteric 
defect is closed if necessary. The bowel is returned to the peritoneal cavity. The wound 
and abdomen are irrigated, with further closure of the incision in two layers. The camera 
is then reinserted, insuffl ation is re-established, and irrigation of the peritoneal cavity is 
then performed with saline solution to wash and evaluate for residual hemorrhage. Once 
hemostasis is assured, the trocars are removed and the puncture sites are closed at the fascial 
level to prevent hernias. In many cases, this last step can be obviated by direct visualization 

Fig. 4. Cecal dissection. The distal ileum and cecum are mobilized by using a grasping instrument and 
scissors, dissecting the path of the white line of Toldt. Note that traction is exerted on the peritoneal 
attachments, not on the bowel. As depicted in the inset, every attempt should be made to have the retracting 
instrument in the nondominant hand and the dissecting instrument in the dominant hand of the surgeon. 
Reprinted with permission of Mosby and Mayo Foundation (69a).
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of the port sites after removal of the cannulas using a lift technique. If the procedure has 
gone smoothly, the surgical fi eld has been dry (clean, nonbloody irrigant effl uant) and 
all anatomic structures well visualized (such as ureter), then it is reasonable to inspect 
the port sites directly through the periumbilical wound using angled retractors to lift the 
abdominal wall. Suture closure of the 10/12-cannula sites can be accomplished from the 
peritoneal and skin sides.

4. RESECTION OF LEFT COLON

For left-sided pathology, the same technical principles applied for a right colectomy 
are performed but in a mirror image. The same fi ve-step approach can be applied to the 
descending colon excision. The surgeon stands on the right side of the patient, aligned facing 
a monitor. The assistant (camera operator) stands on the same side as the surgeon in the 
more cephalad position, the scrub nurse stands on the patient’s left side, at the foot, with the 
instruments on a Mayo stand over the foot of the operating table.

Typically, three trocars are used during the left-sided procedure. A supraumbilical cannula 
is inserted fi rst for insuffl ation of the peritoneal cavity. After the exploratory phase is 
concluded as described earlier, the other two cannulas are placed as follows: One is inserted 
in the lower abdominal midline and the second one is introduced in the middle right upper 
quadrant, below the rib cage. Next, the patient is placed in a steep head-down positioning, 
and the table is rotated to the right, causing the small bowel to fall away from the left 
lower quadrant. The videolaparoscope is positioned at the umbilical port during most of 

Fig. 5. Mobilization of the cecum. Countertraction of the ileocecal junction toward the left shoulder raises 
the cecum, achieving transperitoneal visualization of ureter and iliacs and facilitating retroperitoneal 
dissection. Reprinted with permission of Mosby and Mayo Foundation (69a).
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the procedure but can be moved to the right upper quadrant port, if necessary, to improve 
exposure. The surgeon’s assistant holds the videolaparoscope through the umbilical port 
while the surgeon operates using the other two port sites.

The descending-sigmoid junction is retracted cephalad-medially using atraumatic grasping 
forceps such as a Babcock or alligator clamp placed on the left lateral peritoneal refl ection. 
The left colon is then mobilized along the white line of Toldt using cautery scissors dissection 
or the ultrasonic scalpel. As the dissection develops, the left ureter is identifi ed crossing 
the iliac artery. Direct visualization of the left ureter to avoid its injury must be achieved 
at this point in the procedure. In addition, cautery should never be used in the vicinity 
of the ureter. If the ureter cannot be identifi ed, the case should be converted to an open 
technique. The ureter is followed cephalad as the mobilization of the left colon continues 
toward the peritoneal refl ection.

Once the splenic fl exure is reached, the table is changed to the reverse Trendelenburg 
(head-up) position to improve exposure. The videolaparoscope is changed to the inferior 
midline port and the surgeon and assistant switch positions. In order to dissect the left 
transverse colon, the surgeon retracts the descending and transverse colon inferomedially 
by grasping the cephalad part of the splenic fl exure. Traction on the splenic fl exure exposes 
the attachments to the side wall, spleen, and stomach. Care must be taken to avoid pulling 
on the spleen and causing a capsular tear and hemorrhage. A linear stapler or harmonic 

Fig. 6. Mobilization of the hepatic fl exure. The ascending colon is retracted caudally using a Babcock or 
alligator clamp applied to the peritoneal attachment. The hepatocolic ligament is divided and hemostasis 
is obtained by electrocautery or clips. The hepatic fl exure is approached by reversing the Trendelenburg 
as well as the surgeon, assistant, and camera positions. Reprinted with permission of Mosby and Mayo 
Foundation (69a).
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scalpel are very helpful in completing the dissection at the ileocolic ligament. Applying a 
countertraction and upward force on the fl exure toward the abdominal wall and toward the 
right hip creates an operative fi eld that enables the surgeon to free the greater omentum from 
the transverse colon. The omentum is dissected free in the avascular plane using cautery 
scissors dissection, vascular clips, or the ultrasonic scalpel. The omentum should be taken 
with the colon if the tumor is in this location. In this case, the omentum is mobilized at the 
level planned for transection of the transverse colon.

After the splenic fl exure has been dissected, the descending and left transverse colon is then 
refl ected caudad and toward the right hip. The dissection continues on the posterior surface of 
the mesocolon, exposing the psoas and quadratus muscles as well the left ureter. In addition, the 
origin of the left colic artery can be exposed, and the inferior mesenteric artery can be identifi ed 
and isolated. If needed, intracorporeal vessel ligation of the sigmoidal and left colic vascular 
pedicles can be accomplished using clips, endoloops, or a vascular linear stapler.

Exteriorization, resection, and anastomosis are performed as described for resection of 
the right colon.

5. RESECTION OF SIGMOID

Patient positioning for sigmoid colon resection includes placing the patient in a Lloyd–
Davies position using Allen stirrups (Fig. 9). The angle between the thigh and the abdomen 

Fig. 7. Intracorporeal vascular ligation. Vascular pedicle ligation of the ileocolic and right colic arteries 
can be accomplished using a 30-mm linear stapler. The vascular structures should be swept free of 
critical retroperitoneal structures, such as the ureter, before they are ligated. Full cecal and hepatic fl exure 
mobilization followed by intracorporeal vascular pedicle ligation facilitates the extracorporeal delivery of 
the right colon. Reprinted with permission of Mosby and Mayo Foundation (69a).
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must be fl at to minimize the likelihood of leg interference during instrument manipulation, 
especially from the lower ports. The left arm is positioned alongside the patient’s fl ank. The 
surgeon stands on the right side of the patient; the camera operator and surgeon’s assistant 
stand on the left side. The scrub nurse stands on the cephalad-left side, and the monitor is 
placed between the two legs of the patient.

Three to four ports are usually suffi cient to complete a laparoscopic sigmoidectomy (Fig. 
10). Two 10- to 12-mm cannulas located at the supraumbilical and right lower quadrant are 
the most reproducible sites. An additional third or fourth port can be placed in the left lower 
quadrant and/or inferior midline, depending on the planed location of exteriorization. If a 
transverse lower left quadrant incision is required, a third port on the left lower quadrant site is 
introduced. On the contrary, if a midline incision is planned, then a third port should be moved 
to the inferior lower midline site. The cannula location should be adjusted for each patient
to maximize the ability to reach multiple fi elds and minimize cross-fi eld interference.

Once a pneumoperitoneum is insuffl ated and feasibility of the procedure is explored, the 
operating table is placed in a steep Trendelenburg, right-side-down position, to displace 
the small bowel toward the right upper quadrant leaving the sigmoid mesentery exposed 
(Fig. 11). The cephalad assistant operates the laparoscope, and the caudad assistant, using 
a grasping instrument introduced through the lower quadrant cannula, grasps the pericolic 
mesentery and retracts it toward the right side of the patient. The surgeon raises the left 
peritoneal refl ection and incises the peritoneal attachment with the use of scissors or cautery. 

Fig. 8. Bowel exteriorization for resection and anastomosis. Once the bowel is fully mobilized, it is 
delivered out through a small (4–6 cm) incision made by enlarging the supraumbilical cannula site. A 
standard bowel resection and anastomosis (maintaining proper bowel orientation) is performed. Then, the 
bowel is returned to the abdominal cavity. If necessary, cannulas are left in place for one fi nal laparoscopic 
inspection prior to completion. Reprinted with permission of Mosby and Mayo Foundation (69a).
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With this technique, the left gutter can be readily entered and the ureter and pelvic vessels 
can be identifi ed. Conversion to an open surgical procedure is necessary if the ureter is not 
confi dently identifi ed. The incision is extended cephalad to the descending colon, following 
the line of Toldt and caudad to left side of the distal rectum. The dissection of the root of 
mesentery is extended toward the midline of the sacral promontory. Care should be taken 
to ensure that the ureter is swept down and away from the mesenteric structures so that 
it is not inadvertently injured during ligation of the vascular pedicle. With the sigmoid 
colon retracted to the left, the medial leaf of the mesosigmoid is incised at the root of the 
mesentery. A lifting traction on the medial mesenteric attachment at the sigmoid–rectum
junction by an atraumatic grasper allows the dissection to continue cephalad. The dissection 
in the avascular plane is extended cephalad to the origin of the inferior mesenteric artery. 
The superior hemorroidal and sigmoid vessels are then visualized, as the sigmoid colon and 
proximal rectum are brought under tension.

Elevating the dissected colon exposes the mesenteric vessels; two incisions are made in the 
avascular planes on both sides of the vessels. The superior hemorroidal vessels and sigmoid 
arteries are isolated; vascular pedicle ligation at the level of aortic bifurcation is executed 
employing vascular staplers, clips, or endoloops (Fig. 12). After ligation is achieved, the 

Fig. 9. Position of the equipment and the surgical team for laparoscopic resection of the sigmoid colon. 
With the patient in legs-up position, a monitor is placed between the legs. Two assistants and the nurse 
stand on the patient’s left side and the surgeon stand on the patient’s right side. Reprinted with permission 
of Mosby and Mayo Foundation (69a).
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sigmoid should become more mobile for anastomotic purposes. If necessary, the descending 
colon can be dissected further cephalad, including the splenic fl exure.

Once the bowel is mobilized and the vascular pedicles are ligated, a plane at a level that 
allows an adequate safety margin is developed between the upper rectum and its mesorectum. 
With the sigmoid colon held up, the upper rectum is transected using an Endo GIA #30 
fi red once or twice or using the harmonic scalpel or clips. Next, the mesorectum can be 
transected similarly at the same level with an Endo GIA or dissected with cautery scissors 
(Fig. 13A,B).

The exteriorization phase of the procedure begins by extending the left lower port site 
incision to the estimated cross-sectional diameter of the tumor approx 6–8 cm (Fig. 14). The 
proximal bowel is then exteriorized and resected. The anvil of a circular stapler is secured 
within the bowel with a purse-string suture. The bowel with anvil is returned to the abdominal 
cavity and the wound closed and pneumoperitoneum reinsuffl ated. The shaft of the circular 
stapler is then introduced gently per anus, and once the mesentery of the proximal bowel 
is properly oriented with the distal rectum, both bowels ends are approximated and the 
stapler fi red (Fig. 15). Next, the anastomosis is inspected by proctoscopy and leaks and 
hemostasis are checked. All cannulas are removed under direct visualization and the fascial 
defects and skin closed.

Fig. 10. Position of the cannulas for laparoscopic sigmoid resection. Two 10- to 12-mm cannulas located 
at the supraumbilical and right lower quadrant are the most reproducible sites. An additional third or fourth 
port can be placed in the left lower quadrant and/or inferior midline, depending on the planned location 
of exteriorization. If a transverse lower left quadrant incision is required, a third port on the left lower 
quadrant site is introduced. On the contrary, if a midline incision is planned, then a third port should be 
moved to the inferior lower midline site. Cannula location and size (5 mm vs 10 mm) should be adjusted 
for each patient to maximize the ability to reach multiple fi elds and minimize cross-fi eld interference. 
Reprinted with permission of Mosby and Mayo Foundation (69a).



Chapter 16 / Laparoscopy in CRC Management 307

5.1. Operative Complications
Operative complications can be divided into intraoperative and postoperative categories. 

Because postoperative complications of laparoscopic right and left colon and sigmoidectomy 
are not unlike postoperative complications of their similar open procedures, only intraopera-
tive complications will be discussed here (Table 4). Recognition and management of 
intraoperative laparoscopic complications are two essential factors to minimize serious post-
operative morbidities. A surgeon should know what type of corrective measure must be taken
and whether the complication can be treated laparoscopically or rapid conversion is necessary. 
The latter depends on the severity of the lesion and the surgeon’s laparoscopic experience.

Intraoperative laparoscopic complications can occur at different stages of the procedure 
and, generally, they can be divided into patient positioning-related, Veress needle and trocar 
insertion-related, pneumoperitoneum-related, or colectomy technique-related complications.

Patient positioning on the operating table is critical to the success of laparoscopic 
procedures but has potential problems. The lithotomy position may cause femoral or 
peroneal neuropathy or contribute to an exarcebation of lower extremity ischemia. The 
Trendelenburg position may reduce pulmonary reserve, increase airway pressure, and cause 
gastroesophageal refl ux. Careful patient positioning with padding of pressure points is 
imperative, as is securing the patient to the table. Sequential compression devices should be 
used to minimize the incidence of deep venous thrombosis.

Fig. 11. Sigmoid dissection. The assistant’s grasper and the surgeon’s Babcock achieve a two-point traction 
on the sigmoid lateral peritoneal attachment. The surgeon utilizes a scissors to incise the peritoneal 
attachment. The dissection is continued cephalad following the white line of Toldt. Mobilizing the 
sigmoid colon should allow visualization of the left ureter. Reprinted with permission of Mosby and 
Mayo Foundation (69a).
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Veress needle and trocar insertions are relatively safe procedures, and although the 
incidence of reported injury is low, dangerous complications can occur. Several injuries have 
been reported during the blind insertion of these instruments, such as puncturing and/or 
perforation of intra-abdominal organs and vessels. Published series have reported major 
hemorrhage or large retroperitoneal hematomas occurring as a result of puncture of great 
vessels or solid organs, especially in thin patients. Damage to hollow organs resulting in 
superfi cial trauma, serosal tears, or perforation may happen. In order to reduce the risk of 
injury caused by blind insertion of the Veress needle and the fi rst trocar, many surgeons prefer 
the open technique of Hasson (70). This procedure enables the surgeon direct visualization of 
the peritoneal cavity; therefore, port placement has minimal risks of perforating or damaging 
an organ or vessel. The increased operative time for the cut-down technique is made up by 
the reduced time required for insuffl ation.

Pneumoperitoneum-related complications occur as a result of the physiologic or traumatic 
changes produced by an increase of intra-abdominal pressure, type and temperature of 
gas selected for insufflation, or insufflation of a misplaced Veress needle. Increased 
intra-abdominal pressure affects pulmonary mechanics, cardiopulmonary physiology, 
peripheral vascular resistance, as well as renal function (54–56,71–73). Low-temperature 
CO2 insuffl ation may cause hypercarbia, acidemia, and hypothermia (74,75). Misplacement 
of the insuffl ating Veress needle can lead to subcutaneous emphysema or to a more rare 
complication but potentially lethal gas embolism (76–78).

Fig. 12. Intracorporeal vascular ligation. Mesenteric windows are developed in an avascular plane and then 
vascular pedicle ligation at the level of aortic bifurcation is executed employing a vascular linear 30-mm 
stapler. After ligation, the sigmoid should become more mobile for anastomotic purposes. Reprinted with 
permission of Mosby and Mayo Foundation (69a).
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Fig. 13. Intracorporeal rectal transection. (A) After pedicle ligation, the sigmoid and proximal rectum 
becomes fully mobilized. Next, a linear stapler is positioned at the distal margin of the mobilized
rectum and then fi red to divide it. (B) A sagittal cross-section of the same procedure. Note that the 
mesorectum is separated from the rectum, prior to division. After the rectum is divided, the mesorectum is 
exposed, it can then be divided with another linear stapler or using the harmonic scalpel. Reprinted with 
permission of Mosby and Mayo Foundation (69a).
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Technique-related complications include bleeding and visceral injury. Bleeding can occur 
during a variety of maneuvers. During the division of the omentum, especially in the region 
of the splenic fl exure the risk of bleeding is increased because of shearing of it. If the 
omentum is thickened and foreshortened in the splenic fl exure, it may be wise to use the 
linear cutting stapler with vascular staples to transect the omentum. Signifi cant bleeding may 
occur during dissection of the sigmoid mesentery. Most often, the vessel involved can be 
grasped and clipped, and hemostasis can be achieved. A surgeon should never apply clips or 
sutures blindly. If the surgeon is unable to stop the bleeding or is not able to get appropriate 
exposure, the decision to convert to an open procedure should be made.

Bowel trauma resulting from excessive traction can result in inadvertent enterotomy. This 
problem can be avoided by using atraumatic bowel graspers when feasible and retracting 
the colon by the peritoneal reflection edge. Depending on the degree of perforation, 
intraperitoneal contamination, and technical ability, the enterotomy or colotomy can be 
repaired intracorporeally by an assisted technique or, if necessary, by conversion to an 
open procedure.

Ureteral injury can be caused by inadvertent energy transfer from the electrocautery 
unit or the Harmonic Scalpel or from inclusion in the stapling device during transection of 
the mesenteric pedicle. This combination can be manifest by postoperative fever or ileus 
or excessive drainage from drains that is high in creatinine. Because delayed recognition 
of ureteral injury increases the rate of nephrectomy, immediate recognition is important. 

Fig. 14. Laparoscopic-assisted sigmoidectomy. The left inferior quadrant cannula site is extended into 
a 4-cm transverse incision (inset). The specimen is delivered extracorporeally and the proximal margin 
identifi ed. The bowel is resected and a purse-string suture is placed in order to secure the anvil of a 
circular stapler. Next, the bowel is returned to abdominal cavity. The wound is closed to re-establish the 
pneumoperitoneum. Reprinted with permission of Mosby and Mayo Foundation (69a).
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Recognition of a ureteral injury usually mandates conversion to an open procedure for repair. 
Clearly, identifying the ureter during dissection and conversion to an open procedure if this 
is not possible can minimize the risk of this complication.

5.2. Postoperative Management
Postoperative management and treatment after laparoscopy colectomy is similar to that 

for open surgery. Early removal of the nasogastric tube and Foley catheter is practiced in 
the recovery room or the day following surgery. Ambulation is started as early as the day 
of surgery, with minimal discomfort. Dietary intake is rapidly offered with clear liquids 
on the day of surgery or as soon after surgery as the patient reports hunger. The diet is 
progressively advanced as tolerated. Antibiotic therapy is the same as for conventional 
colectomy. Patients are dismissed when food and orally administered analgesics can be 
tolerated, usually between 3 and 6 d postoperatively. Typically, patients undergoing right 
colectomy are ready for dismissal at 3 d, but sigmoid colectomy patients are often not 
dismissed until d 5.

6. REVIEW OF RESULTS

6.1. Learning Curve
The learning curve is most typically described within the context of operative times, rates 

of conversion, and rates of complications. Operative times are experience dependent. It can 

Fig. 15. Intracorporeal colorectal anastomosis. Sagittal cross-sectional view demonstrating the shaft of the 
stapler in the rectum (distal end) and the circular anvil in the descending colon. Both ends are connected, 
maintaining proper mesentery orientation, and the stapler is then fi red. The donuts are inspected for 
integrity. Reprinted with permission of Mosby and Mayo Foundation (69a).
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be assumed that early in the surgeon’s experience, laparoscopic colectomies will require 
longer operative times. This has been well documented for laparoscopic-assisted colectomies 
(LACs). The average operative time was 189 min. Early-phase cases presented an average 
of 246 min vs 155 min for the late phases, with an average time reduction of 35% (Table 5)
(19,28,31,41,44,45,67,79–86). Small reductions in operative time may be accomplished 
within the fi rst 11–15 cases (82). Signifi cant reductions require an experience between 35 and 

Table 4
Intraoperative Laparoscopic Complications

Patient positioning-related
 Lower extremity ischemia
  Femoral neuropathy
  Peroneal neuropathy
  Decrease arterial and venous fl ow
  Pressure points
 Increase intraabdominal pressure
  Reduce pulmonary reserve
  Increase airway pressure
  Gastroesophageal refl ux
Veress needle and trocar insertion-related
 Hemorrhage
  Puncture of major vessels
  Transection of abdominal wall vessels
  Injury of solid organs
 Hollow organ perforation
  Stomach
  Small and large bowel
  Bladder
Pneumoperitoneum-related
 Increase intraabdominal pressure
  Hypoxia
  Hypercarbia and acidemia
  Cardiac arrhythmias
  Decreased cardiac output
  Higher risk of DVT
 Type and temperature of gas selected
  Hypothermia
  Hypercarbia and acidemia
 Insuffl ation of misplaced veress needle
  Subcutaneous emphysema
  Bowel insuffl ation
  Gas embolism
Technique-related
 Hemorrhage
  Excessive traction of tissues
  Poor identifi cation of vessels
 Organ injury
  Excessive direct traction of bowel
  Poor identifi cation of ureter
  Cauterization inadvertent injuries
  Anastomosis of a rotated bowel
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70 cases (81,83,86,87). Once a breakpoint is reached, the surgeon’s technical effi ciency and
proficiency are increased; therefore, the difference in operative times between open
and laparoscopic surgery drops to a minimum (average of 4 min) during late phases of the 
learning curve (19,82,83,85,86).

The conversion rate is another form of measuring the learning curve. The trend for 
conversion rates is similar to the trend for operative times, as experience is gained conversion 
rates decrease (Table 6) (19,24,28,30,31,40,41,45,67,83–86,88,96). However, the more 
experience surgeons have with a new technique, the more they are likely to feel capable of 
completing more diffi cult and challenging cases; therefore, acceptable rates of conversion 
will prevail (91). Efforts have been made to predict risk factors for conversion. The only 
factor that signifi cantly predicted a high rate of conversion in 75% of the cases was weight 
exceeding 90 kg (67). Schwandner and colleagues concluded that risk factors contributing 
to the possibility of conversion in LACs included male gender, ages between 55 and 64 
yr, extreme body habitus, and infl ammatory disease (96). Similarly, the location of the 
tumor will affect the degree of technical diffi culty; therefore, the percentage of converted 
cases will vary depending on the type of resection. A multicenter study by the American 
Society of Colon and Rectal Surgery (ASCRS) had an overall conversion rate of 22.8%. 
Rectal cases had a conversion rate of 33.5%; right hemicolectomies presented only a 16% 
rate of conversion (87).

As the surgeon’s experience with LAC has grown, intraoperative technical complications 
have become infrequent (61,67,86,91). Data have shown great variability on the number of 
cases required to achieve a plateau. As low as 20 cases (91) to a maximum of 100 cases (85),
with an average of 40–50 cases (43,83,97), are needed to signifi cantly reduce the rate of 
morbidities. Surgical experience and patient selection are the most critical factors by which 
a surgeon can prevent complications.

Table 5
Operative Times (min): Laparoscopic-Assisted Colectomy (LAC) vs Open Surgery

 LAC

No. of
Completed

Average Time
Author, year patients Early-cases Late-cases time reduction(%) Converted Open

Senagore, 1993 (79) 138 – – 174 – 204 126
Dean, 1994 (67) 122 – – 129 – 114 –
Hoffman, 1994 (19) 180 258 185 – 28 244 183
Jansen, 1994 (80) 151 294 186 – 37 – –
Van Ye, 1994 (81) 14 348 160 – 54 – –
Simons, 1995 (82) 144 160 130 – 19 – –
Wishner, 1995 (83) 150 250 140 – 44 – –
Lumley, 1996 (41) 240 – – 186 – – –
Wexner, 1996 (84) 140 – – 168 – – –
Stitz, 1996 (85) 180 210 140 – 33 – –
Agachan, 1996 (86) 175 201 141 – 30 – –
Khalili, 1998 (28) 190 – – 161 – – 163
Milsom, 1998 (31) 155 – – 200 – – 125
Bouvet, 1998 (44) 153 – – 240 – 270 150
Leung, 1999 (45) 201 – – 203 – – –
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6.2. Morbidity and Mortality Rates
Published data suggest that morbidity and mortality rates are similar to those for open 

procedures (Table 7) (19,28,30,41,44,45,67,68,84,95,98,99). The specifi c contribution of 
laparoscopic procedures to morbidity is diffi cult to quantify. One study reported a 14% 
incidence of laparoscopic-related complications (61). A reduction in morbidity rates in the 
short term and long term for certain types of postoperative complication favoring patients 
treated with LAC have been reported. A matched control study of the elderly found a 
signifi cant reduction in postoperative complications, from 30% in open controls to 14% 
in those undergoing laparoscopy (100). A diminished incidence in wound infection by up 
to 50% with LAC has been an unexpected fi nding but has been shown in several studies 
(30,41,101). In addition, decreased rates of reoperated surgery because of symptomatic 
adhesions after LAC has been published (97). Animal studies have demonstrated reduced 
risks of adhesions following laparoscopic surgery compared to open laparotomy (102).
Similar results have been obtained in humans treated with minimally invasive surgery in the 
abdomen (103,104). In a randomized study of 40 patients, a second laparoscopy performed
3 mo after the primary procedure (laparoscopic vs open appendectomy) revealed the presence 
of signifi cant adhesions in 80% of patients treated with laparotomy compared to only 10% 
in the laparoscopic group (104).

Table 6
LAC: Conversion Rates

 No. of Early Late Overall
Author, year patients cases (%) cases (%)  converstion rate (%)

Ambroze, 1994 (88) 1110 – – 121.
Dean, 1994 (67) 1122 – – 481.
Mathis, 1994 (89) 1359 – – 14.8
Hoffman, 1994 (19) 1180 301. 151. 231.
Zucker, 1994 (90) 1165 – – 131.
Senagore, 1995 (91) 1160 201. 101. –
Ortega, 1995 (92) 1027 – – 241.
Ramos, 1995 (40) 1195 – – 34.7
Wishner, 1995 (83) 1150 301. 201. 23.3
Reissman, 1996 (93) 1100 191. 191. 171.
Agachan, 1996 (86) 1167 – – 22.7
Fleshman, 1996 (94) 1372 – – 15.6
Kwok, 1996 (95) 1183 331. 18.9 16.9
Lord, 1996 (24) 1176 321. 181. 25.5
Wexner, 1996 (84) 1140 – – 111.
Lumley, 1996 (41) 1240 – – 17.9
Franklin, 1996 (30) 1192 – – 14.1
Stitz, 1996 (85) 1320 101. 5 18.1
Khalili, 1998 (28) 1180 – – 17.5
Milsom, 1998 (31) 1155 – – 17.2
Leung, 1999 (45) 1179 25.4 14.8 17.7
Schwandner, 1999 (96) 1298 – – 17.4
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6.3. Benefi ts
Several outcomes in different clinical trials have repeatedly demonstrated signifi cant 

benefi ts achieved by LAC when compared to open surgery (16,19,21,101,105). Short-term 
patient-related benefi ts are those that occur during the perioperative period. They include 
diminished incisional pain with reduced use of parenteral narcotics, a shorter period of 
postoperative ileus, and reduced length of hospital stay, as well as fewer wound infections. 
Another postoperative parameter that has been showed to benefi t from LAC is the rapid 
recovery of immunologic defenses.

Minimal-sized incisions associated with laparoscopic procedures seem to result in 
diminished incisional pain and postoperative discomfort (106). In order to verify this assump-
tion, as a measure to quantify differences in pain tolerance between patients treated with 
open vs laparoscopic procedures many authors have used the number of doses or numbers 
of days with narcotic usage required during the postoperative period (30,101,107–110). The 
majority showed a decrease in narcotic requirements by the laparoscopic group, although 
this was not universal. Of more signifi cance is the report by Stage et al. (25), who, using 
a visual analog scale, demonstrated a decrease in pain scores with LAC in a randomized 
control trial.

Another potential benefi t that can be achieved from small incisions is the cosmesis factor. 
Such benefi ts may make laparoscopic colonic resection a favorite procedure in certain types 
of patient, especially the younger population. Obviously, this benefi t can be considered 
of lesser importance. However, many patients view cosmesis as a vital consideration. The 
importance of cosmesis and self-image to quality of life in patients recently diagnosed with 
malignancy is intangible but should not be ignored.

Reduction in the period of ileus is perhaps the most important factor that allows for shorter 
length of stay (LOS). Lesser surgical trauma to the abdominal wall and to intra-abdominal 
organs during LAC is probably the main reason contributing to a shorter postoperative ileus. 

Table 7
Laparoscopic-Assisted Colectomy vs Open Surgery: Morbidity and Mortality Rates

 LAC Open

 No. of Morbidity Mortality No. of Morbidity Mortality
Author, year patients (%)  (%) patients (%) (%)

Dean, 1994 (67) 122.0 11.0 0.0 – – –
Hoffman, 1994 (19) 180.0 23.0 0.0 – – –
Tucker, 1995 (98) 114.0 16.0 0.0 – – –
Kwok, 1996 (95) 183.0 12.0 0.0 – – –
Wexner, 1996 (84) 140.0 22.0 0.0 – – –
Lumley, 1996 (41) 221.0 17.2 1.6 280.0 17.9 –
Franklin, 1996 (30) 191.0 17.0 0.4 224.0 23.8 0.0
Bouvet, 1998 (44) 153.0 24.0 1.0 157.0 21.0 0.0
Khalili, 1998 (28) 180.0 19.0 1.2 190.0 22.0 0.0
Milsom, 1998 (99) 155.0 15.0 1.8 154.0 15.0 1.8
Psaila, 1998 (68) 125.0 14.0 4.0 129.0 16.0 6.0
Leung, 1999 (45) 201.0 13.8 1.7 – – –
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The reduction in size of incisions in addition to a decreased manipulation of the bowel results 
in less visceral and parietal edema. Consequently, less pain is felt by the patient, allowing 
for an earlier ambulation, passage of fl atus, oral intake, and less narcotic consumption. 
The effect on ileus has been documented in terms of times to fi rst bowel movement, times 
to fl atus, or oral intake (Table 8) (16,19,28,31,45,67,79,88,101,111). The outcomes from 
these matched series benefi t patients treated with LAC when compared to open cases. In 
general, a reduction of LOS has been repeatedly observed when studies comparing LAC and 
open surgery have been analyzed (Table 9) (17,19,24,28,30,31,44,68,79,81,101,112–114).
However, most trial designs do not stand up to critical evaluation. Highly subjective 
parameters such as pain or tiredness can only be assessed objectively in comparative trials, 
when the patient is blinded as to the actual treatment received. If patients are aware of the 
access route, open or laparoscopically, their personal expectations are likely to infl uence 
the results of the trials. Animal models reproducibly demonstrate a shorter postoperative 
ileus for LAC compared with open surgery (102,115). To avoid psychological conditioning 
and anticipation bias, Reissmann and colleagues designed a prospective randomized trial of 
early diet after traditional open surgery to study the possibility that earlier feeding rather 
than laparoscopic surgery was responsible for reduced length of ileus (116). Patients in 
the early-feeding arm tolerated diet earlier than in the conventional arm, where diet was 
introduced after passage of fl atus. The outcomes obtained challenged the belief that evidence 
of resolution of ileus was required before oral feeding could be tolerated, however, in spite 
of these results the hospital stay was not reduced.

In addition to lowering the LOS in those patients treated with LAC, the ability of patients 
to return more quickly to their daily activities after LAC has been assessed. A nonrandomized 
case-control-led study in the elderly found that in addition to a faster postoperative recovery, 
elderly patients treated with LAC preserved a greater postoperative independence. Ninety-
fi ve percent of those patients treated with LAC remained independent and were able to 
return to their homes instead of a nursing home after discharge, versus 76% of those patients 
treated with open surgery (117).

The effects and potential benefi ts of the immune response to surgical trauma during 
laparoscopic surgery have been studied, with confl icting results. Cell-mediated immune 
function, serum markers of physiologic stress, and tumor growth rates are the principal 
parameters of immune response studied. Potential benefi ts have been demonstrated to exist 

Table 8
Comparison in Time to Return of Bowel Function (days) Between LAC vs Open Surgery

 No. of patients
Author, year (LAC/OS) Laparoscopic Converted Open Indicators

Senagore, 1993 (79) 138/102 3 4.3 4.9 Oral intake
Peters, 1993 (16) 128/– 2.3 – 4.6 Flatus
Ambroze, 1994 (88) 110/– 3 – – Oral intake
Dean, 1994 (67) 122/– 2.3 4.8 – Oral intake
Hoffman, 1994 (19) 180/53 2 3 4 Flatus
Bokey, 1996 (101) 128/33 4.5 – 4.4 Flatus
Milsom, 1998 (31) 154/53 3 – 4 Flatus
Khalili, 1998 (28) 180/90 3.9 – 4.9 Oral intake
Leung, 1999 (45) 179/– 4 – – Oral intake
Delgado, 1999 (111) 127/– 3 – – Oral intake
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Table 9
Analysis of Length of Hospital Stay (LOS) and Costs for LAC vs OS or Converted Colectomy

No. of patients
 Length of stay (days) Costs (in US dollars)

Author, year (laparoscopic/open) Laparoscopic Open Converted Laparoscopic Open Converted

Falk, 1993 (112) 134/– 15 18 18 12,500 13,000 15,000
Senagore, 1993 (79) 138/102 16 19.9 19.3 12,131 14,449 17,583
Van Ye, 1994 (81) 114/20 19.1 10.3 1– 18,300 18,200 11–
Musser, 1994 (17) 118/24 18.5 19.9 1– 19811 11,207 11–
Hoffman, 1994 (19) 180/53 15.2 17.8 16.5 12,464 10,213 13,956
Pfeifer, 1995 (113) 153/53 17.28 18.41 15.71 29,626 26,903 19,702
Bokey, 1995 (101) 128/33 12 12.2 1– 1,9064a 1,7881a 11–
Franklin, 1996 (30) 191/224 15.7 19.7 1– 11– 11– 11–
Liberman, 1996 (114) 114/14 1– 1– 1– 11,500 13,400 11–
Lord, 1996 (24) 155/30 15.3 18.6 18.2 11– – 11–
Psaila, 1998 (68) 125/20 10.7 17.8 1– 12900 13300 11–
Milsom, 1998 (31) 155/54 16 17 1– 11– 11– 11–
Khalili, 1998 (28) 180/90 17.7 18.2 11.1 14,800 14,200 11–
Bouvet, 1998 (44) 191/57 16 17 18 12,000 11,000 15,000

aAustralian dollars.
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in favor of minimally invasive surgery in some studies. The immune response experiments 
resulted in better preservation of delayed-type hypersensitivity, decreased level of interleukin 
6 (IL-6, a serum marker of stress), and less tumor growth (118–120). Other investigators have 
found that both laparoscopic colectomy and open surgery affect the immune response, with 
no advantage for either procedure (121). Fukushima et al. concluded that stress responses for 
both operations resulted in same levels of IL-6 (122). Therefore, the benefi ts of minimally 
invasive surgery with regard to the immune system and its consequences require further 
clarifi cation (100). In addition to the benefi ts already mentioned, HIV-positive patients could 
possibly benefi t from LAC procedure. Some authors suggest that laparoscopic surgery is 
less likely to worsen the patient’s already compromised immune system and that the surgical 
team theoretically benefi ts from better protection, with reduced risk of contamination from 
direct tissue manipulation (123).

Long-term related benefi ts with minimally invasive techniques have been associated in 
nonrelated trials with a reduction in the incidence and extent of adhesions (104,124). This 
has two potentially important implications: The incidence of small bowel obstruction may 
be reduced, as has been noted in some series (30,43,61,100,101) and additional abdominal 
procedures during reoperation may be made easier by decreasing intraoperative times and 
risks of complications.

6.4. Cost Issues
Despite a trend toward a reduced LOS, the overall cost of laparoscopic resections has 

historically been higher (Table 9) (17,19,24,28,30,31,44,68,79,81,101,112–114). This has 
been related in part to both longer operative times and higher equipment costs, infl ating 
the overall operative charges, not being balanced fully by savings postoperatively because 
of earlier discharge and reduced analgesic requirement. With experience, operating times 
become more closely approximate to those of open bowel surgery, reducing the costs. Further 
savings are expected as more reusable equipment becomes available. In the future, a faster 
recovery and potentially lower risks of both short- and long-term complications could offset 
some of the total health care cost of laparoscopic surgery (125). In addition, the cost saving 
to the community at large of an earlier return to full preoperative activity and employment 
may considerably infl uence the economics of LAC. Future prospective randomized clinical 
trials will clarify some of these issues.

6.5. Prospective Randomized Trials
The majority of the literature on laparoscopic surgery for colorectal malignancy has 

been in the form of prospective nonrandomized trials with or without historical controls 
(15,24,30,41,95,126,127). Most of these studies are composed of a small number of patients 
and are infl uenced by several types of bias. These kinds of analysis have insuffi cient statistical 
power to detect differences between LAC and open surgery regarding survival, safety, and 
cost-effectiveness. Large multi-institutional prospective randomized trials of suffi cient size 
to detect small but clinically relevant differences in outcomes will be necessary to prove 
whether or not laparoscopic colectomy for cancer is safe and effective as an oncologic 
procedure and whether or not it offers real and signifi cant benefi ts.

In order to test whether this new medical technology is superior to the standard open 
colectomy procedure, a randomized prospective trial comparing the two procedures is 
necessary. The primary goal of this randomized trial is to evaluate whether laparoscopic 
colectomy is equivalent to open colectomy in terms of disease-free and overall survival rates. 
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However, the long-term results relative to recurrence and survival will take a minimum of 
8 yr of follow-up. As mentioned in the previous sections, LAC observes the basic surgical 
principles of a standard open colectomy performed for curable disease and we therefore 
feel that it is unlikely to compromise patient survival. If this proves to be true, then the 
choice between the two procedures will be determined by an assessment of their effects on 
secondary issues such as cost and quality of life.

A cost-effective analysis of laparoscopic colectomy is an essential part of evaluating 
this new surgical procedure. The cost-effective ratio is defi ned as improvement in survival 
(increased years) per extra dollars required to achieve this benefi t. If laparoscopic colectomy 
results in equivalent survival rates and is less expensive than the standard approach, it 
would be considered the optimal procedure; however, if laparoscopic colectomy costs are 
equivalent to standard open colectomy and there are no differences in survival rates, then the 
effect of the new procedure on issues such as quality of life should be taken into account. 
Quality of life can be measured using parameters such as pain control, time to return to 
normal activity, and hospital length of stay. LAC is likely to improve all of these parameters. 
In addition, by attempting to lower operating-room costs by reducing operative time with 
gained experience and using more reusable instruments, the cost-effective ratio may well 
favor the laparoscopic procedure over the open conventional colectomy.

A US phase III trial comparing laparoscopic-assisted colectomy to open colectomy for 
cancer began in 1994 (47). This multi-institutional trial proposes to study 1200 patients 
with colon cancer of the right, left, and sigmoid colon to undergo laparoscopic or open 
colectomy for curable colon cancer. Patients are stratifi ed according to tumor site, primary 
surgeon, and ASA classifi cation. In order to avoid the steep part of the learning curve, only 
surgeons that have performed at least 20 documented laparoscopic colorectal procedures are 
considered for participation in the trial. In addition, for quality assurance purposes, video 
documentation of certain key facets of the operation are being reviewed for credentialing 
and for auditing of the trial. This clinical trial will attempt to test if similar disease-free 
survival and overall survival rates are achieved. Also, aspects such as safety, including early 
and late morbidities and operative mortality will be compared and analyzed. Issues with 
regard to cost-effectiveness and quality of life will also be considered between both groups 
of patients. Preliminary results from the ongoing NIH-supported Laparoscopic Versus Open 
Colectomy for Cancer Trial (100) have been reported as of September 1998. Sixty-fi ve 
surgeons representing 45 centers in the United States and Canada have accrued 530 patients 
(128). Total bowel length, proximal and distal margins, mesenteric length, and number of 
lymph nodes harvest are similar between the two techniques and are consistent with the 
above-mentioned studies.

Numerous other national and international trials are underway. Some of these trials 
have varied the eligibility criteria from that of the NIH trial (47). The increased number 
of prospective randomized trials around the world demonstrates the degree of enthusiasm 
for this new technological surgical approach and the fact that there is great interest in 
discovering the true potential of the procedure.

7. CONCLUDING REMARKS

In spite of the fact that early results of laparoscopic colectomy for cancer have repeatedly 
demonstrated this approach to be feasible, safe, and reasonable, the fate of this procedure 
rests on the analysis of the large multicenter prospective randomized trials currently under 
way, particularly with regard to oncological issues such as the long-term recurrence and 
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survival rates. The success or failure of laparoscopic surgery in the treatment of colorectal 
malignancy will be decided by assessment of its oncological safety. It is likely that results 
will confi rm the validity of the laparoscopic approach for colon cancer. Until such time as 
these data are available, however, it is recommended that patients undergoing laparoscopic 
colectomy for carcinoma be enrolled in prospective randomized trials.
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1. INTRODUCTION

As screening colonoscopy becomes more commonplace, the diagnosis of cancer in a polyp 
will undoubtedly be made more often. Thus, the subject matter of this chapter—the appropri-
ate management of patients with such a lesion—will become increasingly important.

Management of cancer in a polyp is controversial for many reasons, including confusing 
terminology, confl icting and imprecise data, and the necessity to predict and balance the 
risks of residual or metastatic cancer after polypectomy with the morbidity, mortality, and 
effectiveness of more extensive treatment in each patient. For management of colon polyps 
with cancer, the alternative to polypectomy and observation is colectomy. For rectal polyps 
with cancer, appropriate management is more complex because diagnostic tests may provide 
more precise staging information that can be useful in decision-making. The natural history 
of distal rectal polyps with cancer may differ from that observed in colon polyps, and 
alternative therapies varying from local treatment to radical abdominoperineal resection 
are available.

The endoscopist who undertakes polypectomy must assume responsibility for accurate 
localization of the lesion and proper handling of the resected polyp specimen. The pathologist 
has the responsibility of thoroughly assessing and classifying cancer in a polyp and clearly 
communicating the interpretation to the clinician. The clinician-surgeon has the ultimate 
responsibility of reviewing and interpreting the available information and individualizing 
management and follow-up based on discussions with the patient.
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2. DEFINITIONS

Nonstandardized terminology regarding malignancy in a polyp creates confusion, fosters 
miscommunication, and makes it diffi cult to compare the results of one series with those 
of another. As a consequence, patient care is often adversely impacted. Routine use of the 
TNM nomenclature would avoid much of the terminology confusion. Physicians should 
understand the defi nitions and implications of the following terms.

Cancer in a polyp is an imprecise term used variably to describe a broad spectrum of 
polypoid neoplasms ranging from a single tubular adenoma with a small focus of high-grade 
dysplasia, to an early, invasive adenocarcinoma arising in a tubular, tubulovillous, or villous 
adenoma, to a more advanced adenocarcinoma with only a small focus of residual benign 
adenomatous tissue.

Noninvasive adenocarcinoma. Colorectal adenocarcinomas are considered noninvasive 
when cancer cells are confi ned to the mucosa (1). Because there is no lymphatic drainage 
of the lamina propria (the mucosal tissue superfi cial to the muscularis mucosa), there is no 
potential for recurrence or metastasis if such lesions are removed in their entirety. They 
are totally benign. Terms used synonymously to describe such lesions include high-grade 
dysplasia, severe dysplasia, carcinoma in situ, and intramucosal carcinoma. The latter two 
terms are easily misinterpreted and can result in overtreatment. Using the TNM system, 
such lesions are classifi ed as TisNxMx.

Invasive adenocarcinoma. A colorectal adenocarcinoma is considered invasive when 
cancer cells penetrate through the muscularis mucosa into the submucosa, thus gaining 
access to lymphovascular channels and acquiring the potential to recur locally or metastasize 
distantly (1).

A malignant polyp is an adenoma that contains an invasive, so-called “early” adenocarci-
noma in which the cancer extends directly from the mucosa through the muscularis mucosa 
into but not beyond the submucosa (2). Using the TNM classifi cation, these lesions are 
T1NxMx.

A polypoid carcinoma is a descriptive term applied to an invasive adenocarcinoma with 
the gross morphology of a polyp but without residual adenoma on histology (1).

Sessile vs pedunculated polyp. Macroscopically, polyps are described as sessile or 
pedunculated. This is an important distinction because the submucosa in a pedunculated 
polyp is found in the head, neck, and stalk, whereas in a sessile polyp, it is a fl at continuation 
of the adjacent normal bowel (3) (see Fig. 1).

3. BACKGROUND

Adenomas are the most common neoplasms of the large bowel and are found in approx 
60% of men and 40% of women by the age of 50 yr (4). They are classifi ed by histologic 
appearance as tubular (75%), tubulovillous (15%), or villous adenomas (10%) (5). Although 
most adenocarcinomas of the colorectum begin as benign polyps, the majority of adenomas 
do not become malignant (2,4).

Both the size of the adenoma and the proportion of the adenoma, which has villous 
histology, are correlated positively with the probability of cancer developing in a polyp (1).
In large colonoscopic polypectomy series, 1.5–12% of resected adenomas contain invasive 
adenocarcinoma (2,4,6–10). This wide variance is dependent on the mix and size of polyps 
included in the analysis. O’Brien et al. (9) reported that 1.1% of adenomas less than 0.5 cm
in diameter, 4.6% of adenomas 0.5–0.9 cm in diameter, and 20.6% of those ≥1.0 cm in 
diameter had high-grade dysplasia. A recent study of polyps removed endoscopically or by 
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surgery showed no cases of invasive cancer in 5027 adenomas less than 0.6 cm in diameter 
(8). Other studies report the risk of invasive cancer arising in an adenoma is approx 0.1% 
for a polyp less than 0.6 cm in diameter, 1% for a polyp 1.0 cm in diameter, and as high 
as 40% in villous adenomas over 3.0 cm in diameter (11–13). Fortunately, most polyps are 
identifi ed and removed endoscopically when they are relatively small with little or no villous 
component. Thus, the National Polyp Study reported an incidence of cancer in 1.5% of 
polyps in patients undergoing polypectomy for the fi rst time (9).

4. ENDOSCOPY ASSESSMENT

When a colonoscopist identifi es a polyp, its morphology, gross appearance, location, 
and likelihood of being safely and completely removed by endoscopic techniques must be 
determined to decide whether polypectomy is a reasonable initial treatment option. A second 
decision is then necessary to determine whether the polypectomy has provided optimal 
therapy. Because defi nitive treatment recommendations are based on histologic assessment 
of the polyp, the endoscopist should strive to provide the pathologist with a single, properly 
oriented specimen whenever possible.

Fig. 1. Levels of invasion in a pedunculated adenoma (left) and a sessile adenoma (right). The stippled 
areas represent zones of carcinoma. Note that any invasion below the muscularis mucosae in a sessile 
lesion represents level-4 invasion (i.e., invasion into the submucosa of the bowel wall). In contrast, invasive 
carcinoma in a pedunculated adenoma (left) must traverse a considerable distance before it reaches 
the submucosa of the underlying bowel wall. The dotted line in the head of the pedunculated adenoma 
represents the zone of level-1 invasion. Although more pedunculated adenomas have a tubular pattern and 
most sessile adenomas are villous, exceptions to this generalization occur (3). (Copyright 1985 by the 
American Gastroenterological Association; reprinted by permission of W.B. Saunders Company.)
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Most polyps with a small focus of invasive cancer appear grossly identical to benign 
polyps and are safely snare-excised in a routine manner. At the opposite end of the spectrum, 
there are polypoid lesions that are obvious invasive cancers. Polypectomy for such lesions 
should be discouraged because it risks complications such as bleeding or perforation and 
rarely provides adequate treatment. In between these two extremes are polyps that should 
raise the suspicion of harboring invasive cancer but are potentially amenable to curative 
endoscopic resection. Polyps that are large, sessile, and/or villous in appearance or those 
with an irregular surface contour, ulceration, a “gritty” consistency, or fi rmness noted as 
the snare or biopsy forceps is pushed into the head of the polyp should be considered at 
high risk for invasive cancer.

Such high-risk-for-cancer polyps are optimally managed slightly differently from routine 
adenomas, especially if the lesion is in the rectum. For pedunculated polyps, the snare is 
placed closer to the bowel to provide an extra margin of stalk for pathology assessment 
because stalk margin is the most important parameter used to recommend further therapy. 
For broad-based colon polyps, the endoscopist must fi rst determine whether the entire lesion 
can be removed safely. This often requires submucosal injection, piecemeal snare excision, 
and occasionally more than one endoscopic session. If the entire lesion cannot be safely 
resected, colectomy is indicated, except for high-operative-risk patients. If polypectomy 
is performed, the endoscopist should try to recover all of the fragments for histopathology 
evaluation. Because a short stalk may retract into the head of the polyp and because tissue 
tends to curl up in formalin, it is wise to identify the resection site of suspicious polyps 
by marking it with India ink or pinning the polyp through the resection site before placing 
the specimen in fi xative.

It is especially critical to distinguish rectal from colonic polyps. In our experience, 
a disproportionate number of rectal polyps are sessile compared to colonic polyps. The 
rectum is accessible to diagnostic studies such as endorectal ultrasonography (ERUS) and 
to therapeutic interventions such as full-thickness excision or endocavitary radiation. If the 
gross morphology and size of a rectal polyp suggest the possibility of invasive cancer, it 
is best to defer polypectomy and perform a staging ERUS. The accuracy for identifying 
benign T0 rectal lesions was 93% in our series (14). Depending on the size of the lesion and 
technical considerations, an ultrasound stage T0 lesion can be managed by either endoscopic 
snare polypectomy or operative excision. If endoscopic snare polypectomy cannot remove a 
rectal lesion in a single specimen, operative excision is performed because it provides a better 
specimen for histopathology. Ultrasound stage T2 lesions or any node-positive lesions are 
best not treated by local excision alone and are not the subject of this chapter (15).

Sessile ultrasound stage T1 lesions are optimally managed by full-thickness operative 
excision by a traditional endoanal approach or by transanal endoscopic microsurgery rather 
than by endoscopic polypectomy. This provides the pathologist with a specimen that can 
be pinned out and oriented for fi xation and accurate histologic assessment. This approach 
avoids the frustrating and not-uncommon scenario in which a well-intentioned endoscopist 
performs a piecemeal excision of a rectal polyp. The pieces cannot be oriented properly and, 
thus, a subsequent histologic fi nding of cancer creates a management dilemma. Often, it is 
impossible to determine whether the cancer is invasive or in situ and, if invasive, how deep 
it extends and whether it has been removed completely. It is impossible to predict the risk of 
residual cancer in the bowel wall or adjacent lymphatics. “To be safe,” radical surgery may 
be undertaken often subjecting the patient to unnecessary morbidity and operative mortality. 
Conversely, if the radical resection option is proctectomy, there will be pressure to observe 
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and follow such a patient. This may be inappropriate and unnecessarily subject the patient 
to development of an incurable cancer.

The localization of any suspicious polyp is critical to planning subsequent operative 
intervention should the histologic criteria be present to recommend radical surgery (16).
The endoscopist should use anatomic terms when describing a colon polyp’s location (i.e., 
ascending colon near the ileocecal valve or left transverse colon near the splenic fl exure) 
rather than using a centimeter level. Rectal polyps should be localized by the quadrant of 
the rectum involved and the level in centimeters from the anal verge. These parameters are 
most accurately measured by rigid proctoscopy. Flexible endoscopes can be partly coiled 
within the rectum, and if used to measure the level of a lesion, they can give erroneous and 
misleading information to the surgeon contemplating removal of a segment of bowel without 
an endoscopically visible or palpable lesion to guide the extent of resection. Similarly, it 
is important to remember that endoscope markings visualized at the edge of the buttocks 
during colonoscopy may be up to 10–20 cm or more from the anal verge. This is not an 
unimportant issue because the technical challenges and morbidity are much greater for a low 
anterior resection than for a rectosigmoid resection. Ideally, the site of any polyp thought 
likely to harbor malignancy should be marked at the time of polypectomy by endoscopic 
injection of either India ink, which is permanent, or by indocyanine green, which lasts up 
to 7 d (11,17–20). If the fi nding of invasive cancer is a surprise on pathology assessment, 
the patient should be recalled promptly to measure and mark the site of the polypectomy 
ulcer before it heals and is impossible to localize. If the polypectomy site is localized in the 
rectum, staging ERUS is recommended. Although ERUS following endoscopic polypectomy 
of a T1 rectal lesion cannot reliably distinguish cautery artifact from residual tumor in the 
rectal wall, it may identify metastatic lymph nodes in the perirectal tissue. Such a fi nding 
would usually argue for radical treatment. In the absence of ultrasound-identifi ed lymph 
node metastasis, it is probably best to perform a full-thickness transanal excision of the 
polypectomy site, especially if the histologic margin was doubtful. Histologic review will 
determine the completeness of the excision and provide information necessary to make 
defi nitive treatment recommendations.

5. PATHOLOGY ASSESSMENT

Following polypectomy, histologic assessment of the resected lesion is performed to 
predict the stage and prognosis of cancer arising in a polyp. The estimated probability of 
residual tumor in the bowel wall or regional lymph nodes is the basis for recommending 
defi nitive treatment and subsequent surveillance.

Haggitt et al. (3) classifi ed cancers arising in polyps based on their level of invasiveness 
(Fig. 1). A noninvasive carcinoma confi ned to the mucosa is Level 0, whereas invasive 
carcinomas invading into the head, neck, and stalk of a pedunculated polyp are Levels 1, 2, 
and 3, respectively. Haggitt Level 4 defi nes a cancer invading into submucosa at the base of 
the stalk of a pedunculated polyp or in any sessile polyp. If invasion is into the muscularis 
propria, the cancer is T2, and the Haggitt classifi cation does not apply. Haggitt et al. reported 
the level of invasiveness for T1 colorectal cancers correlated with the incidence of metastasis 
to regional lymph nodes (3). Level-0 lesions are benign and the incidence of metastasis is 
0% after complete removal of such polyps. The incidence of residual cancer in the bowel 
wall or regional lymph nodes or the risk of recurrent or metastatic disease on long-term 
follow-up after polypectomy has been reported to be 0.7% for Level 1, 5% for Level 2, 
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12.9% for Level 3, and 15–25% for Level 4 (3,21–23). Thus, the Haggitt classifi cation was 
thought to be useful in predicting prognosis and of great value in decision-making regarding 
the necessity of colectomy.

Additional histologic risk factors have been described and are thought by some authors 
to be more reliable predictors of greater risk of residual malignancy or metastatic disease 
than depth of invasiveness (1). These factors include tumor within 2 mm of the resection 
line, unfavorable histology (poorly differentiated, signet-ring or mucinous adenocarcinoma), 
and lymphatic or venous invasion.

Intuitively, it would seem that cancer at or near the margin of polyp resection would result 
in recurrence. However, the defi nition of an adequate margin is controversial. Cooper et 
al. (24,25) reported that there were no local recurrences of cancer if the tumor-free margin 
was 3 mm or more, but if the tumor was at or near (2 mm) the margin, there was a local 
recurrence in 18.3% and lymph node metastasis in 11.5%. Morson et al. (26) reviewed the 
experience with snare polypectomy of malignant polyps at St. Mark’s Hospital, London, 
England. They classifi ed histologic local clearance as complete, doubtful, or incomplete. 
On the basis of the assessment, 14 of 60 patients underwent surgical resection, but residual 
tumor was only found in 2 patients, 1 of whom died of metastatic disease and 1 of whom 
survived long term. No recurrent cancer developed in the 46 patients treated by polypectomy 
only. Thus, the cancer-specifi c death rate was only 1.7%. Morson et al. (26) speculated 
that cases in which the excision was doubtfully complete were, in fact, complete, as a 
result of the use of diathermy, which destroyed tissue at the margin of excision during 
polypectomy.

Poorly differentiated histology and lymphatic or vascular invasion have been reported to 
predict a high rate of residual tumor and/or local lymph node metasasis (1,27). Cooper et 
al. (25) used the histopathologic criteria of lymphatic or venous invasion and an incomplete 
margin of clearance as criteria to predict failure in 140 patients who had undergone removal 
of a polyp with invasive cancer. Cancer-specifi c failure occurred in 14 of 71 patients (20%) 
with such criteria; in 2 of 23 patients (9%) when the assessment was uncertain, and in none 
of 46 patients when these factors were not present. A resection margin of <1 mm correlated 
with treatment failure.

Volk et al. (28) reported no treatment failures in 16 of 47 patients with malignant adenoma 
if the resection margin was ≥2 mm and the tumor was not poorly differentiated. In contrast, 
10 of 30 patients with poorly differentiated cancer experienced tumor recurrence after 
local excision.

A Mayo Clinic study of 151 patients who underwent resection for cancer in a polyp found 
a 0% incidence of lymph node metastasis in Haggitt Level-1, -2, and -3 polyps in the absence 
of other histologic risk factors (29). This raised doubt as to the necessity of distinguishing 
four levels of invasiveness because only tumors invading the submucosa at the base of the 
polyp, whether pedunculated or sessile (Haggitt Level 4), were those with positive lymph 
nodes, which could potentially benefi t from radical bowel resection. Indeed, Haggitt et al. 
(3) reported that Level-4 invasion was present in 7 of 8 adverse outcomes in their series of 
64 malignant polyps. Although the presence of unfavorable histologic features is associated 
with an increased risk of lymph node metastasis in early colorectal cancers, it remains 
unclear whether these histologic features have a variable or uniform infl uence at each level 
of invasiveness in the Haggitt classifi cation. Despite this, almost all articles now agree that 
the most reliable predictor of risk of residual or metastatic carcinoma other than a positive 
margin after polypectomy is Haggitt Level-4 submucosal invasion. The overall risk of 
regional lymph node metastasis is approx 10% when Haggitt Level-4 submucosal invasion 
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has occurred (7). The presence of one or more histologic risk factors plus Haggitt Level-4 
submucosal invasion increases the incidence of residual malignancy after polypectomy to 
as high as 25% (29,30).

Whereas Haggitt Level-4 submucosal invasion is clearly important in predicting prognosis, 
one must remember that 75–90% of cases with such invasion do not have regional lymph 
node metastasis. Thus, a more precise staging system to predict adverse outcomes would 
clearly be of value, especially for high-operative-risk patients or for those with distal 
rectal polyps, for which the radical surgery option would be proctectomy. Thus, it is not 
surprising that a new classifi cation system based on the extent of submucosal invasion 
has been developed to assess T1 cancers (31,32). Invasive lesions extending through the 
muscularis mucosa into the submucosa but not into the muscularis propria were classifi ed 
as follows:

  Sm1: slight submucosal invasion (upper third)
  Sm2: intermediate submucosal invasion (middle third)
  Sm3: invasion near the muscularis propria (lower third)

Using this classifi cation scheme, Haggitt Level-1, -2, and -3 polyps would all be Sm1
lesions, and Haggitt Level-4 polyps, whether sessile or pedunculated, could be Sm1, Sm2, or 
Sm3 depending on the depth of submucosal invasion. A recent series from Japan showed that 
for 182 Haggitt Level-4 lesions classifi ed as Sm1 (n = 64), Sm2 (n = 82), or Sm3 (n = 36), local 
recurrence developed in 0, 4 (5%), and 0 patients, respectively, and lymph node metastasis 
developed in 0, 4 (5%), and 9 (25%) patients, respectively (31). Although lymphovascular 
invasion was present in 30% of Sm1 polyps and 12.5% were poorly differentiated, none of 
the 64 patients with Sm1 tumors developed a local recurrence or lymph node metastasis. 
The authors concluded that postpolypectomy assessment of submucosal level of invasion 
could decrease the incidence of unnecessary surgery for Sm1 and possibly Sm2 lesions. 
Additionally, they concluded that lymphovascular invasion, histologic grade, and diameter 
were not risk factors.

Nivatvongs and colleagues used this classifi cation to reclassify 344 T1 sessile colorectal 
lesions in patients who underwent colorectal radical resections at the Mayo Clinic (30).
There were 70 Sm1 lesions, 120 Sm2 lesions, and 154 Sm3 lesions. A multivariate analysis 
showed that there were three independent risk factors predictive of lymph node metastasis 
in T1 colorectal cancers: (1) level Sm3 invasion, (2) lymphovascular invasion, and (3) origin 
in the distal third of the rectum. The latter factor, if confi rmed by others, has signifi cant 
implications for therapy because it is precisely for such distal-third rectal lesions that 
conservative alternatives to radical resection, usually requiring proctectomy and colostomy, 
are sought by patients and surgeons alike. This series from the Mayo Clinic has a signifi cant 
selection bias because these lesions were judged not to be amenable to local therapy.

6. DEFINITIVE TREATMENT

The clinician-surgeon has the ultimate responsibility of deciding whether polypectomy 
alone is adequate treatment or whether radical resection is necessary. One must balance the 
risk of residual cancer at the excision site, in regional nodes, or in distant sites such as liver 
or lungs with the morbidity and mortality of alternative treatment (usually radical surgery) 
and the effectiveness of that treatment.

The fi rst obligation is to accurately understand the facts of each case. Following complete 
polypectomy, only the T stage of the lesion can be accurately defi ned and the N stage and 
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M stage can only be inferred. If the surgeon was not the colonoscopist, a careful review of 
the colonoscopy notes and discussion with the endoscopist is a fi rst step. How confi dent is 
the endoscopist that the entire polyp has been removed? Was a residual stalk left in situ?
How did the endoscopist localize the lesion and how confi dent is he that the localization 
is accurate?

The next step is to personally review the histology slides with a competent gastrointestinal 
pathologist. It is not uncommon that this step has resulted in a revision of the initial 
pathology report or altered the clinician’s understanding of the pathology report in a way 
that completely changes the choice of defi nitive therapy. The surgeon must understand the 
depth of invasion of cancer, the margin of resection, and the presence of other histologic risk 
factors such as lymphovascular involvement or other unfavorable features. By direct review 
of the histology, the surgeon quickly learns how large the focus of cancer is and whether 
there are problems with accurate interpretation of the specimen. Often, polyps are oriented 
and cut in such a way that accurate assessment is impossible. The importance of this personal 
review with a gastrointestinal pathologist cannot be overemphasized.

Based on the clinical and pathological information, the surgeon can make a recommenda-
tion regarding defi nitive treatment. If additional therapy is being considered, the surgeon 
must assess the patient’s operative risks. Today, mortality for normal-risk individuals should 
be less than 1% following colectomy and less than 2–3% following proctectomy. For rectal 
polyps, the surgeon must consider whether other operative approaches in addition to radical 
resection are feasible and, if so, whether they can be effective. In some instances, one may 
simply want to re-resect the base of the polyp site by transanal approach to be sure that 
the wall margin is clear. In other cases, one may consider adjuvant chemoradiation therapy. 
Most often, the alternative is radical resection. For most rectal lesions, this requires a low 
or extended low anterior resection following the principles of total mesorectal excision 
and providing restorative anastomosis for all but the most distal lesions. For those with 
involvement of the distal anal canal, abdominoperineal resection is usually necessary. Before 
embarking on a specifi c radical operation, the surgeon should remember that only a portion 
of node-positive patients, perhaps 30–60%, will be cured by radical surgery. For presumed 
T1 lesions thought to be best treated by radical surgery, no adjuvant therapy is given 
preoperatively. Only if nodal metastasis are identifi ed would this be recommended.

At this point, the surgeon has the obligation to educate the patient by discussing the nature 
of the cancer in the polyp, the inferred risk of residual cancer or lymph node metastasis 
based on histologic criteria, and the recommended defi nitive therapy. A realistic review of 
morbidity and mortality of that therapy, as well as its anticipated effectiveness, is mandatory. 
Many authors have recommended treatment algorithms, but, ultimately, the patient must 
help decide which option suits his situation best (33–38).

The authors’ general approach is presented, but it must be remembered that each case is 
unique, and considerable judgment is required to achieve optimal management of a patient 
with cancer in a polyp (Tables 1 and 2). Polypectomy and observation should be considered 
defi nitive treatment for all patients with pedunculated polyps of the colon and rectum with 
invasive cancer classifi ed as Haggitt Levels 1, 2, or 3 if the following favorable criteria 
are present: (1) the lesion has been totally removed and the resection margin is clear of 
cancer by ≥2 mm, (2) the histology is well or moderately differentiated, and (3) there is 
no lymphovascular invasion. The risk of residual cancer or lymph node metastasis in such 
polyps is probably less than 0.3%, which is less than the operative mortality for a radical 
colorectal resection. Whether the presence of a poorly differentiated histologic pattern 
and/or lymphovascular invasion in such pedunculated polyps should tip the scale to advising 



Chapter 17 / Management of Cancer in a Polyp 333

radical surgery is controversial. The trend seems to be to follow such patients carefully after 
polypectomy, but data are lacking to make such a policy mandatory.

For any Haggitt Level-4 polyp, whether pedunculated or sessile, the risk of residual cancer 
or nodal metastasis is higher and correlates with the degree of invasion into the submucosa. 
For Sm1-level cancers with the above-described favorable features, the risk is probably 
1–2%, which is equivalent to the operative mortality of radical surgery. Thus, polypectomy 
can be considered defi nitive therapy for virtually all patients with such lesions. For Sm2
lesions with otherwise favorable features, the risk of residual cancer or nodal metastasis is 
increased to 2–10%, making radical resection the likely best option for good-risk patients. 
Whether and how the presence of poorly differentiated histology or lymphovascular invasion 
should alter this algorithm is unclear from available data. Such features may independently 
increase the cancer risk, thus making radical resection more appealing. For good-risk 
patients, the presence of such adverse histologic features usually leads to the recommenda-
tion that radical surgery be performed. However, such features predict a poorer prognosis 
regardless of treatment, and one must remember that radical surgery for cancers that are 
poorly differentiated and have lymphatic and vascular invasion is not uniformly curative 
even if submucosa invasion is limited to Sm1 or Sm2. For Sm3 invasive cancers, the risk of 
residual cancer or nodal metastases is high enough that colorectal resection is indicated for 
most such patients regardless of histologic features.

Malignant polyps in the distal rectum require special consideration. They are generally 
sessile, and as noted by Nivatvongs (30), they may be more aggressive. Radical resection 
generally requires permanent colostomy or an ultralow anastomosis which often produces 
less-than-ideal functional results. Alternative treatment techniques are available for such 
distal lesions, including full-thickness local excision, endocavitary radiation, or adjuvant 

Table 1
Suggested Criteria for Polypectomy and Observation for Cancer in a Polyp

• Complete excision of lesion
• ≥2 mm clear margins
• Well or moderately differentiated
• No lymphovascular invasion
• Haggitt Levels 1, 2, or 3 in pedunculated polyps
• Haggitt Level 4 (pedunculated or sessile polyp) with Sm1 invasion

Table 2
Suggested Criteria for Radical Colorectal Resection for Cancer in a Polyp

Strong indicators
• Incomplete excision of lesion
• Microscopic cancer at resection margin
• Haggitt Level 4 (pedunculated or sessile polyp) with Sm3 invasion

Relative indicators
• Poorly differentiated
• Lymphovascular invasion
• Excision doubtfully complete
• Haggitt Level 4 (pedunculated or sessile polyp) with Sm2 invasion
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chemoradiation. A discussion of pros and cons of these alternatives is beyond the scope of 
this chapter but has been recently reviewed (39).

7. FOLLOW-UP

If polypectomy is considered defi nitive therapy, long-term follow-up should be established 
to search for any local recurrence and to remove metachronous polyps. The endoscopist must 
fi rst accurately localize the site of resection of a malignant polyp and must be certain that the 
entire lesion has been removed. For sessile colon polyps removed in piecemeal fashion, this 
can be diffi cult. Subsequent examinations are often necessary to perform additional, small, 
“touch-up” polypectomies of residual adenomatous tissue at the periphery of the original 
lesion. The endoscopist should repeat such examinations every 1–3 mo until there is no 
residual adenoma and the polypectomy site has totally healed. It is not necessary to do a total 
colonoscopy; endoscopy to the site of the malignant polyp is suffi cient, assuming that the 
index colonoscopy was complete to the cecum. After local control is achieved, surveillance 
colonoscopy examinations can be scheduled generally 1 yr after the index examination, 
and if no abnormalities are noted, again 3 yr later. More frequent limited endoscopies to 
the polyp site may be justifi ed if the risk of local recurrence is judged to be high. This is 
rarely the case, however, because most such patients should have been referred for radical 
colectomy.

Follow-up of rectal lesions is unique. Our protocol is to follow patients after local excision 
of T1 lesions from the rectum with rigid proctoscopy and endorectal ultrasonography every 
4 mo for the fi rst 3 yr and then every 6 mo for the subsequent 2 yr. Using this protocol, 
we have identifi ed local recurrences in the mucosa or adjacent lymph nodes while they 
were amenable to radical salvage surgery. The estimated 5-yr overall survival rate in our 
series was 72% after local excision of 69 T1 cancers vs 80% after radical surgery of 30 
T1 lesions (not statistically signifi cant) (40). Whether survival is compromised on longer 
follow-up remains open to study.

8. CONCLUDING COMMENTS

The many controversies surrounding management of the patient with cancer in a polyp 
are unlikely to be resolved by single-investigator or single-institution studies. The need 
for a national registry, standardized defi nitions, expert review of resected speciments, and 
long-term follow-up is apparent.
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1. HISTORICAL PERSPECTIVES

The fi rst successful operation for rectal cancer was performed by Lisfranc in 1826 (1).
This consisted of excising the anus and rectum via the perineum, which resulted in the 
functional equivalent of a perineal colostomy. As surgical techniques improved and general 
anesthesia developed, more extensive resections were undertaken. However exposure to the 
upper rectum was limited, and in an attempt to improve access, Verneuil (1873) and Kocher 
(1876) excised the coccyx and portion of the sacrum. It was Kraske (1885), after whom 
the procedure was named, who introduced the posterior approach of resecting the rectum 
through the sacrum while preserving the anus and sphincter muscles (2).

The fi rst reported combined abdominal and perineal resection was performed by Czerny 
(1884). This occurred after Czerny was unsuccessful at excising the rectum via a perineal 
approach and completed the resection via the abdomen. Sir Ernest Miles, in 1908, described 
his modifi cation of Czerny’s operation. Miles emphasized the importance of including the 
surrounding regional lymphatics with complete extirpation of the rectum and anus too; 
principles that apply today (1).

In 1921, a technique to treat upper-rectal tumors via an anterior resection (abdominal 
incision only) was proposed by Henri Hartmann (3). This was initially described as a two-
stage operation with performance of an end colostomy followed by a resection at a later time. 
During the early 20th century, improvements in surgical technique allowed for one-stage 
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procedures and restoration of intestinal continuity. With the advent of stapling devices and 
a better understanding of rectal anatomy, the possibilities of anterior resection and sphincter 
preservation has increased in the last several decades.

2. ANATOMY

The performance of rectal surgery is based on a thorough understanding of rectal and anal 
anatomy. The exact proximal and distal boundaries of the rectum are not well defi ned, with 
surgeons and anatomists in disagreement. The length of the rectum is typically 12–15 cm and 
lies between the sigmoid colon and the anal canal. The distinction between the distal sigmoid 
colon and the proximal rectum can be diffi cult, although, morphologically, the rectum can be 
differentiated by the absence of haustrations, taeniae, or epiploic appendices. In the presence 
of a bulky tumor or signifi cant infl ammation, these anatomical features may be obscured 
and this area is often referred to as the rectosigmoid junction.

Conceptually, the rectum is often divided into three segments, upper, middle, and lower, 
with each segment approx 5 cm long (Fig. 1). The upper third of the rectum is covered by 
the pelvic peritoneum anteriorly and laterally. The middle third is covered by peritoneum 
only anteriorly, and the lower third is completely extraperitoneal. This peritoneal coverage 
is commonly described by surgeons as the anterior and posterior peritoneal refl ection, with 
the anterior refl ection extending deeper into the pelvis than the posterior refl ection. In 
clinical trials, most authors use 12 cm from the anal verge, by rigid sigmoidoscopy, as the 
upper limit of the rectum.

Fig. 1. View of the rectum in its anatomical position in the pelvis. The rectum has been “divided” into 
thirds, with a lesion depicted in the mid rectum.
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2.1. FASCIAL RELATIONSHIPS

The anatomical fascial layers of the pelvis is a complex subject. However, identifying the 
proper plane of dissection is crucial for surgical extirpation of a rectal tumor. The rectum, 
along with its blood supply, nerves, fat, and lymph nodal bearing tissue is enveloped by the 
fascia propria of the rectum (also known as the visceral layer of the pelvic fascia) (4). The 
surrounding fatty tissue covered by this fascial layer, which contains the lymphatic drainage, 
is referred to as the mesorectum (Fig. 2). This tissue contains the regional lymph nodes 
draining the rectum and may harbor metastatic disease. Complete surgical removal of the 
mesorectum may be an important factor in decreasing the rate of local recurrences.

2.2. Arterial Supply
The blood supply for the rectum is derived from the superior, middle, and inferior rectal 

arteries with contribution from the median sacral artery (direct branch from the aorta). The 
superior rectal artery is the terminal branch of the inferior mesenteric artery and supplies 
the upper third of the rectum, as well as providing collateral blood fl ow to the middle and 
lower rectum. The middle rectal arteries originate from the internal iliac arteries, however, 
the number (paired or unpaired) as well as the vessel caliber are highly variable. They course 
through the pelvis and enter the mesorectum, occasionally giving branches that enter via the 
lateral ligaments (band of connective tissue containing autonomic nerves from the pelvic 
plexus) (4,5). The presence of a discrete middle rectal artery is infrequent, and when present, 
it is often distal to the lateral ligaments (5). The internal pudendal arteries (terminal branches 
of the internal iliac arteries) give rise to the inferior rectal arteries and provide blood supply 
to the lower rectum and anal canal.

2.3. VENOUS AND LYMPHATIC DRAINAGE

Venous drainage of the rectum is by submucosal venous plexuses and closely follows 
the arterial supply. The inferior and middle rectal veins drain into the systemic circulation, 
whereas the superior rectal vein drains into the portal system. The lymphatic drainage 
of the rectum resembles the arterial and venous distribution. The fi rst draining nodes are 
contained within the mesorectum. Depending on the tumor location, secondary lymph node 

Fig. 2. The mesorectum containing the draining lymphatics of the rectum is surrounded by the visceral 
layer of the pelvic fascia.
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involvement may occur in the para-aortic nodes, the internal iliac nodes, or in the superfi cial 
inguinal lymph nodes.

2.4. Pelvic Nerves
There is an extensive network of autonomic nerves supplying the pelvic organs (Fig. 3). 

An understanding of these nerves and their anatomical relation with the rectum is important 
in minimizing postoperative genitourinary complications. The network is comprised of 
neural tissue from the superior hypogastric plexus, hypogastric nerves, the pelvic splanchnic 
nerves, and the pelvic plexus. This network is invested in the parietal fascia and lies outside 
the fascia propria (4). The superior hypogastric plexus receives sympathetic fi bers from low 
thoracic and upper lumbar nerve roots. This plexus is located along the inferior mesenteric 
artery and courses caudally to give rise to the hypogastric nerves at the level of the sacral 
promontory. Injury to either the superior hypogastric plexus or the hypogastric nerves will 
result in ejaculatory dysfunction in men. Pelvic splanchnic nerves provide a parasympathetic 
supply and originate from the second, third, and fourth sacral nerve roots. These nerves 

Fig. 3. The parietal layer of the pelvic fascia has been removed, exposing the autonomic nerves in the 
pelvis.
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course laterally and caudally and overlie the piriformis muscle. The pelvic splanchnic 
nerves, along with the hypogastric nerves, coalesce to the pelvic plexus. Branches from 
the pelvic plexus supplying the rectum are contained in the lateral ligaments, whereas 
branches to the genitourinary organs course anteriorly. Awareness of the location of these 
neural structures during pelvic dissection is important in preventing postoperative sexual 
and urinary dysfunction.

3. CHOICE OF OPERATION

Surgical resection is the mainstay of treatment for rectal cancer. The operative options 
available are local resection or radical surgery. Radical surgery includes low anterior resection 
(LAR) (with colorectal or coloanal anastomosis) or abdomino-perineal resection (APR) 
(Table 1). Determining which procedure is suitable is dependent on a thorough preopera-
tive evaluation. Factors such as tumor stage, tumor distance from the anal verge, circum-
ferential involvement, and tumor differentiation are important when selecting operative 
intervention (local resection vs radical surgery). Further information regarding local excision 
of rectal tumors including patient selection criteria and surgical technique can be found 
in Chapter 19.

The term “low anterior resection” is used to describe a surgical procedure in which a 
portion of the rectum is excised through an abdominal incision with preservation of the 
anal sphincters, allowing for restoration of gastrointestinal continuity. In comparison, 
abdomino-perineal resection includes performing a LAR in combination with removing 
the distal rectum and anus via a perineal incision. The key determinant in deciding if an 
LAR is possible is the distance of the tumor from the anal verge. An accurate assessment 
is accomplished with a digital rectal examination and rigid proctoscopy. For patients with 
associated rectal pain or after completion of preoperative radiation therapy, inspection of 
the rectum typically may require general anesthesia. Patients with tumors fi xed in the pelvis 
should be treated with preoperative chemoradiotherapy. Occasionally, for very distal rectal 
cancers, the ability to perform a sphincter-preserving procedure can only be determined 
intraoperatively. Contraindications to sphincter preservation include tumor involvement of 
the sphincter muscles, preexisting fecal incontinence or dysfunction, and tumor invasion of 
the prostate or distal aspect of the vagina. Patient characteristics that can limit the ability 
to perform a LAR include a narrow pelvis (more common in males) and obesity (Table 2). 
Additionally, comorbid conditions such as chronic obstructive pulmonary disease, coronary 
artery disease, diabetes mellitus, cirrhosis, and renal insuffi ciency have been identifi ed as 
predictive factors of postoperative morbidity (6).

3.1. PREOPERATIVE STAGING

Accurate staging of rectal cancer is essential for proper management, and several imaging 
modalities are currently available. Although the accuracy of computed tomography (CT) 

Table 1
Surgical Procedures for Excising the Rectum for Rectal Cancer

Low anterior resection (sphincter preservation)
    Colorectal anastomosis
    Coloanal anastomosis
Abdominal perineal resection
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ranges from 55% to 72% for primary rectal cancer, CT can provide useful information 
regarding the presence of metastatic disease (7,8). Computed tomography is helpful in 
detecting and evaluating locally recurrent rectal cancer as well as locally advanced disease. 
The two imaging methods that can accurately, greater than 80%, determine the depth of 
tumor invasion include endoscopic ultrasound (EUS) and endorectal magnetic resonance 
imaging (EMRI). Both modalities are capable of identifying discrete layers of the rectal wall. 
Although EUS and EMRI can detect the presence of perirectal lymph nodes, their major 
limitation is the inability to adequately predict lymph node involvement (7). Radiographic 
evaluation of tumor response to preoperative therapy is diffi cult because EUS and EMRI 
cannot differentiate perirectal edema, fi brosis, or infl ammation from tumor. Additional 
limitations of these modalities include operator dependence for EUS and cost and availability 
for EMRI.

3.2. Comparison of Outcome
Abdomino-perineal resection is considered the “gold standard” operation for distal 

rectal tumors. The rationale use of LAR vs APR must be based on equivalent oncologic 
results. Sphincter-preserving operations must achieve equal local control and survival rates 
as abdomino-perineal resections. Although there are many retrospective reviews, there 
have been no prospective randomized trials comparing the two operations. Several large 
retrospective reviews have not been able to identify a signifi cant difference in the rate of 
local failure or overall survival (9–12). Patient selection bias and the different treatment 
modalities utilized prevent any meaningful comparisons between these trials. However, two 
studies reviewed data obtained from large prospective trials studying the effects of adjuvant 
therapy (9,10). Investigators reviewing the NSABP R-01 trial identifi ed a local recurrence 
of 13% for sphincter-preserving operations compared to 5% for APR, although no statistical 
difference in survival was detected. An analysis of two randomized trials from Sweden (1292 
patients) reported similar conclusions (10). Despite the lack of a prospective randomized 
trial, LAR and APR appear to have equivalent tumor control.

4. TECHNIQUE

For either a LAR or APR, a mechanical bowel preparation is given the day prior to surgery. 
An enterostomal nurse should be consulted for preoperative marking of a stoma site and 
for counseling in the event that sphincter preservation is not possible. An epidural catheter, 
for control of postoperative pain, can be placed just prior to the operation. Appropriate 

Table 2
Contraindications to Sphincter Preservation

Absolute
    Tumor involvement of sphincter muscles
    Pre-existing fecal incontinence or dysfunction
    Invasion of the prostate or distal vagina
Relative
    Narrow pelvis
    Obesity
    Confounding comorbid conditions
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antibiotic and antithrombotic prophylaxis is instituted. After the administration of general 
anesthesia, the patient is placed in a modifi ed lithotomy position. At this point, a digital 
and proctoscopic examination should be performed. Tumor distance from the anal verge, 
mobility from the pelvic side walls, and involvement of anterior organs can be assessed and 
may infl uence the choice of operation.

4.1. Low Anterior Resection
After a midline incision is made, the abdominal cavity is thoroughly inspected. Particular 

attention is paid to the peritoneal surface and liver, and any suspicious abnormality is 
biopsied and documented. The attachments of the sigmoid and descending colon to the 
lateral wall of the abdomen are transected. During this dissection, the left ureter is identifi ed 
and protected from injury. The terminal branch of the inferior mesenteric artery (sigmoid 
and superior rectal arteries) is divided distal to the left colic artery, which preserves the blood 
supply to the descending colon. In some instances, the left colic artery must be divided so 
that the left colon can reach into the pelvis. In these instances, mobilization of the splenic 
fl exure is mandatory, so a tension-free anastomosis is possible.

Next, the presacral space (the area between the sacrum and the rectum) is developed 
sharply and this can be dissected down to the level of the coccyx. After completing the 
posterior dissection, anterior dissection of the rectum begins in the midline in the rectovesical 
pouch in males and in the rectouterine pouch in females. In men, care is taken to avoid 
injury to the bladder, prostate, or seminal vesicles, whereas in women, the posterior aspect 
of the vagina is in close proximity to the anterior wall of the rectum. Exposure of the lateral 
aspects of the rectum can be diffi cult, but it is facilitated by fi rst performing the posterior 
and anterior dissection. Once the rectum has been fully mobilized, the distance of the tumor 
from the sphincter muscles should be reassessed, as an additional 4–5 cm of length can 
be achieved after the rectum has been dissected free and straightened. This may allow 
sphincter preservation for very distal rectal cancers. The rectum is then transected distal to 
the lesion and the specimen examined to ascertain the length of distal margin (the adequate 
margin length needed will be discussed in a later section). After gastrointestinal continuity 
is established, the patient’s abdomen is closed.

4.2. Abdomino-Perineal Resection
The abdominal portion of an APR is similar to the LAR, with the notable exception that the 

rectum is not divided. The perineal portion of the operation is performed after the abdominal 
portion when the rectum has been completely mobilized. When two teams of operating 
surgeons are employed, the perineal portion can be performed simultaneously.

An elliptical incision around the anus is made to incorporate the sphincter muscles. 
The ischiorectal fossa is entered, and dissection is carried out posteriorly to the level of 
the coccyx. The anococcygeal ligament is transected and the pelvis is entered. Laterally, 
the levator muscles are divided. Anterior dissection is the most intricate portion of the 
perineal phase of the operation and is reserved until after completing the posterior and lateral 
dissection. In males, the prostatic urethra and seminal vesicles are in close proximity to the 
rectum at this level. In women, an anteriorly located cancer may require a limited resection 
of the posterior vaginal wall. After completing the anterior dissection, the entire specimen 
can be extracted through the perineal incision. The perineal wound is closed primarily and 
drains are placed in the pelvis. The colostomy is placed at a site marked preoperatively 
and the abdomen is closed.
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5. OPERATIVE CONSIDERATIONS

5.1. Margins
Resection of cancers of the upper rectum can be accomplished easily with generous distal 

margins (i.e., 4–5 cm). The amount of rectum that can be sacrifi ced during surgery for low 
rectal cancers is limited. The ability to perform sphincter preservation is often dictated by 
the extent of distal tumor spread, and the exact length of distal rectal margin needed has not 
been defi nitively determined. A prospective pathologic analysis of microscopic intramural 
tumor spread demonstrated the need for 12 mm of distal margin clearance (13). An important 
concept that was also emphasized in this report was the degree of contraction that occurs in 
the fi xed specimen. Several retrospective studies have concluded that a 2-cm distal margin 
was suffi cient for control of local failure (11,14). Subsequent analyses have suggested 
that even a smaller distal margin may be adequate. Shirouzu et al. observed distal spread 
in less than 4% of the 505 specimens of patients who underwent “curative surgery” (15).
Incidence of distal spread in stage II disease was 1.2% and never exceeded 1 cm. In stage III 
disease, 10% of specimens had distal spread, with half of them limited to less than 1 cm. A 
prospective study from the University of Minnesota concluded that a distal margin of 1 cm
is adequate for most rectal cancers (16). However, two pathologic tumor characteristics that 
may warrant more extensive distal clearance include poorly differentiated and mucinous 
neoplasms (14).

Extramural spread into the mesorectum is more frequent than intramural spread and 
the distance of spread is much greater. Pathologic assessment of the mesorectum requires 
detailed examination and serial sectioning of the specimen (17). In two recent reports, 
tumor deposits in the mesorectum were identifi ed in 20–25% of the specimens (18,19).
The maximum distal spread encountered was 4–5 cm. Hida and associates examined 198 
specimens and found no distal extramural spread in T1 or T2 tumors. However, T3 and T4 
tumors had distal tumor deposits in 22% and 50%, respectively (19). The presence of distal 
mesorectal spread has been associated with increased frequency of local recurrence and 
possibly with decreased overall survival (20,21).

In addition to examining the mesorectum, serial transverse sectioning of the specimen 
permits assessment of the radial margins (17). Involvement of the radial margins is associated 
with a signifi cantly increased local recurrence rate (17,22,23). In addition, multivariate 
analyses have demonstrated positive radial margins as an independent prognosticator for 
local recurrence and overall survival (22,24). Theoretically, complete resection of perirectal 
tissue as occurs in total mesorectal excision (TME) should decrease the number of positive 
circumferential margins and minimize the risk of residual disease in the mesorectum. 
However, in bulky tumors, a positive radial margin may not be an indicator of inadequate 
surgery, but rather a marker of advanced disease (25).

5.2. Total Mesorectal Excision
In an effort to decrease local recurrence by extirpating the regional lymphatics, Heald 

and colleagues, in 1982, introduced the concept of TME (26). A recent update of Heald’s
experience with TME documented a local recurrence rate of 3% in patients undergoing 
“curative resections” (27). This low rate of regional failure is remarkable considering the 
infrequent utilization of adjuvant therapy. The use of TME has been adopted by many 
centers, with a local recurrence rate ranging from 7% to 13% (28–32). Although Heald 
is credited with promoting a standardized surgical technique as a means of improving 
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outcome, the benefi ts of “wide anatomical resection” was also described by Enker and 
associates (33).

From a technical standpoint, TME involves resection of the rectum with its surrounding 
envelope, the fascia propria. This compartment, known as the mesorectum, contains the 
perirectal fat and draining lymphatic tissue. Heald has described the space between the fascia 
propria and the parietal fascia (the tissue investing the pelvic walls and nerves) as the “holy
plane” of rectal surgery (34). Anatomically, the mesorectum is thin anteriorly and separating 
it from the genitourinary structures in males and the posterior vaginal wall in females can 
be challenging. The space between the fascia propria and parietal fascia is often dissected 
sharply (with use of electrocautery or scissors) to prevent disruption of the fascia propria 
and violation of the mesorectum.

Despite the many advocates of TME, there have been no prospective randomized trials 
comparing conventional resection with TME. However, comparison of the outcome after 
TME with historical controls suggests superior local control with TME (30,35). Havenga 
and colleagues recently reported results of an international review of TME and conventional 
surgery (36). Data from fi ve active rectal cancer institutions were collected and reviewed 
(total of 1411 patients), with each center contributing over 200 patients. A local recurrence 
rate of 32–35% was reported after conventional surgery. Performance of TME was associated 
with a markedly reduced local recurrence rate (4–9%). Also of signifi cance was a 30% 
absolute increase in the overall and cancer-specifi c survival in the TME group.

The removal of the entire mesorectum is controversial, and critics of TME have questioned 
the need for routine resection of the entire mesorectum for all rectal cancers (Fig. 4). For 
middle and low rectal lesions, the entire mesorectum is excised, as opposed to transecting 
the mesorectum at an appropriate distal margin. Excising the entire mesorectum results in 

Fig. 4. Figure depicting excision of the entire mesorectum with amputation of the rectum at the dentate line 
for a distal rectal cancer. (From Daly JM and Cady B [eds.]. Atlas of Surgical Oncology. Mosby Yearbook, 
St. Louis, MO, 1993, p. 577. Reproduced with permission.)

 

 

Image Not Available 
 



346                                                                                                                  Sasson and Sigurdson

a denuded rectum, which can then be amputated at the desired level (Fig. 5). For cancers 
located at the upper rectum, total mesorectal excision would produce an excessively long 
avascular rectum and compromise the integrity of an anastomosis. Several investigators 
have recently examined the need for routine TME for upper rectal tumors (31,32,37,38).
Although these studies are nonrandomized, no compromise in the local recurrence rate 
was identifi ed when a selective approach of TME was applied to upper rectal cancers. 
However, the surgical technique utilized in these reports included excising the mesorectum 
4–5 cm distal to the rectal tumor; this ensures an adequate resection of the surrounding 
lymphatic tissue.

The dramatic reduction in local recurrence after TME, as originally reported by Heald, 
was accomplished without the use of adjuvant therapy (26). A retrospective review from 
the Mayo Clinic analyzed 514 patients who were treated without any adjuvant therapy (28).
An overall local control rate of 7% was reported, however, more than half of the patients 
had stage I disease. Of note, distant metastases predominated as the site of failure in these 
selected patients not receiving adjuvant therapy. Bokey et al. performed a similar analysis 
(n = 596), in which nearly 40% of the patients had nodal involvement (31). The overall 5-yr 
actuarial local recurrence rate was 11%. Multivariate analysis identifi ed positive nodes and 
venous invasion as pathologic features that were independent predictive factors for local 
recurrence. Merchant and associates reviewed their experience of TME without adjuvant 
treatment in 95 patients with T3N0M0 (stage II). The overall local recurrence rate was 9% 
and the only histopathologic feature signifi cant for predicting local failure was lymphatic 
invasion (Table 3) (39). Currently, a prospective randomized trial is in progress to evaluate 
TME with and without preoperative radiotherapy (40).

Fig. 5. Excision of the entire mesorectum (dashed lines) with transection of the rectum (solid lines). Note 
that the mesorectum is not divided at the same level as the rectum, this ensures complete removal of 
potential spread in the distal mesorectum. However, this also results in a denuded rectum distally.
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Although the oncologic results of TME seem promising, critical analysis of Heald’s data 
is warranted. In his most recent update, Heald summarized his experience with TME in 
519 patients during the last two decades (27). Nearly 10% of patients received preoperative 
therapy for tumor fixation and “unresectability,” and information regarding adjuvant 
chemotherapy is lacking. Of the 465 patients undergoing LAR, only 80% were deemed to 
have had a “curative” resection; however, the criteria used to determine a “curative” resection 
are not clearly stated. Also lacking is detailed data correlating the local recurrence rates with 
the tumor stage. For the entire series, the local recurrence rate of 6% at 5 yr and 8% at 10 yr
was reported. Of concern was the difference in rate of local recurrence between LAR and 
APR; 5% vs 17% at 5 yr. This dramatic difference between the two operations is not easily 
explainable, although the possibility of poor pathologic prognostic factors or implantation 
of tumor cells during the operation in the APR group have been proposed (41). Regardless 
of these limitations, the merits of TME are obvious and more studies are needed to defi ne 
the appropriate use of this surgical technique.

5.3. Nerve Preservation
Urinary and sexual dysfunction are recognized complication of surgery for rectal cancer. 

These complications are a result of injury to the sympathetic and parasympathetic nerves that 
are present in the pelvis. With the use of sharp mesorectal excision and greater awareness of 
the autonomic nerves, genitourinary complications can be minimized (42).

Sexual dysfunction after rectal surgery is characterized by impotence and ejaculatory 
dysfunction (see Chapter 37). Although physical injury to the autonomic nerves may play 
a role in the development of these dysfunctions, the cause is likely to be multifactorial. 
Comorbid conditions such as diabetes, vascular disease, and aging, as well as psychological 
factors may contribute. The incidence of permanent impotence varies widely in the literature 
because of variations in defi nition, evaluation, and surgical technique. A recent review of 
6 prospective and 12 retrospective studies identifi ed a 51% rate of impotence after APR vs 
29% after LAR (43). The increased rate of impotence after APR may refl ect selection bias, 
as patients requiring APR may have more advanced disease and adverse pathologic features 
(44). Havenga and colleagues observed that in male patients, with normal preoperative sexual 
function, 57% of patients having an APR had retained sexual function, in comparison to 86% 
of patients having a LAR (45). Additionally, they identifi ed age >60 as a signifi cant predictor 
of poor outcome. Postoperative sexual dysfunction in women is less well understood and 
studied; however, they reported that 85% of female patients evaluated had preserved sexual 
function.

Urinary dysfunction after surgery for rectal cancer is often temporary. The incidence 
of permanent bladder dysfunction ranges from 0% to 19%, and the incidence may be 
greater after APR than LAR (43). A recent report utilizing urodynamic studies after TME 

Table 3
Pathologic Factors Affecting Outcome After TME

1. Lymph node metastasis
2. Vascular invasion
3. Lymphatic invasion
4. Positive radial margin
5. Distal mesorectal spread
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documented bladder denervation in 2 of the 49 patients studied (46). Denervation was 
characterized by a weak detrusor pressure, decreased fl ow, and increased residual volume.

Anatomical studies of the pelvic autonomic nerves have identifi ed several sites during 
rectal surgery that are vulnerable to injury (Table 4) (4,42,43).

 1. Origin of inferior mesenteric artery. The superior hypogastric plexus is located posterior to 
the artery near its origin from the aorta. Proximal ligation of the artery at its origin may injure 
the plexus, and injury at this level may result in ejaculatory dysfunction (47).

 2. Posterior pelvic dissection. Fibers from the superior hypogastric plexus course caudally over 
the sacral promontory to form the hypogastric nerves, and they lie 1–2 cm medial and parallel 
to the ureters. Failure to identify the appropriate plane posteriorly places these nerves at risk 
of injury and also result in ejaculatory dysfunction (47). Staying in the fascial plane just 
posterior to the superior rectal artery will help identify the fascia propria. If the hypogastric 
nerves are encountered during the dissection, the surgeon is in the wrong plane.

 3. Lateral dissection. Medial traction of the distal rectum reveals the lateral ligaments, which 
are a band of connective tissue containing autonomic fi bers from the pelvic plexus to the 
rectum. Excessive lateral dissection low in the pelvis may damage this plexus. The lack of 
any signifi cant vascular structure in the lateral ligaments allows division without the need to 
clamp and ligate the ligaments, thus minimizing the chance of injury to the plexus.

 4. Anterior dissection. The narrow space between the rectum and prostate and seminal vesicles 
makes the anterior rectal dissection precarious. During this portion of the operation, 
parasympathetic nerves lying posterior to the prostate and seminal vesicles may be damaged, 
resulting in impotence. Furthermore, obtaining hemostasis in this diffi cult to access area 
also places these nerves in jeopardy. These anatomical factors may help explain why sexual 
dysfunction occurs more commonly in APR than in LAR.

6. RECONSTRUCTION

After LAR, intestinal continuity can be restored using a variety of techniques and can be 
performed with either a hand-sewn or stapled anastomosis. During the last 20 yr, the ability 
to safely perform resections of the distal rectum has been enhanced by the increasing use 
of intestinal stapling devices. The rational use of either method, hand-sewn or stapled, must 
result in equivalent oncologic and functional outcome. A large, 732 patients, prospective 
randomized trial comparing hand-sewn versus staple anastomosis failed to detect any 
difference in the local recurrence rates between these two techniques (48). This confi rms 
the fi ndings of previous studies (49). A commonly used method of reconstruction employs a 
double-stapled technique, in which the rectum is transected with one stapler and continuity 
is restored with use of a circular stapler. Multiple studies have demonstrated the safety and 
low recurrence rate using this technique (50–52).

Table 4
Potential Sites of Nerve Injury During Rectal Surgery

Location Nerve

Origin of inferior mesenteric artery Superior hypogastric plexus
Sacral promontory Hypogastric nerves
Lateral ligaments Pelvic plexus
Behind prostate and seminal vesicles Parasympathetic nerves
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Restoration of gastrointestinal continuity after resection of very distal rectal cancers can 
be accomplished with a coloanal anastomosis (Fig. 6). The procedure involves excising 
the distal rectal mucosa (via a perineal approach) and performing a transanal anastomosis. 
However, an “ultralow” resection combined with a straight coloanal anastomosis has a 
signifi cant impact on postoperative bowel function. Contributing factors include excision of 
the rectal reservoir and alteration in the physiologic pathways, resulting in increased stool 
frequency, decreased urgency threshold, and varying degrees of fecal incontinence (53). The 
range of postoperative dysfunction has been directly related to the level of the anastomosis 
(54). With decreasing length of residual rectum, the degree of incontinence and altered 
defecation increase. Despite these drawbacks, the application of coloanal anastomosis 
in carefully selected patients can be accomplished without compromising the oncologic 
result (55,56).

In an effort to reduce the physiologic impact and improve postoperative function, Parc et 
al. and Lazorthes et al. in 1986 described their initial experience with the colonic J-pouch 
(Fig. 7) (57,58). The pouch functions as a neorectal reservoir, providing an increase in 
capacity and compliance. Multiple prospective randomized trials have demonstrated better 
functional outcome with a colonic J-pouch compared to a straight coloanal anastomosis 
(59,60). The improvement in function, decreased frequency, decreased “clustering” of stools, 
and decreased use of antidiarrhea agents has been reported in long-term studies to be present 
even after 2 yr postoperatively (61,62).

There are several standardized technical factors regarding the creation of a pouch and 
include complete mobilization of the splenic fl exure, high ligation of the inferior mesenteric 
vessels, and use of a well-vascularized diverticular-free colon. However, the optimal length 
of the pouch has been controversial, either 5 cm or 10 cm. Two prospective randomized 
trials comparing small vs large colonic J-pouches demonstrated equal continence rates, 
defecation frequency, and urgency (63,64). However, patients with large (10 cm) J-pouches 
had diffi culty evacuating their bowels and often needed enemas. The cause of the evacuation 

Fig. 6. Depiction of a hand-sewn coloanal anastomosis. (From Daly JM and Cady B [eds.]. Atlas of Surgical 
Oncology. Mosby Yearbook, St. Louis, MO, 1993, p. 583. Reproduced with permission.)
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diffi culty was recently examined by Hida and colleagues with serial pouchograms and they 
concluded that excessive pouch enlargement resulted in a deterioration in function (65).

The minimum length of residual rectum required to achieve acceptable functional 
result has not been clearly determined. A study recently concluded that a colonic J-pouch 
reconstruction should be utilized when the level of anastomosis is less than 4 cm (66).
Additionally, they recommended that formation of a pouch when the anastomosis level 
is between 4–8 cm may be benefi cial. Acceptable bowel function after straight colorectal 
reconstruction was observed when the anastomosis level was greater than 8 cm from the 
anal verge.

7. COMPLICATIONS

Postoperative morbidity from rectal cancer surgery includes all of the potential complica-
tions of major surgery. A review of outcome after surgery for rectal cancer from the Veteran 

Fig. 7. Illustration of a colonic J-pouch. The apex of the pouch is secured (hand-sewn or stapled) to the 
dentate line. The ideal length of the pouch is 5 cm. (From Daly JM and Cady B [eds.]. Atlas of Surgical 
Oncology. Mosby Yearbook, St. Louis, MO, 1993, p. 587. Modifi ed with permission).
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Administration database identifi ed prolonged ileus, urinary tract infection, pneumonia, and 
deep-wound infection as the most common postoperative complications (67). Overall, 30-d 
postoperative mortality was 3.2% but was signifi cantly higher in patients with complications. 
Complications that were associated with a mortality of over 50% included deep venous 
thrombosis, pulmonary embolism, acute renal failure, and cerebral vascular accident. 
A review from the Mayo Clinic’s experience with carcinoma of the rectum identifi ed 
increasing age, male sex, and increasing weight as signifi cant risk factors for postoperative 
complications (68). Additionally, the complication rate after APR was signifi cantly greater 
than for LAR.

The complication associated with LAR that results in signifi cant morbidity and mortality 
is anastomotic leak (Table 5). There is a great deal of controversy regarding the superiority of 
hand-sewn vs stapled anastomosis in preventing anastomotic leaks. A recent meta-analysis 
was unable to identify a difference in the radiographic leak rate with either technique 
(69). The single most important factor associated with anastomotic leak is the height of 
the anastomosis from the anal verge. Vignali and associates reviewed the results of 1014 
stapled rectal anastomoses (70). Although univariate analysis identifi ed diabetes mellitus, 
use of pelvic drainage, and duration of surgery as signifi cant cofactors, multivariate analysis 
identifi ed the level of anastomosis (<7 cm) as the only variable related to anastomotic leak. 
The difference in leak rate was 8% when the height was less than 7 cm and 1% when greater 
than 7 cm. Rullier et al. identifi ed male sex and level of anastomosis as independent risk 
factors (71). Anastomoses within 5 cm of the anal verge were 6.5 times more likely to leak 
than those above 5 cm, and the risk for men was nearly 3 times greater than for women.

The performance of TME for mid and low rectal tumors results in a denuded avascular 
distal rectum and a heightened concern for anastomotic leakage. A review of 219 patients 
from Heald’s group reported an 11% incidence of major leaks after TME (72). An interesting 
prospective study examined the effects of introducing TME as a new surgical technique 
(73). Patients treated with TME were compared to consecutive patients who did not have 
TME. The anastomotic leakage rate was double in the TME group (16%) compared to the 
non-TME group (8%).

With increasing use of ultralow resections, TME, and coloanal J-pouches, there is renewed 
interest in the use of temporary diverting stomas. The routine use of a protective stoma 
in low rectal anastomoses (<5 cm from the anal verge) particularly for men and obese 
patients has been advocated (71). Law and associates reviewed the results of 196 patients 
undergoing TME and observed that the presence of a diverting stoma was a signifi cant factor 
in decreased anastomotic leaks (74). The benefi t was particularly evident in male patients. 
The advantage of a defunctioning stoma in low anastomoses and coloanal pouches has 
recently been reported (75). Not only did patients with a diverting stoma have a decreased 
leak rate, but they also had less clinical sequelae (i.e., peritonitis and need for reoperation).

Table 5
Factors Associated with Increased Risk of Anastomotic Leak

Height of the anastomosis from the anal verge (<7 cm)
Total mesorectal excision (TME)
Male sex
Obesity
Lack of diverting stoma in “ultralow” resection
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8. SURGEON-RELATED FACTORS

There are a variety of variables infl uencing outcome in patients with rectal cancer, 
including stage at presentation, tumor biology, and surgeon-related factors. The impact of 
the surgeon in patient outcome is currently under scrutiny. A wide range of morbidity and 
mortality rates, local recurrence rates, and survival rates among different surgeons have been 
reported (76,77). Whether advanced fellowship training, number of operative procedures 
performed each year, or a combination of these two factors is responsible has not yet been 
determined. Harmon et al. examined the Maryland state discharge database and reported that 
higher-volume surgeons had improved outcomes (mortality rates, length of hospital stay, and 
cost) (78). Interestingly, median-volume surgeons achieved equivalent results as compared 
to high-volume surgeons when they operated at high- or medium-volume hospitals. This 
implies that not only surgical experience but also the number of rectal operations performed 
at a specifi c hospital may infl uence patient outcome. Porter and colleagues analyzed the 
impact of advanced training on local recurrence and survival (79). They reviewed the results 
of 52 surgeons performing a total of 683 operations in Edmonton, Canada. Surgeons trained 
in colorectal surgery had a signifi cantly improved local recurrence rate and disease-specifi c 
survival as compared to surgeons without specialized training and less experience. However, 
an analysis of the Ontario Cancer Registry concluded that neither hospital volume or teaching 
status (institutions involved with the training of physicians) had an impact on surgical 
outcomes (80), although there was a suggestion that high-volume hospitals had improved 
long-term survival. Unfortunately, because of the database design, information regarding 
local recurrence rates was unavailable.

9. LOCALLY ADVANCED CANCER

An estimated 10% of patients with rectal cancer will present with involvement of contigu-
ous pelvic structures (81). Patients with rectal cancer complaining of urinary symptoms, 
vaginal bleeding, or neuropathic pain should raise clinical suspicion of a locally advanced 
tumor. The ability to radiographically assess tumor infi ltration of surrounding structures 
would greatly assist in preoperative patient preparation and operative decision-making. Cur-
rently, CT scans appear inadequate. A study recently demonstrated increased sensitivity and 
specifi city of high-resolution magnetic resonance imaging (MRI) compared to conventional 
CT scans (82).

Surgical management of locally advanced tumors requires en-bloc resection of the 
malignancy and may require multivisceral resection (prostate and bladder in men and vagina, 
uterus, and bladder in women). The operative intent should be complete extirpation with 
negative margins. The presence of either gross residual disease or microscopic margins 
has a detrimental impact on prognosis (83). The adherence of a large rectal tumor to the 
surrounding tissue does not always correlate with pathologic evaluation. In fact, only 50% 
(range: 33–84%) of specimens suspected of tumor involvement actually demonstrated 
histologic invasion (81). The use of CT scans and intraoperative palpation to assess bladder 
involvement was found to have an accuracy of only 70%, whereas the presence of bladder 
symptoms preoperatively was found to be more predictive (84,85).

Pathologic factors associated with poor outcome include S-phase fraction greater than 10% 
and lymph node metastases (86,87). Hida et al. reviewed their experience with multivisceral 
resection and observed an 82% 5-yr survival in node-negative patients, in contrast to 55% 
in node-positive patients (87). There have been several recent reports demonstrating the 
ability of preoperative chemotherapy and radiotherapy to downstage locally advanced rectal 
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cancer (88–90). Mohiuddin and associates concluded that pathologic downstaging was a 
signifi cant prognostic factor (90). In addition to preoperative external beam radiation, Kim 
and associates examined the impact of intraoperative radiation therapy (IORT) (91). They 
reported a benefi t of IORT in the control of microscopic residual disease; however, no benefi t 
was seen when gross residual disease was left, once again emphasizing the importance of 
complete surgical resection.

10. SUMMARY

There have been many advances during the last several decades in the surgical management 
of rectal cancer, including mechanical stapling devices and a better understanding of pelvic 
anatomy. Sphincter preservation can now be accomplished in more patients than in the past 
without comprising oncologic outcome, although an abdominal perineal resection should 
be performed when clinically indicated. The surgical technique utilizing wide anatomic 
resection or, as Heald advocates, TME has potential benefi t in reducing local recurrences. In 
addition, the use of a precise surgical technique can allow for greater nerve preservation and 
fewer postoperative genitourinary complications.
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1. INTRODUCTION

Paradigm shifts in the management of cancer patients occur when challenges to existing 
treatment strategies are proven to be scientifically sound, biologically and clinically 
appropriate, and improve the quality of life of patients without compromising oncologic 
principles. The primacy of the Halsted radical mastectomy as the only viable therapeutic 
option for patients with operable breast cancer was inviolate for almost a century until 
numerous clinical trials demonstrated that breast-preserving strategies were equivalent 
to mastectomy in terms of their biologic outcome while maintaining a woman’s positive 
self-image through avoidance of a mutilating procedure (1–4).

Radical resection of rectal cancer, fi rst introduced by Miles in the early 1900s in the 
form of abdomino-perineal resection (APR) (5), has been the gold standard to which 
all local–regional approaches are compared. Improvements in surgical technique and 
instrumentation have enabled low anterior resection with primary colorectal or coloanal 
anastomosis to be considered an appropriate alternative to APR while avoiding a permanent 
colostomy. However, the morbidity and mortality of these radical approaches to distal rectal 
adenocarcinoma (DRA) are considerable and frequently lead to compromised function, 
with a resultant negative impact on patient quality of life. In a therapeutic scenario that is 
analogous to the introduction of breast-sparing techniques in breast cancer, considerable 
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enthusiasm now exists for employing conservative sphincter-sparing therapeutic approaches 
for selected patients with “early” rectal cancer.

Defi ning the patient population for which conservative surgical and nonsurgical techniques 
would be a viable therapeutic option is critical in determining whether these measures provide 
equivalent effi cacy to their more traditional, radical counterparts. “Early”-stage rectal cancer 
refers to those tumors confi ned to the rectal wall with no objective evidence, either clinical, 
radiographic, or pathologic, of perirectal lymph node involvement. Conservation therapeutic 
strategies for rectal cancer must target both the primary and insidious regional lymph node 
disease in order to achieve the following goals: (1) cancer control that is comparable to 
conventional surgical therapy, (2) equivalent survival compared to radical surgery, taking into 
account the results of initial treatment and, if necessary, salvage therapy for local recurrence, 
and (3) sphincter preservation with avoidance of a permanent colostomy.

This review will detail the indications and techniques of a variety of conservative 
approaches to rectal cancer focusing on sphincter-sparing surgical options. We will sum-
marize the available data, both retrospective and prospective, with regard to the outcome 
end points of local tumor control, results of salvage therapy, morbidity and mortality, and 
quality of life. Finally, the authors will offer recommendations for selection and treatment of 
patients with DRA based on outcome analysis and provide an assessment of relevant issues 
to be addressed by future clinical trials.

2. RESULTS OF TRADITIONAL RADICAL SURGERY

Transabdominal extirpative procedures, namely abdomino-perineal resection and low 
anterior resection, are considered the standard of care to which all conservative sphincter-
sparing approaches need to be compared. The goals to be achieved with any local regional 
technique in the management of rectal cancer include the following: (1) optimizing long-term 
survival (i.e., cure), (2) minimizing local–regional failure, thereby avoiding the profound 
morbidity associated with local recurrence, and (3) providing patients with an acceptable 
quality of life posttreatment. The latter goal is a function of multiple variables related to both 
the disease itself and the treatment applied. No one would argue that minimizing local failure, 
reducing postoperative morbidity, and avoiding a permanent colostomy would substantially 
contribute to a patients perception of a satisfactory quality of life.

The rate of local recurrence is associated with the extent of wall penetration, presence and 
number of involved regional lymph nodes, tumor location and biology, surgical technique, 
and the use of regional and/or systemic adjuvant therapy. The results of radical surgical 
approaches are reviewed in detail in Chapter 18. Therefore, we will only briefl y summarize 
treatment outcome (local recurrence, disease-free and overall survival), morbidity, and 
mortality associated with radical surgical techniques to provide a framework for which 
to compare the results of conservative management for early-stage rectal cancer. Local 
recurrence rates rise as the T stage increases. Local recurrence rates for patients with T1 
lesions treated with either APR or low anterior resection range from 0% to 10% in reported 
series (6–9). Rates of local recurrence for similarly treated patients with T2 tumors range 
from as low as 5% to as high as 20%. It is critical to point out that these recurrence rates are 
in patients with documented N0 disease by pathologic review. The rate of local recurrence 
within these subsets will vary depending on the type of pelvic dissection, the location 
of the tumor within the rectum (i.e., low vs mid/high), and whether adjuvant therapy has 
been delivered. The lowest rates of local recurrence are documented in reports from either 
individual investigators or institutions where strict adherence to meticulous pelvic dissection 
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in the form of either total mesorectal excision or tumor-specifi c (5 cm below the distal 
edge of the rectal tumor) mesorectal excision is practiced (10–12). Local failure is more 
likely when tumors are located in the lower (≤5 cm) rectum (13,14) and less likely with 
the addition of radiotherapy with or without systemic therapy (15,16). Stage for stage, 
there appears to be no difference in local recurrence rates between APR and low anterior 
resection (17–19).

Radical resection of carcinoma of the rectum is associated with a perioperative mortality 
ranging from 2% to 5% (20–25). Mortality rates rise with increasing age and comorbid 
medical conditions. The cost to the patient, in terms of both early and late morbidity 
associated with radical resection, is substantial and has a signifi cant impact on patient 
quality of life. Sexual dysfunction in both men and women can occur in as many as 50% of 
patients with equivalent complication rates reported with regard to urologic function (26,27).
Restorative resections (low anterior resection with either colorectal or coloanal anastomosis) 
have an associated anastomotic leak rate that has been reported to be as high as 20% in 
patients undergoing total mesorectal excision (28–31). In order to avoid this devastating 
complication, many surgeons routinely perform a diverting ostomy, which, in the best of 
circumstances, is a temporary inconvenience. Many patients will forego closure of their 
ostomy for many months until they have completed adjuvant chemoradiotherapy and some 
will, unfortunately, be saddled with a permanent ostomy because of unresolved technical 
complications. Low pelvic anastomosis following low anterior resection, with or without 
adjuvant therapy, also has functional consequences related to the frequency of bowel 
movements, soilage, incontinence, and so forth (32,33). Although the most obvious downside 
of an abdomino-perineal resection is the permanent colostomy, a substantial percentage 
of patients can have perineal wound complications. In addition, complications related 
to the stoma are not inconsequential and can occur in as many as 50% of patients (34).
Finally, complications are associated with postoperative adjuvant radiotherapy in a surgically 
dissected pelvis. All of the above can result in a less than satisfactory result in terms of 
quality of life for patients and have implications both at home and in the workplace. These 
issues have fueled interest in “conservative” surgical and nonsurgical strategies in the 
management of early-stage rectal cancer in an attempt to provide local–regional tumor 
control and cure while minimizing or eliminating the morbidity associated with a radical 
resection and avoidance of a permanent colostomy.

3. INDICATIONS FOR CONSERVATIVE MANAGEMENT

Selection of patients who are appropriate candidates for conservative approaches to rectal 
cancer is critical to ensure a successful outcome and to provide a “clean” cohort of patients 
treated in a uniform manner to determine whether nonradical surgery is a satisfactory 
alternative to radical surgery and would not compromise the potential for cure. Although this 
would seem to be a relatively simple task, data from two prospective, multi-institutional trials 
(35,36) to be described in detail later, confi rm that the selection process and adherence to 
technical guidelines is a formidable task. In both of these prospective studies that examined 
the utility of local excision for rectal cancer, patients were required to have tumors that were 
less than 4 cm in diameter, involved <40% of the rectal circumference, and the proximal 
extent of the tumor was no higher than 10 cm from the anal verge. Most surgeons would 
agree that these guidelines defi ne the very upper limits of what is feasible and, therefore, 
would only attempt local excision for smaller tumors that involve much less of the surface 
area of the rectum and are more easily accessible through a transanal approach. For other 
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conservative management approaches such as endocavitary radiation and tumor ablation, 
the criteria are even more stringent so that these techniques can adequately encompass 
the tumor volume.

Whereas these anatomic considerations are crucial for appropriate patient selection, 
histopathologic surrogates for tumor biology may more accurately defi ne those patients best 
suited to conservative management. Depth of invasion of the rectal wall is an important 
predictor of outcome following conservative management. Patients with tumors whose 
invasion is limited to the submucosa (T1) are more likely to have a long-term disease-free 
state than patients with tumors that either invade into (T2) or through (T3) the muscularis 
propria. This is most likely a result of the increased risk of perirectal lymph nodes, which 
correlates with the depth of penetration of the tumor into the rectal wall (37–41). The risk 
of lymph node metastases is as high as 15% for T1 lesions, 30% for T2, and 60% for T3 
rectal cancer.

Techniques that have been used to evaluate and attempt to stage early rectal cancer include 
digital rectal examination, computed tomography (CT) (see Chapter 7), endorectal ultrasound 
(EUS), and magnetic resonance imaging (MRI) (see Chapter 9). Digital examination is 
moderately accurate in determining the T stage, especially for T3 and greater lesions but 
is unable to provide any assessment of lymph node involvement and, therefore, is limited 
in its ability to properly select patients for conservative management. CT scanning is 
less accurate than either ultrasonography or MRI in determining depth of invasion and/or 
lymph node metastases (42,43). Both EUS and MRI with an endorectal coil are the most 
accurate pretreatment methods of staging available with an overall accuracy of 80–90% for 
establishing depth of invasion and 65–80% for determining the presence of lymph node 
metastases (42–46). The reproducibility and accuracy of staging via EUS is highly operator 
dependent and, therefore, the above-mentioned results are not universally applicable. 
Endorectal coil MRI, although equivalent in terms of its accuracy, is more expensive than 
EUS but may be justifi ed in select rectal cancers that are very low lying and where the 
application of EUS may be technically limited if not impossible.

Other routinely available pathologic variables have been described as predictive of a more 
aggressive tumor biology (47–49). These include poorly differentiated histology, lymphatic 
and/or vascular invasion, and perineural invasion. Although conclusive evidence is lacking, 
all of the above have been associated with tumor recurrence following local excision or 
standard radical surgery and may need to be taken into account in designing future trials 
of conservative therapy. It is hoped that the explosion in molecular technology will yield 
molecular and genetic markers that will prove to be useful in biologically predicting which 
patients are most likely to benefi t from nonradical approaches to rectal carcinoma.

4. CONSERVATIVE MANAGEMENT TECHNIQUES

4.1. Nonsurgical Techniques
The alternatives to radical resection of early-stage rectal cancer can be categorized as 

nonsurgical and surgical conservative approaches. Nonsurgical conservative techniques 
include endocavitary radiotherapy, electrofulguration, and laser ablation. The therapeutic 
intent of all of these nonresection procedures is to destroy all viable tumor. Endocavitary 
radiation fi rst described by Papillon in 1973 (50) can effectively control small rectal cancers 
with limited invasion of the rectal wall (T1) and may result in substantial palliation of more 
advanced lesions (51). However, the specialized equipment for this technique is not readily 
available and the major drawbacks include the need for multiple treatments and the lack of 
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a surgical specimen to determine pathologic stage, prognosis, and indications for additional 
adjuvant therapy. Fulguration in one form or another has been around for almost 100 yr but 
is plagued by the same issues related to the lack of pathologic specimen as endocavitary 
radiation and is less standardized in its application (52,53). Suffi ce to say that at the present 
time with no data available from properly controlled prospective series, none of the above 
techniques should be endorsed as “standard” alternatives to radical resection except in 
very select circumstances. These select situations would include the very elderly or other 
patients with substantial comorbidity that would preclude standard resection. However, with 
advancements in anesthesia and perioperative care, it is diffi cult to imagine a patient with 
early-stage rectal cancer who would not be a candidate for a surgical option.

4.2. Surgical Techniques
Conservative surgical approaches to early-stage rectal cancer include transanal excision, 

transcoccygeal or transsacral excision, and transsphincteric excision. Local excision via 
a transanal approach is the favored technique for conservative resection of distal rectal 
adenocarcinoma. Following either general or epidural anesthesia, patients are placed in the 
lithotomy or prone jackknife position depending on the location of the tumor. The anus is 
dilated and self-retaining rectal retractors are placed, often supplemented with thin-bladed 
deaver retractors. Traction sutures of 3-0 dexon are placed proximal to the lesion to deliver 
the tumor as close to the anus as possible. A full-thickness excision is then commenced with 
the needle-point cautery with the intent of obtaining at least a 1-cm margin in all directions 
(Fig. 1). The specimen is then oriented and pinned onto a corkboard for the pathologist. 
The defect in the rectal wall is closed with interrupted 3-0 absorbable sutures and rigid 
proctoscopy is performed to ensure that the rectal lumen has not been compromised. More 
recent advances in minimally invasive surgical equipment offer an alternative approach to 

Fig. 1. Full thickness excision of low-lying rectal cancer via transanal approach.
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tumors that are the most diffi cult to excise through a transanal route—those between 5 and 
10 cm from the anal verge. After placement of stay sutures proximally and distally, multiple 
fi res of a laparoscopic linear stapler can accomplish a full-thickness excision (Fig. 2).

The transcoccygeal or transsacral (Kraske) approach can be achieved with the patient in 
the prone jackknife position. The incision is made in the midline overlying the distal sacrum 
and coccyx. The coccyx is removed, and if necessary for higher lying tumors, the sacrum 
is partially split. The levator ani muscles are retracted laterally and the mesorectal fat and 
rectum encountered and mobilized. The rectal tumor is resected with a 1-cm margin and 
oriented for the pathologist as described previously. The rectal wall is approximated with 
3-0 absorbable sutures and the remaining tissues serially closed. For transcoccygeal or 
transanal approaches, fecal fi stula occurs in approx 5–20% of patients, often requiring a 
temporary proximal diversion.

The transsphincteric or York–Mason approach is similar to the above-described transcoc-
cygeal approach except for the addition of division of the levator ani and external sphincter 
muscles. This procedure, because it involves division of the sphincteric mechanism, leads to 
a higher incidence of incontinence and is not recommended.

5. RESULTS OF CONSERVATIVE SURGICAL THERAPY

There are numerous reports that have evaluated conservative surgery for early-stage rectal 
cancer, the vast majority of which are small, single-institution, retrospective series that 
attempt to determine the effi cacy of this approach. We will briefl y touch on the cumulative 
results of these noncontrolled series of local excision alone or local excision combined 
with postoperative adjuvant therapy to lay the groundwork for carefully analyzing the study 
design and outcome of the multi-institutional prospective trials of local excision with or 

Fig. 2. Endoscopic linear stapler facilitated excision of rectal cancer via transanal approach.



Chapter 19 / Conservative Management of Early-Stage Rectal Cancer 363

without chemoradiotherapy for distal rectal adenocarcinoma. Finally, we will briefl y touch 
on the role of preoperative radiotherapy and local excision.

5.1. Local Excision Alone
The role of local excision in the treatment of rectal cancer has been explored in a number 

of single-institution retrospective series that have been summarized in recent reviews on the 
topic (54–56). A wide range of local recurrence rates and survival rates have been reported 
that just begins to scratch the surface of the diffi culty in interpreting these uncontrolled 
studies. Local recurrence rates as reported in these series range from 2% to 47% and 5-yr 
survival rates of 65–100%. The factors that are predictive of survival include depth of rectal 
wall invasion, poorly differentiated histology, tumor size, and positive resection margins. 
Separating out variables that are independent predictors of local recurrence is a challenge 
because of the small number of patients in most of these series. The wide latitude of rates 
of local recurrence and survival refl ect the uncontrolled nature of these series and the 
heterogeneous population studied. Selection bias and variability within these series are 
evident when one takes into account patient inclusion criteria based on T stage and tumor 
size, treatment offered (local excision, ablation, adjuvant chemoradiation), surgical technique 
and margin status, defi nition of local recurrence, and survival analysis.

A recent report from the University of Minnesota is illustrative of the difficulties 
encountered in a retrospective analysis of local excision for early rectal cancer (6). In this 
review, 108 patients with T1 and T2 adenocarcinoma of the rectum treated by transanal 
excision were compared to 153 patients with T1,N0 and T2,N0 rectal cancer treated with 
radical surgery. Local recurrence was signifi cantly higher in patients treated with local 
excision compared to radical surgery (28% vs 4%, p < 0.001). This signifi cant difference in 
local recurrence rates was evident for both T1 (18% local excision vs 0% radical surgery,
p < 0.03) and T2 (47% local excision vs 6% radical surgery, p < 0.001) tumors. Interestingly, 
there was no difference between the groups with regard to cancer-specifi c mortality. The 
inherent bias and fl aws of this type of retrospective review are readily apparent. The authors 
selected patients with known N0 disease who had undergone radical surgery in the form of 
low anterior resection and abdomino-perineal resection and compared them to patients with 
known and similar T stage but with no pathologic information regarding lymph node status 
who had undergone local excision alone. Because the local excision group will have as high 
as a 30% risk of lymph node involvement, the comparison between these unmatched groups 
is invalid and may refl ect biologic predetermination as opposed to being a result of the 
type of surgery performed. In addition, the extremely high local recurrence rate in the T2 
patients treated with local excision that approached 50% was substantially higher than what 
had been reported in the past and suggests that the technique of local excision, pathologic 
analysis of local excision specimens, and the defi nition of “local” recurrence was in no 
way a straightforward proposition and may have led to this unusually high rate of local 
recurrence. The ability to perform an appropriate full-thickness excision and to obtain an 
adequate circumferential and deep margin are problems that have even been encountered in 
well-designed prospective multi-institutional trials where surgical guidelines for excision 
have been explicitly outlined prior to an attempt at excision (35,36). It is not unreasonable 
to assume that these same diffi culties are encountered but not analyzable in a retrospective 
review where prospective inclusion and treatment standards are absent. Again, this University 
of Minnesota report is refl ective of the diffi culties encountered in all retrospective reviews, 
even from good groups, and provides an impetus to continue to implement prospective trials 
in order to determine the appropriateness of the conservative management approach. At the 
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very least, these small uncontrolled series do suggest that select patients with small, distal 
rectal adenocarcinoma can undergo a sphincter-sparing conservative surgical procedure that 
is oncologically sound and does not compromise either local–regional control or survival.

5.2. Local Excision Plus Postoperative Adjuvant Therapy
Local recurrence following conservative surgery for rectal cancer is a result of (1) 

undetected microscopically positive circumferential margins and/or (2) involved regional 
lymph nodes. The ability of the surgeon to obtain an adequate margin of resection during 
local excision may be compromised by the technical limitations that are encountered during 
a local excision. Furthermore, despite obtaining grossly free margins, microscopic disease 
at the margin of resection may not be evident even following careful pathologic analysis. 
Most importantly, as the depth of invasion of the primary tumor increases, the risk of 
occult lymph node metastases substantially increases, as noted earlier. Because these factors 
likely contribute to local recurrence following more standard radical resections, it seems 
appropriate to extrapolate from multi-institutional prospective randomized trials that have 
demonstrated a benefi t from the addition of radiation and/or chemoradiation after low 
anterior resection or APR to the cohort of patients undergoing local excision in attempt 
to reduce local recurrence.

Numerous small, single-institution retrospective series of local excision followed by 
either radiotherapy as a single modality or combined chemotherapy and radiation therapy in 
the adjuvant setting have been conducted and reported (54–56). A cumulative review of these 
series leads one to conclude that postoperative adjuvant therapy leads to local recurrence 
rates (range: 0–18%) that appear lower than those observed following local excision alone. 
These local recurrence rates translate into survival rates in the range 70–100%.

Three single-institution prospective series where surgical technique and the delivery of 
postoperative adjuvant therapy have been standardized deserve mention (Table 1). Wood and 
Willett (57) treated 20 patients with conservative surgery and postoperative adjuvant therapy. 
Utilizing transrectal ultrasound and CT scanning, patients with transmural penetration or 
perirectal lymph node involvement were encouraged to undergo APR and forego local 
excision attempts. Of the 20 patients selected for local excision, only 1 patient had a T3 
lesion and 3 patients’ tumors were declared Tx with no defi nition of the depth of invasion, 
with the remainder of patients being either T1 or T2. All patients received postoperative 
radiotherapy and 15 of the 20 patients received intravenous 500 mg/m2 5-fl uorouracil (5-FU) 
on the fi rst 3 d and the last 3 d of radiation. At a median follow-up of 47 mo, local control 
was achieved in all patients and two patients failed at distant sites. Although this was a small 
series, it punctuated the need for careful selection criteria to achieve optimal local control. 
Ota et al. (58) at M.D. Anderson Cancer Center treated 46 patients with local excision and 
postoperative radiotherapy. All patients with T3 lesions and one patient with a T2 lesion 
and confi rmed vascular invasion received 5-fl uorouracil as a continuous infusion during 
radiotherapy. At a median follow up of 36 mo, four patients (8%) had a local recurrence, two 
of whom had a concurrent systemic recurrence, and four patients had a distant recurrence 
only. None of the 16 T1 patients had a recurrence, 1 of 15 (7%) T2 patients recurred, and 
47% of the 15 T3 patients developed recurrent disease. The overall survival rate was 93% 
in 3 yr and the local-recurrence-free survival rate was 90%. Finally, Bleday et al. (48) at the 
New England Deaconess Hospital treated 48 patients with local excision and those patients 
with T2 or T3 lesions received adjuvant postoperative chemoradiotherapy (5400 cGy with 
500 mg/m2 5-FU delivered on the fi rst and last 3 d concurrent with radiotherapy). At a mean 
follow-up of 40 mo, four (8%) patients recurred (2/21 T1, 0/21T2, and 2/6 T3). Factors 
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that predicted local recurrence were lymphatic invasion and an involved surgical margin. 
These three small prospective single-institution trials demonstrated that local excision for 
select patients could achieve excellent local control and that adjuvant postoperative therapy 
decreased the rate of local occurrence. Single-institution trials like the ones described laid 
the ground work for multi-institutional cooperative group trials to determine the propriety 
of conservative management of distal rectal adenocarcinoma.

5.3. Multi-institutional Prospective Trials of Local Excision
With or Without Adjuvant Chemoradiotherapy

Two phase II prospective multi-institutional trials designed to determine the effi cacy 
of local excision with or without adjuvant chemoradiotherapy have been completed and 
initial results reported (35,36). Radiation Therapy Oncology Group (RTOG) Protocol 8902 
included patients who were considered unsuitable for low anterior resection and would 
have required an APR as standard therapy. The primary tumor had to be below the pelvic 
peritoneal refl ection and within 10 cm of the anal verge, clinically mobile, 4 cm or less in 
greatest diameter, and occupy 40% or less of the rectal circumference. Sixty-fi ve patients 
underwent en-bloc transmural excision (Fig. 3). Patients with T1 lesions with margins of at 
least 3 mm, with well-differentiated or moderately differentiated cancers, 3 cm in largest 
diameter, no lymphatic or vascular invasion, and normal carcinoembryonic antigen (CEA) 
underwent no further therapy and were observed. Patients with T2 or T3 lesions or T1 lesions 
that did not fulfi ll the above criteria were treated with postoperative adjuvant radiotherapy to 
a total dose of 50–56 Gy with concurrent continuous infusion 5-FU (1000 mg/m2/24 h) on 
the fi rst and last 4 d of radiotherapy. Patients assigned to chemoradiotherapy who had less 
than 3-mm margins received an additional radiotherapy boost to the target volume to a total 
dose of 59.4–65 Gy. Patients could be registered before or after surgical excision with 12/65 
(18%) of eligible patients registered prior to local excision. T1 lesions were histologically 
confi rmed in 27 patients, T2 lesions in 25 patients, and T3 lesions in 13 patients. Two of 

Table 1
Prospective, Single Institution Series of Local Excision and Postoperative Adjuvant Therapy

Institution/author n 
Follow-up Outcome Treatment

MGH/Wood et al. 20 4500 cGy
Median 47 mo LR 0/20 (0%)
 (5 T1, 11 T2, 1 T3, 3 TX) 5FU 500 mg/m2

      ×3 d (fi rst and fi fth week RT)
MDACC/Ota et al. 46 5300 cGy
Median 30 mo (16 T1, 15 T2, 15 T3) 5FU 300 mg/m2

      for 7 T3, 1 T2 M–F × 5 wk
NEDH/Bleday et al. 48 5400 cGy
    Mean 41 mo (21 T1, 21 T2, 6 T3) 5FU 500 mg/m2

      d 1–3, 28–30 for
      all T2, T3 tumors

MGH, Massachusetts General Hospital; MCACC, M.D. Anderson Cancer Center; NEDH, New England 
Deaconess Hospital; 5FU, 5 fl uorouracil; RT, radiotherapy; LR, local recurrence; DR, distant recurrence.
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the 65 patients were considered unevaluable based on inadequate surgical or pathologic 
information submitted for review. Interestingly, 60% of patients had major deviations 
in surgical compliance. Major deviations included failure to perform en-bloc transmural 
excision, failure to adequately assess surgical margins, failure to orient and ink the freshly 
excised specimen, or failure to provide preoperative measurement of clinical parameters 
specifi ed in the protocol. These major deviations punctuate the diffi culty in performing an 
adequate excision and appropriate analysis of the resected specimen.

Local and distant failure rates are listed in Table 2. At a median follow-up of 6.1 yr,
2 of 27 T1 patients, 5 of 25 T2 patients, and 4 of 13 T3 patients recurred. Salvage surgery 
was attempted in fi ve patients who recurred with initial local failure and was successful in 
achieving local control in all fi ve patients, although four of these fi ve patients developed 
distant metastases. Actual freedom from pelvic relapse was 88% at 5 yr. RTOG 8902 closed 
to patient registration when Cancer and Leukemia Group B (CALGB) 8984 was activated 
as an intergroup study with participation of the Southwest Oncology Group, the Eastern 
Cooperative Oncology Group, and the RTOG.

CALGB 8984, an intergroup, multi-institutional phase II trial, registered patients with 
biopsy-proven adenocarcinoma of the rectum ≤10 cm proximal to the dentate line, ≤4 cm 
diameter, and involving ≤40% of the rectal circumference. Of the 177 patients registered 
before operation, 161 patients had an attempt at full-thickness complete excision. Fifty-one 
patients did not meet the eligibility criteria and were excluded based on involved or unclear 
pathologic margins and tumor stage greater than T2 or less than T1. Of the 110 patients 
who met all of the postsurgical eligibility requirements, 59 patients had T1 lesions and 
51 patients had T2 lesions. As per protocol design, patients with T1 lesions underwent 
no further treatment following complete excision and were observed for recurrence and 
survival. Patients with T2 lesions received adjuvant radiotherapy to a total dose of 5400 cGy
with concurrent bolus infusion 5-FU (500 mg/m2) on the fi rst 3 d and the last 3 d of 
radiotherapy. Recurrence and survival rates are summarized in Tables 3 and 4. At a median 
follow-up of 48 mo, 4 of 59 T1 patients recurred. Three patients had a local recurrence, two 
local only, and one with local and distant failure. Both patients with local-only recurrence 

Fig. 3. Radiation Therapy Oncology Group (RTOG) protocol 8902 treatment schema.
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underwent APR as salvage, with one patient disease-free at last follow-up. Ten of 51 (20%) 
T2 patients had recurrence, 7 of whom had either a local-only recurrence or combined 
local and distant failure. Of the fi ve patients with local-only recurrence, four remain free 
of disease following salvage APR and one patient died of distant disease. The two patients 
with concurrent local and distant failure also underwent APR, both of whom died of 
distant disease. Overall and failure-free survival at 6 yr for T1 patients was 87% and 83%, 
respectively, whereas for patients with T2 lesions, overall and failure-free survival was 85% 
and 71%, respectively. It is interesting to note that the investigators point out that the survival 
for all eligible patients in this study of local excision, with or without chemoradiation, 

Table 2
RTOG 8902 Patterns of Failure

 T stage

 T1 T2 T3 Total
Recurrence (n = 27) (n = 25) (n = 13) (n = 65)

Local alone 1 (4%) 2 (8%) 0 13 (5%)
Distant alone 1 (4%) 1 (4%) 1 (8%) 13 (5%)
Local and distant 0 2 (8%) 3 (23%) 15 (8%)
Total 2 (7%) 5 (20%) 4 (31%) 11 (17%)

Table 3
CALGB 8984 T1 Failures (48 mo Follow-Up)

Recurrence n (%) Outcome

Local only 2 (3%) APR
 1 – NED
 1 – DOD
Liver Only 1 (2%) Resect–NED
Local and Distant 1 (2%) – NED
Total 4 (7%)
 2 – NED
 2 – DOD

APR, abdominoperineal resection; NED, no evidence of disease; DOD, dead of disease.

Table 4
CALGB 8984 T2 Failures (48 mo Follow-Up)

Recurrence n (%) Outcome

Local only 5 (10%) APR
 4 – NED
 1 – DOD
Distant Only 3 (6%) – DOD
Local and Distant 2 (4%) APR–DOD
Total 10 (20%)
 4 – NED
 6 – DOD

APR, abdominoperineal resection; NED, no evidence of disease; DOD, dead of disease.
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almost exactly paralleled the survival of stage I patients registered in the National Cancer 
Database treated for the most part with radical resection (Fig. 4). These data, like those 
reported in the RTOG Trial, suggest that carefully selected patients with T1 and T2 distal 
rectal adenocarcinoma can be approached with conservative surgical techniques that preserve 
sphincter function and achieve excellent tumor control.

5.4. Preoperative Radiotherapy Plus Local Excision
The theoretical advantage of preoperative radiotherapy is to convert a patient who 

initially was deemed not a candidate for local excision to one, through downstaging, in 
whom local excision is now feasible. There is no direct evidence that this outcome can be 
achieved or whether any detrimental effects would occur by altering the proposed procedure 
postradiotherapy. Results from a number of small single-institution series (59,60) suggest 
that (1) downstaging can occur and (2) that local control can be achieved. Obviously, this 
question would need to be addressed in the context of a controlled, prospective, multi-
institutional trial to determine whether the goals of preoperative radiotherapy can be 
realized, evaluate whether this approach provides adequate tumor control, and defi ne a 
group of patients for whom this technique is appropriate. It is safe to say that in the vast 
majority of patients, there would not appear to be any clear advantage of preoperative 
chemoradiotherapy over postoperative chemoradiotherapy and the major disadvantage of 
preoperative chemoradiotherapy is the lack of a nontreated surgical specimen to accurately 
stage the primary tumor. This approach in other solid tumors, most notably the breast, 
has been proven to be effective and it would seem to be most appropriate in patients with 
T3 lesions with signifi cant comorbid conditions who would not be a candidate for radical 
resection or patients who refuse the more standard surgical option.

6. SALVAGE SURGERY FOR LOCAL RECURRENCE

The concern regarding the rate of local recurrence in patients treated with conservative 
management techniques for distal rectal adenocarcinoma would be moot if all such patients 
could be cured by subsequent radical resection. Of the seven patients in CALGB 8984 
who sustained a local failure as their only manifestation of disease recurrence, fi ve were 
salvaged by APR with no evidence of recurrent disease at last follow-up. However, durability 
of salvage is still unclear because of an inadequate follow-up interval. In RTOG 8902, 
fi ve patients who recurred with initial local failure underwent attempted surgical salvage; 

Fig. 4. Survival of patients with stage I rectal cancer treated by local excision in the CALGB 8984 trial and 
survival of stage I patients registered in the National Cancer Data Base.
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however, four of these fi ve patients ultimately developed distant disease. At the present 
time, it is therefore uncertain whether salvage resection provides the same chance of cure 
as a radical resection performed at the time of primary tumor presentation as the initial 
procedure. As in earlier studies of breast cancer, the obvious question is whether local 
recurrence of rectal cancer is a cause of subsequent distant metastases or simply a marker of 
more aggressive tumor biology. If the situation is analogous to breast cancer in which local 
recurrence following breast-sparing surgery appears to be a surrogate marker for distant 
failure, then conservative management approaches for appropriately selected patients with 
distal rectal adenocarcinoma pose no additional risks. However, because of the small number 
of local recurrences witnessed to date and the short follow-up time following attempts at 
salvage radical resection, no defi nitive conclusion can yet be drawn regarding the effi cacy 
of rescue therapy.

7. AUTHORS’ TREATMENT RECOMMENDATIONS

The multi-institutional prospective cooperative group trials have provided important 
natural history information and a foundation upon which subsequent trials can be built. 
However, as would be expected, many questions remain unanswered and issues unresolved. 
These include (1) the ideal pretreatment staging method, (2) defi ned selection criteria for 
conservative management of pathologic T1, T2, and even some T3 lesions, (3) optimal 
therapeutic regimen, and (4) the effi cacy of rescue radical resection. Although these issues 
remain outstanding, it would seem most appropriate to recommend that patients considered 
candidates for conservative management of their distal rectal adenocarcinoma be treated 
under the auspices of a clinical trial. The CALGB will be initiating a replacement study for 
the closed 8984 trial. The schema for this intergroup study is detailed in Fig. 5. Understanding 
that less than 2% of patients will enter a clinical trial, the authors recommend the following 
for patients for whom conservative approaches are contemplated. Patients with rectal lesions 
≤3 cm in greatest diameter and ≤1/3 of the circumference of the rectal wall should undergo 
endorectal ultrasound as the most appropriate pretreatment staging tool available at the 
present time. Following full-thickness, en-bloc excision of the rectal cancer, patients with 

Fig. 5. Proposed schema for next generation CALGB sphincter sparing trial of distal rectal adenocarcinoma.
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T1 lesions with free margins of resection and no evidence of vascular/lymphatic/perineural 
invasion or with well-differentiated histology require no further treatment and should be 
placed in a long-term follow-up program. Patients with T1 lesions that do not fi t the above 
criteria or T2 lesions on fi nal histologic review should be treated with postoperative adjuvant 
chemoradiotherapy. The therapeutic regimen outlined in 8984 is appropriate; however, the 
authors recognize that continuous infusion 5-FU throughout the course of radiation therapy 
is now considered standard, following traditional resection of rectal cancer, and although no 
data regarding its utility following local excision are available, the toxicity profi le for this 
regimen is well described and, therefore, its use may be considered reasonable. Patients with 
T3 rectal adenocarcinoma should be offered standard radical resection as the best available 
option for treatment of their cancer. All patients offered a conservative therapeutic option 
should understand the potential risks involved with increased rates of local recurrence, 
although the exact implications of local recurrence and the value of salvage resection is not 
yet fully understood in this setting.

8. FUTURE ISSUES

Future studies will be required to address the pivotal issues related to conservative manage-
ment approaches to rectal cancer and to defi ne the exact role of nontraditional sphincter-
sparing techniques in the management of patients with distal rectal adenocarcinoma. It is 
hoped that advances and refi nements in imaging technology will more accurately stage 
patients prior to any therapeutic intervention. Combining this with more sophisticated 
molecular genetic markers in addition to using validated histologic prognosticators of 
outcome will provide substantive criteria to select patients who are ideally suited to 
nonradical surgical management. Establishing the optimal therapeutic regimen to control 
both local and distant failure following local incision will be essential to the success of 
conservative management of rectal cancer. Extrapolation from phase III trials of adjuvant 
postoperative chemoradiotherapy following standard, radical resections would seem to 
be appropriate, and as more novel and effi cacious agents are introduced into therapeutic 
armamentarium, these also should be examined in this setting. Furthermore, the value of 
induction chemoradiotherapy prior to local excision with or without postoperative adjuvant 
therapy needs to be examined within the context of a controlled trial. This approach may 
actually expand the indications and increase the number of patients who are candidates for 
conservative management approaches. It is imperative that the utility of salvage resection 
be determined. As mentioned earlier, if salvage radical resection of local recurrence leads 
to an outcome that is no worse than patients treated initially with standard radical resection, 
then conservative management techniques become more attractive as a primary therapeutic 
option and the indications for exercising this option increase.

The only way to answer these questions adequately is to critically analyze patient outcome 
within the context of a clinical trial. The biologic signifi cance of this issue is paramount and 
could potentially elevate conservation rectal sparing surgery to the same level as lumpectomy 
for the management of breast cancer. Finally, the future of clinical trials examining the role 
of local excision without adjuvant therapy should incorporate quality-of-life instruments in 
order to determine functional outcome following this sphincter-sparing approach. Although 
all assume that quality of life is enhanced by the avoidance of a colostomy, function must 
be carefully scrutinized following sphincter preservation to ensure that the outcome is 
acceptable.

There is no doubt that conservative management techniques have a role in the management 
of patients with rectal cancer. It is incumbent on all surgeons and oncologists who care for 
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these patients to delineate the appropriateness of this procedure and, along with our patients, 
be confi dent in the outcome from both an oncologic and quality-of-life perspective.
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1. INTRODUCTION

The liver is the most common site for hematogeneous spread of cancers of colorectal 
origin. Nearly half of all patients with colorectal cancer will develop hepatic involvement at 
some point. Until recently, patients with hepatic colorectal metastases were given no hope of 
long-term survival. The mistaken belief that hematogeneous metastases are always widely 
distributed dictated that therapy directed at hepatic metastases was unlikely to impact the 
natural history of the disease. Furthermore, hepatic resection was previously associated 
with a very high mortality and major consumption of hospital resources and was therefore 
considered impractical as a treatment option. Data over the last three decades, however, 
have shown that both views are inaccurate. Of the approx 50,000 annual cases of hepatic 
colorectal metastases (1) encountered in the United States, a large proportion are amenable 
to potentially curative resection. This observation, combined with the increasing safety 
of hepatic resection in general, prompted several centers to pursue surgery as possible 
treatment for this disease.

The current status of resection as the most effective therapy for hepatic colorectal 
metastases is not the result of carefully planned and executed randomized studies. On 
the contrary, no randomized trial comparing resection to any other therapy has ever been 
completed. There are, however, data regarding the natural history of patients with unresected 
disease, which is rapidly fatal; median survival of 5–10 mo is typically reported in this 
setting (2–7). It has been argued that the improved results of resection is largely the result 
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of patient selection. However, patients with limited hepatic disease, who would now be 
considered candidates for resection, do poorly when either not treated or treated with 
systemic therapy alone. In older studies addressing this issue, patients with clinically limited 
but unresected disease had a 1-yr survival of 77%, a 3-yr survival of 14–23%, and a 5-yr 
survival of 2–8% (8,9).

Improved survival can be achieved with systemic chemotherapy. It is important to 
emphasize, however, that complete response and a 5-yr survival with any chemotherapeutic 
regimen are rare. By contrast, median survival of patients after resection is on the order of 40 
mo (10–12), 5-yr survival is 30–40%, and 10-yr survival is approx 20%. These comparative 
results have made any random-assignment trial of resection vs nonresectional approach 
unethical. It is generally accepted that surgery is the standard therapy for metastatic disease 
isolated to the liver.

2. RESULTS OF HEPATIC RESECTION

Hepatic resection for metastatic colorectal cancer was not immediately embraced, even 
after initial reports had shown its potential utility (13). The fi rst signifi cant study that showed 
a clear survival benefit of resection was from James Foster. This multicenter series 
analyzed cases from 99 institutions and demonstrated a 20% 5-yr survival in 168 patients 
following resection (14). Several studies have since been published confi rming these initial 
favorable results (10,11,15–21). Table 1 lists all published series to date with more than 200 
patients. After resection, approximately one-third of the patients survive 5 yr and median 
survival ranges from 28 to 40 mo. In two series with suffi cient follow-up, 10-yr survival is 
approximately 20% (10,21). The accumulated data show clearly that appropriately selected 
patients can benefi t from hepatic resection and a substantial percentage of patients may be 
cured. Additionally, the increasing safety of major hepatic resections has become evident 
from published reports over the past several years. Operative mortality at most major centers 
is less than 5% (15–18,21–32). The improvement in the safety with which these operations 
can now be performed coupled with the favorable long-term results have prompted an 
increasingly aggressive surgical approach and may explain the plateau in operative mortality 

Table 1
Results of Liver Resection for Metastatic Colorectal Cancer;

Published Series with More Than 200 Patients

Operative Survival

  Mortality 1 yr 5 yr 10 yr Median
Study n (%) (%) (%) (%) (mo)

Hughes et al. 1986 (15) 607a — — 33 — —
Scheele et al. 1991 (16) 109a 6  39
Rosen et al. 1992 (17) 280a 4  25
Gayowski et al. 1994 (18) 204a 0 91 32 33
Scheele et al. 1995 (10) 359a 4 83 33 20 40
Fong et al. 1997 (19) 577a 4 85 35 — 40
Nordlinger et al. 1992 (20) 1568a 2  28
Jamison et al. 1997 (10) 280a 4 84 27 20 33
Fong et al. 1999 (11) 1001a 3  37

aMulti-institutional reviews.
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at approx. 2–4%. Extended hepatic resection or trisegmentectomies are now routine at many 
centers. Because of the improved perioperative results, the technical and medical limits have 
been redefi ned and continue to evolve.

3. PREOPERATIVE EVALUATION

The favorable results of hepatectomy are results not only of improvements in operative 
technique and perioperative care but also, in large measure, of refi nements in patient selection 
criteria. In general, three criteria must be met before patients are considered for resection: (1) 
medically fi t for major surgery, (2) disease limited to the liver, and (3) resection that removes 
all hepatic disease and preserves adequate liver parenchyma for full recovery. In addition to 
these minimal criteria, disease biology is increasingly recognized as a potent predictor of 
outcome, although attempts to quantify this in a clinically useful manner have been diffi cult. 
Suffi cient data now exist, however, to use clinical factors related to the primary lesions and the 
hepatic metastases to identify patients most likely to benefi t from resection (Table 2).

From a general health standpoint, assessing patients for liver resection is no different 
than for other major operations. Active patients, under age 65, with no history or signs 
of cardiopulmonary disease tolerate liver resection without undue risk of postoperative 
cardiopulmonary complications. Patients with a history of cardiopulmonary disease and most 
patients over age 65 are routinely sent for formal cardiopulmonary evaluation. Pulmonary 
disease in particular is of concern because the pain associated with a high abdominal incision 
and the inevitable postoperative pleural effusion combine to limit respiratory effort.

Advanced age was once considered a complete contraindication for major liver resection 
(33). However, recent data show that age alone should not preclude patients from resection 
(10,29,34). Older patients, without coexisting major medical problems, have no greater 
operative morbidity than do younger patients (35).

3.1. Evaluating the Extent of Disease
In assessing the extent of disease, studies should be targeted at the most likely sites of 

extrahepatic metastases. A colonoscopy showing no evidence of recurrent cancer should be 
done within 12 mo of the proposed liver resection. This is essential because anastomotic 

Table 2
Selection Criteria for Hepatectomy

General medical condition
    Patient with symptomatic cardiopulmonary disease or asymptomatic patients over
        age 65 are sent for cardiopulmonary evaluation
Extent of diseasea

     Colonoscopy within 6 mo
     Helical CT of abdomen and pelvis
     Chest X-ray
Adequate residual liver
     Baseline liver function
     CT portography
Biology of disease
     Clinical risk score

aPatients should have disease limited to the liver, although patients with colonic recurrence or 
limited lung metastases are occasionally considered. 
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recurrences or second primaries may be treated at the same laparotomy or may defer the liver 
resection until after the colon resection. A high-quality computed tomography (CT) scan of the 
abdomen and pelvis within 4–6 wk of operation is also important, allowing evaluation of both 
hepatic and extrahepatic sites of disease (36). Many surgeons and oncologists would consider 
a chest CT as a standard preoperative investigation; however, we advocate evaluation of the 
chest with a posteroanterior (PA) and lateral chest radiograph. This change in philosophy 
arose from the documented low yield of chest CT in patients with normal chest radiographs 
(37). Two-thirds of lesions found on chest CT and not visible on plain chest fi lms are benign, 
but they may, nevertheless, prompt invasive diagnostic maneuvers and anxiety.

18F-fl uoroxyglucose–whole-body positron-emission tomography (FDG-PET) is an emerg-
ing modality that is being used increasingly for disease staging in patients with metastatic 
colorectal cancer (see Chapter 10). This technique exploits the higher rates of glucose uptake 
and utilization in malignant cells compared to normal cells. The positron-emitting glucose 
analog-2 [18F]-fl uoro-2-deoxyglucose (FDG) is selectively transported into and retained in 
tumor cells, and whole-body imaging is performed to assess for glucose avid areas (38,39).
To date, four studies have examined the utility of FDG-PET in this patient population, and 
the results suggest that therapy is changed in up to 25% of patients (40–43). It is important 
to point out that a positive FDG-PET result does not prove the existence of cancer, as areas 
of infl ammation are also glucose avid. Furthermore, the increased yield of PET scanning 
will depend on the quality of other imaging studies. Prospective studies are needed and are 
ongoing to verify these data and to clearly defi ne the role of PET scanning.

A major determinant of resectability is the extent of hepatic parenchyma that must be 
removed, which is not necessarily a function of hepatic tumor volume only. Indeed, in many 
patients, the volume of disease is such that even a radical resection will not remove all of 
the tumors; however, others may have limited disease that is located near major vascular 
structures such that resection would compromise the vascular integrity of the liver remnant. 
It is important to emphasize that decisions regarding the technical aspects of resection should 
be made in conjunction with an experienced hepatic surgeon. Following hepatic resection 
in the noncirrhotic patient, liver regeneration occurs rapidly, and up to 80% of functional 
parenchyma can be removed with the expectation of recovery (44). In practical terms, this 
means that six of eight liver segments can be removed with relative safety; however, the 
operative mortality is increased somewhat with more extensive resections (10,11). Accurate 
assessment of hepatic disease extent is imperative for surgical planning, both to avoid 
unnecessary exploration for those with disease that is not amenable to complete resection 
and to allow planning of resections to best extirpate disease while preserving the maximal 
parenchyma for recovery.

Computed tomographic portography (CTAP) remains the most sensitive test for full 
assessment of hepatic lesions. During CTAP, contrast is injected into the superior mesenteric 
artery and rapidly reaches the portal circulation. Timed scans are then obtained during the 
arterial and portal venous phases. This study also provides added information regarding the 
hepatic arterial supply, which is important in patients who will undergo placement of an 
hepatic artery infusion pump. Colorectal metastases are mainly supplied by hepatic arterial 
blood and appear as perfusion defects surrounded by hypervascular liver tissue. Although it 
is a very sensitive study capable of identifying small lesions that escape detection on other 
studies, it is expensive and invasive. Helical CT scanning technology continues to improve, 
however, and may ultimately provide the sensitivity of CTAP with less cost and without
the need for angiography. Duplex ultrasonography and magnetic resonance imaging (MRI) 
are also useful for assessing hepatic tumors, particularly in delineating the relationship of 
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the tumor to major vasculature structures (45). Magnetic resonance imaging (MRI) can also 
provide diagnostic characterization of liver tumors, such as hemangiomas or adenomas, when 
there is diagnostic uncertainty. In our practice, helical CT of the abdomen and pelvis, chest 
X-ray, and CT portography are the studies used in the vast majority of patients.

3.2. Patient Selection
In determining resectability of hepatic metastases, one must assess not only the technical 

issues associated with the operation but also consider the likelihood of favorable long-term 
outcome as determined by biologic factors. All cases of hepatic colorectal metastases are, by 
defi nition, stage IV disease, and traditional assessment by TMN staging is not very useful in 
guiding therapy. Molecular markers may ultimately prove to be the most useful determinants 
of outcome but remain investigational and far removed from clinical utility. On the other 
hand, a great deal of data now exist that allow the correlation of outcome with factors related 
to the primary tumor and the hepatic disease. Previously, the number of hepatic metastases 
was used to guide therapy, as illustrated by the reluctance of some to resect more than 
solitary lesions. Data from centers have since shown that long-term survival is possible after 
resection of multiple hepatic tumors, and the absolute number of lesions alone is therefore 
an inadequate predictor of outcome (46). It is much more likely that adequate assessment 
of disease biology will require consideration of multiple clinical factors. Indeed, many 
studies have analyzed long-term outcome after resection of hepatic colorectal metastases in 
an attempt to better defi ne selection criteria (10,12,18,47). A well-defi ned and accurate set 
of selection criteria has obvious practical importance. Such a system would help identify 
patients most likely to benefi t from resection and would better defi ne high-risk patients in 
clinical trials to allow for more reasonable comparison of results.

Age, gender (48,49), primary tumor grade, or location (16,24,47,50,51) have not 
consistently been demonstrated to affect outcome. In most studies, the most powerful 
predictors of tumor recurrence and therapeutic failure are tumor at the resection margin 
(15,17,22,23,50,52) and the presence of extrahepatic metastases found at the time of hepatic 
resection. These two criteria are not terribly helpful for preoperative patient selection, as few 
surgeons would subject a patient to resection expecting a positive margin or in the setting 
of extrahepatic disease. Other variables that are prognostically important include regional 
lymph nodal involvement by the primary tumor (15,29), symptomatic liver tumors (15), a 
short disease-free interval between presentation of the primary and the metastatic lesion 
(15–17), a large numbers of tumors (15,17), the presence of satellite nodules (16,17), a high 
preoperative carcinoembryonic antigen (CEA) level (10,53), and extent of liver involvement 
of more than 39% (29,50).

In our recent analysis of 1001 consecutive liver resections (11), the following variables 
were identifi ed as independent predictors of outcome: (1) lymph node positive primary 
lesion, (2) disease-free interval from diagnosis of the primary to diagnosis of the liver disease 
<12 mo, (3) number of liver tumors greater than one, (4) size of liver tumors >5 cm, and 
(5) preoperative CEA level of greater than 200 ng/mL (Table 3). The presence of any one of 
these adverse clinical factors was still associated with a 5-yr survival of 13–34%; therefore, 
no one factor can be considered a contraindication to resection. However, as the number of 
adverse factors increased, there was a progressive increase in the likelihood of recurrence 
and a corresponding and progressive decrease in survival (Table 4). These variables were 
used as the basis of a clinical risk score by assigning one point for the presence of each 
factor and shows promise as a means of improving patient selection for resection. At present, 
this scoring system is not used to exclude patients from resection, but those with multiple 
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adverse risk factors (score of 4 or 5) would be encouraged to enter clinical trials of resection 
combined with aggressive adjuvant therapy.

4. TECHNICAL ASPECTS OF LIVER RESECTION

A complete description of the technical aspects of hepatic resection is beyond the scope 
of this review. A more detailed account of operative hepatic surgery can be found in major 
texts (54,55).

Laparoscopy, either immediately prior to planned open exploration and possible resec-
tion or as a separate procedure, should be considered before committing the patient to a 
laparotomy. Several studies suggest that diagnostic laparoscopy may be useful for patients 
under evaluation for resection of hepatic colorectal metastases (56–58), with some reporting 
that up to half of patients may be found to have unresectable disease and spared an unneces-
sary laparotomy. In a recent study from Memorial Sloan-Kettering Cancer Center (MSKCC) 
in New York, 104 consecutive patients with potentially resectable hepatic malignancies 
underwent staging laparoscopy. Sixty-three percent of the patients were eventually treated 
by resection. Of the 39 patients with unresectable disease, laparoscopy identifi ed 26 (67%) 
and reduced the hospital stay by an average of 6 d compared to patients who did not have 
laparoscopy (58). Most of the previous studies in this area have included patients with a 
variety of hepatobiliary malignancies. However, in a recent analysis of 103 patients with 
hepatic colorectal metastases, the authors have documented a 75% overall resectability and 
a 14% yield of laparoscopy (59). Despite the small number of patients who benefi ted from 
laparoscopy in this study, likely the result of extensive, high-quality preoperative imaging, 
laparoscopic identifi cation of unresectable disease signifi cantly reduced hospital stay and 
hospital charges. Although the utility of laparoscopy for use in metastatic colorectal cancer 
is not completely proven, these results encourage its use in patients at high risk for occult 
unresectable disease, such as those with a high clinical risk score. Laparoscopic inspection 
is most likely to identify peritoneal metastases or additional hepatic lesions that may 
preclude resection. Lymph node involvement by cancer either in the porta hepatis or in the 
retroperitoneum is diffi cult to fi nd laparoscopically (58). Whether whole-body 18FDG-PET
scan results may complement laparoscopic inspection in directing laparoscopic identifi cation 
and biopsy of cancer-bearing lymph nodes is the subject of current ongoing prospective 
studies.

If no contraindications to resection are found during laparoscopy, full, open exploration 
is performed. The peritoneal cavity, pelvis, retroperitoneum and porta hepatis are carefully 
examined for evidence of extrahepatic disease, and any suspicious fi ndings are biopsied and 
sent for frozen-section histology. The liver is examined by bimanual palpation and open 

Table 3
Clinical Risk Score

1 Lymph-node-positive primary
2 Disease-free interval between colon and liver disease <12 mo
3 Size of liver tumors >5 cm
4 Number of liver tumors greater than one
5 Preoperative CEA level of greater than 200 ng/mL

Note: Each of the unfavorable characteristics is assigned one point. The sum of the 
positive characteristics is the clinical risk score.

Source: Ref. 11.
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intraoperative ultrasound. The initial impetus for using intraoperative ultrasound was for 
the detection of small, deep hepatic lesions that were not palpable (60). Current imaging 
with contemporary equipment is now suffi ciently accurate, however, that the fi ndings on 
intraoperative ultrasound alone rarely changes the planned operation (61). Nevertheless, 
intraoperative ultrasound is invaluable for confi rming the preoperative impression.

After the liver is mobilized and resectability confi rmed, the infl ow and outfl ow vasculature 
are controlled before parenchymal transection. Classical extrahepatic control of the infl ow 
vessels for a formal lobectomy has changed little since its formal description by Lortat-Jacob 
in 1952 (62). The hepatic artery and portal vein feeding the side of the liver to be resected 
is isolated within the portal hepatis, ligated, and divided. This devascularizes the portion of 
the liver to be removed, demarcating the line of transection.

Important observations by Glisson (63), Cantlie (64), Couinaud (65), and Goldsmith and 
Woodburne (66) have advanced our understanding of hepatic anatomy and have allowed 
further refi nements in hepatic resectional surgery. The surface anatomy of the liver belies a 
much more complex organ that is composed of eight separate segments, each with its 
own arterial and portal venous blood supply and biliary drainage. The vascular supply to 
and biliary drainage from each segment enter the liver as a triad enveloped in the tough 
fi brous Glisson’s sheath, which can be isolated within the liver parenchyma an ligated en
masse to devascularize each anatomic unit. Understanding these anatomic relationships has 
allowed for precise, parenchymal-sparing segmental resections. These anatomic resections 
are particularly important during hepatic resection for malignant disease. In the past, small 
limited resections of tumor tended to be nonanatomic wedge resections, which have a high 
risk for a positive resection margin for tumor, as high as 19% in some series (19) to 35% 
(10). The reason for this is that delineating the edge of the tumor by palpation alone is 
diffi cult. Furthermore, as traction is placed on the specimen during wedge resection, there 
is a tendency for the soft liver to fracture along the interface with the hard tumor. Anatomic 
segmental resections (54,67) decrease the likelihood of a positive margin. Indeed, in a 
recent comparison between wedge and segmental resections in a single institution, the 
margin positivity rate was 19% and 2%, respectively, which translated into improved long-
term survival for those subjected to anatomic segmental resections (68). Additionally, 
many patients with colorectal metastases have hepatic steatosis as a result of systemic 
chemotherapy. For these patients, major sacrifi ce of functional parenchyma is associated 
with an increased risk of postoperative hepatic insuffi ciency, and segmental resection would 
be preferred, if technically possible.

Table 4
Relation of CRS and Clinical Outcome

Score 1-yr Survival 3-yr Survival 5-yr Survival Median survival (mo)

0 93 72 60 74
1 91 66 44 51
2 89 60 40 47
3 86 42 20 33
4 70 38 25 20
5 71 27 14 22 

Note: Survival (%) as related to clinical risk score.
Source: Ref. 11; reprinted with permission.
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Over the past several years, there has been a trend toward intrahepatic control of infl ow 
vasculature for sectoral resections and lobectomies. The main right or left portal pedicle can 
be isolated and ligated en masse to rapidly devascularize part of or the entire lobe of the liver 
and reduce the risk of damage to the blood supply or biliary drainage of the liver 
remnant. If a sublobar resection is planned, the branches of the main pedicle can be identifi ed 
and individually ligated to delineate the lines of parenchymal transection of the areas of 
interest. A technological advance that has improved such intraparenchymal vascular control 
has been the surgical vascular stapler. The major lobar pedicles can be isolated and staple-
ligated quickly to completely devascularize the parenchyma to be resected (69). It should 
be emphasized that the intrahepatic pedicle ligation approach should be used only if the 
tumor is more than 2 cm away from the pedicle to avoid compromising the resection margin. 
Furthermore, for a right lobectomy, if tumor is suffi ciently far from the hilus, ligation of 
the anterior and posterior right portal pedicles separately rather than ligating the main 
right portal pedicle allows for an additional margin of safety against inadvertent damage to 
left-sided biliary or vascular structures. In addition, before proceeding with pedicle ligation, 
the liver should be completely mobilized and all retrohepatic veins draining directly into 
the vena cava must be ligated. This will prevent inadvertent tearing of these veins, which 
can result in major hemorrhage.

To further reduce blood loss during parenchymal transection, temporary clamping of the 
gastrohepatic ligament (Pringle maneuver) is used. Studies clearly demonstrate that even cir-
rhotic livers can tolerate normothermic ischemia for 30–75 min (70–72). We prefer intermittent 
clamping with 5–10 min of occlusion alternated with 1–2 min of unclamping (73).

Major bleeding during liver resection usually results from injury to the hepatic veins. 
Ligation of the hepatic veins draining the portion of the liver to be removed before parenchymal 
transection helps to minimize blood loss. For example, prior to liver transection for a lobectomy, 
the small hepatic veins draining from the back of the liver directly into the vena cava should be 
individually ligated, as should the main right or left hepatic vein. Vascular staplers have also 
greatly facilitated ligation of major hepatic veins and large accessory veins.

An alternative approach to resection utilizes a technique called hepatic vascular isolation 
(74,75). After infl ow occlusion with a Pringle maneuver, vascular clamps are placed on the 
vena cava above and below the liver, thus excluding it completely from vascular perfusion 
and drainage. This is an extension of the techniques used for liver transplantation and 
certainly can reduce blood loss during the parenchymal transection phase of the operation. 
Vascular isolation is a fundamentally different approach and requires different anesthetic 
management. The drawbacks to this technique include the additional operative time necessary 
for dissection and isolation of the retrohepatic cava. Also, interrupting the venous return from 
the inferior vena cava can produce major, detrimental hemodynamic consequences requiring 
administration of large fl uid volumes to maintain adequate cardiac output. Continuous 
infl ow occlusion is generally required. In a direct comparison of hepatic resection with 
and without vascular isolation, Belghiti and colleagues found that patients subjected to 
vascular exclusion had greater blood loss, longer ischemia time, longer operative time, and 
longer hospital stay (76).

The authors prefer a technique utilizing a low central venous pressure (CVP) to limit 
hepatic venous bleeding. By keeping the CVP less than 5 cm H2O, the backfl ow through 
the venous tributaries is reduced and bleeding is minimized (73). To improve venous return 
with such a low CVP and to minimize the accompanying risk of air embolism, the patient is 
kept in a Trendelenburg position. For transecting the hepatic parenchyma, we use a clamp 
to crush the liver tissue and occlude intrahepatic vascular and biliary structures with clips, 
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sutures, or in some cases, the vascular stapler. Although specialized instruments have been 
adapted for dividing the liver, such as the CUSA (77), harmonic scalpel (78), and water-jet 
dissector (79), we fi nd that the clamp crush technique (54) is equally effective and has the 
additional advantages of speed and low cost.

Special parenchymal transection instruments may be useful in specifi c situations. For 
example, for laparoscopic liver resections (80), the harmonic scalpel is invaluable. Although 
clamp crushing is also possible during laparoscopic resection, the multiple exchanges 
of instruments required to divide the tissue and ligate the vessels and bile ducts make 
this approach extremely cumbersome laparoscopically. The harmonic scalpel facilitates 
laparoscopic resections by allowing transection and ligation of vessels using one instrument. 
The harmonic scalpel may also fi nd a role for transecting cirrhotic parenchyma. In a normal 
liver, clamp crushing easily teases away the soft liver parenchyma from the vessels. With 
cirrhosis, the liver is fi brotic and hard, and vessels often tear during clamp crushing. The 
harmonic scalpel allows for transecting and sealing of vascular structures in a single move.

Three different studies have demonstrated drains to be unnecessary after liver resection 
(81–83). In fact, drains may be detrimental by promoting infection or resulting in problems 
with fl uid management by causing ascitic leaks. We use drains when hepatic resection is 
combined with biliary reconstruction, in the setting of an infected surgical fi eld, when the 
thoracic cavity has been entered (either transdiaphragmatically or through a thoracoabdomi-
nal incision) to prevent biliary pleural fi stula or when there is unequivocal leak of bile at 
the end of the resection.

5. COMPLICATIONS

As surgeons have become better at hepatic resection, there has been a tendency toward 
increasingly aggressive resections. This appears to explain the high percentage of major 
resections in recent series (10,11,20); the plateau in perioperative mortality at 2–4%. Liver 
failure is the most common cause of death, but it is uncommon in patients without underlying 
hepatic parenchymal disease and occurs in only 1–5% of all major resections for metastatic 
colorectal cancer (16,28,29,84,85). Major hemorrhage is also a major cause of perioperative 
mortality, but this complication has become increasingly less common (1–3%).

Nonlethal complications occur in 20–50% of hepatic resections and include biliary leak or 
fi stula (16,28) and perihepatic abscess (16,23,26,28,29). These complications once required 
reoperation to correct, but most are now readily managed by interventional radiologists 
without the need for a return to the operating room. Cardiopulmonary complications include 
myocardial infarction (1% in most series) (16,23,26,29), sympathetic pleural effusions that 
may require tube thoracostomy (5–10%) (26,86), pneumonia (5–22%) (28,29), and pulmonary 
embolism (1%) (16,84). Most complications do not result in long-term sequela and often 
do not prolong the hospital stay. Indeed, at high-volume centers, median hospital stay even 
for the most extensive resection typically less than 2 wk. In a series of 1001 consecutive 
resections performed at MSKCC, the median hospital stay was 9 d and intensive care unit 
(ICU) admission was required for only 7% of patients (34). These results show that major 
liver resections can be performed with suffi ciently low mortality and morbidity and result in a 
suffi ciently favorable outcome to be standard treatment for metastatic colorectal cancer.

6. ADJUVANT THERAPY

Because two-thirds of patients will recur after hepatectomy, it seems intuitive that 
adjuvant therapy should be considered. However, no randomized trial has been completed 
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that evaluates the role of systemic therapy in this patient population. Justifi cations for using 
adjuvant systemic chemotherapy after hepatic resection for metastases has been based on 
the extrapolation of data supporting the use of chemotherapy after resection of lymph-node-
involved primary colorectal tumors (87). Furthermore, until very recently, the only drug 
approved for use for metastatic colorectal cancer was 5-fl uorouracil (5-FU), which had 
been used in many patients before hepatic resection. The common practice was, therefore, 
to offer adjuvant 5-FU chemotherapy after hepatic resection to patients who had not been 
previously treated. For the majority of patients who had previously received 5-FU-based 
chemotherapy and, particularly, if there was no evidence of tumor response, additional 
treatment was usually not offered. Irinotecan (CPT-11) has been approved for use for 
nonresectable metastatic colorectal cancer as second-line treatment. Likewise, the use of 
oxaliplatin in this setting remains to be determined. Future studies may establish these drugs 
as effective options to treat microscopic residual disease after resection.

The majority of studies examining utility of adjuvant therapy have involved regional 
hepatic chemotherapy, because the most common site for tumor recurrence after resection of 
hepatic colorectal metastases is the residual liver (26,50,88–90) (see Chapter 32).

In a recent report, Bismuth and colleagues evaluated the role of neoadjuvant chemotherapy. 
The study comprised 330 patients referred for liver resection but were deemed to have 
unresectable disease and referred for systemic therapy with 5-FU, folinic acid, and 
oxaliplatin. After treatment, 53 (16%) patients had responded such that they were now 
considered to be candidates for resection. The 5-yr survival of these resected patients was 
40%, comparable to those resected initially (91). Although the likelihood of such a favorable 
change in the extent of hepatic disease is uncommon with systemic therapy, patients should 
be periodically re-evaluated for resectability during treatment and reconsidered for resection 
if appropriate. These data should not, however, be misinterpreted as supporting the routine 
administration of chemotherapy prior to liver resection; at present, there are no data to 
support such an approach. It would indeed be interesting to determine if neoadjuvant therapy 
is useful in selecting among patients at high risk for subsequent recurrence after liver 
resection. Patients known to be at high risk for recurrence, such as those with multiple 
synchronous lesions or those with a high clinical risk score, would be ideal for a study 
investigating this question.

7. PATIENT FOLLOW-UP

After hepatic resection, patients should be followed closely because recurrent disease 
is common and effective therapies are available. Nearly half of all initial recurrences 
will involve the residual liver (15,19,90) and these are also the most amenable to further 
treatment. An increasing number of reports have examined the effi cacy of multiple hepatic 
resections as treatment for recurrent liver disease (24,26,89,92–98) and have demonstrated 
long-term survival in up to 41% of patients. The most important predictor of good outcome 
after re-resection is a long interval between the fi rst and second liver resection. Indeed, 
in a recent study of 96, 5-yr survivors after liver resection, nearly half had a further liver 
recurrence in the fi rst 5 yr after the fi rst liver resection that was successfully treated by 
re-resection (99).

The lungs are the next most common site of recurrence, accounting for up to one-quarter 
of cases. Patients with limited pulmonary recurrence should also be considered for resection 
because selected patients will benefi t (100,101). Patients with limited pulmonary disease 
and a long interval between the hepatic resection and appearance of the lung metastasis 
or metastases are most likely to benefi t. Most of the remaining recurrences occur at other 
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intra-abdominal sites. Patients with second colorectal primary tumors or with anastomotic 
recurrences should also be considered for further surgical therapy. The liver, lung, and colon 
are, therefore, the primary focus of a follow-up strategy, not only because they are the 
most common sites of recurrence but because further recurrence may be effectively treated. 
Recurrences not amenable to resection should be considered for treatment with chemotherapy 
or, if appropriate, one of the ablative techniques, namely cryoablation and radio-frequency 
ablation (see Chapters 23 and 24). Although cryoablation and radio-frequency ablation can 
be effective in treating hepatic lesions, proof of a defi nitive role for these in the setting of 
recurrent colorectal cancer await prospective clinical trials (102–112).
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Pulmonary metastasectomy, or the surgical resection of malignant disease metastatic 
to the lung, has been performed for a wide variety of malignancies and probably most 
commonly for metastatic colorectal carcinoma. In this chapter, we will briefl y review the 
history of metastasectomy, then review criteria for patient selection, the conduct of the 
operation, the results reported both for isolated lung and for liver and lung metastases, and 
possible areas for further investigation.

1. HISTORICAL BACKGROUND

The management of pulmonary metastatic disease by surgical resection is not a new 
concept. Published accounts of cases managed by surgery date from the late 19th century 
and have been recently reviewed by Martini and McCormack (1). A brief summary of 
the development of the fi eld is as follows. In 1882, Weinlechner (2) published the fi rst 
description of the resection of discontiguous metastatic disease; while resecting a chest wall 
sarcoma, he removed two incidentally discovered lung metastases. Unfortunately, the patient 
only survived for 24 h. Successful isolated attempts at resection of metastases encountered at 
the time of another planned resection were reported (3), until the fi rst publication describing 
the resection of a pulmonary metastasis as a separate procedure in 1927 (4).

The fi rst series of patients operated on for solitary lung metastases was published by 
Alexander and Haight in 1947 (5), and included 8 patients with sarcoma, and 16 with 
carcinoma. With only 1 postoperative death, 12 of 24 patients were felt to be free of recurrent 
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disease 1–12 yr after surgery. Other than a demonstration of feasibility and possible effi cacy, 
this article is important in that Alexander and Haight proposed the fi rst criteria for patient 
selection for pulmonary metastasectomy. These criteria include that the primary site of 
disease must be controlled or controllable, there could be no other sites of metastatic disease, 
and the patient must be medically able to tolerate the planned procedure. Today, we would 
add only that there be no better alternative nonsurgical therapy.

The fi rst pulmonary metastasectomy at Memorial Sloan-Kettering Cancer Center was 
performed in 1940. This technique became progressively adopted for a wide range of 
histologic types. The evidence provided from the MSKCC experience, although retrospective, 
provides some of the strongest support for the likely effi cacy of the procedure. Reports from 
the physicians treating pediatric patients with osteogenic sarcoma delineated the very poor 
survival for patients with this disease; 83% of patients with this disease developed pulmonary 
metastases within 2 yr, and of these, none survived beyond 5 yr. This experience lead to an 
attempt to resect all pulmonary disease in a group of 29 patients. Complete resection was 
possible in 22 with a 5-yr survival of 32% and a 20-yr survival of 18% (6). The Memorial 
Sloan-Kettering Cancer Center experience, by 1976, included 409 patients (7), by 1990 it 
included over 1100 patients, and now it exceeds 2000 patients.

Since 1965, by Martini’s review (1), there have been over 400 publications in the literature 
addressing the subject of the surgical treatment of pulmonary metastatic disease. Despite 
the widespread adoption of pulmonary metastasectomy for the treatment of many differing 
histologies and the extensive literature on the subject, there has never been a prospective 
randomized study of the effi cacy of this modality. Multiple large retrospective studies have 
been published (8–12). All reports include multiple histologic types with widely differing 
behaviors, and/or only consider patients undergoing surgical resection, leaving the denomina-
tor of all patients treated for the disease unknown and/or fail to specify the varying regimens 
of preoperative or postoperative chemotherapy or radiation therapy administered.

In addition to survival, most studies have examined possible prognostic indicators such 
as the number of lesions, tumor-doubling time, disease-free interval from time of resection 
of the primary lesion, bilaterality of lesions, and need for re-resection for recurrent disease. 
The results of these small studies were often contradictory and have been supplanted by 
the publication of a large international study. In 1996, Pastorino et al. (13) published the 
accumulated results of the International Registry of Lung Metastases, which assessed the 
results achieved by 5206 metastasectomies performed at 18 centers in Europe and North 
America. Colorectal malignancies were not examined as a separate histologic type, but 
placed with all other epithelial malignancies. The median survival after complete resection 
for all histologies was 35 mo and was 36% at 5 yr and 26% at 10 yr. Multivariate analysis 
suggested a better prognosis for patients with completely resected disease, metastatic germ 
cell tumors (but no difference between epithelial malignancies, sarcoma, or melanoma), 
disease-free intervals of 36 mo or more, and single metastases. Based on this, the authors 
proposed four distinct prognostic groups for patients with epithelial, sarcomatous, or 
melanoma metastases:

 Group I: resectable, no risk factors (disease-free interval [DFI] ≥ 36 mo and single 
metastases)

 Group II: resectable, one risk factor (DFI < 36 mo or multiple metastases)
 Group III: resectable, two risk factors (DFI < 36 mo and multiple metastases)
 Group IV: unresectable lesions

The median survival was signifi cantly different among the four groups, with a median 
survival for group I of 61 mo, for group II of 34 mo, for group III of 24 mo, and for group IV
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of 14 mo. As prolonged survival was seen in some patients in any group with resectable 
disease, this stratifi cation is best viewed as defi ning high-risk groups to be the fi rst target for 
innovative adjuvant or neoadjuvant or experimental therapies.

2. INCIDENCE

It is estimated that approx 130,000 new cases of colorectal cancer will be diagnosed 
in the United States per year. Approximately 75% are able to undergo apparently curative 
resections, but 45–64% (14,15) (47,000–67,000 patients in the United States) will experience 
some form of recurrence within 5 yr. Overall, the most common site of metastatic disease is 
the liver (33% of patients) (16). The lung is the most common extra-abdominal metastatic 
site (22% of patients with metastatic disease) (16). Overall, recurrences involving the lung 
are seen in 9% of patients after apparently curative colorectal operations, of which approx 
10% will be resectable (17). Combining these estimates suggests that approx 1000 patients 
in the United States per year have resectable lung metastases.

3. PATHOLOGY

Spread to the lung is almost certainly hematologic, with the cells embolizing the 
pulmonary arterial circulation. This means that the most common location of pulmonary 
metastases is readily amenable to a minimal surgical resection such as a wedge resection, as 
two-thirds occurring in the outer one-third of the lung.

Colorectal metastases may spread from the lung parenchymal lesions to involve hilar and 
mediastinal lymph nodes (so-called “metastases metastasizing”). The best current estimate 
is that this occurs in approx 15% of patients with otherwise resectable lung disease (13), but 
this should be considered as only a rough estimate, as sampling of mediastinal lymph nodes 
is only infrequently performed at the time of metastasectomy.

Both direct extension into or submucosal metastases to the tracheobronchial tree are 
not uncommon with colorectal carcinoma. For all malignancies that spread to the lung, 
examination of the entire tracheobronchial tree at autopsy will reveal that approximately 
18% of patients will have endobronchially disease; however, only 2–3% of patients will 
have disease visible at bronchoscopy. Prognosis after diagnosis of endobronchial disease is 
probably limited with an estimated survival of 12 mo (18,19), although fi gures for colorectal 
carcinoma alone are not available.

4. PREOPERATIVE EVALUATION OF THE PATIENT
FOR METASTASECTOMY

As discussed earlier, the general guidelines for selecting a patient for metastasectomy 
are as follows:

 1. The patient should be medically able to tolerate the planned procedure with an adequate 
postresection pulmonary reserve.

 2. The lung lesions should appear to be amenable to complete resection.
 3. There should be no extrapulmonary disease, or any extrapulmonary site should be controllable.
 4. There should be no treatment other than surgery that is likely to afford a more favorable 

outcome.

Selecting a patient to undergo the planned surgical resection with an expected low 
morbidity and mortality and with adequate postoperative pulmonary reserve is similar to 
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selecting a patient for resection of a primary lung malignancy. The evaluation to ensure 
that there are no extrapulmonary sites of disease is guided by the histology involved; for 
metastatic colon cancer, a thoracic, abdominal, and pelvic CT, a CEA level, and a recent 
colonoscopy probably suffi ce. A CEA level is of unclear prognostic value, but if elevated 
preoperatively, it should fall to normal levels if all disease has been resected, and it can then 
serve as a marker for re-recurrent disease.

The additional benefi t of thoracic computed tomograms (CT) performed after a negative 
chest radiograph (CXR) in the evaluation of patients either at initial presentation or with 
extrathoracic recurrence is probably limited (20,21). However, when colorectal metastases 
to the lung are suspected, thoracic CTs will add important additional information in the 
planning of resection, such as the detection of possible unresectable disease, such as small 
effusions and enlarged mediastinal lymph nodes. If no signs of unresectable disease are seen, 
review emphasizes the number and laterality of nodules. As discussed later, because it is not 
the practice of the Thoracic Surgery Service at Memorial Sloan-Kettering Cancer Center 
(MSKCC) to perform routine bilateral thoracic explorations in the absence of evidence for 
bilateral disease, a review of the thoracic CT scan focuses on whether suffi cient evidence is 
present in each hemithorax suggestive of metastases to justify exploration of that side.

The conventional CT scan only approximates the tumor load in the lung. Sixty percent 
of the time either more or less actual metastases are found by manual palpation of the lung 
than preoperative CT scans predicted (22); the implications of this are explored further 
in a subsequent section. The improved accuracy of spiral CT scan is being explored (23);
preliminary results suggest that smaller lesions are detected, but the likelihood that these 
represent metastases diminishes with smaller size (size of lesions/sensitivity of helical CT: 
<6 mm/69%, 6–10 mm/90%, >10 mm/100%). For this reason, we use the CT scan primarily 
to evaluate for clearly unresectable disease and to provide evidence for at least one nodule 
suffi ciently worrisome for metastatic disease to justify thoracotomy.

Currently, there is insuffi cient information available to allow recommendations of the 
usefulness of positron-emission tomography (PET) scan imaging (24), either to rule out 
other sites of colorectal metastatic disease or to localize disease within the lung, although 
this is clearly an area worthy of further investigation.

5. OPERATIVE APPROACH

Bronchoscopy should be performed on all patients undergoing metastasectomy to 
ensure that there are no endobronchially visible lesions, which can be expected to be 
found in 2–3% of patients. Endobronchial lesions may be resected with a lobectomy or 
pneumonectomy; removal by bronchotomy or by extraction through a rigid bronchoscope 
with laser cauterization of the surrounding tissues is feasible but appears less likely to afford 
complete removal (18). There is no comprehensive information available on whether the 
fi nding of endobronchial disease alters prognosis.

Mediastinoscopy should be considered for any patient with metastatic colorectal cancer and 
radiographically enlarged mediastinal or hilar lymph nodes or with a hilar metastases (25).
Should involved lymph nodes be found at mediastinoscopy, the pulmonary resection is usually 
aborted, as a complete resection likely to benefi t the patient is unlikely to be achieved.

The choice of a thoracic incision is guided by the location of the radiographically 
apparent disease. At MSKCC, if bilaterally resectable disease is noted, then simultaneous 
resection by a “hemiclamshell” thoracotomy (bilateral anterior thoracotomies with transverse 
sternotomy), or bilateral anterior thoracotomies, or, less commonly, median sternotomy 
is performed. Bilateral posterolateral thoracotomies, either at one sitting or as separate 
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procedures, are usually performed if the patient has a contraindication to an anterior approach 
(such as prior sternotomy for coronary bypass or other cardiac surgery), or the presence of 
a breast reconstruction with a rectus fl ap with a vascular pedicle, or the lesions are either 
posterior within the lung (particularly in the left lower lobe behind the heart) or an anatomic 
resection such as a segmentectomy is anticipated. Should bilateral thoracotomies be planned, 
the choice of the fi rst side could either be based on the probability of fi nding unresectable 
disease on one side over the other, or if only a small resection is needed on one side and a 
lobectomy on the other, the smaller resection could be performed fi rst so that, after recovery, 
the patient has the maximal amount of contralateral lung during the lobectomy should 
problems arise in the postoperative period.

The need to palpate radiographically uninvolved lung is the subject of considerable debate. 
At MSKCC, we routinely perform unilateral thoracotomies if unilateral disease is only 
apparent radiographically. However, our logic in doing this is certainly open to criticism. 
First, there are surgeons (26–28) who report that they have performed median sternotomies 
even if the disease appears confi ned to a hemithorax and have found contralateral disease 
30–60% of the time. It is not clear that removing this disease while radiographic inapparent 
confers a survival advantage.

As was discussed, approx 30% of patients had more disease within a single lung than was 
predicted by CT scan; if so, and following the same logic as we employ in exploring only 
chest, it could be argued from this that for the approx 70% of patients without other disease 
than that radiographically apparent, thoracoscopy may be adequate, with the understanding 
that reoperation may be necessary should further disease become apparent in that hemithorax. 
Video-assisted thoracic surgical techniques have been demonstrated to be able to remove 
all radiographically evident disease (29); a study has been activated through the CALGB 
to test this prospectively.

At exploration, resection of all palpable abnormalities is undertaken, with removal of as 
little normal lung parenchyma as possible. Resection is most often removal of a wedge of 
tissue with the use of staplers or needle cautery resection (30), although segmentectomy, 
lobectomy, or even pneumonectomy (31) may be necessary to incorporate all disease. It is 
important to note that a new pulmonary lesion in a patient with a prior history of a colon 
malignancy may represent metastatic colonic disease, or a new malignancy either primary 
to the lung or metastatic from a site other than the colon or benign. Intraoperative frozen 
section is usually able to guide the extent of surgical resection by distinguishing metastatic 
colorectal from primary lung malignancies. Should it be unclear which is present, commonly 
an operation is performed that “splits the difference”; that is, a generous wide wedge or a 
segmentectomy, if possible, is performed.

 Given the propensity for colon cancer to metastasize to lymph nodes, it is reasonable to 
perform a mediastinal lymph node sampling at the time of metastasectomy. When lymph 
node spread is found, it is probable that this represents unresectable disease, and no further 
resections are usually performed. There is also no information available on the effectiveness 
of adjuvant therapy for these patients should a complete resection of all disease including 
lymph node spread be performed.

6. RESULTS OF TREATMENT

6.1. Pulmonary Metastasectomy for Isolated Colorectal Metastases
The early articles on the subject of metastasectomy combined histologies; although 

colorectal metastases are often included, the majority of the articles present their data in such 
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a way as to make comments on the specifi c problem of colorectal metastases impossible. 
With a few exceptions, the following discussion will be limited to those articles that have 
appeared over the last decade addressing the specifi c issue of the surgical management of 
colorectal carcinoma metastatic to the lung.

The results of the recent series are summarized in Table 1 (32–39). Overall, it appears 
that it is possible to select patients with a reasonable probability of achieving a 5-yr survival 
approaching 40% after surgery. Prognostic factors that are repeatedly shown to infl uence 
survival include the number of metastases and the size of the largest lesion (the exact cutoff 
varying between series). Importantly, this is only partially inconsistent with the prognostic 
groups outlined earlier, as Pastorino’s (13) work did not examine the value of the size of 
the largest lesion; unlike Pastorino’s work (13), though, most of the studies specifi cally 
reviewing colorectal carcinoma metastases did assess the value of a disease-free interval 
and did not fi nd it valuable. The major shortcomings of these studies are that they are 
retrospective and, therefore, patient selection is subject to unclear biases, the frequency 
and prognostic value of thoracic lymph node metastases are not assessed, and the role of 
induction and adjuvant treatments is incompletely described.

6.2. Combined Pulmonary and Hepatic Metastasectomy
for Colorectal Carcinoma

It is probable that some patients with colorectal malignancies metastatic to the lung benefi t 
from resection; as discussed in Chapter 20, it is also probable that patients with isolated 
metastases to the liver also benefi t from surgical resection (40). There is now a growing body 
of literature to suggest that patients with either synchronous or metachronous lung and liver 
metastases may experience long-term benefi t from resection.

Initial reported experience with combined resections amounted to little more than case 
reports (41–43), but suggested that some patients may experience extended disease-free 
survival with acceptable operative mortality.

The most recent experience is retrospective and summarized in Table 2 (44–47). These 
data suggest that the institutions reporting results are able to perform the procedures with 

Table 1
Results of Series of Pulmonary Metastasectomy for Colorectal Carcinoma

  No. of  5-yr
Authors (ref.) Year  patients Signifi cant prognostic factors Survival (%)

Wilking et al. (32) 1985 127 No. of metastases 19
Goya et al. (41) 1989 162 No. of metastases 42
   Size of metastases
Mori et al. (33) 1991 135 None 38
McAfee et al. (34) 1992 119 No. of metastases 31
   Serum CEA
McCormack et al. (35) 1992 144 None 40
Shirouzu et al. (36) 1995 122 No. of metastases NAa

   Size of metastases
Okumura et al. (37) 1996 159 No. of metastases 40
   Lymph node involvement
Yano et al. (38) 1997 136 No. of metastases NA
Zanella et al. (39) 1997 122 None 62

aNA = Not available.
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a very acceptable mortality, but the benefi t achieved varies among institutions, with 5-yr 
survivals ranging from 9% to 45%. Certainly, patient selection is probably the most important 
variable. The most detailed analysis of prognostic factors is provided by the Cleveland 
Clinic Group (48) and suggests that ideal patient characteristics for resection include age 
< 50 yr, solitary liver metastasis, >4 yr interval from primary colorectal cancer resection to 
pulmonary resection as the best predictors of extended survival. As always, such criteria are 
helpful but still only guidelines and it would be diffi cult to manage a patient with a solitary 
site of resectable pulmonary 5 yr after initial colectomy disease nonoperatively, for example, 
because of an age of 55. The criteria are best viewed as delineating the highest-risk group as 
appropriate subjects for innovative therapies.

7. AREAS OF RESEARCH

It is probable, although not proved, that the resection of colorectal metastases to the 
lung can provide prolonged survival. The benefi t is probably only afforded to a few and 
further work is necessary to better defi ne the patient likely to benefi t, and to better integrate 
medical and surgical therapies. A short summary of areas for further exploration include 
the following:

 1. Prospective randomized trials comparing metastasectomy to best nonsurgical therapy, 
beginning with groups of patients with probable poor prognosis (multiple metastases, short 
disease-free interval)

 2. A prospective study of mediastinal lymph node staging at the time of metastasectomy to 
establish the frequency and the prognosis for a patient with mediastinal nodal disease

 3. Investigation on coordinating surgery with adjuvant and neoadjuvant therapies—in particular, 
new drugs such as CPT-11

 4. Investigation into regional intensifi cation of chemotherapy within the lung (49)
 5. Trials to establish the possible role for thoracoscopy and routine bilateral explorations
 6. Prospective evaluation of the effi cacy of resection from metastases to multiple organs (i.e., 

synchronous liver and lung)
 7. Prospective evaluation of the utility of newer imaging modalities, such as PET scan, in 

delineating the extent of both local and distant recurrent disease
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1. INTRODUCTION

The grim surgical reality that accompanies colorectal cancer resection suggests that 
approximately 50% of patients who come to the surgeon with a contained malignancy have 
this cancer converted to a disseminated disease process. Flawed surgical technology causes 
a surgically induced dissemination of microscopic residual disease in a large percentage 
of patients. Inadequate exposure, imperfect hemostasis, inadequate lymphadenectomy, and 
qualitatively poor margins of excision lead to the spillage of cancer cells in 30–50% of 
patients. Minor technical changes in the surgical approach to this disease can make a great 
difference in survival. The goal of cancer surgery for large bowel cancer is complete clearance 
and containment. Surgeons must believe that they are the most important prognostic variables 
before fi nding the commitment required to modify the current surgical approach.

2. THE SKILL OF THE SURGEON AS A PROGNOSTIC VARIABLE

The surgical literature contains several early pleas for modifi cations in surgical technology. 
Turnbull and associates (1) emphasized the “no touch isolation technique.” Although the 
statistical support for these concepts may not be acceptable by modern-day standards, one 
cannot overlook the remarkably outstanding results achieved by Turnbull.
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Phillips et al. published a report on the local recurrence after curative surgery for large 
bowel cancer (2). They called attention to the intersurgeon variability with local recurrence 
for colorectal cancer resections. The incidence of local recurrence was determined for 
surgeons performing more than 30 resections. Three surgeons had a local recurrence rate 
of < 5%; seven of 5–10%, three 10–15%; six 15–20%, and one >20% (p < 0.05). After 
stratifi cation by patient’s sex and Dukes’ classifi cation, the statistical signifi cance remained.

McArdle and Hole in 1991 showed a variability among surgeons in terms of patients’ 
postoperative morbidity and mortality and ultimate survival (3). The proportion of patients 
undergoing apparently curative resection varied among surgeons from 40% to 76%. These 
data showed that the intensity of the surgical effort that was exerted in an attempt to 
achieve a “curative approach” varied greatly within the surgical community. The short-term 
consequences of surgery (i.e., morbidity and mortality) also varied greatly when individual 
surgeons rather that institutions were assessed. Most striking was the fact that survival at 
10 yr in patients who underwent a curative resection varied from 20% to 63% between the 
consultant surgeons responsible for managing colorectal patients.

Hermanek and colleagues presented data in 1995 to show that locoregional recurrence 
varied from >50% to approx 5% among German surgeons (4). There was also a marked 
correlation between loco-regional recurrence and 5-yr survival rates. A rate of local–regional 
recurrence ≤5% was associated with an almost 80% 5-yr survival rate. The local recur-
rence rate of >50% was associated with a low, approx 40% 5-yr survival rate. A dif-
ference in the 5-yr survival rate of 40% occurred between the groups of patients operated 
on by the individual surgeons. Surgeons with a low local recurrence rate have high survival 
rates and vice versa (p < 0.005). Thus, although the TNM status was the predominant 
prognosticator, the surgeon was an independent prognostic factor by which to determine 
survival.

In 1997, Holm and colleagues reviewed the infl uence of preoperative radiation therapy 
and other variables on the outcome of patients with rectal cancer (5). They found that patients 
operated on by surgeons who had been certifi ed specialists for at least 10 yr had a lower 
risk of local recurrence and death from rectal cancer. Patients operated on in university 
hospitals also had a lower risk of death related to technical factors. They concluded that 
there was a signifi cant surgeon-related variation in patient outcome, which was probably 
related to surgical technique.

In 1998, Porter and colleagues compared the outcome of patients treated by trained 
colorectal surgeons who operated frequently for rectal cancer with surgeons lacking 
specialized training and performing < 21 procedures over the 8 yr of the study (6). The risk 
of local recurrence was increased in patients whose surgery was performed by surgeons 
without colorectal training and by those performing fewer resections. Similarly, a decreased 
disease-specifi c survival rate was found to be independently associated with surgeons 
lacking specialized colorectal training (p = 0.03) and surgeons performing occasional rectal 
resections (p = 0.005). The 5-yr survival with trained and frequently operating surgeons was 
67.3% and with untrained and infrequently operating surgeons, it was 39.2%.

Anthone et al. asked the question “Does designated surgical interest improve the surgical 
management of colorectal cancer?” These authors compared survival in patients operated 
on by members of the American Society of Colon and Rectal Surgery to that for surgeons 
who were not members (7). The database was comprised of 11,677 patients with colon 
and rectal cancer. Of the total cases performed by society members, 38% of patients died; 
of all operations performed by nonmembers of the society, 46% of patients died. Patients 
operated on by members of the society were more likely to be alive at the time of follow-up 
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than patients operated on by other surgeons (odds ratio of 1.39, 95% confi dence interval 
= 1.15–1.68).

The surgical techniques resulting in differences in surgeon-related survival statistics was 
reviewed by Averbach et al. in 1995 (8). They concluded that the surgeon’s efforts to contain 
a malignant process during the cancer resection varied greatly. In their view, local recurrence 
correlated directly with reduced survival. Scott and colleagues suggested that preservation of 
the mesorectum could reduce the local recurrence rates following surgery for rectal cancer 
to the 5% level (9). They concluded that incomplete excision of the mesorectum contributes 
to local recurrence in a large proportion of patients with rectal cancer, particularly those with 
tumors in the middle and lower third of the rectum (9). Heald and Ryall (10) have presented 
clinical data to strongly suggest that advanced surgical training can result in a great reduction 
in local rectal cancer recurrence and an improvement in survival.

3. FAILURE ANALYSIS OF PRIMARY COLORECTAL CANCER OPERATIONS

The reoperative data provided by Gunderson and Sosin provide information regarding 
anatomic sites of fi rst recurrence of large bowel cancer (11). These sites of fi rst recurrence 
are of great value in establishing the technical fl aws in surgery that allow cancer spread. 
However, even though cancer spread on abdominal or pelvic surfaces is related to faulty 
surgical technique, surgeons cannot be held responsible for dissemination via portal blood 
or in distant lymph nodes, lungs, or other systemic sites. Liver metastases will occur prior to 
death in approx 30% of patients according to Pikren and colleagues (12). Systemic sites of 
disease progression may occur. Systemic disease results from metastases from metastases. 
In other words, implants of cancer throughout the body arise from metastases located within 
the liver or from lymph node metastases that seed via the thoracic duct. Surgery cannot 
reduce the incidence of cancer metastases to liver, lymph nodes, and distant sites but should 
eliminate the spread to the resection site and to peritoneal surfaces.

Although the presence versus absence of lymph node metastases is a strong prognostic 
indicator for resected colorectal cancer, cancer progression within lymph nodes after 
colon or rectal resection is unusual. Lofgren and co-workers reported that the pattern of 
local recurrence was identical in patients with and without positive lymph nodes (13). A 
dissemination of cancer along lymph node chains was an unusual fi nding. These authors 
concluded that local recurrence was from cancerous tissue broken into and disseminated 
at the time of removal of the primary lesion. If the surgeon removes the lymph nodes en 
bloc down to the origins of the major blood vessels (right colic, middle colic, or inferior 
mesenteric) of the colon or rectum, further disease progression along lymph node chains 
rarely, if ever, occurs.

If colorectal cancer fails within abdominal lymph nodes, on peritoneal surfaces, or at 
the resection site, one must interpret this as “iatrogenic recurrence” (14). These sites of 
recurrence testify to the fact that the surgeon’s resection did not provide adequate clearance 
and containment of the primary malignancy. The surgeon should take full responsibility for 
all local–regional failures with large bowel cancer (Fig. 1).

The incidence of failure with liver metastases, metastases at systemic sites, or loco-regional 
spread on the peritoneal surfaces will be observed in direct proportion to the aggressive 
nature of the malignancy. The most aggressive tumors may show surgical treatment failure 
within liver and systemic sites as well as locoregional failure. The least aggressive tumors 
would be expected to have isolated loco-regional failures. Iatrogenic recurrence is related to 
a faulty surgical technique. Advanced treatment strategies are necessary to eradicate loco-
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regional recurrence in some patients, especially those whose malignancy demonstrates an 
aggressive behavior. The causes of iatrogenic recurrence involve the following:

 1. Insuffi cient lymphadenectomy
 2. Traumatized margins of excision immediately adjacent to the primary cancer resulting in 

microscopic residual disease
 3. Blood loss from the cancer specimen, which allows tumor-contaminated blood to remain 

within the peritoneal cavity
 4. Lymph leak from transected lymphatic channels, which allows viable cancer cells to remain 

within the peritoneal cavity

4. OPTIMIZATION OF COLORECTAL CANCER RESECTION

An optimization of surgical technology in order to contain the malignant process 
can prevent iatrogenic recurrence in a majority of patients. First, adequate exposure is 
required so that the cancer specimen can be handled gently with minimal traction and 
thereby prevent disruption of the malignant tissue. Second, optimal containment requires 
complete hemostasis. No blood loss from the transection of blood vessels should be allowed. 
Electrosurgery should be used to transect tissue, which gives an additional margin of heat 
necrosis that will eliminate microscopic residual disease at the narrow margins of resection 
(16,17). Third, conglomerate suture ligatures in continuity should be used to transect major 
vascular and lymphatic channels. This prevents the escape of cancer cells within leaking 
lymph channels. Fourth, adequate lateral margins of dissection are required to prevent 
the disruption of soft tissues that are in immediate contact with the primary malignancy. 
Generous utilization of peritonectomy procedures will provide the most adequate lateral 
margins (18). These procedures allow surgeons to maintain a soft-tissue covering of the 
tumor as it is being resected. Finally, there must be adequate lymph node dissection. The 
en-bloc lymphadenectomy should go to the base of the major vessels so that persistence 

Fig. 1. Sites of treatment failure for large bowel cancer. The surgeon should accept responsibility for 
recurrence at the anatomic sites represented in the shaded areas.
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or progression of disease within the abdominal or pelvic lymph node chains is prevented. 
For left colorectal cancer, a complete lymphadenectomy means resection of paracolic, 
intermediate, and inferior mesenteric nodes that are at the junction of the inferior mesenteric 
artery and aorta. In other parts of the colon, one must resect lymph nodes down to the origin 
of the middle colic, right colic, or ileocolic artery immediately adjacent to the superior 
mesenteric artery and vein.

The surgeon should not ligate any lymphatic or venous structures prior to the ligation 
of the relevant arterial structures. No venous hypertension should be elicited while the 
dissection is proceeding. Also, tissues surrounding large vascular structures should be ligated 
as a conglomerate of artery, vein, and lymphatic channels to prevent leakage of blood and 
lymph from the specimen side of the dissection. On the patient side of the dissection, large 
blood vessels should be ligated in continuity and then suture-ligated. Conglomerate ligation 
of blood vessels and lymphatic channels follows the principle of containment.

Optimal exposure is a necessary requirement of colorectal cancer surgery. Optimal 
exposure requires a complete midline incision, a self-retaining retractor to allow complete 
visualization of the operative fi eld, and a second tier of retractors to remove viscera and 
other organs from the operative fi eld (Fig. 2). Frequent irrigation of the operative fi eld will 
remove blood from the tissues to be dissected so that they maintain a transparent quality. 
A bloodstained operative fi eld promotes further blood loss because blood vessels cannot 
be seen prior to their transection. Finally, sometimes surgeons need better help than can be 

Fig. 2. Optimal exposure requires a midline incision, a self-retaining retractor to allow complete visualiza-
tion of the operative fi eld, and a second tier of retractors to remove viscera and other organs from the 
operative fi eld.
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provided by resident assistance. Very diffi cult cases require expert assistance, such as that 
provided by a second experienced surgeon.

Optimal hemostasis is essential not only to preserve the translucent nature of the tissues 
and thereby facilitate exposure but also to prevent the dissemination of cancer cells contained 
within blood. The most dangerous bleeding, in terms of cancer dissemination, is that from 
transected veins and venules on the cancer specimen. Hemostasis is facilitated by using 
peritonectomy procedures, laser-mode electrosurgery, ligatures in continuity proximally and 
distally on all vessels, and a morsilization of fatty tissue surrounding small- and medium-
sized blood vessels prior to ligation (Fig. 3).

A thorough knowledge of anatomy and the preservation of mesodermal planes is required 
within the abdomen and pelvis and within the retroperitoneal portion of the abdomen and 
pelvis. A prominent mesodermal layer exists posterior to the right colon. This layer must be 
respected when performing a right colectomy. A prominent mesodermal layer exists between 
the left colon and lower border of the pancreas, perirenal fat, the left paracolic gutter and 
left side of the pelvis. In addition, as the rectum becomes a retroperitoneal structure, the 
mesorectum persists and can guide the surgeon to dissect along the proper tissue plane so 
that there will be optimal clearance and containment of the cancerous process.

To summarize, optimal clearance and containment of primary colon and rectal cancer 
involves optimal exposure, complete hemostasis, adequate lymph node dissection, and 
adequate margins of resection. The technical requirements include but may not be limited to 
gentle handling of the cancer specimen, peritonectomy procedures to provide a biological 
dressing that will shroud the malignant process, preservation of the intact mesodermal 
envelope that will contain tumors in the portions of bowel that are associated with the 

Fig. 3. Electrosurgery has replaced dissection with a scissors or knife in gastrointestinal cancer surgery. A 
lens-shaped (lenticular) defect is created by dissection with a ball tip if high-voltage electrosurgery on pure 
cut is used. Strong traction on the specimen will optimize the skeletonization of vital structures. A 0.5 to 
1.0-mm layer of heat necrosis remains at the furthest extent of the dissection. This heat necrosis facilitates 
an adequate tumor-free margin of resection.
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retroperitoneum or pelvis, refusal to lyse potentially cancer-containing adhesions, electro-
surgery to eliminate bleeding and provide a more adequate margin through heat necrosis, 
and conglomerate ligation of arterial, venous, and lymphatic channels on the specimen 
side of the dissection.

5. PREVENTION OF PERITONEAL CARCINOMATOSIS
IN HIGH-RISK GROUPS

In some patients, there will be a high likelihood of subsequent peritoneal carcinomatosis 
determined at the time of the colorectal cancer exploration. Positive peritoneal cytology, 
cancerous involvement of the ovaries, visible evidence of peritoneal seeding on the surface 
of the specimen, bleeding from the surface of a necrotic tumor mass, adjacent organ 
involvement, intraoperative cancer spill from disruption of the specimen, and perforation 
of the malignancy through the primary cancer can be assumed to cause cancerous seeding 
of peritoneal surfaces.

Even though a complete lymphadenectomy has been performed, involved lymph nodes 
at the most distal margin of resection may be involved. Positive distal lymph nodes result 
in a high likelihood of cancerous lymph leak. It is unreasonable to expect cancer cells to be 
progressing within regional lymph nodes and for cancer cells to be absent from within the 
adjacent lymphatic channels. These lymphatic channels are inevitably transected as a result 
of the removal of the primary tumor. All of these conditions place the patient at high risk for 
subsequent progression of peritoneal carcinomatosis.

Whenever there is a high likelihood of peritoneal dissemination, the fact should be docu-
mented. In this instance, surgeons should use an intraoperative intraperitoneal chemotherapy 
wash as an essential part of the cancer surgery. The concept of eradicating the last cancer 
cell demands not only maximal surgical clearance and containment of the primary tumor but 
also the selective treatment with perioperative intraperitoneal chemotherapy of patients who 
are at high risk for microscopic residual disease.

6. TREATMENT OF PERITONEAL CARCINOMATOSIS
FROM COLORECTAL CANCER

In patients who have carcinomatosis at the time of colon or rectal cancer resection, 
surgeons must accept a loss of containment of the primary tumor. However, in a selected 
group of patients, loco-regional containment can still be achieved. The successful treatment 
of peritoneal surface spread of large bowel cancer requires a combined approach that utilizes 
peritonectomy procedures and perioperative intraperitoneal chemotherapy. In addition, 
knowledgeable patient selection is mandatory. Both visceral and parietal peritonectomy 
procedures must be utilized in an attempt to resect all visible evidence of disease (18).
Complete cytoreduction is essential for the treatment of peritoneal surface malignancy 
to result in long-term survival. However, peritonectomy procedures are utilized only in 
areas of visible implants. Small tumor nodules on the peritoneal surface are removed using 
electroevaporation. Involvement of visceral peritoneum requires resection of that portion of 
the bowel. A complete stripping of all the peritoneum including normal tissue is unnecessary 
and can result in a high incidence of postoperative complications. If all visible cancer can be 
removed, then the microscopic residual disease can be eradicated in a majority of patients 
by adequate perioperative intraperitoneal chemotherapy.

High-voltage electrosurgery is necessary for adequate peritonectomy (16). Removal of 
peritoneal surface disease using the traditional scissor or knife dissection will unnecessarily 
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disseminate tumor emboli further. Surgery by electroevaporation leaves a margin of heat 
necrosis devoid of viable malignant cells. Also, in the absence of electrosurgery, profuse 
bleeding from stripped peritoneal surfaces may occur during the intraperitoneal wash with 
chemotherapy.

6.1. Conceptual Changes with the Use of Chemotherapy
for Peritoneal Carcinomatosis

Changes in the use of chemotherapy in patients with peritoneal carcinomatosis have 
shown favorable results (19) (see Chapter 33). A change in route of drug administration 
has occurred: Chemotherapy is given intraperitoneally or combined intravenously and 
intraperitoneally. In this new strategy, intravenous chemotherapy alone is rarely indicated. 
Also, a change in timing has occurred because chemotherapy begins in the operating room 
and will continue for the fi rst fi ve postoperative days. There has been a change in selection 
criteria for treatment of patients with peritoneal carcinomatosis. The lesion size of the 
peritoneal implant is of crucial importance. Small lesions indicate treatment has been 
instituted at an early phase of the intraperitoneal dissemination process. The initiation of 
these treatments for peritoneal surface malignancy must occur as early as possible in the 
natural history of the disease in order to achieve the greatest benefi ts. A major change now 
needs to occur in the attitude of oncologists toward this manifestation of large bowel cancer. 
Peritoneal carcinomatosis may be cured with early application of combined treatments.

Recent reports by Pestieau and Sugarbaker suggest that early aggressive treatment of 
carcinomatosis may offer great benefi ts to these patients. Of 104 patients with peritoneal 
carcinomatosis from colon or rectal cancer, fi ve patients (4.8%) had defi nitive treatment of 
the peritoneal surface spread of the cancer concomitant with resection of the primary 
lesion (20). Median survival for these patients has not been reached and their 5-yr survival 
rate is 100%. The remainder of the patients (n = 99) were referred for local and regional 
recurrence after their primary cancer had been removed and there was progression of carci-
nomatosis. Forty-four patients (42.3%) had a complete cytoreduction resulting in a 24-mo 
median survival and a 30% 5-yr survival (p < 0.0001). The other 55 patients (52.9%) had
an incomplete cytoreduction resulting in a 12-mo median survival and a 0% 5-yr survival
(p < 0.0001). In patients with peritoneal seeding occurring at the time of resection of 
the primary malignancy, peritonectomy procedures and perioperative intraperitoneal 
chemotherapy should be performed concomitantly (Fig. 4).

6.2. Peritoneal Space to Plasma Barrier
Intraperitoneal chemotherapy provides a high response at the peritoneal surface of 

the abdomen and pelvis as a result of the “peritoneal–plasma barrier.” High-molecular-
weight substances such as mitomycin C are confi ned to the abdominal cavity for long 
time periods and provide a dose-intensive therapy. The area-under-the-curve ratios of 
intraperitoneal to intravenous exposure are favorable. Table 1 presents the area under 
the curve (intraperitoneal/intravenous) for the drugs in routine clinical use in patients 
with peritoneal seeding. In our experience, these include 5-fl uorouracil, mitomycin C, 
doxorubicin, cisplatin, paclitaxel, and gemcitabine.

6.3. Tumor Cell Entrapment
Sugarbaker presented the “tumor cell entrapment” hypothesis to explain the rapid 

progression of peritoneal surface malignancy in patients with microscopic or gross residual 
disease (21). This theory relates a high incidence and rapid progression of peritoneal implants 
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to entrapment of these tumor cells on traumatized peritoneal surfaces and a progression 
of the cells fi xed at a particular anatomic site through growth factors that are involved in 
the wound-healing process. Reimplantation of malignant cells in patients with peritoneal 
carcinomatosis into peritonectomized surfaces must be expected unless intraperitoneal 
chemotherapy is used.

6.4. Patient Selection for Treatment of Peritoneal Carcinomatosis
The greatest impediment to lasting benefi ts from peritonectomy procedures and intraperi-

toneal chemotherapy is improper patient selection. In the past, numerous patients with 
advanced intra-abdominal disease have been treated with minimal benefit. Even with 
extensive cytoreduction and aggressive intraperitoneal chemotherapy, the patient with gross 
disease is not likely to show long-term survival. Patients who benefi t must have minimal 
disease isolated to peritoneal surfaces, so that following peritonectomy, the chemotherapy 
is only required to eradicate microscopic residual disease. Partial responses are of little 
or no benefi t in peritoneal surface malignancies. Complete and durable responses are the 
reasonable goals. The timing for the initiation of treatment has a great impact on the benefi ts 
achieved. Asymptomatic patients with small-volume peritoneal surface malignancy must 
be selected for treatment.

6.5. Quantitative Clinical Assessments of Peritoneal Carcinomatosis
The clinically most accurate quantitative assessment of peritoneal carcinomatosis is the 

peritoneal cancer index (22). This assessment is a clinical integration of both peritoneal 
implant size and distribution of peritoneal surface malignancy (Fig. 5). It should be used 
in the decision-making process as the abdomen is explored (23). Patients who have a low 
peritoneal cancer index should undergo cytoreductive surgery with curative intent. Those 
patients with a high peritoneal cancer index only receive debulking surgery with palliative 

Fig. 4. In patients with peritoneal seeding occurring at the time of resection of the primary malignancy, 
peritonectomy procedures and perioperative intraperitoneal chemotherapy should be performed concomi-
tantly. From ref. 20 with permission.
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intent. To arrive at a score, the size of intraperitoneal tumor nodules must be assessed in all 
of the 13 abdominal and pelvic regions. The lesion size (LS) score should be used. A LS-0 
score means that no malignant deposits are visualized; a LS-1 score signifi es the presence 
of tumor nodules less than 0.5 cm (the number of tumor nodules is not scored, only the size 
of the largest nodule); a LS-2 score signifi es the presence of tumor nodules between 0.5 
and 5.0 cm. A LS-3 score signifi es tumor nodules > 5.0 cm in any dimension. In addition, 
confl uence or layering of tumor within an abdominal or pelvic region indicates a LS-3 score. 
A LS score is determined for each of the 13 regions. The summation of the lesion size scores 
in each of the 13 abdomino-pelvic regions is the peritoneal cancer index for that patient. 
A maximum score is 39 or 13 × 3.

One caveat concerning scoring of the peritoneal cancer index should be mentioned. If 
cancer is found at a crucial anatomic site in which cytoreduction is impossible, then the 
patient will have a poor prognosis despite a low peritoneal cancer index. For example, deep 
invasion of the base of the bladder or disease deep into a pelvic side wall may, by itself, 
result in residual cancer even after maximal cytoreduction. Also, invasive cancer at numerous 

Fig. 5. Peritoneal cancer index is determined after the abdominal exploration is complete. It assists
in making a surgical judgement to proceed or not with an attempt at complete cytoreduction.

Table 1
Area-Under-the-Curve Ratios of Peritoneal Surface Exposure to Systemic

Exposure for Drugs Used to Treat Peritoneal Carcinomatosis

Drug Molecular weight Area-under-the-curve ratio

5-Fluorouracil 130 1175
Gemcitabine 263 1150
Cisplatin 300 1120
Mitomycin C 334 1175
Doxorubicin 544 1500
Paclitaxel 808 1000
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sites along the surface of the small bowel will confer a poor prognosis. Invasive cancer 
at a crucial anatomic site may function as a systemic disease equivalent in assessing the 
prognosis. Because long-term survival can only be achieved in patients in whom complete 
cytoreduction is carried out, residual disease at crucial anatomic sites may cause the surgeon 
to select palliative debulking rather than potentially curative cytoreduction despite a favorable 
score of the peritoneal cancer index (23). The impact of the peritoneal cancer index on 
survival in patients with seeding from colorectal cancer is shown in Fig. 6.

6.6. Completeness of Cytoreduction Score
The second assessment used to measure prognosis with peritoneal carcinomatosis from 

large bowel cancer is the completeness of cytoreduction (CC) score. This information is of 
less value to the surgeon in planning treatment than the peritoneal cancer index. The CC 
score is not available until after the cytoreduction is complete rather than as the abdomen is 
being explored. However, if during exploration it becomes obvious that cytoreduction will 
not be complete, surgeons may decide that palliative debulking will provide symptomatic 
relief and less surgical risk. In other words, it would be inappropriate to continue with an 
aggressive cytoreduction. The CC score is the major prognostic indicator in treating large 
bowel cancer dissemination to peritoneal surfaces (24).

In scoring the CC, the likelihood of effective chemotherapy must be considered. A CC-0 
score indicates that no peritoneal seeding was exposed during the complete exploration. A 
CC-1 score indicates that the tumor nodules persisting after cytoreduction are < 2.5 mm. This 
is the nodule size thought to be penetrable by intraperitoneal chemotherapy. Therefore, a 
CC-0 or CC-1 cytoreduction is designated a complete cytoreduction. A CC-2 score indicates 
tumor nodules between 2.5 mm and 2.5 cm. A CC-3 score indicates tumor nodules > 2.5 cm 
or confl uence of unresectable tumor nodules at any site within the abdomen or pelvis. CC-2 
and CC-3 cytoreduction scores are considered incomplete cytoreduction (Fig. 7).

The impact of the CC score on the survival of patients with peritoneal carcinomatosis 
from colorectal cancer is shown in Fig. 8.

Fig. 6. Survival of patients with colorectal cancer and peritoneal carcinomatosis by the peritoneal cancer 
index. From ref. 20 with permission.
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6.7. Current Methodology for Delivery of Heated
Intraoperative Intraperitoneal Chemotherapy

In the operating room, heated intraoperative intraperitoneal mitomycin C chemotherapy 
can be used for patients with peritoneal carcinomatosis from colorectal cancer. Heat is part 
of the optimizing process and is used to bring as much dose intensity to the abdominal and 
pelvic surfaces as possible. Hyperthermia with intraperitoneal mitomycin C chemotherapy 
has several advantages. Hyperthermia increases the penetration of chemotherapy into tissues. 
As tissues soften in response to heat, the elevated interstitial pressure of a tumor mass 
decreases and allows improved drug penetration. Second, and probably most important, heat 
increases the cytotoxicity of mitomycin C chemotherapy. This synergism occurs only at 
the interface of heat and body tissue at the peritoneal surface. The thermal targeting is not 
produced at systemic sites around the body. The rationale for using heated intraperitoneal 
mitomycin C chemotherapy as a surgically directed modality in the operating room is 
presented in Table 2.

After the cancer resection is complete, the Tenckhoff catheter and closed-suction drains 
are placed through the abdominal wall and made watertight with a purse-string suture at 
the skin. Temperature probes are directed into the abdomen and pelvis and are secured to 
the skin edge. Using running no. 2 monofi lament sutures, the skin edges are secured to the 
self-retaining retractor. A plastic sheet is incorporated into these sutures to create a covering 
for the abdominal cavity. A slit in the plastic cover is made to allow the surgeon’s double-

Fig. 7. Completeness of cytoreduction assessment is performed after the maximal surgical effort has 
been completed. 

Fig. 8. Survival of patients with colorectal cancer and peritoneal carcinomatosis by the completeness of 
cytoreduction (CC) score. From ref. 24 with permission.
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gloved hand access to the abdomen and pelvis (Fig. 9). During the 90 min of perfusion, 
all the anatomic structures within the peritoneal cavity are uniformly exposed to heat and 
chemotherapy. The surgeon vigorously manipulates all the viscera to keep adherence of 
peritoneal surfaces to a minimum. Roller pumps force the chemotherapy solution into 
the abdomen through the Tenckhoff catheter and pull it out through the drains. The heat 
exchanger keeps the fluid infused at 44°C to 46°C so that the intraperitoneal fluid is 
maintained at 42°C to 43°C. The apparatus used for administering the heated intraoperative 
intraperitoneal chemotherapy is diagrammed in Fig. 10. The smoke evacuator is used to pull 
air from beneath the plastic cover through activated charcoal, preventing contamination of 
air in the operating room by chemotherapy aerosols.

Table 2
Rationale for the Use of Heated Intraoperative Intraperitoneal Chemotherapy

Heat increases drug penetration into tissue.
Heat increases the cytotoxicity of selected chemotherapy agents.
Heat has an antitumor effect by itself.
Intraoperative chemotherapy allows manual distribution of drug and heat uniformly to all surfaces 

of the abdomen and pelvis.
Renal toxicities of chemotherapy given in the operation room can be avoided by careful monitoring 

of urine output during chemotherapy perfusion.
The time that elapses during the heated perfusion allows a normalization of many parameters 

(temperature, blood clotting, hemodynamic, etc.).

Fig. 9. Coliseum technique for the delivery of heated intraoperative intraperitoneal chemotherapy. The 
surgeon manually separates all surfaces to maintain uniformity of heat and chemotherapy throughout the 
abdomen and pelvis. He is required to “scrub” all surfaces to eliminate all adherent fi brin and blood clot.



414    Sugarbaker

After the intra-abdominal heated chemotherapy with mitomycin C is complete, the 
abdomen is suctioned dry of fl uid. The abdominal wall is then reopened and the retractors 
repositioned prior to performing anastomosis. It should be re-emphasized that no suture 
lines are constructed until after the chemotherapy perfusion is complete. The standardized 
orders for heated intraoperative intraperitoneal mitomycin C chemotherapy are given in 
Table 3.

6.8. Immediate Postoperative Abdominal Lavage
In patients with peritoneal carcinomatosis from large bowel cancer, we advocate early 

postoperative intraperitoneal 5-fl uorouracil. The catheters that were positioned for intraopera-
tive chemotherapy for drug instillation and abdominal drainage must be kept clear of 
blood clots and tissue debris. To accomplish this, an abdominal lavage is started in the 
operating room. This lavage utilizes the same tubes and drains that were positioned for 
heated intraoperative intraperitoneal chemotherapy. Large volumes of fl uid are rapidly 

Fig. 10. Apparatus required for heated intraoperative intraperitoneal chemotherapy.
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infused and then drained from the abdomen after a short dwell time. The standardized orders 
for immediate postoperative abdominal lavage are given in Table 4. All intra-abdominal 
catheters are withdrawn before the patient is discharge from the hospital.

6.9. Early Postoperative Intraperitoneal 5-Fluorouracil
The standardized order for early postoperative intraperitoneal 5-fl uorouracil are presented 

in Table 5. After the patient stabilizes postoperatively and after the drainage from the 
immediate postoperative abdominal lavage is no longer bloodstained, the 5-fl uorouracil 
instillation begins. In some patients who have extensive small bowel trauma from lysis of 
adhesions, the early postoperative 5-fl uorouracil is withheld for fear of fi stula formation. 
During the first 6 h of intraperitoneal 5-fluorouracil administration, the patient turns 
every half-hour from the right side to the left side to maximize drug distribution through 
gravitational effects.

6.10. Second-Look Surgery
Patients are maintained on systemic chemotherapy after discharge from the hospital. The 

chemotherapy regimen of irinotecan, leucovorin, and 5-fl uorouracil reported by Saltz and 
colleagues is recommended (25). After approx 6 mo on systemic treatment, the patient is 
recommended for a second-look procedure (22). At the time of second-look surgery, the 
abdomen is widely opened and all the peritoneal surfaces are visualized with a complete 
takedown of all adhesions. Additional cytoreduction is performed and additional visceral 
peritonectomies may be required. If a CC-0 or CC-1 cytoreduction can be achieved, then 

Table 3
Standardized Orders for Heated Intraoperative Intraperitoneal Chemotherapy

Mitomycin Orders
1. For adenocarcinoma from appendiceal, colonic, rectal, gastric and pancreatic cancer; add mito-

mycin _____ mg to 2 L of 1.5% dextrose peritoneal dialysis solution.
2. Dose of mitomycin C for men 12.5 mg/m2, for women 10 mg/m2.
3. Use a 33% dose reduction for heavy prior chemotherapy, marginal renal function, age >60 yr, 

extensive intraoperative trauma to small bowel surfaces, or prior radiotherapy.
4. Send 1 L of 1.5% dextrose peritoneal dialysis solution to test the perfusion circuit.
5. Send 1 L of 1.5% dextrose peritoneal dialysis solution for immediate postoperative lavage.
6. Send the above to operating room _____ at _____ AM/PM.

Table 4
Immediate Postoperative Abdominal Lavage

Day of Operation:
1. Run in 1000 mL 1.5% dextrose peritoneal dialysis solution as rapidly as possible. Warm to body 

temperature prior to instillation. Clamp all abdominal drains during infusion.
2. No dwell time.
3. Drain as rapidly as possible through the Tenckhoff catheter and abdominal drains.
4. Repeat irrigations every 1 h for 4 h, then every 4 h until returns are clear; then every 8 h until 

chemotherapy begins.
5. Change dressing at Tenckhoff catheter and abdominal drain skin sites using sterile technique once 

daily and as necessary.
6. Standardized precautions must be used for all body fl uids from this patient.
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heated intraoperative intraperitoneal chemotherapy is used again. Early postoperative 
intraperitoneal 5-fl uorouracil is also recommended after the reoperation. In some patients, 
the disease may suggest a “chemotherapy failure.” In this situation, a change in the drugs 
used for intraperitoneal chemotherapy is recommended. Usually, a regimen of intraperitoneal 
cisplatin and doxorubicin is utilized.

7. PATIENT CARE CONSIDERATIONS

The major detrimental side effect of combined cytoreductive surgery and intraperitoneal 
chemotherapy is prolonged ileus. Patients may have a nasogastric tube in place, with large 
volumes of secretions being aspirated from the stomach for 2–4 wk postoperatively. For 
this reason, parenteral feeding is recommended for all of these patients. The length of time 
required for nasogastric suctioning is dependent on the extent of peritonectomy and the 
extent of prior abdominal adhesions that required lysis.

The most life threatening postoperative complication is small bowel fi stula. Usually, 
these are side-wall perforations of the small bowel, but, occasionally, a colon or stomach 
perforation has occurred. Patients need to be aware of the possibility of fi stula formation 
before cytoreductive surgery and intraperitoneal chemotherapy are contemplated. The 
incidence of anastomotic leak is very low.

The morbidity rate of cytoreductive surgery and intraperitoneal chemotherapy for 
colon cancer is approx 25% and the mortality rate is 1.5%. Mortality is usually related to 
neutropenia, which can occur from overly aggressive use of intraperitoneal 5-fl uorouracil. 
In some patients who are age > 60 yr old, have received prior systemic chemotherapy, 
or prior radiation therapy, a dose reduction of the intraperitoneal 5-fl uorouracil must be 
made (26).

8. ETHICAL CONSIDERATIONS IN TREATING PERITONEAL
CARCINOMATOSIS FROM COLON AND RECTAL CANCER

Currently, the phase II studies that show benefi t in the prevention or treatment of peritoneal 
carcinomatosis demand that patients be treated. Patients recommended for treatment are 

Table 5
Early Postoperative Intraperitoneal Chemotherapy with 5-Fluorouracil

Postoperative days 1–5
1. Add to _____ mL 1.5% dextrose peritoneal dialysis solution:
 (a) _____ mg 5-fl uorouracil (650 mg/m2, maximal dose 1300 mg)
 (b) 50 meq sodium bicarbonate
2. Intraperitoneal fl uid volume: 1 L for patients <2.0 m2, 1.5 L for >2.0 m2.
3. Drain all fl uid from the abdominal cavity prior to instillation, then clamp abdominal drains.
4. Run the chemotherapy solution into the abdominal cavity through the Tenckhoff catheter as 

rapidly as possible. Dwell for 23 h and drain for 1 h prior to next instillation.
5. Use gravity to maximize intraperitoneal distribution of the 5-fl uorouracil. Instill the

chemotherapy with the patient in a full right lateral position. After 1/2 h, direct the patient to 
turn to the full left lateral position. Change position right to left every 1/2 h. If tolerated, use 
10 degrees of Trendelenburg position. Continue turning for the fi rst 6 h after instillation of 
chemotherapy solution.

6. Continue to drain abdominal cavity after fi nal dwell until Tenckhoff catheter is removed.
7. Use 33% dose reduction for heavy prior chemotherapy, age >60 yr, or prior radiotherapy.
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those identifi ed in Table 6. Until clinical trials have been initiated, we also recommend that 
patients with bulky lymph node metastases or lymphatic dissemination that continues to 
the superior mesenteric vein or aorta be treated. The likelihood of tumor spill as a result of 
cancer cells leaking from lymphatic channels is so great that these low-morbidity/mortality 
treatments need to be initiated.

In patients with potentially curable large bowel cancer, intraperitoneal chemotherapy 
treatments should only be initiated as Institutional Review Board-approved randomized 
controlled studies. There is a strong rationale for treatment of patients with advanced 
malignancy, especially those patients in whom major surgical trauma is required for resection 
(i.e., have large tumors at the hepatic fl exure, splenic fl exure, or within the pelvis).
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1. INTRODUCTION

Nearly 15% of patients presenting with primary colorectal carcinoma will have synchro-
nous metastases, and an additional 60% of patients with colorectal carcinoma will develop 
subsequent metastases to the liver. The natural history of hepatic metastases depends on 
several factors, including tumor histology, stage of primary tumor, the extent of liver 
metastases, the disease-free interval, and the presence or absence of extrahepatic disease. 
Patients with unresectable colorectal metastases to the liver have a very poor prognosis, with 
a median survival of 6–13 mo (1). The preferred treatment for hepatic colorectal metastases 
is complete surgical resection, which can lead to a 5-yr survival of 25–40% (see Chapter 20)
(1–3). Unfortunately, only 10–30% of patients with isolated hepatic metastases have 
surgically resectable disease.
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Driven by the low resectability rate and limited treatment options, recent therapeutic efforts 
have focused on more aggressive regional therapies for hepatic metastases from colorectal 
adenocarcinoma. Cryosurgery involves using a liquid-nitrogen-cooled probe to freeze a tumor, 
thereby rendering the cancer cells nonviable while sparing normal liver tissue. Accumulating 
evidence documents that cryosurgical ablation is a safe, effi cacious treatment alternative 
for many patients with surgically unresectable tumors. In fact, cryoablation of selected 
patients with unresectable colorectal carcinoma isolated to the liver results in long-term 
survival similar to that achieved with surgically resected lesions. In this chapter, we review 
the available data supporting the use of cryosurgery for the treatment of liver metastases and 
outline some of the basic principles of patient selection and techniques for its use.

2. HISTORY

It is interesting to note that the application of cold for the treatment of cancer has its roots 
in the mid-1800s when the English physician James Arnott (1797–1883) used salt solutions 
containing crushed ice at a temperature in the range of –18°C to –24°C to freeze advanced 
cancers in accessible sites such as the breast and cervix (4). However, this therapeutic option 
was limited to surface tumors until the early 1960s when the automated cryosurgical unit 
cooled by liquid nitrogen was introduced by Cooper and Lee (5). The technology introduced 
by Cooper and Lee permitted the cooling process to be more rigorously controlled and 
monitored. As a result, many different specialties of medicine applied cryosurgery to a 
number of different disease processes. During this early period of investigation, a wide 
variety of solid tumors were treated with cryosurgery with considerable success (6).

Prior to 1985, using cryosurgery for liver tumors was limited because of diffi culties in 
tumor localization, probe placement, and the complications that invariably arose because 
the freezing process could not be accurately monitored (7). Today, liver tumors can be 
accurately imaged with intraoperative ultrasound allowing highly specifi c probe placement 
and real-time imaging of the freezing process (8,9). Accordingly, cryosurgery has emerged 
as a viable therapeutic alternative for the treatment of patients with unresectable liver tumors 
and as an adjunct to be used in combination with resection.

3. BIOLOGY OF CRYOINJURY

Numerous animal studies have been performed to demonstrate the feasibility of cryosur-
gery of the liver. Despite all of these investigations, the exact mechanism of cellular death 
remains unknown. It is likely that cell death results from complex physiologic mechanisms 
involving ice crystal formation and cellular anoxia during the frozen state, followed 
by indirect microvascular thrombosis. Experimental evidence also suggests an adaptive 
immunologic tumor response in the postfrozen state (10,11). The overall results are cell 
membrane destruction, enzyme denaturation, osmotic dehydration, anoxia, and cellular 
necrosis (12). Using an animal model of hepatic metastases, Heise et al. at the University of 
Wisconsin have been able to demonstrate that tumor cells at the periphery of a cryoinduced 
lesion, which have escaped cold-induced necrosis, will undergo apoptosis. The specifi c 
apoptotic pathway activated by freezing remains to be identifi ed (13).

Although the mechanism of cryodestruction is tissue-nonspecifi c, individual tissues have 
different sensitivities to cold-induced injury. For example, hepatocytes, bile duct epithelial 
cells, and connective tissue cells are resistant to temperatures as low as –10°C but are 
completely destroyed at –40°C. In contrast, larger blood vessels seem to be unaffected 
by temperatures of these extremes (14,15). These observations have been attributed to the 
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heat-sink effect of fl owing blood preventing the vessel wall from freezing and have been 
exploited clinically. The heat-sink effect allows the treatment of tumors adjacent to essential 
blood vessels that cannot be resected, as resection of tumors in such locations would leave 
microscopically positive tumor margins.

4. REVIEW OF CLINICAL EXPERIENCE

In 1991, Ravikumar et al. reported the results of phase I/II clinical trials establishing 
the feasibility and accepted morbidity for cryosurgery (16). They reported on their initial 
experience with 24 patients with colorectal hepatic metastases treated with cryosurgery using 
intraoperative ultrasound (IOUS) guidance between 1985 and 1990. At a median follow-up of 
24 mo, 29% of patients remained disease-free and an additional 34% were alive with disease, 
whereas 37% of patients had died. Tumor recurrence in the liver was seen in 35% of patients; 
however, only 8% of these were felt to be located at the previously treated site.

These data are supported by those published in 1991 by Onik at al. (17). In this retrospec-
tive review of their institution’s experience, the authors were able to demonstrate a 22% 
disease-free survival rate at a median follow-up of 22 mo. Local recurrence was noted in 
22% of all patients but was only seen in patients with metastatic tumors >4 cm. A study 
including 136 patients with colorectal metastases reported by Weaver et al. revealed a median 
survival for all patients of 23 mo with a range of 2–92 mo (18).

In 1997, Korpan published the results of a prospective, randomized trial comparing liver 
resection with cryosurgical ablation of liver metastases (19). One hundred twenty-three 
patients were entered into this trial, with 63 patients randomized to cryosurgery and 60 
patients to conventional surgery. The majority of patients in each group had liver metastases 
arising from colorectal carcinoma (>60%) and all patients in the study received postoperative 
chemotherapy with 5-fl uorouracil. The 3- and 5-yr survival rates for each group were 
reported as 60% and 44% for the cryosurgery group and 51% and 36% in the resection 
group. At 10-yr, 14% of patients in the cryosurgery group were alive vs 5% of patients 
in the resection group.

In 1997, Yeh et al. published their results from the Fox Chase Cancer Center on treatment 
of hepatic metastases with cryosurgical ablation (20). In this small retrospective analysis, the 
authors reviewed 24 patients who underwent cryosurgery for biopsy-confi rmed metastases 
from adenocarcinoma of the colon and rectum. Twelve of their patients were treated with 
cryosurgery alone for unresectable disease, whereas the other 12 patients were treated 
with resection and cryosurgery of the resection margin. Median disease-free survival for 
both groups was reported to be 14 mo, with a 25% local recurrence rate. A summary of 
all available reported trials in which colorectal cancer is the predominantly treated tumor 
is found in Table 1.

Taken together, these data on the treatment of metastatic colorectal cancer involving the 
liver suggest that patients with unresectable disease should be treated aggressively using 
cryoablation, as their outcome may be no different than those patients who undergo resection 
alone. However, before this principle can be applied indiscriminately, an adequately powered 
prospective randomized trial comparing resection to state-of-the-art cryosurgery needs to 
be undertaken.

5. COMPETING ABLATIVE MODALITIES

In recent years, radiofrequency ablation (RFA) has been introduced as an alternative to 
cryosurgery for the treatment of hepatic colorectal metastases (see Chapter 24). RFA for 
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colorectal metastases is based on a similar concept to cryosurgery in that a small probe is 
placed into a metastatic lesion under ultrasound guidance. However, unlike cryosurgery, 
which depends on generation of cold temperatures, radio-frequency current delivered to 
a tumor is converted into heat, which results in tissue coagulation and tumor destruction 
(21) The clinical experience with RFA is not as extensive as that with cryosurgery, and 
the local recurrence rate, the only statistic that should be used to effectively compare the 
two competing modalities, has been shown to be from 50% to 100% (22–25). However, 
recent investigations from the M.D. Anderson Cancer Center studying the use of RFA for the 
treatment of both primary and metastatic liver tumors reported a local recurrence rate of only 
1.8% when performed at the time of laparotomy with a Pringle maneuver (26).

Consistent with the observations made by Curley et al., investigations at the University 
of Wisconsin have demonstrated in a porcine model that decreasing blood fl ow to the 
liver through the use of a Pringle maneuver will increase the area and volume of a lesion 
generated by RFA (27). This phenomenon could account for the lower local recurrence rate 
demonstrated by Curley et al. Additional investigations at the University of Wisconsin have 
led to the development and testing of a bipolar RFA probe. This bipolar probe has been 
shown to generate larger and more reproducible lesions and, hopefully, will result in a lower 
local recurrence rate when used percutaneously (unpublished observations).

In summary, radio-frequency ablation is currently under investigation as an alternative 
to cryosurgery for the treatment of unresectable colorectal cancer metastases involving the 
liver. RFA has been shown in preliminary studies to have a lower complication rate than 

Table 1
Results for Cryosurgical Ablation of Colorectal Metastases to the Liver

       Survival
    No. of Recurrence Median rate
 Type of  No. of lesions rate follow-up disease-free
Authors (ref.) Study Year patients  treated (%)  (mo)    (%)

Ravikumar et al. (16) Prospective,  1991 132 NRa 18 124 29c

     nonrandomized
Onik et al. (17) Prospective,  1991 118 173 20 129 22c

     nonrandomized
Weaver et al. (18) Retrospective 1995 140 158 10 130 29c

Yeh et al. (20) Retrospective 1997 124 NR 25 NR b

Korpan (19) Prospective 1997 123 NR NR 120 14c

Adam (29) Retrospective 1997 134 >55 44 116 20c

Cha (31) Retrospective 2000 138 165 12 128 25c

Note: The use of recurrence in this context refers to a recurrence within a previously treated lesion. Because 
of the retrospective nature of most investigations, the local recurrence rate should be used as the benchmark to 
compare results.

aNR = not reported.
bThe authors state the median survival was not reached so it was not reported. However, they do report an 

overall disease-free survival of 23.5 mo.
cMedian survival was not achieved at a follow-up of 16 mo. At the time of publication, the authors report a 20% 

disease-free survival. Potential bias is introduced by the author’s self-admitted lack of IOUS experience and not 
involving a radiologist in their investigation. The authors have reported on their experience with cryoablation alone 
and cryoablation combined with resection of liver metastases. The majority of patients in this series underwent 
treatment of colorectal metastases. A 36% disease-free survival at 48 mo is demonstrated for patients undergoing 
cryoablation and resection vs 25% 48-mo disease-free survival for patients undergoing cryoablation alone
(p = 0.49).
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cryosurgery but a slightly higher local recurrence rate when used percutaneously. However, 
when used at the time of laparotomy, RFA has been shown to have a similar complication 
rate and local recurrence rate as cryosurgery (26). It is our contention that intraoperative 
use of RFA negates many of the advantages of the technology. It is also more diffi cult to 
use ultrasound to follow the generation of a lesion induced by RFA than it is to follow the 
distinct margins of an iceball generated during cryosurgery. For example, RFA performed 
percutaneously under transabdominal ultrasound guidance is an outpatient procedure because 
the heated probe cauterizes the probe tract, resulting in less postprocedure bleeding. For 
this reason, investigation into the development of newer, more effective probes as well as 
the optimal surgical procedure in which to perform the procedure will continue. In addition, 
if RFA is to be used at the time of laparotomy, it should be tested against cryosurgery, the 
current gold standard of ablative therapy, in a randomized controlled trial.

6. PRINCIPLES OF CRYOSURGERY

The primary objective of cryosurgical ablation is to destroy all malignant tissue while 
preserving normal tissue. Intraoperative ultrasound (IOUS) has made this objective a reality 
by not only allowing the surgeon to directly monitor the placement of the probe into the 
tumor but also allowing the surgeon to monitor progression of the freezing process. The 
newer technology of IOUS allows the detection and treatment of lesions as small as 0.4 cm, 
which historically would have been missed. Stone et al. demonstrated the importance of 
IOUS to liver surgery for the management of colorectal metastases (28). In this retrospective 
review of recurrent liver-only colorectal metastases, the authors were able to demonstrate 
that in 3 of 10 patients, 3 lesions were identifi ed that would have otherwise been missed. 
Two of these lesions were resected without incident; therefore, the IOUS data changed the 
intraoperative management in 20% of cases.

Patient selection is the key component for the successful use of cryosurgery. General 
indications for cryosurgery can be found in Table 2. Lesion size and number has been an area 
of debate when utilizing cryosurgery for treatment of colorectal metastases. It is feasible 
to treat multiple lesions, as many as 10–15 lesions, during any 1 surgery; however the 
survival benefi t when treating a high number of lesions has yet to be demonstrated (29). In an 
attempt to identify prognostic factors after cryotherapy for colorectal metastases, Seifert and 
Morris undertook a review of a prospectively collected database of 116 patients undergoing 
cryosurgery for colorectal metastases to the liver (30). The data indicated that lesion number 
did not portend a poor prognosis and, in fact, the patients in this study who had cryoablation 
of >3 lesions (58 total patients) had no difference in their outcome with a median follow-up 
of 20.5 mo. These limited data suggest that patients with multiple lesions should have all 
lesions treated if technically feasible, as those treated in this manner did as well as those 
patients with three or fewer lesions. However, a prospective randomized trial comparing 
cryoablation of multiple lesions to systemic chemotherapy or hepatic arterial chemotherapy 
≥ cryotherapy of a subset of the lesions (as an attempt to decrease tumor burden) would 
be required to clarify this issue.

Like lesion number, lesion size and location have been areas of debate regarding patient 
selection for cryosurgery. Lesions larger than 5 cm have been shown to have a higher local 
recurrence rate (29) and to also be predictive of a poor prognosis (30). Treatment of patients 
with bilobar disease has also been controversial and it was initially thought that patients with 
extensive bilobar disease would have worse outcomes secondary to “silent” extrahepatic 
disease. In fact, Seifert and Morris looked at unilobar versus bilobar disease in their series 
and found no difference in 1, 2, or 3-yr survival between these two groups (30). This fi nding 
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suggests that patients with bilobar disease are good candidates for cryotherapy and have no 
worse prognosis than patients with disease limited to one lobe of the liver.

Recently, the University of Wisconsin experience was reviewed, generating new informa-
tion regarding the effi ciency of resection with the addition of cryotherapy for patients with 
bilobar disease (31). The majority of patients in this analysis had metastatic colorectal 
carcinoma that was treated with either cryoablation alone or a combination of cryoablation 
and resection of metastatic lesions. The authors were able to demonstrate no difference in 
survival between groups, regardless of lesion size or number and irrespective of the age of the 
patient. Furthermore, a comparison of patients undergoing resection alone vs cryoablation 
did not demonstrate a difference in survival. This suggests that although cryosurgery is not 
the new gold standard of treatment, it certainly provides a viable alternative for patients who 
would otherwise be considered unresectable.

When evaluating patients for cryosurgery, pulmonary metastases are often an issue, as 
many patients presenting with hepatic metastases will have synchronous metastases in their 
lungs. Special consideration must be given to this group of patients, especially if their liver 
disease is amenable to cryosurgery and their pulmonary disease amenable to resection (i.e., 
unilateral with few nodules that are easily resected). In 1992, McCormack et al. published 
their series of patients with pulmonary metastases of colorectal carcinoma who underwent 
pulmonary resection (32). One hundred forty-four patients were included with 5- and 10-yr 
survival rates of 44% and 25%, respectively. In this trial, patients who were determined not 
to be resectable were treated with chemotherapy alone and had survival limited to 24 mo. A 
study from the National Cancer Center of Japan supported these fi ndings, with 159 patients 
undergoing pulmonary resection for colorectal carcinoma metastases with 5- and 10-yr 
survival rates of 40.5% and 27%, respectively (33). Furthermore, 33 patients in this series 
had hepatic metastases treated before their pulmonary metastases and had 5-yr survival rates 
of 33%. Taken together, these two series suggest that patients with resectable pulmonary 
metastases have excellent long-term survival and should be treated aggressively, including 
surgical treatment of hepatic metastases if indicated.

7. PREOPERATIVE EVALUATION

Patients who are candidates for cryosurgical ablation of colorectal hepatic metastases 
should undergo a routine preoperative evaluation to identify comorbidities. This includes 
a complete history and physical as well as routine laboratory evaluation, including tumor 
markers, with carcinoembryonic antigen (CEA) being the most important. In addition, it is 
imperative that the patient has no evidence of extrahepatic disease. A chest X-ray can be 
obtained to rule out pulmonary metastases; however, a chest computed tomogram (CT) is 
more sensitive and is appropriate to include in the initial investigations.

Table 2
General Indications for Cryosurgery

• Documented metastatic liver disease
• Absence of extrahepatic disease
• Surgically unresectable disease

• Limited hepatic reserve
• Bilobar/multilobar disease
• Tumor in close proximity to major vessels

• Tumor involving surgically resected margins
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Extrahepatic abdominal disease should be ruled out and the extent of hepatic disease must 
be determined in the preoperative evaluation as well. A contrast-enhanced spiral CT of the 
abdomen is an examination that will allow both of these areas to be fully investigated and 
is the most commonly used modality in the preoperative assessment of patients with liver 
tumors. In addition, the sensitivity of spiral CT for the detection of liver tumors is ≥90%,
with a specifi city ≥80% (34). Magnetic resonance imaging (MRI) has also been shown to be 
a promising tool for the evaluation of the hepatobiliary system. One randomized controlled 
trial comparing MRI to CT for the evaluation of liver tumors demonstrated CT to be more 
sensitive (78% vs 94%), however, this study used older MRI technology (35). Future studies 
will hopefully clarify the most sensitive and specifi c test for detection of colorectal cancer 
metastases to the liver.

The role for positron-emission tomography (PET) in the initial workup of the patient 
with hepatic metastases of colon carcinoma is currently under investigation. In 1999, Fong 
et al. published the results of a prospective trial in which patients at high risk for unresect-
able disease (by clinical criteria) scheduled for elective hepatic resection for colorectal 
metastases were evaluated with PET preoperative workup (36). In this trial, fi ndings on 
18F-fl uorodeoxyglucose (FDG)–PET scanning infl uenced the clinical management in 16 
patients (40%) and directly altered management in 9 cases (23%). These data suggest that 
PET is a useful study in patients at high risk for unresectable disease, which is likely to 
be the subset of patients considered for cryosurgery. However, prior to adding PET to 
the preoperative workup of all patients considered for cryosurgical ablation of hepatic 
metastases, a prospective, randomized trial should be performed to confi rm its clinical utility 
in this patient population.

8. CRYOSURGICAL TECHNIQUE

Following the preoperative workup, the eligible patient is taken to the operating room for a 
laparotomy. A standard intra-abdominal exploration is performed, taking care to evaluate the 
primary resection site. A hilar lymph node dissection is performed if there is any indication 
of involved nodes and the liver is fully mobilized. At this time, an intraoperative ultrasound 
is crucial to allow further evaluation of the liver.

Experience with IOUS indicates that approx 7–35% more lesions are detected than 
with preoperative imaging modalities alone. Overall, the use of IOUS alters the planned 
operative procedure in 20–40% of cryosurgical patients (37). A wide variety of equipment 
for performing IOUS is commercially available and each has its own advantages and 
disadvantages. For standard liver imaging 5.0- or 7.5-mHz I- or T-shaped, real-time, B-mode 
or linear-array transducers are commonly used. At the University of Wisconsin, we use 
state-of-the-art ultrasound equipment with dedicated operating room probes. We use one of 
three different ultrasound units: ATL 500 (Bothel, WA), Acuson Sequoia (Mountain View, 
CA), or GE Logiq 700 (Milwaukee, WI). The probes most frequently used in our institution 
are the T- or I-shaped high-frequency transducer (9).

Placement of the cryoprobe is accomplished under ultrasound guidance and great care 
is taken to avoid major vascular structures (Fig. 1). IOUS is used to guide the 18-gauge 
Tefl on-coated needle into position, approximately 1 cm beyond the distal margin. A guide 
wire is passed through the needle under ultrasound guidance. A peel-away sheath is inserted 
over the guidewire to allow for precise positioning of the probe, which is an especially useful 
technique for deep lesions. In order to get precise placement, we have borrowed a technique 
learned in prostate cryosurgery and place the needle and probe using a transverse approach. 
While the operator is scanning from the dome of the liver, the needle is placed into the lesion 
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perpendicular to the ultrasound beam. Once the needle enters the beam, it can be followed 
into place. This allows one to visualize the needle placement in both the x- and y-axes while 
minimizing operator movement on the dome of the liver. The z-axis can then be checked, 
either by rotating the T-shaped transducer 90° or by using an I-shaped transducer, ensuring 
precise placement of the probe into the lesion. Using this technique has allowed one to 
achieve local recurrence rates in the low single digits (31). Furthermore, if the lesion is too 
large to be encompassed by an iceball formed from one probe, as many as three separate 
probes can be placed to completely envelop the lesion using the above-described technique. 
At the University of Wisconsin, we favor a technique that involves introducing a 2.4-mm 
probe directly into a lesion using ultrasound guidance without passing a guidewire and 
sheath into the lesion. This “direct stick” technique saves time and allows for placement 
of up to eight separate probes into a single lesion. These additional probes can be placed 
in close proximity to the vessel to counteract the heat-sink effect seen when tumors are 
near large blood vessels. Placing the probes near the blood vessel increases the chance for 
obtaining tumoricidal temperatures along the tumor–vessel interface.

Once the probe is accurately placed under ultrasound guidance, the freezing process is 
started. The cryogen (usually liquid nitrogen or argon) is circulated through the insulated 

Fig. 1A. Panel A shows an IOUS of a metastatic lesion from a colorectal primary in a patient who also 
underwent resection of the opposite lobe. A major vascular structure can be seen in close proximity 
(solid arrow).
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probe shaft to the uninsulated tip. This results in a tip temperature of –140°C to –196°C
and adjacent tissue temperature of –100°C to –160°C. As the freezing begins, the iceball 
migrates outward from the tip of the probe and its progression is monitored by ultrasound. 
Characteristic changes include a rim of hyperechogenicity surrounding the iceball with 
posterior acoustic shadowing (Fig. 2).

Following four simple principles can maximize the actual tumoricidal effect. First, rapid 
freezing of the tumor must occur to temperatures ≤ –35°C. Second, the frozen state must be 
maintained for several minutes—we maintain the low temperature for at least 10 min. Third, 
the tumor should be slowly rethawed followed, by refreezing. Although the optimal number of 
freeze–thaw cycles is not entirely clear, it is accepted that one freeze–thaw cycle is suboptimal 
and most centers perform at least two freeze–thaw cycles (16,38). Upon completion of the 
freezing process, the probe is removed, hemostasis is assured and the abdomen is closed.

9. POSTCRYOSURGICAL COMPLICATIONS

Complications following routine cryoablation of colorectal metastases are infrequent 
(16,17). The most common complication seen is transient intraoperative hypothermia, 
which is easily prevented by using warming blankets and fl uid warmers and increasing the 
operating room temperature.

Fig. 1B. Panel B is a color-fl ow Doppler image of the same lesion prior to inserting the probe.
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If the cryolesion approaches the liver surface, cracking of the liver capsule and bleeding 
can occur. This is often easily managed by cautery, suture ligation, or packing the liver. 
The most common scenario in which this complication arises is in the cirrhotic patient with 
a rather noncompliant liver or in the patient with a large tumor. The placement of probes 
through normal liver prior to treating the tumor will usually prevent this complication.

Coagulapathy and myoglobinuria resulting in acute renal failure occur with an incidence 
of 1.4% and 3.7%, respectively (39). These sequelae should be treated by full support of the 
patient with vigorous hydration, alkalinization of the urine, and osmotic diuresis. Prevention 
consists of good intraoperative hydration and liberal use of low-dose dopamine to improve 
renal perfusion in patients with limited cardiac or renal reserve.

Elevation of liver enzymes occurs in the immediate postoperative period but is transient in 
nature. Liver transaminases usually return to the normal range by 48 h. Bleeding, although 
rare, is a major complication that can occur from the cryoprobe tract. It can usually be 
controlled with simple intraoperative measures such as packing the cryoprobe tract with 
a procoagulant. An uncommon cause of bleeding may be from thrombocytopenia caused 
by the freezing process. Thrombocytopenia by itself need not be treated, but when it is 
associated with bleeding, it requires platelet transfusion.

Fig. 1C. Panel C shows two probes (indicated by the arrows) precisely placed into the lesion to form an 
iceball that covers the entire lesion (panel D, opposite page).
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Finally, cryoshock is a complex of multisystem organ failure, including renal failure and 
disseminated intravascular coagulapathy that occurs following cryosurgery. This syndrome is 
responsible for 18% of all deaths after hepatic cryotherapy. Fortunately, it is a relatively rare 
complication; in fact, a survey of all groups performing hepatic cryotherapy demonstrated 
cryoshock to have an incidence around 1% (21 of 2173 patients) (40).

10. FOLLOW-UP AFTER CRYOSURGERY

Computed tomography scans should be obtained at 3-mo intervals for the fi rst 1 yr and 
it is of utmost importance that the radiologist be familiar with the natural history of a cryo-
induced lesion. If the patient shows no sign of recurrence, the interval can be increased to 
every 6 mo the second and third year. A patient that remains radiographically disease-free 
for 3 yr can then be followed every year with abdominal CT scans.

Radiographic changes of the cryo-induced lesion within 2 wk of surgery are quite distinct 
and well described by Kuszyk et al. (41). The authors of this retrospective review evaluated 
the postoperative CT scans from 14 patients with 28 separate cryolesions. The mean number 
of hepatic cryolesions per patient was 2 with a range of 1–7. All 28 lesions identifi ed were 
generally lower in attenuation than the surrounding hepatic parenchyma and extended to 
the liver surface. Identifi able foci of air were found in 36% of lesions. Additionally, 93% 
of the lesions generated in this series demonstrated high-attenuation areas consistent with 

Fig. 1D.
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hemorrhage. The shapes of the lesions on axial CT scans fell into one of three categories: 
wedge shaped, rounded, and teardrop. The most common appearance described by the 
authors was that of a wedge shape, seen in 15 of 28 lesions (54%).

After several weeks, the lesion undergoes liquefaction necrosis with eventual scarring. 
For several months postablation, the cryolesion demonstrates rim enhancement, which is 
the result of granulation tissue, infl ammation, and regeneration of the liver immediately 
around the scar, giving it a vascular appearance. This rim should appear smooth, uniform, 
and concentric. Evidence of nodular tissue growth in the rim should be biopsied to rule out 
recurrence or persistence of tumor. Figure 3 shows a CT scan of a lesion precryosurgery 
and postcryosurgery.

Tumor markers (CEA) should be followed every 3 mo for the fi rst year with the expec-
tation that the levels will initially rise following the procedure. If the levels remain 
elevated, persistence of disease should be suspected and a thorough investigation should 
be undertaken.

The literature demonstrates that patients who undergo liver resection for recurrent 
colorectal metastases do quite well—with 5-yr survivals of 25–41% (42–44). Despite there 
being little data available for repeat cryosurgery for recurrent disease, most centers use the 

Fig. 2. Panel A shows an IOUS image of a metastatic lesion (outlined in yellow) prior to cryosurgery. 
Panel B shows the same lesion after cryosurgery. Note the changes that have occurred with the rim of 
hyperechogenicity around the lesion itself (indicated by a white and yellow outline, respectively).
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resectional data as proof of principle and perform the repeat cryosurgery. At the University of 
Wisconsin, we will perform repeat cryosurgery in highly selected patients. Furthermore, we 
have anecdotal evidence patients can enjoy long-term survival of 10 yr or better.

Fig. 3. Panel A shows a lesion precryosurgery (white arrow) and panel B is the same lesion approx 1 mo
following cryosurgical ablation.
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11. FUTURE DIRECTIONS

Recently, investigators have evaluated laparoscopic cryosurgery. Initial results with this 
technique have been favorable with good outcomes and low complication rates (45,46). For 
this procedure to be successful, the surgeon must have a sensitive method for examining the 
liver. Because of this, laparoscopic ultrasound (LUS) probes have been developed. A recent 
publication from the University of Virginia investigated the sensitivity of LUS for detection 
of liver lesions (47). In this study, the authors created lesions in the liver of a pig and 
compared the detection rate using LUS to the detection rate of IOUS and manual palpation. 
They found LUS to have a sensitivity of 94% in this animal model, with a specifi city of 77%. 
In the second part of the study, the authors compared LUS to IOUS and manual palpation 
in 15 patients undergoing exploration for colorectal cancer. Similar to the pig model, the 
authors fi rst examined the patients’ livers using LUS, then performed laparotomies and 
examined the livers using IOUS and manual palpation. LUS found four of the fi ve metastatic 
lesions for a sensitivity of 80% and a specifi city of approx 91%. These results suggest that 
LUS is a sensitive modality for examining the liver and can be used to detect metastatic 
lesions. However, the sensitivity is less than that of IOUS with manual palpation, so the 
routine used of laparoscopic cryosurgery with LUS guidance cannot be recommended.

Investigations into minimally invasive techniques not involving laparoscopy are currently 
underway at the University of Wisconsin. In 1999, Lee et al. published their data on a 
minilaparotomy procedure performed in a porcine model (48). In this study, the authors used 
prototype thin-shaft probes with sharp tips for direct puncture. IOUS was performed using an 
end-fi re, convex-array 5.0-MHz transrectal transducer (Aloka SSD-2000; Aloka Ultrasound, 
Inc., Wallingford, CT). The ultrasound transducer and probe were passed into the animal’s
abdomen using a very small midline incision (approximately 2–4 cm on average). The authors 
were able to demonstrate adequate margins in more than 95% of all animals treated with 
either one or two probes. All animals treated survived the procedure and none suffered 
bleeding complications. This same group has also performed investigation on percutaneous 
cryosurgery under CT guidance in a similar porcine model (49). Again, the authors were able 
to successfully treat all iatrogenically induced lesions with a mean margin of 1.7 cm. In this 
study, only one animal had a positive margin, which was secondary to equipment failure.

Tumor recurrence both in the liver and at the site of previously treated lesions is clearly 
a major obstacle in expanding the use of cryosurgery. Identifi cation of antifreeze proteins 
(AFPs) and their utility in cryosurgery has provided a promising adjuvant therapy that 
may result in a clinical tool to decrease the local recurrence rate. The exact mechanism 
by which AFPs function to enhance the killing effect of cryotherapy is unknown, but 
the crystal structure of the relationship between the AFP and ice crystal may provide a 
potential mechanism (50). AFPs cause the ice crystal to form in a needlelike structure, which 
hypothetically could be quite deleterious to the cell. These proteins have been shown to 
function in tissue culture but have never been demonstrated to be effective in humans. To 
date, only one trial has evaluated the activity of these proteins in an animal model (51). In 
this study, rat livers were excised and perfused with either phosphate-buffered saline (PBS) 
or PBS supplemented with antifreeze proteins. The livers were then frozen using a fl at-
surfaced cryosurgical probe for either one or two freeze–thaw cycles. Upon completion of 
the freeze–thaw process, the livers were examined for viability using a two-color fl uorescent 
dye assay that utilizes the plasma membrane integrity to differentiate between live and dead 
cells. After one freeze–thaw cycle, between 17% and 37% of cells were destroyed by freezing 
without AFP and this number did not change signifi cantly with two freeze–thaw cycles. 
However, in the presence of AFP, one freeze–thaw cycle caused the cell death of 25–40% of 
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cells, whereas two cycles increased this cell death to 40–70%. Obviously, conclusions are 
limited by the fact that this is an ex vivo model with normal livers that were chilled to 4°C
prior to cryoablation. However, it does give some hope that AFPs may provide some benefi t 
toward enhancement of cell death by the freezing process.

Regional therapy with chemotherapeutics delivered by a hepatic arterial infusion pump 
for colorectal cancer that has metastasized to the liver has been studied extensively (52–58).
Some centers have taken the hepatic arterial infusion (HAI) delivery system and applied it 
to the adjuvant setting in patients who have undergone hepatic resection with curative intent, 
in an attempt to decrease the recurrence rate.

One trial examining the role of adjuvant 5-FU delivered by HAI after cryosurgery is avail-
able and demonstrated that the therapy was feasible and well tolerated in this nonrandomized 
prospective analysis of 30 patients (59). Experience at the University of Wisconsin indicates 
that chemotherapy can be safely delivered following cryosurgery or cryosurgery plus 
resection using continuous HAI (unpublished observations). Further investigation into this 
question is certainly warranted and the results are potentially quite exciting.

12. SUMMARY

Although resection remains the standard therapy for colorectal metastases to the liver, 
cryosurgery is a reasonable alternative for patients with unresectable disease. However, it 
is important to emphasize that cryosurgery is still very much a technology in development, 
which should not be applied indiscriminately. Patients should be carefully selected and 
the procedure undertaken by a skilled team with an intimate knowledge of hepatobiliary 
anatomy, physiology, and surgery. A skilled radiologist is an essential member of the 
cryosurgical team.

The immediate future for further development of cryosurgery includes the combination of 
surgical resection and cryoablation. Additionally, there is suffi cient early clinical trial data 
to support enthusiasm for the use of hepatic arterial infusion chemotherapy as an “adjuvant”
treatment for postresection and cryoablation patients. These multimodality approaches to 
patients with hepatic metastases appear to be signifi cantly increasing the number of patients 
who gain long-term benefi t and improved quality of life.
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1. INTRODUCTION

The variety of techniques that have been developed and applied to treat metastatic colon 
cancer to the liver is a testament to the importance of this clinical problem and to the failure 
of any single technique to have provided a solution in this clinical situation. Radiofrequency 
thermal ablation (RFA) is one of the most recent techniques to be applied to the treatment of 
primary and metastatic disease in the liver. It can be categorized together with cryosurgical 
ablation and direction injection of alcohol, chemotherapeutics, or gene therapy vectors as 
a treatment that targets a specifi c area or region of the liver. These treatment strategies can 
be characterized as “subregional” regional therapy as opposed to vascular-based treatment 
that treat the entire liver. RFA is the opposite of cryoablation, as it uses heat generated by 
electrical current to directly destroy tissue, as opposed to cold temperatures to accomplish 
the same goal (1).

In this chapter, the history and development of RFA technology, the current technology 
used for RFA, and the clinical results using this new treatment applied to colorectal 
metastases in the liver will be discussed. Although the focus of this chapter is on the treatment 
of colorectal metastases to the liver, much of the initial literature concerning treatment of 
liver tumors with RFA combine primary hepatoma (2) plus a variety of metastatic tumor 
types without discussing the results of each histology separately. In this regard, some of 
the data discussed will apply generally to a variety of metastases, including colorectal and 
primary hepatoma.



438           Fraker

2. HISTORICAL DEVELOPMENT

Radiofrequency thermal ablation utilizes high-frequency alternating current to generate 
heat within tissues to the point where complete tissue destruction (cell death) occurs as 
coagulation necrosis. The use of heat in medicine dates back to antiquity, as direct application 
of heat was used to treat hemorrhage and tumors of the breast as early as 7000 BC. A major 
advance in the use of heat for treatment of a variety of diseases was made by d’Arsonval 
in Paris in the 1890s (Table 1). For the fi rst time, d’Arsonval produced heat in tissues by 
applying a high-frequency alternating current instead of direct application of an externally 
heated object or substance (3). Electrical currents from standard electrical outlets typically 
provide energy at 120 V with a 60-Hz alternating current. Application of such a current to 
human tissue causes pain resulting from nerve and muscle stimulation as experienced in an 
electrical shock. d’Arsonval demonstrated for the fi rst time that increasing the frequency of 
the alternating current to 10,000 cycles/s (10 kHz) eliminates the pain of nerve and muscle 
stimulation and generates heat in the surrounding tissue. This heat is generated by rapid 
shifts in the direction of the ionized molecules in the tissue at such a high frequency that 
“molecular friction” is produced. This application of alternating current in a focused manner 
is the principal of RFA of tissues.

An important advance in this fi eld occurred when Doyon, also working in Paris, developed 
a biterminal electrical system for the treatment of cancer in a human patient (3). He 
constructed two opposing electrodes, one that was a smaller treatment electrode and a second 
that was a large dispersive electrode for the return current. This asymmetric electrode 
system produced tissue injury at the smaller electrode when energy is more focused while 
protecting the skin at the larger electrode where energy is dispersed over a large area. 
This approach eventually led to the development of an electricosurgical cautery unit by 
Bovie, who was working with Cushing in Boston in 1928 (Table 1). The same principles of 
monopolar electrocautery with a dispersive pad electrode and bipolar cautery developed by 
these pioneers are in use today as a standard surgical tool in operating rooms throughout 
the world. Technical advances in the 1960s and 1970s, such as development of solid-state 
transistors to replace bulky spark-gap condensers, led to a signifi cant decrease in size of the 
electrocautery units as well as more reliable and reproducible energy production.

The fi nal advance that led to the current interest in application of RFA to the treatment of 
hepatic tumors was the development of new electrode-designed technologies that can create 
reproducible three-dimensional thermal lesions as opposed to surface cautery (4). Initial 

Table 1
Key Events in the Historical Development of RFA of Hepatic Tumors

1891 d’Arsonvol in Paris demonstrated that high-frequency alternating current creates heat 
1892     and not painful muscle contraction.
1909 Doyon in Paris applies a biterminal electrode to a patient for the treatment of cancer.
1928 Bovie and Cushing design the prototype electrosurgical cautery unit in Boston.
1960–1980 Advances in solid-state transistor technology decrease size and increase reliability of 

    electrosurgical devices.
1990 Retractable multiprong electrodes developed which create thermal lesions, up to 3 cm

    in size.
2000 New electrodes with high-energy generator increase size of thermal lesions up to 5 cm

    or more.
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linear electrodes produce a cylinder of tissue destruction surrounding the device, which is 
relatively diffi cult to apply to more spherically shaped tumor metastases. The development of 
a technology with a retractable circular array of electrodes that can be advanced from a linear 
cylinder has allowed for production of a nearly spherical thermal lesion in hepatic and other 
tissues. Initial array electrode models created spherical lesions in the size range of 3 cm.
Current technologies with second-generation electrode using more powerful generation 
create 5 cm or larger lesions (5).

3. CURRENT TECHNOLOGY OF RFA DEVICES

The devices used currently for RFA of hepatic lesions utilize the principles delineated in 
the previous section describing the historical development of radiofrequency devices that 
resulted in this commonly available electrosurgical cautery units. Specifi cally, RFA requires 
a generator to produce a current, a monopolar treatment electrode, and a dispersive electrode 
for the return current (6). Current generated between the two electrodes can be focused by 
the creation of a treatment electrode of a certain size and shape that allows signifi cant impact 
on tissue in contact with this electrode. The frequency that is utilized with the current devices 
is in the range of 200–1200 kHz. The application of alternating current at these frequencies 
creates a back-and-forth motion of ions at the electrode–tissue interface that creates heat 
resulting from the friction caused by the rapid motion in the tissues. The electrode itself is 
not directly heated by the application of the electrical current, but, over time, with generation 
of heat in the surrounding tissue, it becomes hot. The rate of heat generated is proportional 
to the frequency of the alternating current applied between the two electrodes. The area of 
destruction or the so-called “thermal lesion” created is related to the size and shape of the 
electrode and to the output of energy from the generator.

Interstitial RFA differs from standard electrocautery units as the bovie cautery either 
touches or arcs current to the surface, whereas in interstitial RFA the electrode is inserted 
entirely within the tissue. Initial interstitial electrodes were linear and created a cylinder 
of tissue destruction or a sleeve of ablated tissue surrounding the electrode. Retractable 
multiprong electrodes allowed a more practical shaped thermal lesion to be created that 
is either spherical or elliptical (7). These currently used electrodes are passed into tissues 
as a linear electrode but have retractable prongs stored within the hollow cavity of the tip 
of the electrode that can be deployed to create fi nal orientation within the tissue (Fig. 1). 
Two prototype multiprong radiofrequency treatment electrodes have been developed that 
utilize a different approach in assessing the progress and completeness of the destruction 
of malignant tissue in the liver. Radiotherapeutics Corporation (Sunnyvale, CA) uses an 
algorithm with a stepwise increase in frequency of the alternating current that treats a given 
area until tissue impedence, which is resistant at current fl ow in the tissue, rises to a specifi c 
level (Fig. 2). As heat is created in the area of the active monopolar electrode, there is a 
progressive destruction as liquid substances within the tissue are vaporized. Initial tissue 
impedence is low, but as the treatment is applied and the tissue becomes more desiccated, 
impedence rises, as measured by monitoring devices on the opposing prongs of the electrode. 
When impedence reaches a specifi c point across opposing tips of the prongs of the electrode, 
it has been estimated that all viable tissue within that thermal lesion has been destroyed and 
this indicates completion of therapy, and the application of current is terminated.

A second corporation, RITA (Mountainview, CA) utilizes a similar multiprong electrode 
but has thermal coupling devices at the tips of the electrodes to measure tissue temperature 
at the site of radiofrequency ablation. The algorithm for creating a thermal lesion with 
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Fig. 1. This photograph shows the retractable prongs in a hollow electrode. A device in the handle of the 
electrode allows a prong to be advanced once the tip of the probe is inserted into the liver. The photograph 
shows the prongs retracted (right) and then fully advanced into a circular array (left).

Fig. 2. Graph showing the changes in power from a generator as well as tissue impedence over time during 
RFA using a Radiotherapeutics device. It can be seen that as the impedence increases, the power dissipates. 
An initial treatment is performed, and after a 30-s interval, the power is restarted; when impedence 
increases a second time, the treatment is felt to be complete.
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the RITA device depends on reaching a certain temperature within the tissue and then 
continuing treatment for a defi ned period of time at that temperature. The differences and 
the specifi c details of the devices from these two major suppliers of RFA technology are 
given in Table 2.

Clearly, when applying RFA as the sole treatment for metastatic tumor within the liver, 
complete destruction of all viable tumor cells is mandatory for successful treatment. Any area 
of the tumor not completely destroyed by RFA will eventually regrow, causing a local failure 
at that site. The ability to judge which approach to creating RFA thermal lesion depends on 
accurate long-term follow-up of patients treated with these two or other devices, particularly 
monitoring the local relapse rate of lesions with similar characteristics.

4. TECHNIQUE OF RFA

Independent of the specifi c manufacturer of the RFA probes and generator, the general 
technique or the approach to the procedure is similar. One key component of RFA of a lesion 
in the liver is successful placement of the electrode within the tumor with the center point of 
the eventual array of electrodes located at the appropriate site. Radiofrequency ablation with 
placement of the electrode into the liver may occur in three types of clinical procedures: an 
open surgical procedure, a laparoscopic surgical procedure, and a percutaneous insertion 
typically performed in interventional radiology. For all of these situations, ultrasound is 
essential to verify that the tip of the electrode is placed into a precise point of the tumor, 
verifi ed in three dimensions to create an appropriately placed thermal lesion relative to 
the tumor volume. Again, the application of RFA energy will destroy normal liver in an 
equivalent manner as tumor metastatic to the liver; therefore, appropriate destruction of 
tumor is completely dependent on the correct placement of the electrode. The advantages 
and disadvantages of these three approaches are listed in Table 3.

Percutaneous RFA has the advantage of minimal morbidity, as it avoids a general 
anesthetic and a surgical procedure (8). However, the percutaneous approach is limited in 
terms of the number of lesions and, in some ways, the location of lesions that can be treated. 
It is diffi cult to access a tumor metastasis that is deep or superior in the right lobe of the 
liver, as this area may be behind the inferior lung near the diaphragm, making it hard to 
see by ultrasound evaluation. Also, placement of a catheter and lesions in this location may 
transgress the lung, causing a pneumothorax or other potential pulmonary injury. Tumors 
that are located along the inferior surface of the liver may abut the hepatic fl exure of the 
colon in the right lobe of the liver or the stomach and duodenum in the left lobe. Treatment 
of lesions located in this area may lead to injury to the adjacent bowel, and lesions in these 
locations cannot be treated percutaneously (Fig. 3).

Table 2
Comparison of Types of Multiprong Electrodes Available for RFA of Hepatic Tumors

Company Radiotherapeutics RITA

End point when creating thermal lesion Tissue impedence Tissue temperature
Initial electrode characteristics
    No. of prongs 10 4
    Diameter of thermal lesions 2 cm/3.5 cm 3.0 cm
Second-generation electrode characteristics
    No. of prongs 10 7
    Size of lesion 4 cm 5 cm
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An open surgical technique, which is the most common way to administer RFA, obviously 
requires a general anesthetic and that the patient be healthy enough to tolerate a laparotomy. 
However, one major advantage of an open procedure is that it allows a more accurate staging, 
not only of the liver but also for extrahepatic disease. With an open technique, it is possible 
to mobilize the liver and retract structures so that essentially all areas of the liver, including 
the caudate lobe, would be accessible to RFA. Lesions that are on the surface of the liver, 
particularly along the inferior aspect where tumor may be in contact with the gall bladder or 
the right colon or stomach, may be treated with all adjacent areas dissected away and packed 
outside of the fi eld so that no inadvertent thermal injury occurs. An open RFA technique can 
often be combined with a hepatic resection in which a single lesion located centrally that 
may be ablated within the contralateral lobe is resected. Finally, the open technique allows 

Table 3
Advantages and Disadvantages of Approaches for Creation

of Radiofrequency Lesions in the Liver

 Advantages Disadvantages

Percutaneous • Low morbidity • Incomplete staging
• No general anesthetic • Unable to visualize and treat 
• Unable to treat surface lesions  superior right lobe of liver

Open laparotomy • Accurate staging • General anesthesia
• Ability to treat extensive disease • Morbidity of laparotomy 
• Access to place intra-arterial   incision

  pump and do hepatic resection

Laparoscopic • Accurate staging • General anesthesia
• Low morbidity • Specialized equipment and 

    surgical skills

Fig. 3. An intraoperative photograph of a liver during an open ablation, showing the changes in the surface 
of the liver, with this lesion becoming somewhat charred by RFA treatment. A lesion such as this on 
the surface cannot undergo percutaneous treatment because of potential thermal injury to surrounding 
structures that can be dissected away during an open surgical procedure.
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patients who have bilobar unresectable colorectal metastases to have an intra-arterial hepatic 
infusion pump placed at the same procedure (9) (Table 3).

Laparoscopic application of RFA combines some of the advantages of both the open 
surgical procedure as well as the percutaneous approach but requires signifi cant expertise and 
training as well as adequate equipment for laparoscopic surgery and laparoscopic ultrasound 
(10). A laparoscopic procedure is, by defi nition, a minimally invasive surgery and causes 
less morbidity than the open procedure and, in that way, is more similar to a percutaneous 
approach. However, laparoscopic approach allows better staging as well as better access 
with the use of laparoscopic ultrasound to all areas of the liver compared to the percutaneous 
technique. If one is using the laparoscopic approach, it is mandatory that laparoscopic 
ultrasound be available and that both the radiologist and the surgeon have to have skill in 
using this technique to appropriately place the electrode into the area of the tumor (11).

One major criticism of RFA has been the maximal size of a thermal lesion that can be 
created, signifi cantly limiting the ability to treat larger tumors that encompass the majority 
of the patients in need of such ablative techniques. The maximal size of a thermal lesion 
with complete destruction of the tumor with the initial versions of the multiprong retractable 
electrodes was in the range of 3–3.5 cm in diameter. Lesions larger than these could be 
treated only by overlapping multiple thermal spheres to encompass the entire tumor with a 
smaller rim of surrounding liver (6). Because the volume of a sphere is directly related to 
the cube of the radius (volume of sphere = [4/3]πr3), as the size of a tumor increases, the 
volume of the lesion rises quite rapidly. Table 4 describes the volume of a 3.5-cm thermal 
lesion and shows the number of these thermal lesions that would be necessary to treat lesions 
of a larger size. However, this calculation in Table 4 grossly underestimates the number of 
overlapping thermal lesions that are required to successfully ablate tumors of a given size. 
This underestimation occurs for two reasons. First, it is important to treat a rim of normal 
liver surrounding the tumor and not just the tumor itself. If one desires to treat a 0.5-cm rim 
of normal liver around the tumor to make certain that there is no viable tumor at the margins 
of the lesion, then the size of the diameter of the thermal lesion needed for a 5-cm tumor is 
6 cm, and for a 6-cm tumor, it is 7 cm, and so on. The second problem is that these volume 
calculations assume that overlapping spheres can be created and combined such that each 
of the volumes treated is itself translated completely into the fi nal thermal lesion. However, 
the geometry of overlapping spheres obviously would leave gaps in between the spheres 
such that to create a completely treated sphere 6 cm in diameter, it would take many more 
than the calculated fi ve thermal lesions to completely encompass this size sphere with no 
untreated gaps.

Table 4

Calculated Volume of Sphere at Various Sizes Compared to Volume of a 3.5-cm Thermal Lesion

  Number of 3.5-cm thermal lesions
Diameter of lesion (cm) Calculated volume (cm3) needed to ablate the entire area

13.5 122.5 11.0
14 133.5 11.5
15 165.5 12.9
16 113.1 15.0
18 260.2 11.9
10 521.8 23.3
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The approach to a patient with metastatic colon cancer to the liver starts with the assess-
ment of the number and size of the metastatic lesions. Although patients are often screened 
by computed tomography (CT) scans, the ability of CT scans to identify small tumor 
lesions is not as sensitive as a magnetic resonance imaging (MRI) scan with gadolinium 
enhancement. The CT scan or MRI scan would then need to be reviewed to determine the 
number and size of colon cancer metastases. The goal of RFA is to treat an area of normal 
liver surrounding the tumor; therefore, lesions must be smaller than 3 cm and preferably 
2.5 cm to allow them to be treated completely with one thermal lesion (12). For lesions 
>3 cm, the calculations given in Table 4 can be applied to estimate the number of thermal 
lesions that need to be created. For practical purposes, because each thermal lesion that is 
created takes between 15 and 30 min, including the heating time as well as placement of 
the electrode in the appropriate position, then creating 10 thermal lesions accounts for 
2.5–5 h of RFA time. For most surgeons, ultrasound radiologists, and operating rooms, 
this would be near the maximal amount of time that could practically be allotted for such 
a technique. Therefore, patients who either because of the number of tumors or the size 
of their tumors have a need for greater than 10 thermal lesions to be created to treat all 
tumors, RFA may not be practical.

The majority of patients with colorectal cancer and metastases are treated with an open 
surgical technique, because almost by defi nition, they have multiple or bilobar lesions. If 
they do not have bilobar lesions and have reasonable performance status, they would, of 
course, be candidates for surgical resection. The operation is conducted by either a right 
subcostal or midline incision with exposure of the liver by dividing the falciform ligament 
and the triangular ligaments of the liver as required. Intraoperative ultrasound (IOUS) is 
then utilized both to confi rm the number and presence of tumor metastases and to look for 
additional lesions missed by the preoperative imaging studies. One recent study reported 
that IOUS identifi ed additional disease in 25/66 patients (38%) undergoing laparotomy 
for open RFA. Intraoperative ultrasound is also mandatory for placement of the electrodes 
as described earlier (Fig. 4). After correct positioning of the electrode in the center of a 
lesion with advancement of the fi nal circumferential prongs, a treatment algorithm is then 
employed based on the design of the generator. For Radiotherapeutics RFA procedures, the 
algorithm depends on the creation of increased tissue impedence in the lesion; the design 
of the algorithm is shown in Fig. 5. For RITA, the algorithm is based on reaching a certain 
temperature and then treating for a certain period of time; the algorithm for RITA is shown 
in Fig. 6. For lesions that require overlapping thermal spheres because of their size, it is 
important to plan with the ultrasonographer how many thermal lesions are going to be 
required and what the orientation of these lesions are going to be relative to the size and 
shape of the metastatic tumor. After deciding the number and locations of the thermal lesions, 
the sequence of these lesions are created by starting with the deepest or farthest away point 
from the surface. This approach is used because the air released by the RFA obscures the 
ultrasound identifi cation of the tissue inferior or deep into that area after the initial lesion 
is created (13) (Fig. 7). Therefore, if one started at the surface, it would be diffi cult to see 
in order to correctly place the electrode for the deeper locations. By starting at the deepest 
location, one can work backward toward the surface in an area that is still able to be well 
visualized by intraoperative ultrasound.

For lesions that did not reach the appropriate temperature or do not reach the tissue 
impedence that would signify the end of therapy, different techniques can be applied to 
facilitate complete RFA. For lesions near blood vessels in which the high fl ow through these 
intrahepatic vessels act to dissipate heat, one can apply a Pringle maneuver or occlusion 
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of the porta hepatis structures to limit blood fl ow into the liver (14). By doing this, the 
dissipation of heat by vascular fl ow is diminished and successful treatment may proceed. It 
has been reported that vascular infl ow occlusion has led to the creation of thermal lesions 
larger than would be predicted by the size of the electrode array. A second approach is 
to partially retract the prongs of the electrodes to a smaller size, and, as impedence or 
temperature increases with this smaller or more focused electrode, then to slowly readvance 
the prong into the surrounding tissue. By applying the energy of the generator through 
the treatment electrode at a smaller size, it allows a greater energy to be delivered for that 
surface volume and then the prongs can be fully deployed to complete the thermal lesion 

Fig. 4. Illustration of the use of an intraoperative ultrasound probe to guide the placement of radiofrequency 
electrode (A) with the tip placed into the center of the malignant lesion (B).
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of the appropriate size. Other investigators have injected saline into lesions at the time of 
RFA to augment the ablation (15).

5. CLINICAL EXPERIENCE WITH RFA

Because RFA is a relatively new technique, clinical results reported in the literature are 
quite sparse with relatively minimal follow-up. Also, the initial application of RFA was 
primarily to treat hepatomas in cirrhotic patients who could not tolerate hepatic resection 
(16,17). Therefore, there is a larger literature with more long-term follow-up for this histology 
than for patients with colorectal metastases (18,19). The results of treatment of colorectal 

Fig. 5. Algorithm employed by the Radiotherapeutics Corp. to determine changes in power generated and 
times of treatment based on increases in tissue impedence.
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Fig. 6. Algorithm of the treatment employed by the RITA device in which temperature measured by thermal 
couples on the tips of the electrode determines the length of treatment.

Fig. 7. Illustration of the prongs of the electrode in the tissue and the air that is generated during the 
destruction of a lesion near a major vein. The deep areas of the lesion need to be treated fi rst, as the air 
generated by the initial thermal lesion obscures areas deep into that area visualized by ultrasound (IVC = 
inferior vena cava; RHV = right hepatic vein).
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metastases are often included in institutional reports or series that combine treatment of 
colorectal metastases with RFA of other metastases to the liver as well as primary hepatomas. 
In many cases, it is diffi cult to extract the data specifi cally for colorectal carcinoma patients. 
Also, there is some diffi culty in interpreting the response to RFA treatment using standard 
criteria. The most appropriate way to follow lesions treated by RFA is in terms of local 
progression or recurrence of treated lesions (20). It is not appropriate to report results of 
RFA in terms of the standard criteria for regression defi ning complete responses, partial 
responses, or minor responses. In fact, for inexperienced radiologists, the initial post-RFA 
CT or MRI scan is often read as progressive disease, as lesions appear larger than they were 

Fig. 8. Preoperative (A) and posttreatment (B) fi lms of a lesion that has undergone RFA.
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on the pretreatment scans (Fig. 8). If one successfully applies RFA to create a thermal lesion 
that includes the entire tumor and a surrounding rim of 0.5–1 cm of liver in all directions, 
the initial lesion will be increased by the size of this margin of normal liver. With complete 
destruction of the tumor and this surrounding rim of liver, the tissue becomes very hard and 
has a consistency of vulcanized rubber, with no blood fl ow within these areas. Therefore, 
resolution or disappearance of these RFA-treated areas appears to take quite some time and 
they appear as almost cystic lesions on follow-up imaging studies. The most appropriate 
way to follow these lesions in terms of imaging studies would need to account for metabolic 
activity or blood fl ow as a surrogate marker for viability (21). Gadolinium-enhanced MRI 
scans or possibly positron-emission tomographic (PET) scans may provide such information 
and again size of the lesion is less important than areas of enhancement.

Because RFA obviously affects only on the areas where it is applied, progression of any 
tumors in other parts of the liver or in extrahepatic locations do not refl ect the success of 
the radiofrequency treatment itself. Therefore, the most important data that are available in 
follow-up are lesion-per-lesion assessments of local recurrence evidenced by progressive 
enlargement of the areas on sequential scans, particularly in the setting of enhancement, 
which indicates viable tumor. The best and most mature series of RFA in the literature 
at this time comes from institutional reports from Curley et al. at M.D. Anderson Cancer 
Center in Houston (22), Siperstein et al. initially at UCSF and most recently at the Cleveland 
Clinic (23), Bilchik et al. at the John Wayne Cancer Institute in Santa Monica (24), and 
deBaere et al. from France (25) (Table 5). All of these series combine patients with colorectal 
metastases, other metastases, and primary hepatomas. Curley et al. treated most patients with 
an open surgical approach and used percutaneous treatment for patients with small lesions 
or single lesions that were located in the periphery of the liver. These patients primarily 
had hepatomas in the setting of cirrhosis. Siperstein et al.’s patients were all treated by 
laparoscopic approach (23). Bilchik et al. treated patients with combination approaches, 
including several patients who also had resection. deBaere et al. treated the majority of cases 
by percutaneous ablation, with one-third of the group having an open ablation.

In the series from M.D. Anderson, 2 out of 61 patients (3.2%) treated with colorectal 
metastases had regrowth of tumors treated by RFA or local recurrences (22). One of these 
patients had a lesion that was >6 cm in size that required multiple overlapping treatment 
series. The second patient who recurred locally had a lesion that was located between the 
right and middle hepatic veins near the inferior vena cava at an area that may be diffi cult to 
treat or may have been protected by the high blood fl ow. In the series from Siperstein et al., 
there were 64 colorectal metastases treated in 18 patients (23). Twelve of the 64 metastases 
regrew (17.6%) and the local recurrences happened in 7 of 18 patients (39%). In the series 
from Bilchik et al., 15 of 84 patients had recurrence (24) (17.5%). The distribution of the 
local recurrences among tumor histologies is not given nor are there any data in this series 
regarding tumor markers. However, it is noted that all of the local recurrences in Bilchik 
et al.’s series occurred in lesions >3 cm in size, in which overlapping thermal fi elds were 
applied. Roche had a similar overall recurrence rate of 17% with appropriate follow-up. 
In this series from Paris, the recurrence rate was almost twice as great for percutaneous 
RFA treatment (10%) than for open RFA (6%). Like Siperstein et al.’s and Bilchik et al.’s
experience, almost all of the local recurrences occurred in larger lesions. The length of 
follow-up in the Siperstein series was 13.4 mo, which is similar to the follow-up of the M.D. 
Anderson and Paris series, with shorter follow-up in the Bilchik et al. series. Independent 
predictors of local failure in Siperstein et al.’s series included a lack of increased lesion size 
on a CT scan obtained 1 wk prior to following RFA. This early follow-up scan would be 
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Table 5
Clinical Series of RFA for Various Hepatic Tumors Including Colorectal Metastases

Reference

 22 23 24 25

Number of patients 123 144 184 68
Number of tumors 169 181 231 121
Tumor type 161 Colorectal (50%) 164 Colorectal (35%) 137 Colorectal (44%) 158 Colorectal

148 Hepatoma (39%) 111 Hepatoma (6%) 111 Hepatoma (13%) 110 Other metastatic
114 Others 179 Neuroendocrine (44%) 110 Melanoma (12%)

     (Distribution of patients)     (proportion of tumor) 126 Other (31%)
Operative approach 192 Open (75%) 100% Laparoscopy 139 Open (43%) 121 Open

131 Percutaneous (25%) 1 27 Laparoscopic (11%) 147 Percutaneous
1 25 Percutaneous (27%)

Median size of tumors (range) 113.4 cm (0.5–12 cm)   <1–10 cm 112 cm (0.3–9 cm) 112.0 (0.5–4.2 cm)
Median follow-up 115 mo ≤12.9 mo 119 mo 113.7 mo
Local recurrence rate 113/109 (1.8%) 128/181 Overall (15.4%) 115/84 Patients (17.8%) 19/100 Lesions total (9%)
     (2 colorectal, 1 hepatoma) 110/64 Colorectal (28%)  119/54 pts total (17%)

110/11 Hepatoima (0%)  117/67 Percut. (10%)
116/79 Neuroendocrine (7.5%)
114/27 Other (15%)

Normalized tumor marker 176/105 117/18 Colorectal (39%) Not available Not available
CEA/AFP (72.4%) 113/11 Hepatoma (27%)

110/29 Overall (34%)11
RFA device Radiotherapeutics RITA RITA Radionics
Complication 1 Hemorrhage into tissue None 7 Complications (6%) 13/68 Patients (4.4%)
   113 Hepatic abscesses, 2 Hepatic abscesses
   1111including 1 death 1 Bile peritoneum
   111 Hemorrhage
   111 Myocardial infarct
   111 Liver failure
   111 Skin burn
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indicative of treatment of a rim of surrounding normal liver, and failure to make a larger 
lesion would be equivalent to failure to obtain an adequate margin in the thermal lesion. 
Additional variables that were associated with recurrence were histology of adenocarcinoma 
or sarcoma, as opposed to neuroendocrine tumors or hepatomas, which had better control 
(23). Also, as would be expected, larger lesions and tumors with evidence of necrosis 
pretreatment had a greater tendency to recur.

In all series of RFA of hepatic lesions, including the four above-described large series, 
the toxicity of this technique is minimal, ranging from 0% to 8% of patients (Table 5). 
In comparing RFA to the more time-tested technique of cryosurgery, the overall safety 
with very minimal morbidity to the patient is one of the best reasons to promote this as an 
ablation technology. In the series from M.D. Anderson, there was one patient who required 
transfusions after an intrahepatic bleed into a hepatoma associated with major vessels (22).
There were no major complications seen in the Siperstein et al. series (23). There was a 
higher rate of complications in the Bilchik et al. series, with a rate of 8% (24). The most 
common complication was hepatic abscess formation that occurred in three patients. Two 
of these three were after percutaneous ablations. One hepatic abscess occurred in a patient 
who had a lesion near the dome of the liver and it caused not only necrosis of the tumor but 
led to diaphragm necrosis and an abscess in this area, resulting in the demise of the patient, 
with the death directly related to RFA, as stated by the authors. They felt that it would have 
been more appropriate to do an open RFA in this location and this would have avoided the 
diaphragm injury and, hopefully, the fatal sequence of events. A second abscess was related 
to a percutaneous ablation that caused disruption of an adjacent bile duct and required 
biliary stenting and percutaneous drainage. The fi nal abscess was a delayed recurrence 5 mo 
after treatment of a large hepatoma with an open technique. Other complications included 
hemorrhage from the treatment site, a skin burn in a percutaneous ablation where they 
were ablating the treatment tract, and two complications not directly related to RFA of a 
perioperative myocardial infarction and liver failure in a patient who had a combined major 
hepatic lobar resection (24). The complication rate was somewhat less in the series from 
deBaere at 4.4%, again having two patients with hepatic abscesses similar to the rate seen 
on a per lesion basis from Bilchik et al. (24). These were treated with percutaneous drainage 
and antibiotics with no untoward effects. They also had a complication of a bile leak, causing 
bilo-peritoneum. In summary, the most common complications seen with RFA appears to 
be an infection in the ablated lesions and this appears to occur at the rate of 1.3% of lesions 
treated when all series are combined.

 One recent study reported a nonrandomized direct comparison within a single 
institution of the effi cacy and morbidity of RFA and cryosurgery. Cryosurgery treatment 
of 88 tumors in 54 patients resulted in a 40% complication rate, including one treatment-
related death, 10 intrahepatic abscesses, 8 pleural effusions, 2 pneumothoraces, 2 perihepatic 
abscesses, 2 episodes of bleeding, and 2 episodes of renal failure (26). The complications 
of RFA in this study were minimal, occurring in 3/92 patients (3.3%). These were two 
perihepatic abscesses and one episode of bleeding. When the complication rates of RFA, 
which ranged between 0% and 8% are compared to the 40% complication rate from 
cryosurgery (27), this is clearly one of the major benefi ts of RFA. A direct comparison of the 
advantages and disadvantages of these two ablative techniques are listed in Table 6.

6. CONCLUSIONS

The fi eld of RFA is currently a moving target in which the initial reports with adequate 
follow-up now appearing in the medical literature at the same time that current practice 
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is being modifi ed with second- and third-generation electrodes and generators. The initial 
reports are quite favorable for this new technique in terms of a very acceptable complication 
rate ranging from 0% to 8% in the literature surveyed; only one death could be directly 
attributed to a complication from this procedure. The effi cacy with the initial generators 
appears to be quite favorable in almost all series for lesions treated with a single thermal 
lesion; that is, for lesions that are <3 cm in size targeted with a 3 to 3.5-cm electrode, there is 
almost uniform control of the disease with follow-up now between 12 and 16 mo. However, 
there are variable results in trying to overlap treatment fi elds and for lesions larger than 3 cm.
In general, the recurrence rates can be as high as 30–40% when this is attempted and this 
is clearly the most important limitation of RFA at this time. However, there is intense 
investigation among manufacturers and investigators utilizing RFA to make larger probes (5)
as well as ensuring that the treatment algorithms lead to complete destruction of all tissue 
within the thermal lesion (4). If the newer-generation probes and generators can achieve the 
same degree of local control in larger lesions, RFA will become an increasingly important 
technique in treating primary and metastatic liver tumors.

The eventual role for radiofrequency thermal ablation in the armamentarium of treatments 
directed against colorectal liver metastases remains to be determined and is dependent on 
technological advances as well as adequate clinical trials with appropriate follow-up (1,28).
Initial attempts are being made in North America to incorporate RFA and for prospective multi-
institutional studies (Table 7). One study sponsored by the Arrow International Corporation 
utilizes RFA for bilobar liver metastases that are unresectable in combination with intra-
arterial fl uorodeoxyuridine (FUDR) delivered by an intrahepatic infusion pump. A second 
trial sponsored by the American College of Surgeons Oncology Group that is currently under 
review approaches a similar patient population with, again, maximal tumor ablation combining 
RFA and/or cryosurgery based on investigator preference combined with tumor resection 
as needed. In this phase II trial, patients will also receive intra-arterial FUDR delivered 
by a intrahepatic infusion pump, but this will also be combined with systemic irinotecan
(CPT-11). These initial phase II efforts with appropriate data auditing and review will provide 
very good information about the effi cacy of RFA combined with regional chemotherapy and 
systemic chemotherapy. These initial studies with the current technology will then hopefully 
defi ne the randomized trials to clearly delineate which patient population is benefi ted in terms 
of survival by RFA of unresectable metastatic colorectal lesions to the liver. 

Table 6
Comparison of the Advantages and Disadvantages of Cryosurgery

and RFA to Treat Metastatic and Primary Liver Tumors

 Cryosurgery RFA

Cost Very expensive (unit price $300,000) Less expensive (unit price $20,000)     
Toxicity Moderate (postcryosyndrome) Minimal
Probe size Moderate–large Small
Lesion Size Large—up to or >10 cm Limited—reliable at <3 cm, but new
      technology may increase this to 5 cm
Lesion location Limited to more peripheral Able to treat more central lesions.
     selected lesions Limited by tumor adjacent to bile ducts
Effi cacy Long-term follow-up available Short follow-up time
 Local recurrence rate of 3–10% 3–28% Recurrence rate with 1-yr follow-up
     with 5-yr follow-up
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Until the availability of irinotecan (see Chapter 28), 5-fl uorouracil (5-FU) and 5-fl uoro-
2′-deoxyuridine (FdUrd) were the only commercially available treatment options that 
represented standard therapy for advanced colorectal cancer. 5-FU has generally been given 
by the intravenous (iv) route because of poor oral bioavailability, whereas FdUrd has been 
used mostly for regional therapy to the liver or peritoneal cavity. Greater understanding of 
the metabolic activation of 5-FU, its mechanism(s) of action, and clinical pharmacology has 
generated rational strategies that involve its combination with other drugs capable of either 
enhancing its metabolism or cytotoxic effects.

1. CELLULAR AND CLINICAL PHARMACOLOGY OF 5-FU

1.1. Intracellular Metabolism
5-Fluorouracil requires cellular uptake and metabolic activation to form its cytotoxic 

metabolites. 5-FU enters cells by either nonfacilitated diffusion or a facilitated transport 
system for both purine and pyrimidine bases. The nucleoside metabolites, 5-fl uoro-2′-
deoxyuridine (FdUrd) and 5-fl uorouridine (FUrd), require the facilitated nucleoside transport 
systems for cellular entry. 5-FU is metabolized using the same enzymes involved in 
the anabolism and catabolism of uracil (Fig. 1) (1). Thymidine phosphorylase, which is 
homologous to platelet-derived endothelial cell growth factor, catalyzes the reversible 
conversion of 5-FU to FdUrd (2). Thymidine kinase adds a phosphate group to the 5′-carbon
of the deoxyribose ring to form 5-fl uoro-2′-deoxyuridine monophosphate (FdUMP). Thymi-
dylate kinase converts FdUMP to the diphosphate form, and nucleoside diphosphate kinase 
then forms FdUTP. 5-FU is converted to the ribonucleotide level by one of two pathways. 
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Uridine phosphorylase transforms 5-FU into FUrd; uridine kinase then catalyzes the forma-
tion of 5-fl uorouridine monophosphate (FUMP). Orotate phosphoribosyltransferase directly 
forms FUMP by transferring a ribose 5′-monophosphate group from 5′-phosphoribosyl-
1-pyrophosphate (PRPP) to 5-FU. Further metabolism to the diphosphate (FUDP) and 
triphosphate (FUTP) forms is mediated by UMP/CMP kinase and nucleoside diphosphate 
kinase, respectively. FUTP is readily incorporated into RNA. Ribonucleotide reductase 
converts FUDP to FdUDP, which represents another pathway for the formation of FdUMP. 
5-FU nucleotide sugars, including FUDP-glucose, FUDP-hexose, FUDP-acetylglucosamine 
and FdUDP-n-acetylglucosamine, can also be formed, but the extent of their incorporation 
into proteins and lipids is not well understood.

Acid phosphatases, alkaline phosphatases, and 5′-nucleotidases convert the nucleotide 
derivatives of 5-FU back to the nucleoside level. Pyrimidine phosphorylases catalyze the 
reversible conversion of pyrimidine bases to nucleosides: Uridine phosphorylase converts 
uridine and fl uorouridine (FUrd) to uracil and 5-FU, with release of ribose-1-phosphate, 
whereas thymidine phosphorylase converts thymidine, deoxyuridine, and FdUrd to thymine, 
uracil, and 5-FU, respectively, with release of 2′-deoxyribose-1-phosphate. FdUrd can also 
serve as a substrate for uridine phosphorylase. Dihydropyrimidine dehydrogenase (DPD) 
catalyzes the catabolism of 5-FU to dihydrofl uororacil, and its importance is discussed 
in Chapter 26.

1.2. Mechanisms of Action
5-Fluorouracil is incorporated into both nuclear and cytoplasmic RNA species; the extent 

of this RNA incorporation correlates with cytotoxicity in some cell culture and in vivo models 
(1,3). 5-FU-RNA incorporation results in a variety of effects, including interference with 
the conversion of high-molecular-weight nuclear RNA species to lower-molecular-weight 
rRNA, inhibition of mRNA polyadenylation (which decreases the stability of mRNA), and 
alteration of the secondary structure of RNA (4–11). Covalent complexes that form between 
5-FU-containing tRNA molecules and enzymes involved in posttranslational modifi cation 

Fig. 1. Intracellular metabolism of 5-FU.
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of uracil residues inhibit these enzymes (12,13). RNA synthesis may be inhibited with 5-FU 
in a concentration- and time-dependent fashion (14,15). The decrease in mRNA expression 
is often accompanied by a decrease in the corresponding protein level, but 5-FU-mediated 
alterations in protein expression can also occur rapidly in the absence of a clear effect on 
mRNA expression, presumably as a result of posttranscriptional effects (16). Both qualitative 
and quantitative changes in protein synthesis have been demonstrated (5,15,17). Incorpora-
tion into uracil-rich small nuclear RNA species interferes with normal splicing (17–20).
Induction of programmed cell death is usually the result of DNA-directed events of 5-FU,
but induction of apoptosis in some tissues may be related to RNA-directed effects (21).

Thymidylate synthase (TS) is responsible for the de novo production of thymidine 
5′-monophosphate from 2′-deoxyuridine 5′-monophosphate (dUMP) through the transfer 
of a methyl group from 5,10-methylene tetrahydrofolate (Fig. 2) (22). Inhibition of TS by 
FdUMP is an important mechanism of 5-FU action. In contrast to the interaction of TS with 
the natural substrate, dUMP, the ternary complex formed between the enzyme, FdUMP, 
and the reduced folate cofactor is only slowly reversible (22,23). The intracellular levels of
5,10-methylene tetrahydrofolate and the extent of its polyglutamation affect the stability
of the ternary complex. Expansion of the reduced folate pools with pharmacologic doses of 
5-formyl-tetrahydrofolate (leucovorin, folinic acid) represents a clinically useful strategy to 
enhance the cytotoxicity of 5- FU (23–25). TS inhibition depletes the pools of both thymidine 
5′-monophosphate (dTMP, thymidylate) and thymidine 5′-triphosphate (dTTP), which 
interferes with DNA synthesis and repair. Thymidine can be directly converted to dTMP 
by thymidine kinase, thus bypassing inhibition of the de novo pathway, and pharmacologic 
concentrations of thymidine (10–30 µM) are frequently used in preclinical models to provide 
protection against TS inhibition. Whereas salvage of extracellular thymidine represents a 
potential mechanism of circumventing TS inhibition, the circulating levels of thymidine in 
humans are much lower and are thought to be insuffi cient to afford protection (26).

Fig. 2. De novo synthesis of thymidylate.
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Inhibition TS is accompanied by accumulation of dUMP, which can also be metabolized to 
the 5′-triphosphate level (dUTP) (27–30). Incorporation of 2′-deoxyuridine 5′-triphosphate
(dUTP) and FdUTP into DNA results in damage to nascent DNA (1). The extent of uracil 
misincorporation into DNA is limited by dUTP pyrophosphatase (dUTPase), which catalyzes 
the hydrolysis of (F)dUTP to (F)dUMP and inorganic pyrophosphate (PPi) (31,32). Uracil-
DNA-glycosylase hydrolyzes the (F)uracil–deoxyribose glycosyl bond of the (F)dUMP 
residues in DNA, resulting in an apyrimidinemic site (33). Endonucleolytic cleavage of the 
base-free deoxyribose site leads to a single-strand break. In the face of thymidine triphosphate 
depletion, the effi ciency of the repair of such strand breaks is reduced. Misincorporated 
5-FU is removed more slowly from DNA than uracil (33). FdUTP also inhibits the activity of 
uracil–DNA–glycosylase (34). Accumulation of deoxyadenosine triphosphate accompanies 
TS inhibition (35–38). The combined effects of deoxyribonucleotide imbalance (high dATP, 
low dTTP, high dUTP) and misincorporation of (F)dUTP into DNA result in a number of 
deleterious effects on both DNA synthesis and the integrity of nascent DNA (28,35–39).

Genotoxic stress resulting from TS inhibition can activate programmed cell death 
pathways (38,40–43). Different patterns of parental DNA damage are seen in various 
cell lines, including internucleosomal DNA laddering and high-molecular-weight DNA 
fragmentation (fragments ranging from about 50 kb to 1–3 Mb). Differences in the activities 
of endonucleases and DNA-degradative enzymes in a given cell line are thought to account 
for these distinct patterns of parental DNA fragmentation. Some cancer cells are readily 
disposed to undergo apoptosis, and genotoxic stress results in rapid and uniform induction 
of programmed cell death, with classic DNA laddering. Many cancer cell lines derived 
from common solid tumors including colon cancer, in contrast, appear to undergo delayed 
programmed cell death that requires several days. The duration of the genotoxic insult 
infl uences whether induction of cytostatis or programmed cell death occurs. A possible 
explanation for delayed apoptosis is that originally sublethal damage to genes that are 
necessary for cell survival may eventually result in cell death with additional rounds of 
DNA replication (44,45).

Factors operating downstream from TS, such as overexpression of the cellular oncoproteins 
bcl-2 and mutant p53, infl uence the cellular response to TS inhibition (46,47). Disruption of 
the signal pathways that sense genotoxic stress and/or trigger the induction of programmed 
cell death may render cancer cells inherently resistant to 5-FU. In some cancer cell lines, 
“thymineless” death is mediated by Fas–Fas ligand interactions (48,49).

Because TS is needed for DNA replication, its activity is typically higher in proliferating 
than in noncycling cells. In continuously proliferating cancer cells, TS activity varies by 
about four- to eightfold from resting phase to synthetic phase (50). When nonproliferating 
cells are synchronized and stimulated to enter the DNA synthetic phase of the cell cycle, 
TS content increases by up to 20-fold (51,52). 5-FU exposure in preclinical models is 
accompanied by an acute increase in TS content, which may permit recovery of enzymatic 
activity (53–56). The increase in total TS content is a function of 5-FU concentration and 
time of exposure. Serial tumor biopsies obtained from patients before and during treatment 
with 5-FU/LV (leucovorin) have also shown an increase in TS protein 24 h after dosing 
(57,58). This phenomenon is thought to be the result of translational autoregulation, 
although increased stability of TS protein has been noted in some models (55,56,59,60). TS 
protein binds to specifi c regions in its corresponding mRNA, which suppresses translation. 
TS protein bound in the ternary complex cannot interact with its mRNA, thus allowing 
translation of new TS protein to proceed.
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The contribution of DNA- and/or RNA-directed mechanisms to 5-FU cytotoxicity is 
infl uenced by the patterns of intracellular metabolism, which can differ among various 
host and tumor tissues. 5-FU concentration and duration of exposure both infl uence the 
mechanism of cytotoxicity. Short-term, high-concentration exposures are thought to favor 
RNA-directed 5-FU toxicity, whereas DNA-directed effects are felt to be more prominent 
with longer exposures to lower drug concentrations (61–63). However, these pathways 
are not mutually exclusive, and more than one mechanism of action may contribute to 
cytotoxicity (64,65). Some patients who experience tumor progression during bolus 5-FU 
may respond to infusional schedules, suggesting that clinical resistance to bolus 5-FU does 
not necessarily confer resistance to other schedules (66,67). The combination of bolus and 
infusional 5-FU represents another strategy to improve outcome by potentially allowing 
more than one cytotoxic mechanism to occur (63,68).

The principal mechanism of action of 5-FU with various clinical schedules has not been 
clearly defi ned. However, the improved response rates observed with LV modulation of bolus 
5-FU therapy, the correlation between high TS expression in tumor tissue and insensitivity 
to 5-FU-based therapy (69–71), and the clinical activity of antifolate-based TS inhibitors 
provide clear evidence that TS is an important therapeutic target.

1.3. Clinical Pharmacology
5-Fluorouracil has been given by a variety of clinical schedules (Table 1) (3). The clearance 

of 5-FU is mediated by the cytosolic enzyme dihydropyrimidine dehydrogenase (DPD), 
which converts 5-FU to dihydrofl uorouracil (DHFU). The activity of DPD thus infl uences 
the amount of 5-FU available for anabolism. Clinical pharmacology studies indicate wide 
interpatient variation in both 5-FU clearance and DPD activity and pharmacogenetic and 
diurnal variations in DPD activity be contributing factors.

Table 1
Clinical Schedules of Intravenous 5-FU

 Infusion Daily dose
Schedule type (mg/m2)

Daily for 5 d q 4–5 wk Bolus 1500
1425 (+ LV 20)
1370–400 (+ LV 200)

Weekly for 6 of 8 wk Bolus 1750
1600 (+ LV 500/2 h)
1500 (+ LV 500/2 h)

24 h q wk Infusion 2600
  2300–2600 (+ LV 50–500/24 h)
48 h q wk Infusion 1750
72 h q 3 wk Infusion 2300
  2000 (+ LV 500/24 h)
96 h q 3 wk Infusion 1000
120 h q 3 wk  1750
Daily × 28 d q 5 wk Infusion 1300

1200 (+ LV 20 q wk)
Bolus → 22 h d 1, 2 q 2 wk Mixed 1400 → 600 (+LV 200/2 h)
Bolus → 48 h d 1 q 2 wk Mixed 1400 → 2400–3000 (+ LV 400/2 h)
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The pharmacokinetics of 5-FU are infl uenced by the dose and schedule of administration. 
After iv bolus injection of 370–720 mg/m2 5-FU, peak plasma concentrations reach several 
hundred micromolar (72–76). Thereafter, clearance occurs rapidly, and the primary half-life 
is 8–14 min. Whether given by bolus or continuous infusion, 5-FU readily penetrates the 
extracellular space, cerebrospinal fl uid, and third-space accumulations such as ascites or 
pleural effusions. The volume of distribution ranges between 13 and 18 L. The vast majority 
of the parent drug is cleared through catabolism, and only a small portion is excreted 
unchanged in the urine.

Because 5-FU catabolism by DPD is saturable, the clearance is faster with infusion 
compared to bolus injection. Clearance increases as the dose rate decreases and it ranges 
from 2000 to 3000 mL/min/m2 with various schedules of infusional 5-FU. The tolerated 
daily dose of 5-FU decreases as the duration of infusion increases. With protracted infusion 
of 300 mg/m2/d, the achieved steady-state plasma levels range from 0.1 to 0.4 µM (77–79).
Daily doses of 1000 mg/m2/d for 96 h or 750 mg/m2/d for 120 h are commonly used, and an 
intermittent schedule is necessary; steady-state plasma levels range from about 1 to 3.4 µM
(80–83). Continuous infusion of 1750–2300 mg/m2/d result in plasma levels ranging from 
about 5 to 9 µM (84–86).

The nonlinear elimination kinetics leads to the following with increasing 5-FU dose: 
a decrease in total-body clearance, a longer plasma half-life, and an increase in the area 
under the plasma concentration time curve (74,86–91). The implication is that as the dose 
increases, the decrease in clearance and the increase in area under the curve (AUC) will 
change disproportionately.

The incidence of serious clinical toxicity tends to increase with higher systemic exposure 
(74–76,78–79,92–96). However, some patients have toxicity despite relatively low 5-FU 
systemic exposure, whereas other patients with relatively high 5-FU systemic exposures 
do not experience untoward toxicity; clearly, other factors must contribute to the clinical 
toxicity.

Differences in 5-FU metabolism in host and tumor tissues are likely to be important 
determinants of both clinical toxicity and antitumor activity. FdUMP and FUTP have a 
more prolonged intracellular retention than the parent drug. 5-FU that has been incorporated 
into RNA appears to be retained in a stable fashion, whereas the duration of TS inhibition 
is much more variable. There is currently limited information that correlates the intracel-
lular pharmacodynamics of 5-FU with either clinical toxicity or antitumor effect. Certain 
noninvasive methods such as nuclear magnetic resonance imaging (MRI) and positron-
emission tomography (PET) should facilitate the conduct of such pharmacodynamic 
studies.

Hepatic arterial infusion, portal venous infusion, and intraperitoneal administration of
5-FU and FdUrd offer more a selective exposure to specifi c tumor-bearing sites to high local 
concentrations of drug (97–99). Regional therapy to the liver is discussed in Chapter 32.

2. BIOCHEMICAL OR PHARMACOLOGIC STRATEGIES
TO MODULATE 5-FU

2.1. Leucovorin Modulation of 5-FU
As mentioned earlier, inhibition of TS by FdUMP is a crucial mechanism of 5-FU 

action. Under normal circumstances, TS transfers a methyl group from 5,10-methylene 
tetrahydrofolate to the carbon-5 position of dUMP, followed by dissociation of the ternary 
complex and the release of free enzyme and the products of the reaction (Fig. 2). In 
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contrast, the TS–FdUMP–folate ternary complex is only slowly reversible, and its stability
is infl uenced by the intracellular level of 5,10-methylene tetrahydrofolate and the extent 
of its polyglutamation (100). Pharmacologic concentrations of LV expand the intracellular 
pools of 5,10–methylene tetrahydrofolate (monoglutamates and polyglutamates) and thereby 
enhance the degree and duration of FdUMP-mediated TS inhibition (Fig. 3) (101–105).
A LV concentration of 10 µM is often cited as the optimal target concentration with short 
exposures to 5-FU, but the concentration of LV required for modulation of 5-FU cytotoxicity 
decreases as the exposure to 5-FU increases.

Two of the most commonly employed 5-FU/LV regimens involve either weekly administra-
tion of an iv bolus 5-FU given at the midpoint of a 2-h iv infusion of high-dose LV or a 
monthly (daily for 5 d every 4–5 wk) schedule of iv bolus LV and 5-FU. With the monthly 
schedule, the recommended doses of 5-FU are 370–400 mg/m2 with 200 mg/m2 LV and 
425 mg/m2 with 20 mg/m2 LV. Pharmacokinetic data for several schedules of iv LV are 
shown in Table 2 (106–108).

A meta-analysis of the value of bolus 5-FU/LV in patients with advanced colorectal cancer 
employed individual data provided by the principal investigators from nine randomized 
trials (109). All 1381 patients entered in these trials were included on a strictly intent-to-
treat basis. A highly statistically signifi cant advantage in response rate was observed with 
LV-modulated 5-FU (22.5% vs 11.1%), but this did not translate into a signifi cant difference 
in median survival (11.5 vs 11.0 mo).

The results of 14 randomized trials comparing 5-FU administered by iv bolus either as a 
single agent or modulated by LV have been published (110–123). Two trials included patients 

Fig. 3. Reduced folate metabolism. Abbreviations: (F)dUMP, (fl uoro)deoxyuridine monophosphate; 
dTMP, thymidine monophosphate; MTX, methotrexate; FH2, dihydrofolate; FH4, tetrahydrofolate; 
-CH2, methylene; -CHO, formyl; -CH3, methyl, HCys, homocysteine; Met, methionine. The enzymes 
are (1) thymidylate synthase, (2) dihydrofolate reductase, (3) serine hydroxymethyltransferase, (4) 
N5,N10-methylene tetrahydrofolate reductase, (5) methionine synthase, (6) N10-formyl-tetrahydrofolate 
synthetase.
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with nonmeasurable disease (118,121). Based on the number of eligible and assessable 
patients reported in each trial, the combined data for all 14 trials indicate a response rate 
of 13.8% in patients treated with 5-FU alone (Table 3) and 25.3% in patients treated with 
5-FU/LV (Table 4). For time to progression, the median of the reported values was 6.0 mo 
for 5-FU/LV and 4.2 mo for 5-FU alone, whereas the median of the reported survival times 
was 12.4 mo for 5-FU/LV and 11.0 mo for 5-FU alone.

The next generation of trials sought to defi ne the optimal 5-FU/LV schedule. A randomized 
trial conducted by the North Central Cancer Treatment Group (NCCTG) compared the 
monthly schedule of low-dose LV/5-FU with the weekly schedule of high-dose LV/5-FU 
(124). In this trial, the overall response rate was 34% and 31% in patients treated with the 
monthly and weekly schedules, respectively. Both the median time to tumor progression 
(about 4.4 mo and about 6.3 mo) and median survival (9.3 and 10.7 mo) were somewhat 
longer with the weekly schedule, but they did not reach statistical signifi cance. The response 
rates for the monthly and weekly schedules of 5-FU + LV from the 14 randomized studies 
shown in Table 4 are similar: 25.0% ± 1.6% and 25.7% ± 1.9%. Therefore, the data suggest 
that these two schedules of 5-FU/LV are therapeutically equivalent in advanced colorectal 
cancer, although the spectrum of toxicity differs. Dose-limiting diarrhea is more frequent 
with the weekly schedule and severe mucositis is uncommon. In contrast, mucositis tends 
to be dose limiting with the monthly schedule, although diarrhea also occurs. Until recently, 
the monthly schedule has been regarded as the “gold standard” for pivotal trials in colorectal 
cancer in the United States based on one randomized study that demonstrated a survival 
advantage with LV-modulated 5-FU (125). In addition, the low-dose monthly regimen is less 
costly. The weekly schedule remains popular, however, and is more convenient for some 
patients. Increased awareness of the potential for life-threatening diarrhea with the weekly 
schedule has led to greater vigilance during therapy, with interruption of treatment if early 
signs of toxicity occur. A disadvantage of the monthly schedule is that clinical toxicity 
usually occurs after all 5 d of treatment have been given. Consequently, many oncologists 
believe the weekly regimen is easier to manage.

High-dose vs low-dose LV on a particular schedule has been addressed in several 
trials. Three randomized trials have directly compared 20 mg/m2 of racemic (d,l–) LV or

Table 2
Pharmacokinetic Data with IV or Oral Administration of Leucovorin

Ref. Leucovorin dose d-5-formyl-FH4 l-5-formyl-FH4 l-5-methyl-FH4

107 50 mg iv push
Cp at 1 h (µM) 6.2 2.1 µM 0.8–1.0

 half-life (min) .451 ± 24.3 31.6 ± 1.11 227 ± 20
 AUCa(min•mg/L) 2303 78.3 ± 7.41 310 ± 35
108 500 mg/m2 iv over 2 h

Cmax (µM) 97.7 ± 34.3 28.8 ± 12.7 20.8 ± 6.8
 half-life (min) 534 96
109 200 mg/m2 iv push

Cmax (µM) 97.7 ± 34.3 43 1–2
 half-life (min) .659 ± 59... alpha: 20 ± 2 beta: 362 ± 59
    beta: 122 ± 20

aAUC = area under the curve.
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10 mg/m2 of pure l-LV with a 10-fold higher dose given with 370–425 mg/m2 5-FU on the 
monthly schedule (126–129). No advantage with high-dose LV was seen in any of these 
trials with respect to response rate, time to progression, or survival. Two randomized trials 
compared 20 or 25 mg/m2 LV with 500 mg/m2 LV given over 2 h with bolus 5-FU 500 or
600 mg/m2 iv given at the midpoint of the infusion (116,129). Although the response rate was 
somewhat higher with the higher LV dose in both trials, the difference was not signifi cant, 
and there was no difference in survival.

In contrast to the advanced-disease setting, bolus 5-FU/LV has improved survival when 
used as adjuvant therapy for high-risk colon cancer. Because the North American randomized 
trials using the weekly schedule have employed high-dose LV (500 mg/m2/2 h) (130,131), it 
may be unwise to extrapolate that low-dose LV given on the weekly schedule would result 
in a disease-free and overall survival benefi t as adjuvant therapy in patients with colorectal 
cancer A benefi t with both high-dose (200 mg/m2) and low-dose (20 mg/m2) LV modulation 
of 5-FU has been seen in adjuvant colon cancer trials evaluating the monthly schedule.

In order to test the value of different adjuvant chemotherapy regimens, a multicenter trial 
termed QUASAR (quick and simple and reliable) was conducted in the United Kingdom 
using a 2 × 2 factorial design: Patients received a fi xed dose of 375 mg/m2 5-FU in combina-
tion with either 175 or 25 mg l-LV with or without levamisole. Participating physicians 
selected either a daily 5-d schedule repeated every 4 wk for six cycles, or a weekly schedule 
for 30 wk. Over 4900 patients with stage II or II colorectal cancer were entered in this 
trial between 1994 and 1997. Although this was a nonrandomized comparison with respect 

Table 3
Fourteen Randomized Trials Comparing Intravenous Bolus 5-FU ± Leucovorin: 5-FU Alone Arm

 Patients CR + PR Median TTP Median survival
Trial entered vs no. assessable (mo) (mo)

Weekly
    Martoni (110) 1130 111 of 30 5.0 17.0
    Nobile (109,111) 1173 116 of 73 — —
    Valone (112) 1155 110 of 52 4.5 11.3
    Laufman (113) 1112 123 of 109 3.7 12.4
Monthly
    Petrelli (114) 1123 112 of 19 — 121.
    Petrelli (115) 1113 113 of 107 — 10.6
    Erlichman (116) 1164 114 of 61 2.9 19.6
    Doroshow (117) 1140 115 of 40 3.9 12.7
    Poon (118) 1170 114 of 39† 4.0 17.7
    Labianca (119) 1190 119 of 90 6.0 11.5
    Di Costanzo (109,120) 1190 114 of 90 4.9 —
    Leichman (121) 1193 117 of 60† 6.0 14.0
    Petrioli (122) 1191 116 of 86  7.5
    Borner (123) 1157 113 of 139 3.9 10.0

Total no. or 1101 137 of 995 4.0 10.6
    median (range)  13.8 ± 2.2% (2.9–6.0) (7.0–14.0)

Note: In the trial reported by Valone, an initial 5-d loading course of 5-FU was given followed at d 28 by 
weekly injections of 5-FU. The term “assessable” refl ects eligible patients with measurable disease in whom 
response to therapy could be determined. † designates those trials that included patients with both measurable and 
nonmeasurable disease. The mean and 95% confi dence interval for the response rate are shown.
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to the schedule of 5-FU/LV, a similar proportion of patients were treated on each arm 
(weekly, 2370; monthly, 2559) and the two groups were well balanced for stage (B or C), 
site (colon or rectum), dose of LV, use of levamisole or placebo, gender and age. There were 
no differences in either 3-yr recurrence rates (35.6% weekly vs 35.5% monthly, odds ratio 
= 0.99) or overall survival (70.6% weekly vs 71.0% monthly, odds ratio = 0.97) (132). The 
incidence of serious diarrhea, stomatitis, myelosuppression, and dermatologic toxicities was 
signifi cantly higher with the monthly schedule of 5-FU/LV. In this trial, higher doses of LV 
produced no extra benefi t, and dose reductions for toxicity were required more frequently in 
patients receiving high-dose LV (42% vs 17%) (133).

Another issue concerns the formulation of LV. In the United States, the commercial 
formulation is a racemic mixture of the nonphysiologic stereoisomer, d-LV, and the active 
stereoisomer, l-LV. Both stereoisomers enter cells via the reduced folate carrier and are 
substrates for folylpolyglutamate synthase, raising the potential for competition. However, 
preclinical studies have demonstrated that a 20- to 200-fold excess of d-LV did not affect 
the uptake, metabolism, or polyglutamation of l-LV (133–135). Several randomized trials 
have directly compared d,l-LV and l-LV as modulators of 5-FU. The NCCTG conducted a 
three-arm study that compared iv administration of 200 mg/m2 d,l-LV, 100 mg/m2 l-LV, or 
500 mg/m2 d,l-LV given orally (136). Another trial compared 100 mg/m2 of either racemic 
or l-LV with weekly 5-FU of 400 mg/m2/2 h (137). No advantage was seen with l-LV in 

Table 4
Fourteen Randomized Trials Comparing Intravenous Bolus 5-FU ± Leucovorin: 5-FU/LV Arm

 Patients No. CR/PR Median TTP Median survival
Trial entered vs no. assessable (mo) (mo)

Weekly
    Petrelli (115) 1130 112 of 30 — 12.0
    Petrelli: LD LV (116) 1115 121 of 112 — 10.4
    Petrelli: HD LV (116) 1115 133 of 109 — 12.7
    Martoni (110) 1134 119 of 34 16.0 10.0
    Nobile (100,111) 1175 116 of 75 — —
    Laufman (113) 1106 131 of 101 15.1 12.4
    Leichman (121) 1189 112 of 60† 16.0 14.0
Monthly
    Erlichman (116) 1166 121 of 64 15.1 12.6
    Valone (112) 1107 119 of 107 15.5 10.7
    Doroshow (117) 1139 116 of 39 15.4 14.2
    Poon: LD LV (118) 1173 116 of 37† 17.0 12.0
    Poon: HD LV (118) 1169 119 of 35† 17.0 12.2
    Labianca (119) 1192 119 of 92 16.0 11.0
    Di Costanzo (109,120) 1191 112 of 91 15.8 —
    Leichman (121) 1189 116 of 61† 16.0 14.0
    Petrioli (122) 1194 127 of 81  13.5
    Borner (123) 1152 130 of 134 16.2 12.4

Total no. or 1436 319 of 1262 16.0 12.3
    median (range)  (25.3 ± 2.4%) (5.1–7.0) (10.4–14.0)

Note: Although the doses of 5-FU and LV varied among the trials, they are organized into weekly or monthly 
schedules (daily for 5 d every 28–35 d). The term “assessable” refl ects eligible patients with measurable disease 
in whom response to therapy could be determined. Trials that included patients with both measurable and 
nonmeasurable disease are shown by †. The response rate and 95% confi dence interval are shown.
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either of these trials (Table 5). Thus, data from both preclinical and clinical studies suggest 
that there is no benefi t of using pure l-LV, although l-LV is the available formulation in 
some countries.

More recent randomized trials in colorectal cancer have compared various agents such 
as raltitrexed, UFT, capecitabine, high-dose intermittent infusional 5-FU schedules, or 
irinotecan/5-FU/LV with the monthly schedule of bolus 5-FU/LV. Figure 4 shows the 
response rates, median time to disease progression, and median survival for the control 
arm of monthly bolus 5-FU/LV in 10 randomized trials, and data from the fi rst-generation 
trials that compared bolus 5-FU with or without LV on the monthly schedule (141–151).
Although the response rates and time to disease progression appears to be worse in the more 
recent trials compared to that reported in the fi rst-generation trials, the survival is similar. A 
possible explanation may be differences in response criteria and imaging modalities. Another 
factor may be the recent availability of effective second-line therapy for patients who have 
failed 5-FU/LV; perhaps patients are removed from therapy sooner than they would have been 
in the past. Nevertheless, these fi ndings support survival as a reliable end point in assessing 
the worth of therapies as fi rst-line treatment of advanced colorectal cancer.

2.2. Methotrexate/5-FU
Sequence-dependent synergy has been noted in preclinical studies with methotrexate 

(MTX) preceding 5-FU; the opposite sequence was antagonistic (1,152). Inhibition of 
TS reduces consumption of reduced folate cofactors that would otherwise be used in the 
conversion of dUMP to dTMP (Fig. 3). Availability of reduced folates permits continued 
purine biosynthesis despite MTX-mediated inhibition of dihydrofolate reductase. In contrast, 
administration of MTX prior to 5-FU inhibits purine biosynthesis. Consequently, an increase 
in the intracellular levels of PRPP occurs, which is normally used in the fi rst committed 
step of de novo purine synthesis. Increased availability of PRPP favors the conversion of 
5-FU to FUMP.

Table 5
Randomized Trials of Biochemical Modulation of 5-FU

Showing No Advantage for the Experimental Arm

 Regimen No. patients Response TTP Survival
Ref. 5-FU given IV; doses in mg/m2 (measurable) rate (%) (mo) (mo)

137 5-FU 400/2 h + 100 d,l-LV iv q wk 125 25 16.2 14.5
 5-FU 400/2 h + 100 l-LV iv q wk 123 32 18.0 15.0
136 5-FU 370 + 200 d,l-LV iv d 1-5 q 4-5 wk 309 (170) 34 16 12
 5-FU 370 + 500 d,l-LV po d 1–5 q 4–5 wk 310 (174) 34 16 12
 5-FU 370 + 100 l-LV iv d 1–5 q 4–5 wk 308 (140) 28 16 12
121 5-FU 2600/24 h q wk 188 (63) 24 16 15
 Same + PALA 250 24 h prior 187 (63) 14 14 11
138 5-FU 2600/24 h q wk 224 (123) 13  14.8
 Same + PALA 250 24 h prior 229 (133) 10  12.9
139 5-FU 600 + LV 300 iv d 2–4 q 3 wk 193 15  11.6
 Same + dipyridamole 75 mg po tid d 1–5 185 13  19.3
140 5-FU 600 + LV 500 iv q wk × 6 of 8 wk 181 22 14.8 10.4
 Same + hydroxyurea 35 mg/kg po in 3 doses q 8 h 181 30 15.1 11.7
     starting 6 h post
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A number of phase III trials in advanced colorectal cancer have compared methotrexate 
given at various intervals prior to 5-FU, with mixed results. One study suggested that a 24-h 
interval between MTX and 5-FU was optimal for expansion of PRPP pools (153). Another 
trial in advanced colorectal cancer demonstrated that a 24-h interval between MTX and 5-FU 
was superior to a 1-h interval (154). In general, when higher than standard doses of MTX 
are used, LV rescue has been employed for protection against MTX-associated toxicity. A 
meta-analysis of 8 randomized trials involving 1178 patients comparing 5-FU alone with 
MTX-modulated 5-FU (± LV rescue) revealed a signifi cantly higher response rate (19% 
vs 10%) and a survival advantage (median, 10.7 vs 9.1 mo) in favor of MTX/5-FU (155).
Because many of the MTX-containing arms involved LV rescue, it is unclear whether the 
benefi t might have been the result of the use of LV rather than MTX, per se.

The rationale for using LV rescue is the notion that delayed administration of LV may 
selectively rescue normal tissues from MTX toxicity. However, the potential for LV rescue 
of tumor tissue remains a concern. Substitution of the lipophilic antifolate trimetrexate for 
MTX in regimens involving sequential antifolate followed by 5-FU with LV rescue may be 
advantageous, because trimetrexate and LV do not compete for transport or polyglutamation. 
Sequence-dependent synergism has been reported with trimetrexate given prior to 5-FU in 
several preclinical models (156,157) A phase I trial of sequential trimetrexate, LV and bolus 
5-FU recommended 110 mg/m2 trimetrexate over 30 min followed 24 h later by 500 mg/m2

LV iv, 600 mg/m2 5-FU iv, and 10 mg/m2 oral LV every 6 h for 7 doses weekly for 6 of 8 wk 
(158). Phase II studies in patients with patients with previously untreated colorectal cancer 

Fig. 4. Clinical results with monthly schedules of bolus 5-FU alone or with leucovorin modulation: 
Comparison of fi rst-generation and recent phase III trials. In the fi rst-generation phase III trials, the 
experimental regimen of 5-FU modulated by LV was compared to the standard arm of bolus 5-FU alone. In 
recently reported clinical trials, the monthly schedule of bolus 5-FU/LV served as the control arm to which 
other experimental arms were compared. The data for the fi rst-generation trials are from refs. 110–123 and 
the data for the recent trials are from refs. 141–151. The data are presented in boxplot format; the median 
value is displayed; the top and bottom of the rectangles are the 75th and 25th percentiles; the top and bottom 
whiskers are the 90th and 10th percentiles; the outliers are shown by the solid circle.
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using trimetrexate with slightly lower doses of 5-FU/LV were associated with response 
rates of 36% and 42%, respectively (159,160). The benefi t of this three-drug combination 
versus 5-FU/LV alone is being tested in randomized clinical trials in previously untreated 
colorectal cancer (161).

2.3. Administration of 5-FU by Continuous Infusion
Concentration and duration of exposure are important determinants of 5-FU-associated 

cytotoxicity (1,162,163). Because the half-life of 5-FU in plasma is very short, potentially 
cytotoxic concentrations are maintained for only about 2 h after bolus administration, 
whereas continuous infusion allows sustained plasma exposure. Several randomized trials 
have shown improved activity with infusional over bolus 5-FU in terms of response rate 
without a survival advantage (164–166). A meta-analysis of 6 randomized trials involving 
1219 patients with colorectal cancer compared bolus and infusional 5-FU. The response 
rate was signifi cantly higher with infusional 5-FU (22% vs 14%) and there was a small but 
statistically signifi cant advantage in median survival (12.1 vs 11.3 mo) (167). Hand–foot
syndrome occurred signifi cantly more often with infusional 5-FU (34% vs 13%), whereas 
grade 3–4 myelosuppression complicated bolus 5-FU therapy more frequently (4% vs 
31%) (168).

Several intermittent, high-dose infusional regimens have also been evaluated, including 
weekly high-dose 5-FU given over 24 or 48 h, and an every 2 wk schedule involving bolus 
and infusional 5-FU (138,141,142,169,170). A randomized phase II trial from the Southwest 
Oncology Group (SWOG) indicated that two arms featuring either 300 mg/m2 5-FU given as 
a protracted infusion or 2600 mg/m2 given as a weekly 24-h infusion were at least as effective 
as iv bolus 5-FU ± LV and were better tolerated (121). Preliminary results from a fi ve-armed 
phase III trial conducted jointly by the Eastern Cooperative Oncology Group (ECOG) 
and the Cancer and Leukemia Group B (CALGB) demonstrated that 2600 mg/m2 5-FU 
given on a weekly 24-h infusion schedule was associated with median survival comparable 
to LV-modulated bolus 5-FU but was much better tolerated than the two bolus 5-FU/LV 
arms (138).

Aranda et al. reported that a high-dose weekly 5-FU infusion (3500 mg/m2/48 h) was 
superior to the monthly bolus 5-FU/LV regimen in terms of response rate and time to 
progression (141). De Gramont and colleagues developed a regimen that contained a
400 mg/m2 5-FU bolus, 200 mg/m2/2 h LV followed by 600 mg/m2 5-FU over 22 h on d 1 
and 2 every 2 wk. A randomized trial demonstrated that this regimen was associated with 
signifi cantly higher response rates and a longer time to progression compared to monthly 
bolus 5-FU/LV (142).

The question of whether LV modulation is benefi cial in the setting of infusional 5-FU 
regimens has been addressed in two trials. Two of the seven arms tested by the SWOG 
in advanced colorectal cancer patients involved protracted infusion of 5-FU given alone
(300 mg/m2/d) or at a reduced dose (200 mg/m2/d) with weekly 20 mg/m2 LV (121). There 
were no differences in response rate (30% and 28%), median time to progression (6 and
6 mo) or survival (15 and 14 mo) (Fig. 5). A German Cooperative Oncology Group (AIO) 
added high-dose 500 mg/m2 LV as a 2-h infusion to the weekly high-dose 24-h 5-FU 
infusional regimen developed by Ardalan, which served as the control arm in a series of 
randomized phase III trials (170). An intergroup phase III trial conducted in Europe compared
2600 mg/m2 5-FU given as a weekly 24-h infusion alone or with 2-h infusion of high-dose 
LV. Preliminary results suggest that the LV-modulated 24-h infusion arm had a signifi cantly 
higher response rate (20% vs 10%) and a longer time to progression (6.4 vs 4.4 mo) at the 
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cost of a higher incidence of grade 3–4 diarrhea (171). These fi ndings suggest no benefi t 
when weekly low-dose LV is added to a protracted infusion of 5-FU, but response rates 
appear to be improved when LV is added to a weekly 24-h infusion.

In summary, a number of infusional 5-FU regimens have been developed that are useful in 
the therapy of patients with colorectal cancer. In general, these regimens have a more favorable 
toxicity profi le compared to bolus 5-FU/LV. A disadvantage of this approach is catheter-related 
complications. About 15–20% of patients will require catheter removal for thrombosis, sepsis, 
malposition, or breakage, and an additional 10–15% of patients will have infections requiring 
antibiotic treatment without the need for catheter removal. Prophylaxis with low-dose warfarin 
(1 mg po daily) has been shown to signifi cantly reduce the incidence of venogram-proven 
catheter-associated thrombosis (172). Nevertheless, the inconvenience and potential morbidity 
associated with indwelling venous catheters and the need for a pump has fueled the interest in
developing oral 5-FU regimens that can simulate the iv infusional schedules (see Chapter 27).

Fig. 5. The impact of leucovorin on the therapeutic activity of infusional 5-FU. The data for protracted 
infusional 5-FU is from ref. 121, and the data for the 24-h weekly 5-FU schedule is from ref. 171.
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2.4. Unsuccessful Modulation Strategies
Despite a logical rationale, a number of strategies to modulate 5-FU have failed to 

demonstrate a benefi t in preclinical studies (Table 5). For example, preclinical studies 
suggested that interferon increased the cytotoxicity of 5-FU, associated with enhanced DNA 
damage (173). High response rates in phase II studies (174) led to numerous randomized 
trials that compared interferon-α-modulated 5-FU with or without LV on a variety of 
schedules. Preliminary results have been presented from a meta-analyses using primary data 
from 3254 patients entered in randomized trials evaluating the worth of interferon-α as a 
modulator of 5-FU (175). Three trial designs were identifi ed. The fi rst 2 compared the same 
schedule of 5-FU ± interferon-α or 5-FU/LV ± interferon-α, with 5-FU alone given either by 
bolus or continuous infusion, and included 12 trials involving 1766 patients. No difference 
in either response rate (25% vs 24%) or median survival (11.4 mo vs 11.5 mo) was noted 
in the absence or presence of interferon, respectively (175). The third trial design featured a 
comparison between 5-FU/LV and 5-FU/interferon-α; 7 trials involving 1488 patients were 
analyzed. An advantage in favor of 5-FU plus LV over 5-FU plus interferon was seen in 
terms of tumor response (23% vs 18%, p = 0.042), and the survival benefi t was of borderline 
signifi cance (175). Thus, interferon-α does not increase the effi cacy of either 5-FU or 
5-FU/LV in patients with metastatic colorectal cancer. Further, a randomized trial comparing 
the worth of interferon-α in combination with 5-FU/LV as adjuvant therapy of colon cancer 
involving over 2100 patients showed no signifi cant benefi t to the interferon-containing arm 
in terms of either 4-yr disease-free (70% vs 69%) or survival (81% vs 80%) (176). Patients 
receiving 5-FU/LV/interferon were also more likely to stop therapy early for toxicity (22% vs 
6%). Enhanced clinical toxicity was commonly seen in the arms containing interferon-α in 
nearly all phase III trials, suggesting non-selective enhancement of 5-FU toxicity.

N-Phosphonacetyl-L-aspartic acid (PALA) is an inhibitor of aspartate carbamoyltransfer-
ase. Although PALA had negligible activity as a single agent, it remained of interest as a 
potential modulator of 5-FU (177). Initial studies using higher doses of PALA with lower 
doses of 5-FU showed no advantage for the combination. Renewed interest centered on 
using the lowest biochemically active dose of PALA in combination with near-maximum 
doses of 5-FU (169,178). Two randomized trials have compared a high-dose 24-h weekly 
infusion of 2600 mg/m2 5-FU alone or combined with 250 mg/m2 PALA given 24 h prior to 
5-FU; neither showed an advantage with PALA (121,138).

Inhibition of nucleoside transport has been evaluated as a strategy to augment 5-FU 
toxicity by preventing infl ux of potential rescue nucleosides, such as thymidine, and by 
trapping 5-fl uorodeoxyuridine and deoxyuridine within the cell (1,179). A phase III trial 
that compared 600 mg/m2 5-FU with 300 mg/m2 LV iv d 2–4 every 3 wk alone or with 
75 mg dipyridamole po three times daily on d 1–5 showed no advantage with the addition 
of dipyridamole (139). These negative results are most likely the result of differences 
in free drug availability in cell culture models versus in vivo. The concentration of free 
dipyridamole required for optimal modulation of 5-FU cytotoxicity in vitro is several orders 
of magnitude higher than that which can be achieved in vivo. The apparent explanation is that 
dipyridamole is extensively protein bound by acid-1-α glycoprotein; the latter is abundant in 
human plasma but is not present in fetal bovine serum. Additional studies are being pursued 
by some investigators, but the information to date suggests that this strategy is unlikely to be 
successful using currently available nucleoside transport inhibitors.

Hydroxyurea, an inhibitor of ribonucleotide reductase, has been proposed as a modulator 
of 5-FU based on its ability to decrease deoxyribonucleotide triphosphate pools and to prevent 
conversion of fl uorodeoxyuridine diphosphate to its corresponding deoxyribonucleotide 
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derivative (140). A recent phase III trial that evaluated 5-FU/LV (600/500 mg/m2) given 
weekly for 6 of 8 wk alone or with hydroxyurea (35 mg/kg given in three divided oral doses 
every 8 h starting 6 h after 5-FU) showed no signifi cant improvements in response rate, time 
to progression, or survival (180).

In summary, a variety of approaches have been used in an effort to improve the therapeutic 
activity of 5-FU by either adding agents that were intended to enhance the cytotoxicity of 
5-FU or by altering the schedule of administration. Figure 6 summarizes the results of four 
meta-analyses that focused on systemic approaches to increase the therapeutic effect of 
5-FU. Three meta-analyses included bolus 5-FU alone as the control arm, and the response 
rates and median survival ranged from 10% to 13.6% and 9.1 to 11.3 mo, respectively. In 
contrast, in the experimental arm, the response rates and median survival ranged from 19% 
to 22.5% and 10.7 to 12.1 mo, respectively. The meta-analysis of interferon-α as a modulator 
was somewhat more complex because the control arm represented either bolus or infusional 
5-FU alone or modulated by LV, whereas the experimental arm included interferon-α.
Nonetheless, the response rates and median survival with the best systemic regimen in each 
meta-analysis did not exceed 25% and 12.1 mo, respectively, suggesting that a plateau has 
been reached with strategies that focus on modulating 5-FU.

3. COMBINATION OF 5-FU WITH OTHER ACTIVE AGENTS

In contrast to the use of biochemical modulators, which are intended to enhance the 
metabolism of 5-FU, 5-FU has been also been combined with other active cytotoxic agents 
or modalities. A number of interactions have been reported to result in more than additive 
cytotoxicity in preclinical models, and, in general, the biochemical and molecular effects of 
5-FU complement the cytotoxic effects of the second agent.

Fig. 6. Response rates and median survival from four meta-analyses in colorectal cancer. The response 
rate and median survival are shown from meta-analyses comparing either bolus 5-FU alone with either 
leucovorin (LV) modulation (109), methotrexate modulation (MTX) (155) or administration by protracted 
continuous iv infusion (PCI) (167), or comparing the worth of interferon combined with 5-FU given by 
either bolus or CI ± leucovorin modulation (175).
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3.1. Interaction with Cisplatin
Synergistic cytotoxicity has been seen with the combination of cisplatin and 5-FU in 

several preclinical models (181–188). The apparent basis of the interaction has varied in 
different models, but enhancement of DNA-directed toxicity has been a common fi nding 
(182,187,188). In ovarian cancer cells, a 1-h incubation with cisplatin (10 µM) was 
accompanied by about 2.5-fold increases in intracellular levels of tetrahydrofolate and 
5,10-methylene tetrahydrofolate and greater TS ternary-complex formation (182). The basis 
for this phenomenon was thought to result from the inhibition of methionine uptake by 
cisplatin. In turn, de novo synthesis of methionine from homocysteine is stimulated, resulting 
in metabolism of 5-methyltetrahydrofolate to tetrahydrofolate, which is then converted to 
5,10-methylene tetrahydrofolate (Fig. 3). In other models, the combination of 5-FU and 
cisplatin is associated with enhanced DNA damage as a result of the inhibition of the repair 
of cisplatin-induced DNA crosslinks (185,188).

In some models, pre-exposure to 5-FU before cisplatin was superior to the opposite 
sequence (183–186,188). In a murine colon cancer model, administration of 5-FU
(35 mg/kg) followed 24 h later by cisplatin (3 mg/kg) given weekly for 5 doses signifi cantly 
reduced the tumor burden compared to either drug alone, whereas initial administration of 
cisplatin led to inferior antitumor effects but greater host toxicity (183). In NCI H548 colon 
cancer cells, pre-exposure to 5-FU for 24 h followed by cisplatin for 2 h produced more than 
additive cytotoxicity and a greater degree of DNA fragmentation compared to the opposite 
sequence (188). A 24-h pre-exposure of human squamous cancer cells to 5-FU followed by 
cisplatin after a 24- to 48-h drug-free interval led to optimal cytotoxicity and signifi cantly 
reduced repair of cisplatin–DNA crosslinks compared to cisplatin alone or 5-FU followed 
immediately by cisplatin (185). The observation that thymidine did not antagonize the 
interaction in concert with the requirement for a 48-h interval suggested that RNA-directed 
effects might be involved. 5-FU has been shown to inhibit the mRNA expression of ERCC1, 
an enzyme involved in nucleotide excision repair, and γ-glutamylcysteine synthetase in 
cisplatin-resistant cancer cells. Thus, 5-FU-mediated interference with the expression of 
DNA repair enzymes might represent another mechanism of enhancing cisplatin-associated 
DNA damage (189). Other models indicate that concurrent exposure to both drugs was 
useful (182–187).

Promising results seen with 5-FU plus cisplatin in phase II studies in patients with 
advanced colorectal cancer led to a number of randomized studies. In general, cisplatin has 
been given on d 1, whereas several schedules of 5-FU have been employed: bolus injection, 
infusion for 120 h, or protracted infusion. No signifi cant improvement in response rate or 
survival was seen in the phase III setting in colorectal cancer, although toxicity was generally 
greater (190–194). IF 5-FU is functioning to primarily enhance the DNA-damage associated 
with cisplatin, perhaps these negative results are not surprising, as cisplatin is not active 
against colorectal cancer. 5-FU/cisplatin combinations are clearly benefi cial in diseases in 
which both agents have single-agent activity, including squamous cell cancers arising in the 
anus, head and neck, esophagus, and cervix.

Oxaliplatin is a new platinum analog that has shown additive or synergistic cytotoxic 
properties with 5-FU in both in vitro and in vivo studies (195,196). More importantly, there 
is evidence of clinical synergy between oxaliplatin and 5-FU in metastatic colorectal cancer. 
Objective responses have been seen when oxaliplatin is added to a 5-FU-based regimen on 
which patients have had documented tumor progression (197–200). Results from several 
European randomized trials in advanced colorectal cancer showed a signifi cant improvement 
in the response rate and time to progression when oxaliplatin is added to 5-FU/LV as fi rst-line 
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therapy, although this did not result in a signifi cant survival advantage (201–203). Ongoing 
phase III trials are testing the contribution of oxaliplatin to 5-FU/LV as adjuvant therapy. 
In advanced disease, several combinations of oxaliplatin/5-FU/LV are being evaluated. The 
basis for the differential activity of oxaliplatin in colorectal cancer compared to the inactivity 
of cisplatin and carboplatin is not entirely clear, but oxaliplatin’s diaminocyclohexane 
moiety is thought to form bulkier DNA adducts that are more diffi cult to repair. In addition, 
oxaliplatin retains activity against some cancer cell lines that are resistant to cisplatin and 
against tumor cells with defective nucleotide mismatch repair.

3.2. Interaction of 5-FU with Ionizing Radiation
Heidelberger et al. initially reported that growth-inhibitory doses of radiotherapy in rodent 

tumors can be rendered curative by the addition of 5-FU (204). The synergistic interaction 
between 5-FU and irradiation has been confi rmed by other investigators in a variety of 
model systems (205–215). In general, combined treatment with 5-FU and radiotherapy 
leads to dose- and time-dependent enhancement of cell killing, and radiosensitization 
requires exposure to 5-FU for a period exceeding the cell-doubling time (205,206). However, 
the optimal schedule for 5-FU radiosensitization in preclinical models varies depending 
on the model system employed (207). Most often, however, more prolonged exposure to 
fl uoropyrimidines is associated with optimal effects (214,215). FdUMP-mediated inhibition 
of TS with resulting dTTP pool depletion and deoxyribonucleotide imbalance, increased 
DNA damage, inhibition of DNA repair, and accumulation of cells in the S phase appear 
to be important features of radiosensitization. As mentioned earlier, the RNA-directed 
effects of 5-FU might also play a role by altering the expression of proteins required for 
DNA repair.

5-Fluorouracil given alone or in combination with other agents (including cisplatin 
or mitomycin C) during radiotherapy has demonstrated effi cacy in patients with either 
squamous cell cancers arising in the anal canal, cervix, head and neck, and esophagus 
or adenocarcinomas arising in the rectum (216–221). Diverse schedules of 5-FU have 
been employed: bolus administration of 5-FU on the fi rst and fi nal 3 d of radiation, 96- to 
120-h continuous infusion for the fi rst and last week of radiation, and prolonged infusion 
throughout the period of radiation therapy. A randomized trial in high-risk rectal cancer 
patients comparing 5-FU given by intermittent bolus injections with protracted infusion 
during postoperative radiation therapy to the pelvis demonstrated signifi cant improvements 
in time to relapse and survival in favor of the infusional arm (221).

3.3. Gemcitabine and 5-FU
Gemcitabine is a deoxycytidine analog that contains two fl uorine atoms at the 2′-position

of the deoxyribose moiety (222). It is metabolized to two active metabolites: gemcitabine 
diphosphate, which inhibits ribonucleotide reductase, and gemcitabine triphosphate, which 
incorporates into DNA and functions as a masked chain terminator. DNA incorporation 
appears to be required for induction of programmed cell death. A prior study demonstrated 
antagonism when colon cancer cells were pre-exposed to 5-FU followed by exposure to 
either cytarabine or fazarabine; like gemcitabine, these two agents are deoxycytidine analogs 
that exert cytotoxicity after incorporation into DNA (223). In contrast, administration of the 
deoxycytidine analogs fi rst followed by 5-FU was synergistic. The basis for the sequence-
dependent antagonism was 5-FU-associated inhibition of cytarabine incorporation into DNA. 
In HT29 colon cancer cells, sequential exposure to gemcitabine for 4 h followed by FdUrd 
for 24 h led to more than additive cytotoxicity and marked S-phase accumulation (43). The 
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cells subsequently progressed through the cell cycle after a 22-h drug-free interval. FdUrd-
mediated TS, dTTP depletion, and imbalance in the ratio of dATP to dTTP were greater 
when gemcitabine preceded FdUrd. Nascent DNA damage was greater with gemcitabine 
followed by FdUrd compared to either drug alone. Delayed induction of high-molecular-
mass DNA damage was observed 72 and 96 h after sequential exposure to gemcitabine and 
FdUrd, consistent with postmitotic apoptosis.

Several clinical schedules of gemcitabine combined with 5-FU have been evaluated (Table 6)
(224–234). These trials were not designed to test the possible contribution of sequence of 
drug administration on either pharmacodynamic or clinical toxicity end points. Gemcitabine 
was administered fi rst in all but two trials, although the timing of drug administration was 
very close regardless of sequence. Gemcitabine does not appear to be active as a single agent 
in the treatment of colorectal cancer; therefore, its potential role when combined with 5-FU 
with or without LV in this disease setting remains to be determined.

3.4. 5-FU and Taxanes
Several preclinical studies have described sequence-dependent antagonism between pacli-

taxel and 5-FU (235–237). Sequential 24-h exposures to paclitaxel followed by FUra led to 
additive effects in four different human cancer cell lines using the 3-(4,5-dimethylthiazol-2-yl)-
2,5 diphenyl tetrazolium bromide (MTT) assay, whereas the opposite sequence was 
antagonistic in three of the four cell lines (235). Concurrent continuous exposure of both 
BCap37 breast cancer cells and KB human epidermoid cancer cells to 100 nM paclitaxel 
and 10 µM 5-FU inhibited the oligonucleosomal DNA fragmentation typically seen with 
paclitaxel alone at 48 and 72 h (236). Although 5-FU alone did not produce noticeable 
changes in the cell-cycle profi le, it diminished the ability of paclitaxel to produce G2/M 
blockade and prevented apoptosis. In MCF-7 human breast cancer cells, sequential 24-h 
exposures to paclitaxel followed by 5-FU led to synergistic cytotoxicity; the opposite 
sequence was antagonistic (237). A 24-h 5-FU exposure produced S-phase accumulation 
and pre-exposure to 5-FU diminished the paclitaxel-associated G2/M phase block and 
prevented the induction of parental DNA fragmentation. In contrast, double-stranded DNA 
fragmentation was seen at 48 h when cells were exposed to paclitaxel for an initial 24-h 
period, and the DNA damage was not prevented by subsequent exposure to 5-FU.

Table 6
Clinical Schedules of Gemcitabine/5-FU

 Gemcitabine (mg/m2/30 min)
Ref. (unless otherwise stated) LV (mg/m2) 5-FU (mg/m2) Schedule

224 1000 No 600 Bolus Weekly × 3 of 4 wk
225 1500 at 10 mg/m2/min No 600 Bolus Weekly × 2 of 3 wk
226 1000 125 600 Bolus Weekly × 3 of 4 wk
227 1800 (30 min after 5-FU) 120 340 Bolus Weekly
228 1900/90 min (after LV) 100/h 450 Bolus at 30 min of LV Weekly × 6 of 8 wk
229 1000 d 1, 8, 15 No 200/24 h d 1–15 Repeat q 4 wk
230 1600 d 1, 8, 15 No 150/24 h d 1–21 Repeat q 4 wk
231 1000 d 1, 8, 15 No 200/24 h d 1–21 Repeat q 4 wk
232 1900 d 1, 8, 15 No 200/24 h daily Repeat q 4 wk
233 1000 200 750/24 h Weekly × 4 of 6 wk
234 1000 d 1, 8, 15 No 500/24 h d 1–5 Repeat q 4 wk
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Taken together, the preclinical data suggest the importance of administering paclitaxel 
fi rst to establish G2/M arrest prior to giving 5-FU. Several schedules of either docetaxel or 
paclitaxel in combination with 5-FU have been developed (Table 7) (238–248). Docetaxel 
has most commonly been given as a 1-h infusion on d 1 followed by a 120-h infusion of 
5-FU every 3 wk. Paclitaxel has generally been administered over 3-h once every 3 wk, and 
has been combined with either a weekly schedule of 5-FU given as a 24-h infusion or by 
bolus injection. As an alternative, paclitaxel has been given d 1 with bolus 5-FU alone or 
modulated by LV for 3 or 4 d every 3 wk. Two trials have delayed the administration of 5-FU 
until the day after taxane therapy (245,248). Each of these regimens has been associated 
with clinical activity. The taxanes have limited single-agent activity in adenocarcinomas 
arising in the large intestine; therefore, the clinical potential of this combination in this 
disease is not clear.

3.5. Irinotecan and 5-FU
Irinotecan belongs to the camptothecin class of anticancer drugs, which interact with the 

nuclear enzyme topoisomerase I. Irinotecan has single-agent activity in colorectal cancer 
when used as both initial therapy and in patients whose disease has progressed on 5-FU 
therapy; this drug was initially approved by the Food and Drug Administration based on 
its activity in patients with 5-FU-refractory colorectal cancer (249–251). The rationale 
for the combination of irinotecan and 5-FU alone or with LV modulation is that each has 
single-agent activity, the mechanisms of action differ, and irinotecan has activity against 
some 5-FU/LV-resistant tumors. Irinotecan has recently received approved as a component 
of fi rst-line therapy for advanced colorectal cancer based on two pivotal trials that compared 
combined therapy with irinotecan and LV-modulated 5-FU against 5-FU/LV alone; each trial 
showed an advantage of the combined regimen in terms of response rate, time to progression, 
and survival (148,252).

In North America, there is greater experience with the weekly schedule of irinotecan; 
therefore, it was combined with a weekly schedule of bolus 5-FU modulated by low-dose LV 
(to reduce potential 5-FU/LV-associated diarrhea) (148). In France, the de Gramont schedule 

Table 7
Clinical Schedules of Taxanes Combined with 5-FU

Ref. Taxane (mg/m2) LV (mg/m2) 5-FU (mg/m2) Schedule

238 Docetaxel 85 d 1 No 750/24 h d 1–5 Repeat q 3 wk
239 Docetaxel 85 d 1 No 750/24 h d 1–5 Repeat q 3 wk
240 Docetaxel 70 d 1 No 800/24 h d 1–5 Repeat q 3 wk
241 Docetaxel 50 d 1 No 500/24 h d 1–5 Repeat q 3–4 wk
242 Docetaxel 60 d 1 No 300 Bolus d 1–3 or 1–5 Repeat q 4 wk
243 Paclitaxel 175 d 1, 22 500/2 h 2000/24 h q wk × 6 Repeat q 50 d
244 Paclitaxel 175 d 1, 22 500/2 h 2000/24 h q wk × 6 Repeat q 50 d
245 Paclitaxel 175 d 1 No 1500/3 h d 2 Repeat q 3 wk
246 Paclitaxel 225 d 1 No 500 wk 1–3 Repeat q 3 wk
247 Paclitaxel 175 d 1 300/1 h d 1–3 350 d 1–3 Repeat q 3 wk
248 175 d 1 500/30 min d 2–5 370 d 2–5 Repeat q 3 wk

Note: In each of these trials, docetaxel was given by 1-h infusion, whereas paclitaxel was given by 3-h 
infusion.
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of mixed bolus and infusional 5-FU modulated by high-dose LV is the standard, whereas 
in Germany, the weekly schedule of 5-FU given by 24-h infusion is popular. Therefore, the 
combination arm in the European phase III trial employed either a weekly or every-other-
week schedule of irinotecan, 5-FU, and LV (252). Further details concerning the role of 
irinotecan in the clinical therapy of colorectal cancer can be found in Chapter 28.

A number of preclinical studies have been performed to investigate the interaction of 5-FU 
or other TS inhibitors with irinotecan (in vivo) or SN-38 (the active metabolite of irinotecan 
required for in vitro studies). These studies suggest that optimal cytotoxicity is observed 
when irinotecan or SN-38 exposure precedes exposure to the TS inhibitor (253–257). For 
example, sequential 4-h exposures of HCT-8 ileocecal cancer cells to SN-38 followed by 
raltitrexed was more effective than concurrent exposure or the opposite sequence (253). The 
sequence-dependent synergism was more prominent when raltitrexed exposure was delayed 
for 24 h after SN-38 exposure. The cytotoxicity of 24-h exposures to irinotecan and 5-FU in 
various sequences was studied in three human colorectal cancer cell lines (254). Sequential 
irinotecan followed by 5-FU produced the greatest cytotoxicity and DNA damage, whereas 
administration of 5-FU fi rst led to antagonism. In a rat colon tumor model, irinotecan 
and 5-FU were given by iv push weekly for 4 wk according to three different sequences: 
simultaneous administration, 5-FU given 24 h prior to irinotecan, and irinotecan given 24 h
prior to 5-FU. When the two drugs were combined at half of their individual maximally 
tolerated doses, the complete regression rate was 95% when irinotecan preceded 5-FU, 
but it was only 38% with the opposite sequence; intermediate results were observed with 
simultaneous administration (62% tumor regression) (256). The apparent explanation for 
the sequence-dependent cytotoxicity is the requirement for active DNA synthesis to convert 
topoisomerase I inhibitor-mediated stabilization of cleavable complexes into a lethal 
event. Whereas the current clinical schedules of irinotecan/5-FU/LV clearly represent a 
therapeutic advance in colorectal cancer, the preclinical data suggest that simultaneous 
administration of topoisomerase 1 and TS inhibitors may not be optimal. It is therefore 
possibile that improvements in the therapeutic results may be realized with alternate 
schedules of irinotecan/5-FU.
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1. INTRODUCTION

Over the past decade, there has been increasing evidence of the importance of the 
pyrimidine catabolic pathway in regulating the metabolism of 5-fl uorouracil (5-FU) and 
thus critically infl uencing the pharmacology of 5-FU and other fl uoropyrimidine drugs (1).
Dihydropyrimidine dehydrogenase or DPD (also known as, dihydrouracil dehydrogenase, 
dihydrothymine dehydrogenase, uracil reductase, E.C. 1.3.1.2) is the initial rate-limiting 
enzymatic step in the catabolism of not only the widely used antimetabolite cancer 
chemotherapy drug 5-FU but also the naturally occurring pyrimidines uracil and thymine 
(2–3). As shown in Fig. 1, DPD occupies an important position in the regulation of the 
metabolism of 5-FU, converting over 85% of a standard intravenous dose of administered 
5-FU to dihydrofl uorouracil (5-FUH2), an inactive metabolite, in an enzymatic step that 
physiologically is essentially irreversible (4,5). Although DPD is critical in regulating 
5-FU metabolism, 5-FU cytotoxic action is dependent on the anabolism of 5-FU to the 
“active” nucleotides 5-fluorodeoxyuridine monophosphate (FdUMP), 5-fluorouridine 
triphosphate (FUTP), and 5-fl uorodeoxyuridine triphosphate (FdUTP). These important 
“active” metabolites are, in turn, responsible for inhibition of cell replication through 
primarily inhibition of thymidylate synthase and secondarily through incorporation into 
RNA or DNA.
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2. CLINICAL EVIDENCE OF IMPORTANCE
OF DPD TO 5-FU PHARMACOLOGY

Although preclinical studies (1,2,4,5) of 5-FU metabolism demonstrated that DPD was 
the rate-limiting step in the catabolism of 5-FU, thus suggesting a potentially important role 
in 5-FU pharmacology, it is the more recent clinical studies of 5-FU that have demonstrated 
that DPD has an important role in the clinical pharmacology of 5-FU (Table 1). In particular, 
it is clear that DPD accounts for much of the variability that has been noted in clinical studies 
with 5-FU. This includes both intrapatient variability as well as interpatient variability.

With the increased use of ambulatory pumps for protracted infusions of 5-FU over the 
past two decades, pharmacokinetic studies had demonstrated that 5-FU levels often varied 
during an infusion despite 5-FU being delivered at a constant rate (6). The basis for this was 
initially not clear, but variation in DPD was considered because of its important role in the 
regulation of 5-FU metabolism. DPD activity has been shown to follow a circadian pattern in 
both animals and humans (7–9). Preclinical studies in rats on a 12-h light/12-h dark schedule 
had demonstrated that hepatic levels of DPD follow a pattern that can be plotted on a cosine 
wave (7). This pattern was completely reversed in another group of rats on an inverted 12-h 
light/12-h dark schedule. In patients receiving continuous infusion of 5-FU by automated 
pumps, sampling of serum 5-FU over a 24-h period has been shown to also exhibit circadian 
patterns when plotted on a cosine wave (9). DPD activity in peripheral blood mononuclear 
cells obtained at the same time-points from the same patients have been shown also to follow 
a circadian pattern that was essentially inverse to the 5-FU circadian pattern (Fig. 2). The 
data from this study suggested that perhaps DPD was responsible for the circadian variation 
in 5-FU. This has led some chemotherapists to propose time-modifi ed 5-FU infusions to 
optimize drug delivery during a 24-h period. Such regimens have been popularized by 
oncologists in Europe who have suggested a potential benefi t in the treatment of certain 
human cancers (10).

For the past four decades that 5-FU has been used clinically, it is notable that there has 
been wide variation in the published reports of the clinical pharmacokinetics of 5-FU. The 

Fig. 1. Metabolic overview illustrating the critical position of DPD in the metabolism of 5-FU as well as the 
natural pyrimidines uracil and thymine. More than 85% of administered 5-FU is catabolized via DPD.
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basis for this variability has been confusing. Carefully executed studies in our own clinical 
research center setting have demonstrated similar variability in 5-FU pharmacokinetics with 
half-lives (t1/2) ranging from around 4 min to 25 min after an intravenous bolus (Table 2)
(11). Because DPD occupies a critical position in the 5-FU metabolic pathway (see Fig. 1), 
it was hypothesized that the variation in pharmacokinetic characteristics might be secondary 
to variability of DPD enzyme activity among different individuals. Population studies 
were initially undertaken to assess DPD enzyme activity in easily accessible tissues (e.g., 
peripheral blood mononuclear [PBM] cells) from healthy individuals, with subsequent 
studies examining DPD activity in human cadaver liver specimens. DPD was shown to 
vary from individual to individual, with a normal distribution pattern (“bell-shaped curve”)
that was approx a sixfold variation from the lowest to the highest values (Fig. 3) (12,13).
Essentially the same pattern of DPD activity has also been observed in the PBM cells of 
both breast and colorectal cancer patients who have been tested, although, interestingly, the 
normal distribution is shifted to the left with a lower median DPD activity in the breast cancer 
patient population (14). The mechanism for this latter observation is currently unknown, 
but it does not appear to be related to age, menopausal status, concurrent hormonal therapy, 
or chemotherapy. The wide variation in DPD activity observed in the above-described 

Table 1
Importance of DPD in 5-FU Metabolism

• Variability in 5-FU blood levels during the day while receiving continuous (protracted) infusion 
of 5-FU. Circadian variation of 5-FU related to circadian variation of DPD; implication for 
time-modifi ed therapy.

• Variability of 5-FU clinical pharmacokinetics (t1/2 and clearance) related to variability in DPD.
• Variability in 5-FU bioavailability related to variability in DPD.
• Variability of 5-FU catabolism due to variability in gene expression of DPD secondary to 

sequence changes in the DPD gene; genetic defi ciency of DPD (pharmacogenetic syndrome).
• Variability in 5-FU antitumor activity (i.e., resistance) may be related to variability in DPD 

expression in the tumor.
• DPD is a potential therapeutic target for improving 5-FU therapy.

Fig. 2. Circadian pattern of DPD with inverse circadian pattern of serum 5-FU from a patient receiving a 
protracted infusion of 5-FU 300 mg/m2 by ambulatory pump. (Adapted from ref. 9.)
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populations is thought to account for the wide variation in the t1/2 (and pharmacokinetics) 
that has been observed in patients treated with 5-FU (11).

One of the most unexpected observations in clinical pharmacologic studies of 5-FU had 
been the apparent variability in absorption of 5-FU after oral administration. Over the years 
this has led to the recommendation that 5-FU not be administered by the oral route (3).
Because 5-FU is a relatively small (molecular weight) molecule with a pKa that should 
favor excellent absorption and bioavailability, one would predict that the absorption of 
5-FU should be effi cient and the bioavailability excellent, with little variability. Recent 
studies examining the potential use of oral fl uoropyrimidine drugs have demonstrated that 
variation in DPD activity is likely responsible for the apparent variable bioavailability of 
5-FU, with the use of DPD inhibitors permitting a pharmacokinetic pattern produced by 
oral administration of 5-FU that was essentially the same as that produced by intravenous 
administration, resulting in essentially 100% bioavailability when potent irreversible DPD 
inhibitors were used (15).

Although most patients tolerate 5-FU reasonably well, over the past four decades 
there have been an increasing number of patients noted who developed severe, at times 
life-threatening, toxicity after standard doses of 5-FU (16–19). Because these patients 
demonstrated exaggerated normal toxic side effects as if they had received an overdose 
of drug, it was hypothesized that these patients were defi cient in a catabolic enzyme that 
resulted in more 5-FU being present over time. Initial studies in these affected patients 
demonstrated elevated uracil and thymine levels suggesting defi ciency of the fi rst step in 
pyrimidine catabolism, DPD (16–18). Subsequent studies demonstrated that many of these 
patients were indeed defi cient in DPD. It is clear now that an additional small percentage 
(<3%) of the population has DPD activity signifi cantly below the normal distribution 
that characterizes most of the population (19). These individuals are at signifi cant risk if 
they develop cancer and are given 5-FU. This is a true pharmacogenetic syndrome, with 
symptoms not being recognized until exposure to the drug (19).

Although it has long been well known that variability in the activity of pyrimidine 
anabolic enzymes is important in determining the antitumor effectiveness of 5-FU, much 
less attention has been focused on the variability in the activity of the pyrimidine catabolic 
enzymes. Of interest was the hypothesis that increasing levels of DPD expression in tumors 

Table 2
Clinical Pharmacokinetics of 5-FU

Patients t1/2 (min) Clearance (mL/min/m2)

11 16.5 1376
12 18.9 1707
13 17.6 1596
14 11.4 1431
15 26.7 1335
16 17.9 1633
17 17.9 1558
18 15.3 1014
19 23.9 1567
10 12.6 1726
Mean ± SD 12.9 ± 7.3 594 ± 198

Note: Data adapted from ref. 11.
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should increase resistance to 5-FU. In fact, tumors that are resistant to 5-FU have been 
shown to express increased levels of DPD activity (20). With the development of more 
sensitive methods for assessing DPD in small-needle-biopsy-sized tumor specimens through 
the use of quantitative polymerase chain reaction (PCR) to measure DPD mRNA, increased 
expression of DPD mRNA has been demonstrated in tumors from patients who were resistant 
to 5-FU (21).

3. UTILIZING UNDERSTANDING OF DPD
TO DEVELOP A PHARMACOLOGIC STRATEGY

The observed variable DPD levels in both normal and tumor tissues provide a rationale 
for the oncologist to either alter the dose of the fl uoropyrimidine drug or inhibit DPD in 
order to minimize the variability in 5-FU pharmacology. The presence of increased tumor 
DPD suggests the need to increase the dose of 5-FU (or a prodrug of 5-FU) to overcome 
the increased catabolism of 5-FU within the tumor by enabling enough 5-FU to be available 
within the tumor to be converted to active anabolites (see Fig. 1). An alternative approach 
is to use known inhibitors of DPD, usually with a lower dose of 5-FU, to directly inhibit 
5-FU degradation within the tumor, permitting the 5-FU that is present, even if present 
in low concentrations, to be converted to active 5-FU anabolites. Inhibiting DPD in 5-FU-
susceptible host tissue such as gastrointestinal (GI) mucosa and bone marrow should also 
make dosing from patient to patient less variable, the latter being accomplished through 
lessening the variability in pharmacokinetics, bioavailability and the resultant host toxicity.

Over the years, there have been many attempts to synthesize effective inhibitors of DPD
(22). Unfortunately, many of these compounds have proven to be very toxic. In the past
several years, there have been several fl uoropyrimidine drugs using DPD inhibition introduced
into the clinic. These drugs, referred to as DPD inhibitory fl uoropyrimidines (DIF), include 
UFT, Eniluracil, S-1, and BOF-A2 (23). These drugs differ both in the mechanism of DPD 
“inhibition” as well as in the degree of inhibition produced. The rationale for using DIF 
drugs is that there is a source of 5-FU, either from 5-FU itself or from a “prodrug” that is 
converted to 5-FU together with another drug that interferes with (or inhibits) the otherwise 
rapid catabolism of 5-FU. This permits oral delivery of 5-FU (potentially oral bioavailability 
>70%) and results in less variability in the pharmacokinetics of the fl uoropyrimidines. In 

Fig. 3. Pattern of DPD activity in population of 104 healthy individuals demonstrating wide sixfold 
variation in DPD activity. (Adapted from ref. 12.)
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addition, by inhibiting the catabolic pathway, more 5-FU can enter the anabolic pathway, 
potentially increasing the antitumor effect. This is theoretically important for tumors that are 
resistant secondary to an increase of intratumoral DPD (see earlier discussion).

UFT was the fi rst of the DIF drugs to be synthesized and is the one most studied (24,25).
This oral fl uoropyrimidine is a combination of the naturally occurring pyrimidine uracil with 
the fl uoropyrimidine Tegafur (Ftorafur) in a 4�1 molar ratio. The presence of uracil in excess 
of 5-FU results in competition at the level of DPD such that 5-FU, which is formed from 
Tegafur, theoretically should not be rapidly degraded and therefore should remain present 
for a more prolonged period. Although not true inhibition of DPD, the competition between 
5-FU and uracil for DPD produces an effect similar to what one achieves with a true DPD 
inhibitor. In contrast to the true DPD inhibitors and inactivators, the effect on DPD is more 
rapidly reversible. This rapidly reversible inhibition may avoid some of the problems that 
were seen with the earlier DPD inhibitors and may account for a more favorable toxicity 
profi le compared to some of the earlier DPD inhibitors (22) as well as some of the newer DIF 
drugs. There is now extensive data from Japan as well as Europe, South America, and the 
United States demonstrating that orally administered UFT has antitumor activity in several 
tumor types (particularly breast and colon cancer), either as a single agent or combined with 
leucovorin (26). Studies thus far have shown that it is at least as effective as intravenously 
infused 5-FU. Furthermore the toxicity profi le has proven quite tolerable with the typical 
fl uoropyrimidine toxicities (e.g., diarrhea and nausea) seen at the maximum tolerated 
dose (MTD). Of note is the paucity of other toxicities, in particular hand–foot syndrome, 
neurologic, and cardiotoxicity (27). Although not well understood, some of these toxicities 
may be secondary to 5-FU catabolites. 5-FU catabolites are less likely to form from UFT 
and, therefore, these toxicities are not typically observed.

Although DPD is clearly an important factor (28), it is probably a more rational approach 
to monitor multiple factors (including not only DPD but also the target thymidylate synthase 
[TS] and possibly enzymatic steps leading to anabolism of 5-FU to active nucleotide 
anabolites) that are known to predict 5-FU effectiveness and base the decision on these taken 
together. In particular, the use of immunohistochemical assessment or quantitative PCR 
of multiple targets may provide a valuable method by which to approach this. A recent 
study in which patients on a clinical trial for advanced colorectal cancer were assessed 
clinically for response to 5-FU + leucovorin and independently assessed for DPD, TS, and 
the enzyme thymidine phosphorylase demonstrated a very high degree of prediction of 
response based on these markers (21). Patients with had relatively “low” expression of all
of these markers responded to the regimen, whereas those patients who had elevation of
any one marker were essentially unresponsive and progressed earlier (see Fig. 4). It is likely 
that this assessment of multiple markers will become the approach used in the future.

4. POTENTIAL BENEFIT FROM DECREASING
FORMATION OF 5-FU CATABOLITES

The use of DPD inhibitors together with 5-FU has other potential theoretical clinical 
benefi ts by lessening toxicities thought to be caused by downstream catabolites of 5-FU 
(see Fig. 1). Many of the common fl uoropyrimidine toxicities are thought to be the result 
of anabolism of 5-FU nucleotides (see Fig. 5), with the inhibition of thymidylate synthase 
by FdUMP resulting in S-phase inhibition. Because rapidly growing cells (e.g., oral and 
gastrointestinal mucosa, certain hematopoietic cells) have a relatively large fraction of cells 
in the S phase, these cells are particularly sensitive to the effects of 5-FU with toxicities, 
such as mucositis, stomatitis, gastrointestinal side effects (such as nausea, vomiting, and 
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diarrhea), leukopenia and sometimes thrombocytopenia, typically being seen. In contrast 
to these toxicities, there are other toxicities that have been suggested to be possibly related 
to catabolites of 5-FU. These have included neurotoxicity manifested as cerebellar ataxia 
and at times decreased consciousness, which has been suggested to be caused by further 
metabolism of the 5-FU-catabolite α-fl uoro-β-alanine (FBAL) (see Fig. 1) to fl uorocitrate 
and subsequently fl uoroacetate by metabolism within the Krebs cycle (29). Although this 
appears to be biochemically possible, the evidence that this does occur and is responsible 
for the neurotoxicity of 5-FU remains indirect at best. 5-FU-related cardiotoxicity has also 
been suggested to be secondary to 5-FU catabolites. As with neurotoxicity, the evidence in 
support of this is somewhat inconclusive. Thus if neurotoxicity and cardiotoxicity are indeed 
caused by 5-FU catabolites, then the addition of a DPD inhibitor might lessen these toxicities 
while preserving 5-FU activity. One other toxicity that may be related to the effect of a 
5-FU catabolite is hand–foot syndrome. Of interest is the decreased evidence of hand–foot
syndrome observed when DPD inhibitors are used with 5-FU, in contrast to what is observed 

Fig. 4. Quantitative PCR mRNA pattern of DPD, TS, and thymidine phosphorylase (TP) from tumor 
specimens of patients treated with a Mayo Clinic regimen of 5-FU + leucovorin. Patients who responded 
had relatively low mRNA expression of the three markers (below horizontal line), whereas patients who 
were unresponsive had elevation of one or more of these markers. (Adapted from ref. 21.)

Fig. 5. Toxicities associated with 5-FU secondary to anabolism and possibly secondary to catabolism. 
Potential effect of inhibiting DPD is shown.
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with oral 5-FU administration without DPD inhibition (e.g., Capecitabine [Xeloda]) or 
protracted intravenous infusion of 5-FU where hand–foot syndrome is more common, 
Whether this is caused by a 5-FU catabolite is unclear at the present time, but it will need 
to be further evaluated in the future.

5. CONCLUSION

Dihydropyrimidine dehydrogenase is the initial rate-limiting enzyme in the catabolism of 
5-FU, accounting for catabolism of over 85% of an administered dose of 5-FU. DPD has an 
important role in regulating the availability of 5-FU for anabolism. It is now clear that DPD 
also accounts for much of the variability observed with the therapeutic use of 5-FU. This 
includes variable 5-FU levels over 24 h during a continuous infusion, the widely reported 
variability in 5-FU pharmacokinetics, the observed variable bioavailability that has led to the 
recommendation that 5-FU not be administered as an oral agent, variability at the level of the 
gene that is associated with pharmacogenetic syndrome, and, fi nally, the observed variability 
in both toxicity and drug response (resistance) after the same 5-FU dose. Knowledge of 
the DPD level as well as the levels of other potentially important molecular markers (e.g., 
thymidylate synthase) may permit adjustments in the 5-FU dose or modulation of the 5-FU 
dose that can result in an increase in the therapeutic effi cacy of the 5-FU drug. DPD has also 
been a potentially attractive target for modulating 5-FU metabolism and, hence, potentially 
its effi cacy and toxicity. Although some of the DIF drugs are approved in various locations 
worldwide (e.g., UFT, S-1), no DIF drugs are approved in the United States at present. 
Finally, it should be noted that several fl uoropyrimidine toxicities may be caused by 5-FU 
catabolites, leading to the suggestion that potential use of DPD inhibition may lessen the 
chance of these toxicities.
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1. INTRODUCTION

5-Fluorouracil (5-FU) has been the most signifi cant drug in the management of colorectal 
cancer for the previous 40 yr. Its mechanism of action, toxicity profi le, mechanisms of 
resistance, and clinical utility have been clearly defi ned through many clinical trials and 
basic science research efforts (see Chapters 25 and 26). It is established in the key role of 
systemic therapy in both the metastatic setting as well as the adjuvant setting for colorectal 
cancer. Likewise, it is used for many other cancers of the gastrointestinal (GI) tract, head 
and neck region, and breast cancer. For the past 10–15 yr, the focus of research has been 
on improving the clinical effi cacy of 5-FU through biochemical modulation. The addition 
of such agents as leucovorin have demonstrated improvement in response rates but have 
only minimally advanced survival outcomes (1–3). Alterations in dose and schedule of 5-FU 
have likewise resulted in improvement in response rates without large changes in survival 
outcomes. Most signifi cantly, prolonged infusions of low-dose 5-FU have been found to 
generate a lower-toxicity profi le as well as equal or improved clinical outcomes, including 
a survival advantage (Table 1) (4). Unfortunately, the administration of intravenous 5-FU 
chronically is somewhat tedious and burdensome for patients and physicians alike. Logically, 
the development of an oral 5-FU equivalent would have dramatic implications for the therapy 
of colon cancer as well as for patient quality of life (5).
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This chapter will focus on the development of drugs that allow for the oral delivery of 
5-FU. The compounds that have been developed approach the problem of oral delivery from 
different angles, resulting in compounds with potential clinical differences as well. One of 
the agents is already approved for use in much of the world and others have sought approval 
or are soon to seek approval for use in cancer patients. Therefore, it is critical to understand 
the different agents, the advantages and disadvantages of each, and to review the current 
clinical experience with the compounds.

2. DIHYDROPYRIDINE DEHYDROGENASE

Dihydropyridine dehydrogenase (DPD) is an enzyme found predominantly in the liver 
but widely present in other human tissues, particularly the GI tract (see Chapter 26). This 
enzyme is responsible for the catabolism of 5-FU to its inactive metabolite (6).

Approximately 80% of all 5-FU administered is catabolized by DPD. The remaining 20% 
of 5-FU is anabolized to active species which are responsible for its antitumor activity (Fig. 1)
(7). In principle, 5-FU is orally bioavailable, but because of the large fi rst-pass effect through 
the liver and metabolism by DPD, it is diffi cult to predict how much 5-FU would reach the 
systemic circulation. A second issue surrounding DPD is the fact that it is variably expressed 
in patients. In other words, some patients have high levels of DPD expression and activity, 
whereas others have very low levels. There are rare patients who express no DPD. This latter 

Table 1
5-FU Bolus vs 5-FU CI in Colorectal Cancer: Meta-Analysis

Six trials (n = 1219) 5-FU bolus 5-FU CI p-value

Response ratea (%) 14.3 22.3 <0.0021
Survivala (months) 11.3 12.1 <0.0411
Toxicity: grade 3–4
neutropeniab (%) 31.3 14.3 <0.0001
Hand–foot syndromeb (%) 13.3 34.3 <0.0001

aData from Meta-analysis Group in Cancer. J. Clin. Oncol., 16 (1998) 1301–1308.
bData from Meta-analysis Group in Cancer. J. Clin. Oncol., 16 (1998) 3537–3541.

Fig. 1. Metabolism of 5-fl uorouracil.
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group is obviously extremely sensitive to 5-FU and occasionally suffer fatal or near-fatal 
complications when given standard doses of intravenous (IV) 5-FU (8–10).

In order to successfully deliver an oral fl uoropyrimidine, one must design agents that 
either bypass or, in some way, inhibit DPD. Two compounds (UFT and S-1) utilize agents 
that are competitive inhibitors of DPD. A third compounds (which has now been withdrawn 
from clinical development) (eniluracil) reversibly inhibits DPD. The fourth compound 
(capecitabine) is, in fact, DPD “resistant” is the result of modifi cations in the structures 
of molecule. The specifi cs of the mechanisms of action, pharmacology, and structure will 
be described in detail in the following sections. It is important to note that these agents 
will have different side-effect profi les and different risks in patients because of these 
differences on DPD.

3. DPD INHIBITORS

3.1. Tegafur and UFT
Tegafur is a furanyl nucleoside analog of 5-FU initially introduced many years ago (Fig. 2).

It is absorbed intact from the GI tract and is then converted to 5-FU in vivo by hepatic 
microsomal cytochrome P-450 enzymes. The initial clinical trials with this compound 
revealed unacceptable toxicity, namely severe gastrointestinal and central nervous system 
toxicities (11). It also failed to result in signifi cant persistent levels of 5-FU. Clinical activity 
has been observed with his compound in 5-FU-sensitive malignancies and a more protracted 
administration schedule has helped with toxicity.

In order to improve the toxicity profi le and effi cacy of this compound, a combination 
agent utilizing Tegafur and uracil, a competitive inhibitor of DPD, in a fi xed combination of 
1�4 molar ratio has been developed (12) (Fig. 2). Preclinical studies demonstrated that this 
combination, called UFT, resulted in signifi cant improvements in the tumor to normal tissue 
and tissue to serum ratios of 5-FU (13,14). This compound was explored in a series of clinical 
trials showing it to have similar single-agent activity to that of iv 5-FU. One trial has been 
performed using this compound in the adjuvant setting in patients with stage 2 and stage 3

Fig. 2. Chemical structures of uracil, Tegafur, and calcium folinate.
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colon cancer compared to surgery alone with signifi cant improvements in disease-free 
survival rates (15). UFT (uracil, 5-FU, tegafur) has been commercially available in Japan 
for many years.

As stated earlier, signifi cant evidence exists supporting the positive impact of leucovorin in 
combination with 5-FU (16), resulting in improved response rates. The mechanism of action 
for this improvement is thought to be through enhanced binding of the active metabolite 
of 5-FU to its target enzyme, thymidine synthase. Leucovorin, a reduced folate, enhances 
this binding through the formation of a ternary complex. Therefore, it is logical to pursue 
combinations of the oral fl uoropyrimidines such as UFT with leucovorin. In summary, 
UFT demonstrates a clinical impact similar to that of iv 5-FU but with a signifi cantly lower-
toxicity profi le. Most notable is that this compound does not cause hand–foot syndrome 
commonly seen with capecitabine.

3.2. Clinical Trials of UFT
Phase I trials of single-agent UFT examined both a 5-d schedule repeated every 21 d

and a 28-d schedule repeated every 35 d (17). In each trial, the dose was divided by 
3 and administered three times daily at 8-h intervals. Granulocytopenia was the dose-
limiting toxicity for the 5-d regimen and diarrhea was dose limiting for the 28-d regimen. 
This parallels the toxicity seen with iv 5-FU. The recommended phase II dose for UFT 
administered without leucovorin was 800 mg/m/d for the 5-d schedule and 360 mg/m/d for the
28-d schedule. In subsequent studies, UFT was combined with oral leucovorin using the 28-d 
schedule repeated every 35 d (18). Again, diarrhea was dose limiting and the recommended 
phase II dose was UFT 300 mg/m/d plus leucovorin 90 mg/d. In phase II studies of UFT 
plus oral leucovorin in advanced colorectal cancer, response rates ranged from 25% to 42% 
(19,20). Toxicity was low, with manageable diarrhea being dose limiting. There was no 
signifi cant myelosuppression, mucositis, or hand–foot syndrome seen. The compound was 
found to be safe in the elderly (21). Two phase III trials have been performed in patients with 
previously untreated metastatic colorectal cancer (22,23) (Table 2). To summarize the results, 
UFT plus oral leucovorin closely simulates the response rate to iv 5-FU and leucovorin given 
on the daily times fi ve regimen. Importantly however, the toxicity of the oral regimen is 
signifi cantly less than the intravenous regimen, and the overall patient quality of life was 
superior. An important fact in reviewing these results is that the response rate seen with iv 
5-FU and leucovorin was lower than has been seen in many other randomized trials. 

Table 2
Phase III Results of Orzel vs 5-FU/Leucovorin

 Orzel 5-FU/Leucovorin

No. of patients 598 598
Dose 300 mg/m UFT/90 LV tid 425 mg/m 5-FU + 20 mg/m
     28 d on, 7 d off     LV d 1–5 q 28 d
Response rates 12% US study 15% US study
 11% European study 9% European study
Survival No difference
Toxicity Signifi cantly less
     neutropenia and mucositis
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4. S-1

S-1 is a another oral antitumor agent composed of Tegafur as in UFT but contains two 
other compounds, CDHP (5-chloro-2,4-dohydroxypyrimidine) and potassium oxonate (Oxo) 
in a molar ratio of 1�0.4�1 (Fig. 3). CDHP is a reversible inhibitor of DPD and Oxo inhibits 
the conversion of UFT to 5-FU in the GI tract, reducing the local GI toxicity (24). The 
latter two compounds do not have any antitumor activity themselves and act as modulators. 
Preclinical studies performed showed a higher response rate observed in mice than had been 
seen previously with other 5-FU-like compounds. S-1 has been shown to exert a potent 
antitumor effect with low gastrointestinal toxicity in experimental tumor models (25).

On the basis of phase I and early phase II clinical trials, a dose of 80 mg/m/d given 
in two divided doses after breakfast and supper using a 28-d consecutive oral regimen 
was recommended (26,27). The dose-limiting toxicities were diarrhea and neutropenia. 
Pharmacokinetic analysis showed no fl uctuations in pharmacokinetics or any drug accumula-
tion (28). Further clinical studies have not been published in manuscript form, but several 
abstracts have been produced. In one study, a 16% response rate was observed in patients 
with colorectal cancer treated with 50–75 mg of S-1 twice daily for 28 d followed by a 
14-d rest. Many of these patients had received prior therapy (29). A 35% response rate 
was reported in a second study using a lower dose of 40–60 mg in previously untreated 
metastatic colorectal cancer (30). Continued development of this compound is underway in 
Japan, Europe, and the United States.

5. ENILURACIL

Eniluracil is a compound that offers an alternative approach to the inhibition of DPD. 
This compound is a small molecule that has been shown to be an irreversible inhibitor of 
DPD (31) (Fig. 4). The effects of eniluracil on DPD were demonstrated in an early clinical 
trial of patients who were scheduled to undergo primary colorectal tumor resection (32).
These patients received oral eniluracil 10 mg/m2 twice daily for 3 d before surgery. Both 

Fig. 3. Chemical structure of S-1.
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mononuclear cells and tumor tissue were obtained. Measurements of DPD activity and 
plasma uracil were obtained as a primary end point. In all patients who received eniluracil, 
there was no detectable tumor DPD activity recorded when compared to the untreated 
patients. The same was seen in mononuclear cells. Plasma uracil changed, dramatically 
increasing over 200 times. This study provided defi nitive evidence of complete inhibition 
of DPD in human tumors. In a different approach, to monitor the intratumoral effects of 
eniluracil, another study was performed utilizing positron-emission tomography (PET) 
scanning to determine the pharmacokinetics of F-18-labeled fl uorouracil (33). In comparison 
to patients untreated with eniluracil, the treated patients had marked retention of 5-FU in 
tumors compared to normal liver and other tissues. However, another signifi cant fi nding 
of this study was the reduction in uptake in normal liver and kidneys compared with the 
tumors. This would suggest a selective effect on tumor tissue.

5.1. Clinical Trials of Eniluracil
In an initial phase I study using a 28-d schedule of oral 5-FU administered twice daily 

in combination with oral eniluracil followed by a 7-d break, the recommended phase II 
dose of 5-FU was 1 mg/m2 twice daily with eniluracil 20 mg twice daily (34). Extensive 
pharmacokinetics were performed as a part of this trial, showing that 5-FU given by this 
route achieves steady-state levels similar to that with protracted intravenous administration 
of 5-FU. The phase II study was then performed in patients with metastatic colorectal cancer 
that were previously untreated or refractory to 5-FU leucovorin (35). They were enrolled 
in two separate cohorts. Twenty-four patients had not previously received chemotherapy 
or had received adjuvant chemotherapy > 6 mo prior to enrollment. Fifty-one patients had 
disease refractory to iv 5-FU leucovorin. The treatment schedule was seven consecutive 
daily doses of eniluracil 20 mg/d with once daily oral 5-FU given on d 2–6 repeated every 
4 wk. One-half of the patients in each cohort also received 50 mg/d of oral leucovorin on 
d 2–6. The 5-FU dose was 25 mg/m2 without leucovorin and 20 mg/m2 when given with 
leucovorin. Five of the 24 previously untreated patients responded, but no responses were 
seen in the previously treated group. Fifteen patients did demonstrate stable disease. Only 
7% of patients experienced grade 3 diarrhea. Myelosuppression was frequent and dose 
limiting. Neutropenic sepsis was seen in 13.5% of patients. This study showed the parallel 

Fig. 4. Chemical structure of eniluracil (5-ethynyluracil, 5-EU).
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in toxicity and effi cacy between this oral regimen given for 5 d and the daily times fi ve iv 
5-FU and leucovorin (Mayo Clinic).

In a second phase II trial performed exclusively in untreated, metastatic colon cancer 
patients and using the 28-d treatment schedule (1.0 or 1.15 mg/m 5-FU) repeated every 5 wk, 
a 25% partial response rate was achieved with an additional 36% of the patients maintaining 
stable disease (36). The median duration of progression-free (22.6 wk) and overall survival 
(59 wk) were comparable to results with iv 5-FU. No difference was observed between 
the two doses in terms of response, with the 1.15-mg/m dose resulting in slightly higher 
frequency of hematologic toxicity.

Recently, a phase III trial comparing iv 5-FU and leucovorin to eniluracil and oral 5-FU 
using the 28-d schedule has completed accrual. The results of this study are critical in the 
determination of whether this compound gets approval within the United States for use 
in colon cancer. By not only inhibiting the DPD within the systemic circulation and liver 
but also within the tumors themselves, it was hoped that this compound would result in 
improved response rates or other measures of improved clinical outcome. Unfortunately, 
although incomplete and not published, the preliminary results of this study were negative; 
namely there was no advantage seen with eniluracil and oral 5-FU as compared to iv 5-FU. 
Therefore further development of this compound has been stopped.

6. CAPECITABINE

Capecitabine (N4-pentyloxycarbonyl-5′-deoxy-5-fl uorocytidine) is a novel fl uoropyrimi-
dine carbamate that is converted to 5-FU selectively in tumors through a cascade of three 
enzymes (37) (Fig. 5). Using rational design and unique tissue localization patterns of 
key enzymes, capecitabine was developed to be selectively activated within tumor tissues. 
Capecitabine is absorbed unchanged through the gastrointestinal tract and is metabolized in 
the liver to 5′-deoxy-5-fl uorocytidine (5′-DFCR) by a carboxylesterase. It is then converted 
to doxifl uridine (5′-DFUR) by a cytidine deaminase found in high concentrations in the 
liver and various types of solid tumors. Finally, it is converted from 5′-DFUR to 5-FU by 
thymidine phosphorylase, which was known to be markedly elevated in tumor tissues as 
compared to normal tissues (Fig. 6). The intermediate metabolites do not have signifi cant 
cytotoxicity and, therefore, 5-FU is the dominant cytotoxic species. This design was 

Fig. 5. Chemical structure of capecitabine.
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undertaken to improve the safety profi le of 5-FU, to allow for oral bioavailability of the 
drug and possibly allow for an increased tumor effi cacy based on selective delivery of 
the drug (38).

Preclinical studies have demonstrated signifi cant activity of capecitabine in both 5-FU-
sensitive and 5-FU-resistant tumors (39). A study was performed that investigated tissue 
localization of the three enzymes in humans as well as the selective activation of the 
compound to 5-FU (40). In this study, 19 patients requiring surgical resection of either 
their primary colon tumor or colon cancer metastases to the liver received 1255 mg/m2 of 
capecitabine twice daily orally for 5–7 d prior to surgery. On the day of surgery, samples of 
tumor tissue, adjacent healthy tissue, and blood samples were collected from each patient 
2–12 h after the last dose of capecitabine had been administered. These tissues were then 
analyzed using high-performance liquid chromatography (HPLC) for the concentration 
of 5-FU. In addition, the activities of key enzymes, including thymidine phosphorylase 
and DPD, were measured. The results showed consistent upregulation of thymidine 
phosphorylase in colorectal tumor tissue as compared to adjacent normal tissue. The one 
exception to this was within the liver where thymidine phosphorylase levels were roughly 
equivalent to metastatic tumor. On average, the level of 5-FU in the tumor was 3.2 times 
higher than in the adjacent healthy tissue in primary colorectal tumors but only 1.4 times 
higher in metastases. The mean tissue to plasma 5-FU concentration ratios exceeded 20 for 
colorectal tumors and ranged from 8 to 10 for other tissues (Fig. 7). This study, performed 
in humans, documents the selective activation of capecitabine in patients with colorectal 
cancer.

6.1. Clinical Trials of Capecitabine
A series of phase I studies were performed using this compound in patients with advanced 

metastatic cancer. In one study, capecitabine was administered twice daily as an outpatient 
for 2 wk in a row followed by 1 wk of rest (41). Thirty-four patients with solid tumors were 
enrolled. The result showed that at a dose of 2510 mg/m2 daily toxicity was acceptable. Dose-

Fig. 6. Enzymatic activation of capecitabine.
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limiting toxicities of diarrhea abdominal pain and leukopenia were observed. Palmar–plantar
erythrodyesthesia (hand–foot syndrome) was observed at the higher dose levels in patients 
after prolonged treatment. Objective tumor responses were observed. The recommended 
phase II dose for the schedule was 2510 mg/m divided into two doses administered daily for 
14 d with 1 wk off. A second phase I trial sought to defi ne the toxicity profi le of capecitabine 
in combination with leucovorin (42). The same basic treatment schedule was used with a 
2-wk period of treatment followed by 1 wk of rest. The dose-limiting toxicities of diarrhea, 
nausea, vomiting, and hand–foot syndrome were observed at doses above 2000 mg/m/d, 
making the recommended phase II dose 1650 mg/m/d of capecitabine plus 60 mg/d of 
leucovorin. Pharmacokinetics showed rapid GI absorption and conversion to the active 
drug. Leucovorin had no effect on the pharmacokinetics of capecitabine. Clinical responses 
were likewise seen. In a third trial, the impact of food on the absorption and metabolism of 
capecitabine was investigated and found to play a signifi cant role. The recommendation is to 
take the medicine with food, as was done in the trials, but the absence of food may, in fact, 
increase the absorption of capecitabine, altering its clinical profi le (43).

In order to determine the optimum dose and schedule to take on to more defi nitive testing 
a phase II randomized trial was performed comparing three different schedules of capecita-
bine in patients with previously untreated advanced colorectal cancer (44). The three schedules 
were (1) 1331 mg/m2/d continuously, (2) 2510 mg/m/d, 2 wk on and 1 wk off, and (3)
1675 mg/m2/d plus oral leucovorin 60 mg/d two wk on and 1 wk off. One hundred nine patients 
were randomized on this study, with equal distribution among the three arms. The greatest 
toxicity was observed in the arm with capecitabine plus leucovorin, with an increase in diarrhea 
and hand–foot syndrome. Tumor responses were seen in all three arms. The intermittent single-
agent schedule was proposed for phase III evaluation (arm 2) based on the higher-dose intensity, 
the slightly superior response rate and time to progression, and overall acceptable toxicity.

Two phase III studies have been performed in patients with previously untreated metastatic 
colorectal cancer comparing capecitabine 2500 mg/m/d, 2 wk on and 1 wk off, to the 5-FU 

Fig. 7. Mean ratios of 5-FU concentrations following administration of capecitabine and 5-FU in humans. 
Data for capecitabine from Schüller J, et al. Cancer Chemother. Pharmacol. (2000), in press. Data for 
5-FU from Kovach JS and Beart RW Jr. Invest. New Drugs, 7 (1999) 13–25.
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iv 425 mg/m and 20 mg/m leucovorin daily × 5 (Mayo Clinic regimen). One study was 
performed primarily in North America (United States, Canada, Mexico, and Brazil) (45) and 
the other study was performed in Europe, Israel, Australia, and Taiwan (46). Both studies 
were designed in an identical fashion, with 602 patients accrued to each study. Patients were 
randomized to receive either capecitabine or iv 5-FU with leucovorin. All patients were 
diagnosed with previously untreated metastatic colorectal cancer or had received adjuvant 
chemotherapy at least 12 mo previously (Table 3). Two different responses were reported: 
those of the investigators who were treating the patients and those of an independent review 
committee who reviewed the scans in a blinded fashion. It is important to note that although 
there was a signifi cant improvement in response rates with capecitabine, there was no 
difference in time to progression or overall survival between the two arms. The toxicity that 
was observed was an increase in hand–foot syndrome in patients treated with capecitabine, 
but a signifi cant reduction in fever/neutropenia, diarrhea, and mucositis when compared to 
iv 5-FU. The time to onset of grade 3 and 4 toxicities was later with capecitabine compared 
to iv 5-FU leucovorin. Based on the data from these two trials, this compound is likely to 
become approved for front-line usage in metastatic colorectal cancer.

Currently, several clinical trials are ongoing to defi ne the role of capecitabine in combina-
tion with other chemotherapeutic agents such as CPT-11 and oxaliplatin. Combination 
trials of capecitabine in radiation therapy are ongoing. Trials utilizing capecitabine in the 
adjuvant setting are planned.

7. COMPARING ORAL TO INTRAVENOUS 5-FU
The clinical studies that have been performed so far suggests that oral fl uoropyrimidines 

are equally active in patients with metastatic colorectal cancer when compared to iv 5-FU 
and leucovorin. The trials with UFT and leucovorin suggest equivalance to iv 5-FU and 
leucovorin, whereas capecitabine appears to result in a higher response rate. No trial of 
an oral agent has yet shown an improvement in survival compared to iv 5-FU. Therefore, 
the primary motivation for changing to an oral agent would be patient convenience and 
lower toxicity profi le. The clinical trials that have been performed to date confi rm the 
improvement in toxicity profi le as well as patient acceptance. A more widespread usage of 
oral fl uoropyrimidines is inevitable.

Table 3
Phase III Results of Capecitabine vs 5-FU/Leucovorin

 Capecitabine 5-FU/Leucovorin

No. of patients 602 602
Dose 2500 mg/m bid 14 d on 425 mg/m 5-FU + 20 mg/m
     7 d off     LV d 1–5 q 28 d
Response rates 24.8%b (25.5%)b “North 15.5% (111.6%) “North
Investigator (IRRa)     American” study     American” study
     26.6%b (18.9%)     17.9% (15%)

“Europe/Australia” study “Europe/Australia” study
Survival No difference
Toxicity Signifi cantly less neutropenia,  Signifi cantly less hand–foot
     diarrhea, mucositis     syndrome

aIRR = independent radiology review.
bStatistically signifi cant.
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Although outside the scope of this chapter, reimbursement for oral chemotherapeutic 
agents has become a signifi cant hurdle for their wider application. It is clear that physicians 
and their staff will play a central role in patient education and follow-up when patients are 
on home-based oral therapies (47). Currently, there is no mechanism for physicians to be 
reimbursed for this service, creating in some areas a disincentive for the use of these more 
“patient-friendly” therapies. Signifi cant effort is required to ensure an improved mechanism 
of reimbursement for these compounds as they become more widely available.

8. ORAL FLUOROPYRIMIDINES IN COMBINATION THERAPY

Several clinical trials have now been performed that support the role of infusional 5-FU in 
combination with radiation therapy as being superior to bolus dosing (48). This is logical, as 
the 5-FU half-life is extremely short and the opportunity for synergy with radiation is greater 
when protracted infusion is used. It also may allow for less toxicity. Therefore, it is likely that 
the use of oral fl uoropyrimidines would further simplify and improve this process.

To date, there have only been a limited number of published studies combining oral 
fl uoropyrimidines with radiation therapy. The two compounds that have been in clinical trial 
included UFT with leucovorin (49) and capecitabine. A study has been published of UFT 
combined with radiation in pancreatic cancer (50) and there are several ongoing studies 
combining this drug with radiation in preoperative and postoperative rectal cancer. The 
results of these latter studies are not available. The pancreatic cancer study showed this 
combination to be safe and well-tolerated without signifi cant toxicity. The recommended 
dose of 300 mg/m three times daily combined with leucovorin was associated with very 
limited toxicity. Given the fact that UFT is a direct precursor of 5-FU and requires very little 
activation, it is not surprising that these results appear similar to what one could achieve 
with intravenous protracted infusion 5-FU. On the other hand, capecitabine requires more 
signifi cant metabolic activation and relies on thymidine phosphorylase to convert it to 5-FU. 
In fact, a preclinical study demonstrated that radiation enhanced the activity of thymidine 
phosphorylase in tumor tissues as compared to normal surrounding tissues, suggesting that 
this may further improve the therapeutic index of capecitabine when given in combination 
with radiation (51). Clinical trials are ongoing in a variety of settings combining capecitabine 
with radiation but have not yet been published. The results from these trials are eagerly 
awaited.

As with radiation, multiple trials are currently ongoing combining oral fl uoropyrimidines 
with other cytotoxic chemotherapeutic agents such as CPT-11, oxaliplatin, gemcitabine, 
docetaxel, and others. Trials have only been published in abstract form but suggest a high level 
of tolerability with these combinations without signifi cant impact on pharmacokinetics.

9. ADJUVANT THERAPY

The use of oral fl uoropyrimidines has been limited primarily to patients with metastatic 
disease where they have shown at least equivalence to iv 5-FU in effi cacy with signifi cantly 
less toxicity. The logical next step would be to consider these compounds in the adjuvant 
setting. Clinical trials comparing iv 5-FU and leucovorin to capecitabine and UFT plus 
leucovorin are under way. In order to gain approval for adjuvant therapy, these trials 
must confi rm at least equivalent survival outcomes compared to iv 5-FU. As capecitabine 
requires metabolic activation, it is possible that certain clones of metastatic disease will not 
overexpress thymidine phosphorylase, creating a selective survival advantage for these cells 
that would not be seen with intravenous 5-FU or UFT. Although this scenario is unlikely, 



510        Marshall

the trial results will be critical to confi rm the equivalency of these compounds. If proven 
effective, this would be a clear advantage with regard to patient toxicity and overall quality 
of life in the adjuvant setting. Trials of CPT-11 and oxaliplatin in the adjuvant setting are 
further complicating the development of the oral fl uoropyrimidines in the adjuvant setting. 
With so many new agents proving useful in colorectal cancer, it is diffi cult to know what 
the standard of care for adjuvant therapy will become. However, one would predict that it 
would include a combination of an oral fl uoropyrimidine with CPT-11 and/or oxaliplatin. 
Participation in clinical trials is essential to move this fi eld forward as quickly as possible.

10. CONCLUSIONS

Oral fl uoropyrimidines represent an extremely exciting advance in the management of 
colorectal cancer as well as other malignancies. There are at least two new agents with 
great potential for use, each having a slightly different mechanism of action and, therefore, 
possibly different clinical effi cacy and toxicity profi le. Understanding the distinctions 
between the compounds is important when deciding on which to use in various clinical 
scenarios. It is important to recognize that these compounds have not yet resulted in a 
survival advantage for patients with metastatic colorectal cancer but may be superior in 
the adjuvant setting or in other combination settings. They do have a signifi cantly lower 
toxicity profi le. A signifi cant amount of clinical work still needs to be performed in order 
to more clearly establish the specifi c roles of these compounds in the standard practice 
and management of cancer patients. However, it appears certain that these compounds 
will replace iv 5-FU in most clinical scenarios. Insurers, patients, and oncology practices 
must adapt to the changing therapies with the interest of patients and patient comfort 
coming fi rst.
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1. INTRODUCTION

Irinotecan, also known as CPT-11, is a semisynthetic derivative of the plant alkaloid 
camptothecin. The antitumor activity of the camptothecin derivatives is accomplished via 
inhibition of the nuclear enzyme topoisomerase I (topo I). Topo I facilitates DNA uncoiling 
for replication and transcription by binding to DNA and causing reversible single-stranded 
DNA breaks (1). Under normal circumstances, these single-stranded breaks are transient 
and readily reversible. However, in the presence of irinotecan or its active metabolite, 
SN-38 (2), these single-stranded breaks are stabilized and potentiated. This stabilization 
is also reversible and nonlethal. However, if a replication fork collides with one of these 
stabilized single-stranded breaks, double-stranded breaks and DNA fragmentation occurs, 
leading to cell death (3).

Phase I clinical trials were fi rst begun in Japan, where the compound was initially 
synthesized (4,5). Subsequently, phase I development was also initiated in the United 
States (6,7) and France (8). Because antitumor activity was demonstrated in these early 
phase I trials in advanced, treatment-refractory colorectal cancer, an extensive worldwide 
development program of irinotecan in this disease was launched.
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2. IRINOTECAN AS A SINGLE AGENT IN COLORECTAL CANCER

The fi rst phase II study of irinotecan in patients with metastatic colorectal cancer was 
reported by Shimada et al. (9). In this trial, 81% of the patients had fl uorouracil-refractory 
disease. A major objective response rate of 22% was seen in these treatment-refractory 
patients. Of the relatively small number of chemotherapy-naive patients treated, 27% 
responded. A confi rmatory trial in patients with fl uorouracil-refractory disease was conducted 
in the United States. In this trial involving 43 patients with fl uorouracil-refractory colorectal 
cancer, a major objective response rate of 23% was observed (10). An additional 31% of 
patients on this therapy achieved either a minor clinical regression or stable disease, bringing 
the population of patients who experienced some antitumor activity on this trial to 54%. 
At about the same time, a trial in colorectal cancer patients conducted in France utilizing 
a 350-mg/m2 starting dose once every 3 wk reported results for 165 fl uorouracil-refractory 
patients and 48 chemotherapy-naive patients (11). The response rate on this trial was 18% 
for both chemotherapy-naive and fl uorouracil-refractory patients.

The results of three trials of nearly identical design, all conducted within the United States 
and inclusive of the above-described American trial (10), were subsequently combined for 
analysis, resulting in a dataset of 304 fl uorouracil-refractory colorectal cancer patients (12).
The major objective response rate in this pooled analysis was 13%, with an additional 49% 
of patients achieving either a minor response or stabile disease. These pooled phase II data 
led to the initial provisional registration of irinotecan in the United States for the treatment 
of fl uorouracil-refractory colorectal cancer.

The confi rmatory evidence of the usefulness of irinotecan in fl uorouracil-refractory 
disease was provided by two randomized trials conducted primarily in Europe. In a trial 
conducted largely in those countries where best supportive care (BSC) was the routine 
standard practice for fl uorouracil-refractory colorectal cancer, patients were randomized 
to receive either BSC alone or BSC plus irinotecan (13). Overall survival was the primary 
end point of this study. The median overall survival for the irinotecan group was modestly 
superior by approx 3 mo. This difference was statistically signifi cant. The chance of a patient 
being alive 1 yr after randomization was 36% for those patients receiving irinotecan, and 
this was 2.5 times greater in the irinotecan-treated group. Furthermore, formal quality-of-life 
measurements, as assessed using the EORTC QLQ-C30 questionnaire, showed superior 
quality-of-life measurements for the irinotecan-treated patients vs those receiving BSC.

In a parallel trial conducted in areas of Europe where an infusional fl uorouracil regimen 
was the routine standard second-line therapy for colorectal cancer, 5-fl uorouracil (5-FU)-
refractory colorectal cancer patients were randomized to receive an infusional fl uorouracil 
regimen vs irinotecan (14). Again, there was a modest survival advantage for the irinotecan 
group and this difference was statistically signifi cant. One-year survival for the irinotecan-
treated patients was 1.4 times that of the infusion 5-FU group. Quality-of-life data were 
similar for both groups.

3. FIRST-LINE IRINOTECAN AS A SINGLE AGENT

Most of the early development of irinotecan focused on single-agent use as a salvage 
therapy for fluorouracil-refractory disease. However, phase II studies of single-agent 
irinotecan in chemotherapy-naive patients with metastatic colorectal cancer were also 
performed in the United States. At Memorial Sloan-Kettering Cancer Center, 41 patients 
received a starting dose of 125 mg/m2 of irinotecan weekly for 4 wk, followed by a 2-wk 
break (15). Major objective responses were observed in 13 patients (32%, 95% confi dence 
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interval [CI] = 18–46%), and an additional 44% of patients demonstrated some lesser degree 
of antitumor activity (minor response or stable disease). Median duration of response was 
8 mo and the median survival was 12 mo. Diarrhea and neutropenia were found to be the 
major dose-limiting toxicities. In this trial, diarrhea was largely controlled when strict use 
of aggressive loperamide support was instituted, based on work reported from France that 
demonstrated the utility of an intensive loperamide-based antidiarrheal regimen for the 
management of irinotecan-induced late-onset diarrhea (16,17).

Concurrent with the Memorial Sloan-Kettering study, a trial was also conducted at the 
Mayo Clinic, using the same entry criteria and treatment regimen. Very similar results were 
reported, with major objective responses seen in 8 of 31 patients (26%, 95% CI = 12–45%).
In this trial as well, a median duration of response of 8 mo and a median survival of 12 mo
was reported (18).

Thus, by the mid-1990s, three independent trials had been able to demonstrate that 
irinotecan was active as a single agent in the fi rst-line treatment of metastatic colorectal 
cancer (11,15,18). Response rates, however, did not appear to be substantially different from 
those achievable with then-standard fl uorouracil-based treatments, and survival appeared 
to be similar to historical controls as well. For this reason, there was little enthusiasm for 
use of irinotecan as a single agent in fi rst-line treatment (19). Efforts were therefore turned 
to the development of irinotecan plus fl uorouracil combinations for the fi rst-line treatment 
of metastatic colorectal cancer.

4. TOXICITY OF IRINOTECAN

Diarrhea and neutropenia are the most common dose-limiting toxicities of irinotecan. 
To put the incidence and severity of these toxicities in proper perspective, it is best to 
evaluate them in comparison with the toxicities of other chemotherapy regimens used in the 
treatment of colorectal cancer. Diarrhea, neutropenia, and mucositis are the most common 
dose-limiting toxicities with 5-FU, and the toxicities of 5-FU-based regimens have been 
widely reported (20). Recognizing that these are nonrandomized comparisons of toxicity 
data for both irinotecan and fl uorouracil/leucovorin, the comparison can still provide a 
useful barometer.

The overall incidence of dose-limiting diarrhea in the initial trial of chemotherapy-naive 
patients from Memorial Sloan–Kettering was 29% (15). Of 193 fl uorouracil-refractory 
patients who received the 125-mg/m2 starting dose of irinotecan, 34% developed grade 
3–4 diarrhea (12). By comparison, the incidence of severe diarrhea in fl uorouracil-based 
treatments in similar patient populations does not appear to be substantially different. The 
North Central Cancer Treatment Group (NCCTG) reported a large, multicenter phase III trial 
of the two most widely used schedules (in the United States) of fl uorouracil plus leucovorin 
in chemotherapy-naive colorectal cancer patients (20). In this trial, dose-limiting diarrhea 
occurred in 32% of patients receiving weekly fl uorouracil plus high-dose leucovorin (LV) 
and in 20% of patients receiving daily × 5 low-dose leucovorin. Similar toxicity rates were 
reported for these 5-FU/LV regimens in another large multicenter study (21).

Much of the early data regarding irinotecan toxicity was generated during the initial 
development phase of the drug. There have been two major changes in clinical practice that 
have occurred since the earlier clinical trials of irinotecan that can be expected to reduced the 
incidence of severe diarrhea. One change is that clinicians have by now developed extensive 
experience with irinotecan. This presumably will lead to greater familiarity with the toxicity 
profi le of the drug. Clinicians are now better at picking up early signs of gastrointestinal 
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toxicity and adjusting doses accordingly, and this would be expected to improve the safety 
profi le of the drug. Another important change is the widespread use of intensive loperamide 
at the fi rst signs of diarrhea. Use of loperamide early in the development of diarrhea and for 
extended periods of time is now widely recognized as a necessary supportive measure with 
irinotecan administration (16). Given these changes, it is likely that the above-referenced 
studies indicate a higher rate of diarrhea than might be anticipated today.

Neutropenia is the other major dose-limiting toxicity of irinotecan; however, this was 
rarely a major clinical problem in the single-agent trials. In the Memorial Sloan–Kettering 
single-agent, fi rst-line trial, three patients (7%) experienced grade 4 neutropenia (15). Only 
one patient (2%) developed neutropenic fever. In the Mayo Clinic study of 31 chemotherapy-
naive patients, 9% developed grade 4 neutropenia and 3% experienced neutropenic fevers 
(18). In the pooled analysis of 304 phase II fl uorouracil-refractory colorectal cancer patients, 
grade 4 neutropenia was seen in 12% of patients, and 3% developed neutropenic fever. One 
treatment-related death (0.3%), which was the result of neutropenic sepsis, occurred in the 
304 5-FU-refractory patients. This death rate compares favorably with the treatment-related 
mortality of 7 deaths out of 372 patients (1.9%) (21) and 8 deaths out of 620 patients (1.3%) 
(22) reported in two large multicenter trials of fl uorouracil-based chemotherapy in fi rst-line 
colorectal cancer patients.

In a three-arm randomized North American trial discussed in more detail below, the
primary objective was to evaluate the combination of irinotecan/fl uorouracil/leucovorin 
(22). However, this study contained a standard fl uorouracil/leucovorin arm and an irinotecan-
alone arm. It therefore provides the fi rst direct randomized comparison between single-agent 
irinotecan and a standard 5-FU/LV regimen. Although grade 3 and 4 diarrhea were more 
frequent with irinotecan, grade 4 neutropenia, neutropenic fevers, and grade 3 mucositis were 
all more severe with the standard (Mayo Clinic schedule) 5-FU/LV regimen. The overall 
incidence of dose-limiting toxicity was similar between fl uorouracil/leucovorin and irinotecan, 
and treatment-related deaths occurred in 1% of patients on each of these treatments. Thus, 
although the patterns of toxicity were somewhat different, the overall degree of toxicity 
experienced by patients with either fl uorouracil/leucovorin or with irinotecan was similar.

5. SINGLE-AGENT SCHEDULES

Irinotecan has been developed on a number of different schedules. One hundred twenty-
fi ve milligrams per square meter weekly for 4 wk followed by a 2-wk rest and 350 mg/m2

once every 3 wk have been the most widely studied. Although many different schedules have 
been studied, a remarkable consistency of results has been seen between these, both in terms 
of effi cacy and toxicity, although it must be remembered that comparison of different phase 
II trials is necessarily inaccurate. Thus far, there have been no adequately powered studies 
that provide a randomized direct comparison of different irinotecan administration schedules, 
and no data are available to suggest superiority of any one irinotecan administration 
schedule over another. At this time, it would appear that irinotecan is not a particularly 
schedule-dependent drug.

6. IRINOTECAN/FLUOROURACIL COMBINATIONS

The activity of irinotecan in fl uorouracil-refractory disease suggested that the concurrent 
fi rst-line administration of irinotecan and fl uorouracil might provide a regimen with superior 
antitumor activity, if such a regimen were tolerable. Several groups of investigators therefore 
designed and conducted phase I studies of the combination of irinotecan and fl uorouracil. 
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At the time that these combinations were being developed, far less was known about the 
toxicities and schedule dependence (or lack thereof) of irinotecan than of fl uorouracil. 
For this reason, our group at Memorial Sloan–Kettering Cancer Center chose to use the 
schedule of irinotecan that had been selected for initial development in North America, 
which was a weekly bolus regimen on a 4-wk on, 2-wk off schedule, and to add fl uorouracil 
and leucovorin to this 6-wk schedule. Because of concerns about possible overlapping 
gastrointestinal toxicity (especially diarrhea), a low dose of leucovorin was selected, as 
low-dose leucovorin regimens had been shown to have a lower incidence of diarrhea than 
high-dose leucovorin regimens.

A phase I trial was conducted in which escalating doses of fl uorouracil were added to 
fi xed doses of irinotecan and leucovorin. The end result was a regimen that utilized full-dose 
(125 mg/m2) weekly irinotecan with 500 mg/m2 fl uorouracil and 20 mg/m2 leucovorin, with 
all drugs given weekly for 4 consecutive weeks followed by a 2-wk break (Fig. 1) (23).
Pharmacokinetic studies were performed in this trial to look at levels of irinotecan and 
SN-38, as well as the glucuronidated (inactivated) SN-38 levels, when patients were given 
either irinotecan alone (d 1 of cycle 1 only) or irinotecan plus fl uorouracil and leucovorin. 
Thus, each patient served as his/her own internal control for these pharmacokinetic studies. 
The results indicated conclusively that there was no substantial pharmacokinetic effect of 
fl uorouracil on the metabolism of irinotecan to SN-38 or on the glucuronidation of SN-38.

This weekly combination schedule of irinotecan, leucovorin, and fl uorouracil has now 
been evaluated in a three-arm, multicenter, multinational phase III trial in comparison with 
fl uorouracil plus leucovorin (daily × 5 low-dose leucovorin “Mayo Clinic” schedule) and 
against irinotecan alone (22). As expected from earlier phase II data, the response rate 
of single-agent irinotecan was similar to that seen with a standard 5-FU-based regimen. 
Progression-free survival and overall survival were also essentially the same for those 
treated with fi rst-line irinotecan versus those treated with fl uorouracil plus leucovorin. The 
antitumor activity seen with the irinotecan, fl uorouracil, and leucovorin combination was, 
however, superior. Data are shown in Table 1. The major objective response rate was nearly 
doubled as compared to fl uorouracil plus leucovorin alone (50% vs 28%, p < 0.0001), and 
both progression-free survival and overall survival were signifi cantly improved (for survival, 
p < 0.04, difference favoring the irinotecan combination). At any given time on study, 
patients treated with irinotecan/5-FU/LV had a 19% reduction in the risk of death relative to 
those treated with 5-FU/LV alone (hazard ratio 0.81, 95% CI = 0.65–0.99).

Examination of confi rmed response rates by subgroup analyses showed that for every 
subgroup evaluated, including patients with poor performance status, extensive metastatic 
disease, prior adjuvant therapy, or abnormal baseline laboratory values, the response rate with 
irinotecan/5-FU/LV was approximately double that with 5-FU/LV alone (24). Progression-
free survival was also found to be improved with combination irinotecan/5-FU/LV in all 
patient subgroups (24).

Fig. 1. Weekly bolus administration schedule of irinotecan, leucovorin, and fl uorouracil. All drugs given 
weekly × 4, repeated every 6 wk. (Adapted from ref. 23.)

 Irinotecan 125 mg/m2 90 min iv infusion

 Leucovorin 120 mg/m2 iv bolus

 Fluorouracil 500 mg/m2 iv bolus
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Toxicity data, also shown in Table 1, were of particular interest in that the combination 
of irinotecan/5-FU/LV was not found to be signifi cantly different in overall toxicity from 
the standard 5-FU/LV regimen. More grade 3 and 4 diarrhea as well as grade 3 vomiting 
were seen with the irinotecan/5-FU/LV combination; however, more grade 4 neutropenia, 
neutropenic fever, and grade 3 mucositis were seen with the standard 5-FU/LV regimen. 
Similar patterns were seen in comparison of the irinotecan-only arm to 5FU/LV. Treatment-
related deaths occurred at a rate of less than 1% in all treatment arms.

A parallel trial of fi rst-line combination treatment with irinotecan plus fl uorouracil 
and leucovorin was conducted in Europe (25). In this study, each study site chose one 
of two infusional regimens for administration of 5-FU/LV according to local clinical 
practice or preference. These included either the 24-h infusion once-weekly regimen of the 
Arbeitsgemeinschaft Internische Onkologie (AIO) cooperative German group for oncology 
(26), or the 48-h infusion every-2-wk regimen of de Gramont (27). Each of these 5-FU/LV 
regimens had been previously studied in a phase I manner in combination with irinotecan 
(28,29). Once a site selected its preferred regimen (either AIO or de Gramont), patients at 
the site were randomized to receive that schedule of 5-FU/LV, plus or minus irinotecan. After 
initial treatment, doses in all treatment arms of both studies could be adjusted according to 
specifi ed guidelines to accommodate individual patient tolerance to the study drugs.

The overall response rate again showed a near-doubling with combination irinotecan/
5-FU/LV versus 5-FU/LV alone (see Table 2) (49% vs 31%, p < 0.001). The median duration 
of confi rmed objective tumor response from time of randomization was about 9 mo across all 
treatment arms. Progression-free survival was signifi cantly longer for patients who received 
irinotecan/5-FU/LV compared with those who received 5-FU/LV (median 6.7 mo vs 4.4 mo,
p < 0.001). Comparison of survival with irinotecan/5-FU/LV vs 5-FU/LV showed that 
survival was signifi cantly (p < 0.03) longer with irinotecan/5-FU/LV therapy than with 
5-FU/LV, with the risk of death at any time of the study being decreased by 23% for the 
irinotecan/5-FU/LV patients relative to those treated with 5-FU/LV alone (hazard ratio = 
0.77, 95% CI = 0.60–0.98).

In order to more fully explore the potential benefi ts of fi rst-line combination irinotecan/
5-FU/LV vs 5-FU/LV, a meta-analysis of the North American and European phase III

Table 1
Results of Phase III North American Trial of Irinotecan/LV/5-FU

 Irinotecan/LV/5-FU LV/5-FU CPT-11
 (N = 222) (N = 221) (N = 223)

Overall response rate 50% 28% 29% (p < 0.0001)
Confi rmed response rate 39% 21% 18% (p < 0.0001)
PFS (median) 17.0 mo 14.3 mo 14.2 mo (p < 0.005)
Overall survival 14.8 mo 12.6 mo 12.0 mo (p < 0.05)
Gr4 neutropenia 24% 43% 12%
Neutropenic fever 17% 15% 16%
Gr3 diarrhea 15% 16% 18%
Gr4 diarrhea 18% 17% 13%
Gr3/4 mucositis 12% 17% 12%
Gr3/4 vomiting 10% 14% 12%

Note: PFS, progression-free survival; mo, months; Gr, grade.
Source: ref. 22.
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studies was performed (30). In this analysis, the combined analysis of the survival data 
showed a median survival of 15.9 mo for irinotecan/5-FU/LV vs 13.3 mo for 5-FU/LV alone 
(p = 0.003, stratifi ed log-rank test).

It was noted in comparing these two studies that the irinotecan/5-FU/LV curve separates 
from the 5-FU/LV curve later in the North American trial than in the European trial. The 
explanation for this fi nding is not immediately clear but may possibly be accounted for by 
the greater proportion of patients with ECOG Performance Status 2 in the North American 
trial. These poorer performance status patients generally had survival times <6 mo with 
either therapy. If only patients with ECOG Performance Status 0-1 are considered, survival 
results for the irinotecan/5-FU/LV arms are quite similar (medians of 17.2 mo and 17.4 mo 
in the North American and European trials, respectively) (31).

7. CONCURRENT VS SEQUENTIAL
FLUOROURACIL/IRINOTECAN TREATMENT

Although poststudy treatment was not a formal component of the fi rst-line combination 
trials, data on poststudy chemotherapy on the North American trial were obtained. Of 
the patients receiving single-agent fl uorouracil plus leucovorin up front on this trial, 55% 
received either irinotecan or an irinotecan-based regimen as part of their second-line 
poststudy chemotherapy. This number is very consistent with marketing surveys performed 
during the last year of the study accrual, which indicated that 56% of patients who received 
fl uorouracil for colorectal cancer went on to receive second-line irinotecan. Of the patients 
receiving fi rst-line irinotecan, approx 70% received second-line fl uorouracil. Thus, the 
survival benefi ts seen for concurrent fl uorouracil plus irinotecan administration are seen 
despite this large crossover. The study, therefore, can be seen as accurately refl ecting the 
benefi ts of concurrent versus sequential administration of fl uorouracil and irinotecan.

It is important to remember that not all patients who progress through a fi rst-line treatment 
will then be physically or emotionally well enough to receive second-line therapy. Many 
patients will have a signifi cant deterioration in performance status that will preclude second-
line therapy. A patient progressing with a bowel obstruction, decreased nutritional intake, or 
increased serum bilirubin level will not be able to receive second-line irinotecan. Because the 

Table 2
Results of European Phase III Trial of Irinotecan/5-FU/LV in Colorectal Cancer

 Irinotecan/5-FU/LV 5-FU/LV

Overall response rate 49% 31% (p < 0.001)
Confi rmed response rate 35% 22% (p < 0.001)
Progression-free survival 16.7 mo 14.4 mo (p < 0.001)
Overall survival 17.4 mo 14.1 mo (p < 0.05)

Neutropenia grade 4 19% 11%
Neutropenic fever 15% 11%
Grade 3 diarrhea 17% 16%
Grade 4 diarrhea 16% 15%
Grade 3/4 mucositis 13% 13%
Vomiting grade 3–4 16% 13%

Source: ref. 25.
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majority of available data do not support a clinically meaningful synergy between irinotecan 
and fl uorouracil (the effects appear to be additive), it is possible that much of the benefi t 
seen in terms of survival may be the result of the larger number of patients exposed to both 
irinotecan and fl uorouracil when concurrent fi rst-line administration is used.

Other schedules of irinotecan/fl uorouracil combinations have now been reported (28,29,
32,33), and some of these have now entered phase III trials. One schedule that had been 
developed at the Mayo Clinic employed a dose of irinotecan on day 1, followed by bolus 
doses of fl uorouracil and leucovorin on d 2–5 repeated every 21 d. This schedule was based 
on cell culture data suggesting a possible benefi t to sequencing of the agents, with irinotecan 
followed by fl uorouracil. Although this schedule was initially included in the six-arm NCI 
intergroup trial N9741, early toxicity data led to closure of that arm and further investigations 
of this daily × 5 irinotecan/fl uorouracil schedule are not planned. At present, no randomized 
comparisons of different irinotecan/fl uorouracil combination schedules with each other have 
been completed. Therefore, there are no compelling data available establishing a preference 
of the weekly bolus schedule vs the biweekly infusion schedule.

8. IRINOTECAN/FLUOROURACIL COMBINATIONS
IN THE ADJUVANT SETTING

With the establishment of irinotecan/fl uorouracil/leucovorin combinations as effective 
therapy for metastatic disease, there is considerable enthusiasm for the evaluation of these 
regimens in the postsurgical treatment of high-risk resected patients. It is reasonable to 
anticipate that the higher response rates and modest survival advantages demonstrated in stage 
4 disease could translate into higher postsurgical cure rates, as a higher degree of eradication 
of minimal residual disease could expected. The National Cancer Institute intergroup is 
currently conducting a phase III trial of the weekly bolus irinotecan/fl uorouracil/leucovorin 
schedule versus standard weekly 5-FU/LV for resected stage III patients. European inves-
tigators have also launched a phase III trial of the biweekly 48 h infusion schedule of 
irinotecan/fl uorouracil/leucovorin in the adjuvant setting.

Irinotecan appears to have potent radiation sensitization properties and has been explored 
in a number of combined modality regimens with radiation therapy as a potential adjuvant 
treatment for rectal cancer. At Memorial Sloan–Kettering Cancer Center, a low-dose daily 
schedule of irinotecan, piloted in a phase I study (34), has been explored in conjunction with 
preoperative pelvic radiotherapy (35). A phase I study of infusional 5-FU with weekly bolus 
irinotecan and concurrent pelvic radiation therapy has also been reported (36,37), and other 
doses and schedules of irinotecan plus concurrent radiation therapy are being explored (38).

It is important to point out, however, that the long-term consequences of irinotecan therapy 
remain unknown at this time. The use of irinotecan in the adjuvant setting for colon or rectal 
cancer therefore remains a promising investigational approach, but it seems premature at 
this time to adopt this approach as standard for locally advanced disease and its use in this 
setting should remain largely confi ned to clinical trials.

9. TOLERANCE OF IRINOTECAN: SPECIAL CASES

The metabolism of irinotecan and its active metabolite, SN-38 is almost exclusively 
hepatically mediated. SN-38 is inactivated by glucuronidation to SN-38G and this inactive 
metabolite is secreted into the bile (39). Several factors can have a profound effect on the 
metabolism of irinotecan, with resultant effects on either toxicity or effi cacy.



Chapter 28 / Irinotecan in the Treatment of CRC 521

Biliary obstruction or hepatic dysfunction can substantially impair excretion of irinotecan 
and its metabolites. As such, elevated bilirubin is a strong relative contraindication to 
irinotecan therapy. Studies designed to establish appropriate parameters for dose modifi ca-
tions in hepatic dysfunction are in progress, however, in the absence of published data to 
provide guidance, use of irinotecan in patients with abnormal bilirubin should be undertaken 
with extreme caution, if at all.

One particularly vulnerable population of patients is those with Gilbert’s disease, an 
inborn error of metabolism that prevents glucuronidation and results in an abnormal indirect 
bilirubin level. These patients are extremely limited in their ability to conjugate and thereby 
inactivate SN-38 and may develop profound or even life-threatening toxicity from even a 
single dose of irinotecan. On rare occasions, mild Gilbert’s disease may produce intermittent 
elevations in total bilirubin levels, such that the serum bilirubin is normal when evaluated 
pretreatment, but a relative defi ciency in glucuronidation may still be present. This should be 
suspected in patients with unusually severe toxicity to their fi rst treatment of irinotecan, and 
bilirubin fractionation should be performed to look for this (40).

Once excreted into the bile, SN-38 and SN-38G undergo some degree of enterohepatic 
circulation. Slowed gastrointestinal transit time may therefore have the effect of increasing 
enterohepatic reabsorption and so may yield increased toxicity. Patients with intestinal 
obstruction are therefore poor candidates for irinotecan or irinotecan-based combinations.

Under normal circumstances, irinotecan is processed by the 3A/4 component of the 
cytochrome P-450 enzymes in the liver to a minor metabolite known as APC (41). This can 
take on clinically signifi cant proportions, however, if overactivity of the 3A/4 P450 enzymes is 
induced. Strong inducers of this enzyme system, such as phenobarbitol, can cause irinotecan to 
be substantially inactivated, leading to subtherapeutic blood levels of SN-38.

10. FUTURE DIRECTIONS

Much current research in the use of irinotecan centers around its combination with newer 
agents. Combinations with oxaliplatin (see Chapter 29) are being actively explored. At the 
time of this writing, the current intergroup trial for advanced disease is comparing fi rst-line 
irinotecan/5-FU/LV (weekly bolus regimen) to an infusional schedule of oxaliplatin 5-FU/LV 
(de Gramont schedule) and a regimen of irinotecan plus oxaliplatin. Combinations with 
other active agents such as raltitrexed have also been reported (42).

Antiangiogenesis agents such as anti-vascular endothelial growth factor (VEGF) monoclo-
nal antibody or the tyrosine kinase inhibitor SU5416 are currently in phase III trials in colon 
cancer, given in conjunction with irinotecan/fl uorouracil/leucovorin (see Chapter 39).

Among the more interesting and encouraging fi ndings is the report that combinations 
of irinotecan plus the antiepidermal growth factor receptor (EGFR) monoclonal antibody 
IMC-C225 is able to produce response in some patients in whom irinotecan alone has failed. 
In a phase II trial of 121 patients with documented irinotecan-refractory colorectal cancer, a 
preliminary report indicated a response rate of 17% when patients were given the identical 
dose and schedule of irinotecan that had failed, plus weekly infusions of IMC-C225 (43).
First-line trials of IMC-C225 plus irinotecan/5-FU/leucovorin have now been initiated.

11. CONCLUSION

As more data become available, the role of irinotecan in colorectal cancer is evolving 
and changing. Current data strongly support the use of irinotecan/fl uorouracil/leucovorin 
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combinations in the fi rst-line treatment of metastatic colorectal cancer. Irinotecan/5-FU/LV 
combinations have now been shown in two large randomized trials to be superior to 5-FU/LV 
alone in terms of response rate, progression-free survival, and overall survival. These 
combinations may well prove to be useful in the adjuvant setting and in other gastrointestinal 
malignancies as well, and investigations to explore these possibilities are in progress. Given 
the superiority of fi rst-line combination therapy, use of irinotecan as a second-line agent is 
likely to become far less frequent, and the challenge ahead will be to identify new agents 
for salvage therapy after fi rst-line failure, as well as new and better agents for the initial 
therapy of colorectal cancer.

In addition, the role of molecular profi ling of tumors in order to anticipate sensitivity or 
resistance to fl uorouracil, irinotecan, and other agents is likely to increase (see Chapter 34)
(44–46). At present, the identifi cation of molecular markers for CPT-11 sensitivity or 
resistance has not been successful, but efforts are continuing in this fi eld. These molecular 
evaluations will undoubtedly play an important roll in the selection or exclusion of irinotecan 
and other agents as a component of fi rst-line therapy in colorectal cancer.
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1. INTRODUCTION

Oxaliplatin is one member of a class of antineoplastic agents distinguished by the presence 
of a platinum complex containing a 1,2-diaminocyclohexane (DACH) carrier ligand (Fig. 1).
In the 1970s, these drugs were found to be active in cisplatin-resistant cell lines (1). In 
part, because one of the fi rst agents in this class to be tested, tetraplatin, had an unfavorable 
toxicity profi le in phase I studies, little further study of the DACH–platinum compounds 
occurred in the 1970s (2). During the 1980s, George Mathe at the Hopital Paul Brousse 
performed in vitro experiments that led him to initiate human trials with oxaliplatin. These 
trials provided the fi rst indications of the drug’s potential clinical utility (3).

Since then, oxaliplatin has been subjected to intensive study in patients with a wide range 
of primary tumor types, and is available by prescription in 17 countries worldwide for the 
treatment of advanced colorectal adenocarcinoma. Oxaliplatin combined with 5-fl uorouracil 
(5-FU) and leucovorin is now being compared to standard therapy with 5-FU and leucovorin 
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in the adjuvant setting in patients with resected stage II or III colon cancer in phase III trials 
ongoing in both the United States and in Europe. In the United States, this agent has not been 
approved by the Federal Drug Administration (FDA) for any indication. Despite this, there is 
strong demand for the drug through clinical trials, via a company-sponsored compassionate-
use treatment program or as administered under the supervision of a physician from a 
country where the agent is legally available.

This chapter reviews the pharmacology and pharmacokinetic data available on oxaliplatin. 
The preclinical studies in human tumor xenografts and cell cultures that indicate oxaliplatin 
has a broad activity spectrum (including activity against gastrointestinal cancers originating 
from sites other than the colon) are also detailed. The clinical development of oxaliplatin 
is traced sequentially through phase I, II, and III trials in which the drug was administered 
both as a single agent and in combination with other antineoplastic agents. The associated 
drug toxicity both when administered alone and in combination with other chemotherapy 
agents is reviewed. Areas for future research are also delineated.

2. PRECLINICAL STUDIES OF OXALIPLATIN

Many platinum-based compounds were synthesized in the 1970s in an attempt to overcome 
both innate and acquired resistance to cisplatin and to moderate the spectrum of toxicity, 

Fig. 1. Chemical structures of cisplatin, carboplatin, and oxaliplatin.
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especially nephrotoxicity and hematologic toxicity associated with cisplatin administration. 
One family of compounds, the “DACH” family, was synthesized by substituting the amine 
groups of cisplatin with a 1,2-diaminocyclohexane group, also termed a DACH ligand. 
Conners et al. reported on the activity of a large number of platinum compounds, including 
those of the DACH family against PC-6 plasma cell lines in 1972 and showed that many 
of these compounds had a therapeutic index comparable to that of cisplatin (4). Since then, 
many studies have been performed to construct DACH–platinum compounds as well as to 
ascertain which compounds are active and which of the active compound’s isomers has the 
best toxicity profi le and antitumor effect.

In 1977, Burchenal authored the initial report of activity of the two agents 1,2-diaminocy-
clohexylplatinum malonate and 1,2-cyclohexyldiaaminoplatinum sulfate in leukemia cell 
lines that were resistant to cisplatin (5). Multiple subsequent studies reported activity of the 
DACH–platinum compound. However, these studies used isomeric mixtures of the compounds, 
and, therefore, the experiments demonstrated relatively low therapeutic indices (6–8). Kidani 
et al. separated these DACH–platinum compounds into trans and cis isomers, with further 
separation of the trans isomer into its two optical isomers, trans-d and trans-l (9,10). This work 
was important because subsequent studies reported differential antitumor activity for these 
isomers. A number of 1,2-DACH–platinum complexes (dichloro, dibromo, oxalato, malanato, 
sulfato, dinitrato, glucuronato) were synthesized and tested on L-1210 leukemia cells in
mice. The trans-l compounds proved to be more potent than the cis or trans-d isomers in the 
L-1210 cell lines (11). Conversely, when tested against sarcoma-180 tumors in mice, the cis 
isomer was the most active. In this study, different complexes were synthesized (dichloro, 
oxalato, malanato), and platinum (oxalato) (cis-DACH) was identifi ed as having a very high 
therapeutic index and good solubility (12). Vollano et al. corroborated the fi nding that the trans-l
form of DACH–platinum compounds had a higher therapeutic index against L-1210 cells (13).
Additional investigations confi rmed that both the isomeric confi guration and the leaving group 
are important determinants of the activity and toxicity of the DACH compounds (14).

It is also apparent that the activity and toxicity of the various isomers may be tumor 
dependent. This fi nding was corroborated and extended by Pendyala et al., who studied the 
effectiveness of the three isomers on a variety of human cell lines, including L-1210, HT 29
colon cancer, and A-2780 ovarian cancer (15). In all but one cell line, the trans-l isomer 
had the greatest relative molar potency. In A-2780 lines with some resistance to oxaliplatin, 
the trans-l and trans-d isomers had the same potency, and both were more active than the 
cis isomer. Interestingly, in the A-2780 cell line that was made “resistant” to oxaliplatin 
by chronic exposure to the drug in culture, resistance was seen with the trans-d and cis 
isomers but not the trans-l isomer. However, the oxaliplatin resistant L-1210 cells exhibited 
resistance to all isomers, in the order of l-oxaliplatin>d-oxaliplatin>cis-oxaliplatin. In cell 
lines made resistant to cisplatin, the L-1210 murine cells were sensitive to all oxaliplatin 
isomers, whereas the human A-2780 cells showed low-level resistance to the cis isomer 
only. The authors also found that platinum accumulation and DNA binding in the A-2780 
cells was greatest for the l-isomer. These studies suggest that conformational changes along 
with the structure of the leaving group (chloro, oxalato, malonato, etc.) resulted in different 
activity, toxicity, and resistance patterns in human tumor xenografts.

A number of studies were performed to determine the activity of oxalato (trans-l-1,
2-diaminocyclohexane) platinum (II) (oxaliplatin) in other cell lines and animal tumor 
models. These studies have consistently demonstrated the drug’s activity in many tumor types
and its lack of cross-resistance with cisplatin. The studies using tumor cell lines inoculated 
into mice are summarized in Table 1.
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In order to broaden the knowledge base of the comparative activity of a variety of 
platinum compounds across primary tumor types, Rixe et al. conducted a large study using 
the cell lines of the NCI’s Anticancer Drug Screen (21). Cisplatin-resistant cell lines (KB3-1 
cervical cancer and A-2780 ovarian cancer) were less than one-tenth as resistant to DACH 
compounds (tetraplatin and oxaliplatin) than they were to cisplatin or carboplatin. In the 
cisplatin-resistant cell lines, there was reduced accumulation of all platinated compounds, 
even at higher extracellular concentrations. The authors postulated that the differential 
accumulation of platinum agents could account for the low levels of cross-resistance 
observed with members of the DACH family. Using cell lines with unknown platinum 
sensitivity, they found increased sensitivity of many colon cancer cell lines to oxaliplatin as 
compared to cisplatin. Conversely, cells originating in the central nervous system were less 
sensitive to oxaliplatin. These results suggest that the mechanisms of action of oxaliplatin 

Table 1
Studies Using Tumor Cell Lines Inoculated into Mice

Cell line Oxaliplatin Cisplatin Ref.

L-1210 (iv/ip) ++ + 16
P-388 (leukemia) + +
Lewis lung Ca + +
Colon 26 + ++
Colon 36 + +
Fibrosarc M5076 ++ +
L-1210 (resistant to ++ –
    CDDP)a

Melanoma B-16 + ++
L-1210 (ip) ++ + 13
L-1210 (iv) + +
L-1210 (intracerebral) ++ –
L-1210 (resistant to – –
    CDDP)
L40 AkR leukemia + +
LGC lymphoma + –
Glioma-26 – –
B16 melanoma – –
MA 16-C mammary – –
3LL Lewis lung – –
HT-29 human colon ++ + 17
FLC erythroleukemia ++ +
Hu K562 leukemia ++ +
Hu MCF-7 breast Ca ++ +
MA 16-C mammary + – 18
Neuroblastoma + ++ 19
Germ cell 1777NRp ++ + 20
Germ cell H12DDP ++ +
    (intermediate resistance to CDDP)
1411HP + +
    (high resistance to CDDP)
H12.1 (CDDP sensitive) + +

Note: ++: more active based on survival times or tumor weight; +: active; –: inactive.
aCDDP, cisplatin.
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and mechanisms of resistance to oxaliplatin may differ in cells originating from different 
tissues.

Raymond et al. employed an in vitro human tumor cloning assay to determine the activity 
of oxaliplatin at concentrations of 0.5–50 µg/mL on a variety of human tumors in vitro. The 
specimens were exposed to oxaliplatin for either 1 h or continuously for 14 d. Oxaliplatin 
activity was concentration dependent and the agent was twofold more active when cells 
were exposed to the agent continuously for 14 d. How this can be applied clinically requires 
further study, but this suggests the potential utility of continuous infusion regimens using 
this agent. Among the tumors that responded to oxaliplatin were colon, non-small-cell lung 
cancer, breast, and gastric primaries, as well as tumors typically refractory to other platinum-
based agents, such as melanomas, renal cell, and sarcomas. Oxaliplatin also showed activity 
in tumors resistant to 5-FU, irinotecan, paclitaxel, doxorubicin, and cyclophosphamide. It 
is known that loss of mismatch repair activity leads to resistance to cisplatin; however, this 
was not observed in vitro with oxaliplatin. The authors suggest that this may be one factor 
contributing to the different spectrum of activity between these two agents (22).

The promising activity led to initial animal studies of the agent’s toxicity patterns. Mathe 
et al. also demonstrated that the marked nephrotoxicity in animals treated with cisplatin was 
not observed in mice or in baboons treated with oxaliplatin (3). No hematologic, cardiac, or 
hepatic toxicity was seen in mice or baboons (18).

3. MECHANISM OF ACTION

Based on the results of the in vitro and xenograft screens reported earlier and the 
preliminary indications of the reasonable nature of the agent’s toxicity, particularly in 
comparison to cisplatin, additional mechanistic research was begun to understand how and 
why it differed from other platinum compounds. Like cisplatin and carboplatin, oxaliplatin 
forms intrastrand platinum–DNA adducts that inhibit DNA synthesis (23). The intrastrand 
links occur between two adjacent guanine residues or two adjacent guanine–adenine base 
pairs. In cell culture experiments, the DACH carrier ligand is associated with enhanced 
intracellular accumulation of platinum, increased DNA–platinum binding, increased toler-
ance of DNA adducts, and decreased repair of DNA adducts when compared to platinum-
based drugs, which lack the DACH carrier ligand (24,25). Oxaliplatin adducts may also be 
more cytotoxic than cisplatin- or carboplatin-induced adducts, as indicated by the fi nding that 
there are 2-fold to 10-fold fewer adducts observed at equimolar and equitoxic concentrations 
of cisplatin (21,25,26).

Initially, oxaliplatin forms monoadducts with the guanine bases in DNA. These are then 
converted to stable diadducts. These diadducts block both DNA replication and transcription. 
The agent’s activity is felt to result because these diadducts, like the DNA–platinum 
complexes formed with other platinum-based agents, protrude into the major groove in 
the DNA (21,23–28). However, the DACH carrier ligand confers a different activity and 
toxicity profi le than is observed with other platinum-based agents that lack the ligand. These 
differences are felt to result principally because of the DACH ligand’s greater bulkiness 
that results in steric hindrance of repair mechanisms as well as its enhanced hydrophobic 
properties (24,25).

Oxaliplatin–DNA adducts appear to effi ciently prevent the binding of mismatch repair 
(MMR) protein complexes and, subsequently, the repair of platinum-induced lesions in 
DNA. This appears to activate apoptotic pathways instead of permitting error correction via 
the MMR pathway (29). The elucidation of the cell-signaling pathways that lead to apoptosis 
is under investigation and is beyond the scope of this review (30).
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3.1. Mechanisms of Oxaliplatin Resistance
Described mechanisms of resistance to platinum compounds include decreased drug 

diffusion across cells, increased effl ux of drug, increased drug inactivation, increased 
quenching of DNA monoadducts, increased excision repair, and increased postreplication 
repair (also termed “postreplication bypass”). Cisplatin and oxaliplatin are largely noncross-
resistant, a phenomenon that may be explained by the large DACH ligand on oxaliplatin. 
Although the same type of adducts are formed by CDDP and oxaliplatin, there are some 
important differences. In many cases of cisplatin resistance, DNA elongation occurs 
despite the presence of cisplatin–DNA adducts, a phenomenon termed “replicative bypass”
(24,26,31). Bulkier oxaliplatin–DNA adducts appear to defeat the mechanism of replicative 
bypass. The DACH ligand decreases the rate of conversion of monoadducts to diadducts 
and impairs the cell’s ability to tolerate the damage induced by unrepaired platinum–DNA 
adducts (27,29).

Defi ciency of genes that encode mismatch repair enzymes has been shown to confer 
resistance to cisplatin, but not oxaliplatin (24,26). When the mismatch repair complex 
attaches to a cisplatin–DNA adduct in order to correct or permit bypass of the drug-induced 
DNA damage in a cisplatin-sensitive cell, it is thought that futile cycling occurs. This is 
a process of repeated ineffectual excision and resynthesis of the strand of DNA opposite 
the damaged strand. The gaps in the DNA that the cisplatin–DNA adducts cause ultimately 
result in cell death (32). In cisplatin-resistant cells and in mismatch-repair-defi cient cells, 
the excision and resynthesis process does not occur effectively. DNA elongation proceeds 
despite the existence of DNA base-pair mismatches and cells do not enter an apoptotic 
pathway. When a bulkier oxaliplatin–DNA adduct forms in the DNA of a cell with competent 
mismatch repair, the mismatch repair enzymes cannot gain access to the area of damage, 
preventing repair or replicative bypass and this ineffectual repair process leads to apoptosis 
(32–34). Defective mismatch repair resulting from germline mutations in the hMLH1 or 
hMSH2 genes such as is observed in patients with the syndrome hereditary nonpolyposis 
colon cancer (HNPCC or Lynch syndrome) leads to cisplatin resistance because such 
cells are tolerant of DNA damage and do not enter an apoptotic pathway. Such cells are 
not intrinsically oxaliplatin resistant (35). In summary, the mismatch repair system does 
not appear to detect oxaliplatin–DNA adduct formation and, therefore, alteration in the 
competence of this repair mechanism does not affect sensitivity of cell lines to oxaliplatin in 
the same way as the alteration can lead to cisplatin resistance.

3.2. Biotransformation
Platinum-based antineoplastic drugs must undergo intracellular activation before they can 

bind to DNA. When injected into the bloodstream of an organism, oxaliplatin undergoes 
spontaneous nonenzymatic conversion. The oxalate group is displaced by weak nucleophiles 
(bicarbonate, dihydrogen phosphate) to form reactive unstable intermediates (36). Two 
species of DACH–platinum can then be formed, depending on the local chloride concentra-
tion: monoaqua 1,2-DACH monochloroplatinum and 1,2-DACH–platinum dichloride. The 
diaquated species predominates intracellularly because of relatively lower intracellular 
chloride concentrations, whereas the monoaqua form predominates in the higher chloride 
environment of the blood. The aquated compounds form the complexes that appear to result 
in the antineoplastic activity with intracellular molecules, including guanine bases on DNA, 
or bind irreversibly with blood cells and plasma proteins. The unbound, or ultrafi lterable, 
platinum is responsible for the cytotoxic effect of oxaliplatin. The platinum that is bound to 
red blood cells or plasma proteins is inactive and is taken up in tissues or excreted in the urine 
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(37,38). Biotransformation is depicted in Fig. 2. After infusion, approx 85% of oxaliplatin is 
bound to plasma proteins, mostly to albumin and γ-globulins. The amount of protein binding 
increases over time. Seventy percent of injected platinum is protein bound 2 h after infusion. 
This percentage of bound platinum increases to 95% after 5 d (38–40).

3.3. Circadian Variation and Oxaliplatin Administration
Circadian rhythms in biologic systems have been used as a basis for varying drug 

infusion rates to maximize drug activity and minimize normal tissue toxicity. The concept of 
chronomodulation assumes two things. The fi rst assumption is that normal tissues have daily 
rhythms of activity and rest. The second assumption is that neoplastic cells do not share 
the same biorhythms as normal tissue. In clinical oncology, chronomodulation has been felt 
mainly to apply to differential changes that occur during the day in enzymes that degrade 
5-fl uorouracil in normal tissues. This difference can be exploited to the patient’s advantage 
by maximizing infusion of a drug when the potential toxicity to normal tissues is likely to be 
at a minimum, thus permitting maximal drug doses to be administered.

The investigators at the Hopital Paul Brousse had long been intrigued with circadian 
variation in organisms and have designed regimens whereby they hoped to exploit these 
rhythms to optimize the therapeutic effect of various agents. They established in both mouse 
and humans that cisplatin and other antineoplastic drug tolerance was dependent on the 
time of day when the agent is administered (41,42). An example of their work is a study of 
404 rats living under controlled conditions with 12-h alternating, fi xed cycles of light and 
darkness daily. Oxaliplatin was injected into these rats at various times from the hour of light 
onset and toxicity was monitored by assessment of leukocyte and erythrocyte counts, renal 
function, histopathologic study of organs, mortality, and pharmacokinetics. The optimal time 
for oxaliplatin administration was determined to be 16 h after light onset based on reduced 
toxicity. Pharmacokinetics were not dependent on when in the circadian cycle the drug 
was administered (43). This group has also looked at 5-FU injection according to circadian 
rhythm and found that the optimal time to maximize infusion of this agent is during the 
interval from midnight to 4:00 AM.

3.4. Pharmacokinetics
The pharmacokinetics (PK) of oxaliplatin has been extensively studied, and for details, 

readers are referred to an excellent review by Graham et al. (44). After biotransformation 

Fig. 2. Biotransformation of oxaliplatin.
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of oxaliplatin, the drug’s metabolites are cleared mainly by renal excretion. Renal clearance 
accounts for about half of the total plasma clearance. The remaining oxaliplatin is distributed 
into tissues. There is minimal excretion of oxaliplatin or its metabolites into the feces (38).
Oxaliplatin is not a substrate for cytochrome P-450 enzymes (CYP450), and therefore drugs 
that induce or inhibit this system should have no effect on the metabolism of oxaliplatin.

The volume of distribution of platinum is high. This is mainly because the metabolites 
of oxaliplatin are lipophilic and, consequently, bind irreversibly to proteins, DNA, and other 
cellular molecules. As described earlier, much of the platinum in an injected dose becomes 
sequestered inside the red blood cells (RBCs). This proportion of platinum that is sequestered 
inside RBCs is irreversibly bound and does not interact with malignant cells. Because of 
the binding to tissues and RBCs, the terminal half-life for oxaliplatin is quite long, on the 
order of 27 h. Table 2 provides a summary of various PK parameters of oxaliplatin after both 
infusion of 130 mg/m2 every 3 wk and 85 mg/m2 every 2 wk (44).

3.5. Oxaliplatin in Special Patient Populations
Graham et al. studied the infl uence of age, gender, renal, and hepatic function (ALT) on

the pharmacokinetics of oxaliplatin. Twenty-six patients received oxaliplatin 130 mg/m2

over 2 h. The glomerular filtration rate (GFR) of these patients ranged from 42.8 to
113.8 mL/min. GFR was found to be a major determinant of both renal platinum clearance 
and total-body clearance. Oxaliplatin clearance was not affected by the patient’s age, gender, 
or hepatic function (45). Massari et al. studied the infl uence of renal dysfunction on platinum 
clearance. These investigators noted that patients with moderate renal dysfunction had a 
signifi cant increase in area under the curve (AUC) and decreased clearance compared to 
those with normal renal function. However, there was no excess toxicity reported in the 
patients with renal impairment (46).

4. OXALIPLATIN COMBINED WITH OTHER AGENTS

4.1. Preclinical Studies
A number of studies have suggested a synergistic or additive effect when oxaliplatin is 

combined with other chemotherapy agents in cell culture or mouse models. Oxaliplatin is 
additive or synergistic with many drugs used to treat colon cancer, including 5-FU, CPT-11, 
and other experimental thymidylate synthase inhibitors. These studies are summarized 
in Table 3.

Raymond et al. noted that the combination of oxaliplatin with thymidylate synthesis (TS) 
inhibitors (AG337 and ZD1694) led to less cytotoxic potentiation than was observed with 
5-FU. They also identifi ed the fact that the reversion of cisplatin- and oxaliplatin-induced 
DNA interstrand crosslinks was retarded by the active metabolite of irinotecan, SN-38. They 
concluded that development of 5-FU/oxaliplatin and topoisomerase-I inhibitor/oxaliplatin 
combinations was warranted (47).

An intriguing report by Taron et al. showed that colon cancer cells made resistant to 
5-FU in vitro can be made just as sensitive as the parental cell line when oxaliplatin is 
added to 5-FU. This phenomenon is sequence dependent and is more pronounced when 
the oxaliplatin is given before 5-FU. This group also reported that the synergism seen with 
oxaliplatin and 5-FU and oxaliplatin plus topotecan was independent of the 5-FU-resistant 
phenotype, p53 status, and whether or not the cells were DNA–mismatch repair profi cient 
(HT29) or defi cient (LoVo) (51,52).
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4.2. Pharmacokinetics/Drug Interactions
Oxaliplatin does not appear to influence the clearance of 5-FU. 5-FU and oxaliplatin 

pharmacokinetics (PK) were reported in a study using the style of 5-FU infusion popularized by 
de Gramont, in which 5-FU is initially administered as a loading dose followed by a short-term 
5-FU infusion plus or minus oxaliplatin. In this case, drug administration was as follows: 
350 mg of leucovorin (LV), 400 mg/m2 5-FU bolus, 2400 mg/m2 5-FU infusion over 46 h. 
Oxaliplatin was administered at a dose of 85 mg/m2 over 2 h with LV. There was no difference in 
any PK parameter for 5-FU with or without oxaliplatin (59). Papamichael et al. also studied PK 
in 16 patients receiving 5-FU/LV with or without oxaliplatin (200 mg/m2 LV, 400 mg/m2 5-FU, 
then 600 mg/m2 5-FU over 22 h; oxaliplatin dose not specifi ed). In this study, the presence 
of oxaliplatin did signifi cantly decrease 5-FU AUC, but it did not affect nonlinear clearance (60).
Metzger et al. noted that chronomodulation can affect the PK of oxaliplatin, with lower Cmax and 
lower AUC and longer T 1/2 of platinum seen with peak delivery at 0100 compared to 0700 or 
1600 h. Chronomodulation takes into account diurnal rhythms of differential drug metabolism. 
The authors suggested that high extraplasmic diffusion of oxaliplatin during early night hours 
may account for the increased toxicity that was seen in their trial (61).

Lokliec et al. studied the PK of both agents in patients receiving both CPT-11 and 
oxaliplatin in a phase I trial (62). These investigators found no signifi cant differences in 
clearance for either drug when administered alone or in combination. This was expected 
based on the knowledge that these drugs are metabolized and excreted in different ways.

5. CLINICAL TRIALS

5.1. Phase I Trials
The above-reviewed preclinical data suggested that oxaliplatin satisfi ed the criteria for 

clinical testing; it was active in tumors that were cisplatin resistant and did not cause 

Table 2
Pharmacokinetics of Oxaliplatin

 130 mg/m2 q wk 85 mg/m2 q 2wk

Cmax
a (plasma) mean 11.2.59–3.22 µg/mL

AUCb 0–48 11.50.4–71.5 µg/mL • h
Cmax ultrafi ltrate 111.21 ± 0.10 µg/mL (cycle 5) 250.681 ± 0.077 µg/mL (cycle 3)
Cmax plasma 113.61 ± 0.43 µg/mL 2151.92 ± 0.338 µg/mL
Cmax RBC 113.25 ± 0.49 µg/mL 2152.67 ± 0.798 µg/mL
AUC ultrafi ltrate 1111.9 ± 4.60 µg/mL • h (cycle 1) 2154.25 ± 1.18 µg/mL • h
AUC plasma 1.9207 ± 60.9 µg/mL • h .681118 ± 8.97 µg/mL • h
AUC RBC .91326 ± 570 µg/mL • h .681252 ± 34.6 µg/mL • h
T1/2

c a 0.28 h
T1/2 b 16.3 h
T1/2 γ(terminal) 273 h
Clearance 119.34 ± 2.85 to 13.3 ± 3.9 L/h 11118.5 ± 4.71 L/h
Vdd 349–812 L .681295 L

a Cmax, maximum clearance.
b AUC, area under the curve.
c T 1/2, half-life.
d Vd, volume of distribution.
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Table 3
Preclinical Studies of Oxaliplatin in Combination with Other Agents

Cell line Drug added Effect Ref.

In vitro
MDA-MB-231 breast 5-FU Synergistic 47,48
HT29 colon 5-FU Synergistic
 AG337 Synergistic
  (TS inhibitor)
HT29 (5-FU resistant), CaCO2 5-FU Synergistic
 AG337 Synergistic
A-2780 ovarian 5-FU Synergistic
 (parental and CDDP resistant)
MCF-7 breast 5-FU Additive
MCF-mdr (doxo resistant) 5-FU Additive
2008 ovarian 5-FU Synergistic
2008-C13 (CDDP resistant) 5-FU None
HCT116 colon Gemcitabine Synergistic 49
Colo 320 Gemcitabine Synergistic (gem-oxal sequence)
  Additive (oxal-gem sequence)
CEM leuk Gemcitabine Synergistic (oxal-gem sequence)
  Antagonism (gem-oxal sequence)
HT29 colon CPT-11 (SN-38) Synergistic 50
 SN-38 Synergistic 47
HT29/LoVo colon Topotecan Synergistic 51,52
HT295FUR (5-FU resistant) Topotecan Synergistic
LoVo5FUR (5-FU resistant) Topotecan Synergistic
HT29/LoVo colon 5-FU Synergistic
HT295FUR 5-FU Synergistic
LoVo5FUR (5-FU resistant) 5-FU Additive (when 5-FU given fi rst)
KB/A-2780 human Cisplatin Additive/synergistic 21
Various tumors, Evassay 5-FU Synergistic 53
 (human lung, ovarian, breast,
 GI, melanoma)
 DFDC Synergistic
 Topotecan Synergistic
hu colon ca Raltitrexed Antagonistic 54
IGROV-1 hu ovarian Topotecan Supraadditive 55

In vivo

HT29 xenograft 5-FU Additive 47
GR mouse mammary model 5-FU Additive
DHD/K12-TRb colon, rat model 5-FU Synergistic 56
DHD/K12-TRb colon, rat model MitoC Synergistic
HD/K12-TRb colon, rat model Cyclophos Synergistic
L-1210 leukemia mouse model Cyclophos Synergistic 57
 5-FU None
MV-522 hu lung xenograft Taxol Additive 58
 Tirapazamine/ Additive
  taxol
GR mouse mammary SN38 Low additive 47
GR mouse mammary AG337 Additive
 ZD1694
  (TS inhibitors)
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nephrotoxicity. These fi ndings led to the fi rst phase I study, reported in 1986 by Mathe et al.
(63). Twenty-three patients with a variety of tumor types were treated using a somewhat 
unconventional design since intrapatient dose-escalation was permitted. The objective 
of this trial was to confi rm tolerance of the highest dose of the maximally effi cient dose 
range (MEDR) seen in mice. Most of these patients were heavily pretreated with prior 
chemotherapy. Patients started at 0.45 mg/m2 (one-tenth the MEDR in mice) and were 
escalated to 15 mg/m2 by d 11. Oxaliplatin was then given every 3 wk, with dose escalations 
from 22.5 to 67 mg/m2 (subtoxic dose in mice). Eleven patients reached the highest dose 
level. Patients who did not continue treatment had progressive disease. The median total 
dose given was 500 mg/m2.

This regimen was well tolerated, with no treatment-related deaths, anaphylaxis, nephro-
toxicity, or neutropenia. Other toxicities were mild. Hematologic toxicity was only seen 
at doses exceeding 45 mg/m2 and included one patient with grade 1 thrombocytopenia 
and three patients with grade 1–2 anemia. Nausea and vomiting were seen in all patients 
treated with more than 45 mg/m2. No maximum tolerated dose (MTD) was identifi ed, but 
the recommended starting dose for phase II trials was 67 mg/m2. One patient with melanoma 
had a complete response to therapy, and one patient with metastatic breast cancer had a 
partial response. Four of the 23 patients had a minor response or stable disease. This study 
identifi ed the agent as one that merited further clinical study.

Extra et al. conducted a phase I trial in 44 patients with a variety of malignancies (64).
Most patients were chemotherapy veterans, having been heavily pretreated. The starting dose 
of 45 mg/m2 was escalated to 200 mg/m2. Oxaliplatin was given every 4 wk, over 1–6 h. The 
longer infusions were used for doses over 60 mg/m2 to reduce gastrointestinal side effects. 
Again, no treatment-related deaths or nephrotoxicity were observed. Nausea and vomiting 
occurred at all doses, with 23/43 patients experiencing grade 3 or 4 toxicity. Gastrointestinal 
toxicity was not infl uenced by the duration of infusion. Hematologic toxicity was mild with 
no grade 3 or 4 leukopenia observed, and only one patient had grade 4 thrombocytopenia. 
Thrombocytopenia was dose related and was noted to occur in 13% of patients treated at 
dose level 135–150 mg/m2 and in 28% treated at 175–200 mg/m2. Only transient grade 1–2
renal toxicity was observed in fi ve patients. Other toxicities reported included transient mild 
increases in liver enzymes (6/43), fever (3/43), and phlebitis (1/43).

In this study, a novel pattern of sensory neurotoxicity became apparent and was the dose-
limiting side effect. Patients described paresthesias and dysesthesias in the extremities and 
perioral area, initiated or exacerbated by exposure to cold. A sensation of choking or inability to 
swallow, now termed “pharyngolaryngeal-dysesthesia,” was identifi ed. These neurologic fi nd-
ings were observed at doses exceeding 135 mg/m2 and could occur during or after the infusion. 
The incidence of neurotoxicity for different dose levels of oxaliplatin is shown in Table 4.

After the first course at which neurologic symptoms were noted, the paresthesias
were generally short-lived. However, symptoms lasted longer with subsequent cycles.
Grade 3 neurotoxicity was seen in 1/21 patients with cumulative dose <270mg/m2, 0/11 at 
270–540 mg/m2, and 5/9 at doses >540 mg/m2. The authors noted the dysesthesias involved 
the extremities, forearms, legs, mouth, and throat. One patient had transient laryngeal 
symptoms after two cycles and fi ve patients experienced this after four cycles. Of these fi ve 
patients, four developed marked ataxia. Electromyograms (EMG) were conducted in six 
patients, revealing an axonal sensory neuropathy. In this study, there was no relationship 
between prior cisplatin exposure and the development of neurotoxicity.

This neuropathy differs from cisplatin-associated neuropathy in that symptoms occurring 
after oxaliplatin infusion are acute in onset. Symptoms are exacerbated by cold and are 
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reversible. The above-described neurotoxicity improved after 6 mo; however, the authors 
stated that some long-term defi cits persisted. Because of neurotoxicity, the authors defi ned 
the recommended dose at 130 mg/m2. They also recommended careful evaluation of 
neurologic symptoms, especially above the cumulative dose of 500 mg/m2, as more constant 
and potentially disabling symptoms were seen at these doses. In this study, four patients 
had a partial response to therapy (urothelial, esophageal, lung) and four patients had stable 
disease. Two of these patients had experienced disease progression on cisplatin-based 
therapy in the past.

A third phase I study was conducted in France by Caussanel et al. using continuous 
infusion of oxaliplatin given in a circadian rhythm as well as at a constant rate (65).
Preclinical data in rats suggested that giving oxaliplatin in a circadian rhythm decreased 
toxicity, as discussed later in this subsection (43). Twenty-fi ve patients were enrolled, with 
23 evaluated for response. Patients were randomized to a 5-d infusion of oxaliplatin, given 
either by constant rate or administration via circadian rhythm, with peak delivery of drug at 
1600 h. The starting dose was 125 mg/m2, and doses were escalated by 25 mg/m2 per cycle 
as tolerated, with a maximum dose of 200 mg/m2. Four of 11 patients on the circadian arm 
reached the maximum dose (median MTD-175 mg/m2) and none of those on constant rate 
infusion reached the maximum dose (median MTD-150 mg/m2).

Toxicities were similar to those observed in prior trials, with most patients experiencing 
nausea, vomiting, and neuropathy. There were no toxic deaths, nor was alopecia, auditory, 
or renal toxicity observed. Sixty-seven percent of all courses were associated with nausea 
and/or vomiting. The authors reported <10% hematologic toxicity. In 42% of courses, 
patients experienced cold-induced paresthesias, and in 30% of courses, there was grade II or 
higher neuropathy observed. In 14% of courses, patients noted some functional impairment 
as a result of distal sensory loss. The authors described a grading scale for peripheral 
paresthesias designed to take the duration of symptoms into account:

  Grade I: moderate intensity, lasting less than 2 wk
  Grade II: moderate intensity, with incomplete recovery 2 wk after course onset
  Grade III: beginning of functional impairment

In 13 courses, the dose was decreased 25 mg/m2 because of persistent symptoms, and 
paresthesias resolved within 2 mo. When comparing the two schedules, the circadian 
schedule resulted in a lower incidence of paresthesias (2% vs 28% of courses) and less 
neutropenia (2% vs 19% of courses). Of note, there were no severe neuropathies (ataxia) 
or laryngopharyngeal-dysesthesias observed even at the highest dose level, as had been 
seen with conventional dosing. Other toxicities were not signifi cantly different between 
the two arms.

Table 4
Incidence of Neurotoxicity for Different Dose Levels of Oxaliplatin

Dose Incidence Courses
 Courses with neurotoxicity (grade)

(mg/m2) (fi rst course) (N) 0 1 2 3

135 150% 39 15 19 4 1
150 164% 28 16 14 5 3
175 171% 22 13 12 5 2
200 100% 10 11 16 2 1

Source: ref. 64.
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Preliminary pharmacokinetic data was obtained in one patient given 20 mg/m2/d for 5 d
fi rst by continuous infusion, then by circadian rhythm 3 wk later. The AUC was 30% 
greater with the circadian delivery. However, the mean level of residual platinum 2 wk 
postinfusion was higher after the constant-rate infusion. The authors concluded that plasma 
pharmacokinetics do not explain why doses can be safely escalated in the circadian delivery. 
In this study, there were two partial responses observed in patients with breast cancer, and 
one minor response seen in a patient with hepatocellular cancer. All responders were treated 
with circadian rhythm schedule.

The authors concluded that circadian rhythm delivery of continuous venous infusion 
oxaliplatin is well tolerated, and higher doses of oxaliplatin can be administered with less 
neuropathy, gastrointestinal, and hematologic toxicity than with constant-rate infusion or 
conventional bolus administration. The recommended dose for phase II trials using circadian 
rhythm delivery was 175 mg/m2.

Three other phase I trials have been conducted, as reported by Raymond et al. in a review
of preclinical and clinical studies using oxaliplatin (66). Taguchi treated 20 patients with 
20–180 mg/m2 over 2 h every 3–4 wk. The MTD was 180 mg/m2 and the recommended 
therapeutic dose was 175 mg/m2. Again, neurotoxicity was dose limiting. Two other 
unpublished trials using high-dose oxaliplatin were also conducted. Chevalier and Armand 
treated a total of 10 patients with ≥175 mg/m2. Acute transient or laryngopharyngo-
dysesthesia was seen during the infusion. Severe nausea and vomiting were seen in 33% of 
patients, and severe neurotoxicity in 20%. Hematologic toxicity was mild.

These phase I trials established the safety and described the toxicities seen with oxaliplatin 
given as a single agent. As found in preclinical studies, there was no renal toxicity observed, 
and routine pretreatment hydration was felt to be unnecessary. There was no ototoxicity or 
alopecia, and hematologic toxicity was mild. Nausea and vomiting were very common and 
not infl uenced by the rate of infusion. However, these studies did not use 5HT3 receptor 
antagonists, and in more recent studies, the incidence of nausea and vomiting has decreased 
with the widespread use of these newer antiemetics. The dose-limiting toxicity with bolus 
delivery is the unique neuropathy of two distinct clinical types. There is an immediate 
syndrome of digital and oral paresthesias that occurs during or soon after oxaliplatin infusion, 
is exacerbated by exposure to cold, and is reversible. It is dose dependent and cumulative. 
With longer drug exposure, more typical stocking-glove sensory neuropathy can occur
and become persistent. The recommended dose given by bolus for phase II studies was
130 mg/m2. With circadian delivery, the MTD was higher (175 mg/m2), nausea and vomiting 
were dose limiting, and the recommended dose for future circadian modulated trials was
175 mg/m2. A summary of the three early phase I trials is shown in Table 5.

5.2. Single-Agent Phase II Trials
Diaz-Rubio et al. conducted a multicenter phase II trial in 25 patients with metastatic 

colorectal cancer who were of good functional status and had not been treated previously for 
advanced disease (67). Patients were given 130 mg/m2 oxaliplatin over 2 h every 3 wk. Dose 
reductions of 25% were applied for grade 3 neutropenia, thrombocytopenia, neuropathy, or 
grade 2 renal toxicity. Dose reductions of 50% were applied for grade 4 hematologic toxicity 
or grade 3 renal toxicity. Treatment was discontinued for grade 4 nonhematologic toxicity. 
Responses to therapy were assessed using computed tomography (CT) scans every 3 wk, 
and these scans were reviewed by independent radiologists. The response rate was 20% 
when assessed by investigators and 12% when assessed by independent reviewers. Results 
are shown in Table 6.
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Toxicities were similar to those reported in phase I trials, with laryngopharyngeal-
dysesthesias (92%) and grade 1–2 peripheral neuropathy (75%) occurring very commonly. 
One patient experienced hypersensitivity (generalized erythema) during the sixth cycle, which 
occurred again when the patient was retreated with oxaliplatin. One patient experienced 
severe laryngeal-dysesthesia and shortness of breath requiring hospitalization. This patient 
was retreated without incident when oxaliplatin was administered via a prolonged infusion. 
Three patients experienced grade 3–4 vomiting, and one patient had grade 3 diarrhea. 
All other toxicities were grade 1–2. Again, mild neutropenia occurred in only 20% and 
thrombocytopenia in 24% of treated patients. Neuropathic symptoms resolved within a 
median of 9 wk from the discontinuation of therapy. Other neurologic symptoms reported 
included cramps, Lhermitte’s sign, and loss of refl exes. There was no alopecia, ototoxicity, 
or nephrotoxicity reported.

Becouarn et al. conducted a multicenter phase II trial in 38 previously untreated patients 
with metastatic colorectal cancer (68). Patients were treated with 130 mg/m2 over 2 h every
3 wk. Responses were evaluated over three cycles and confi rmed by independent review. 
Doses were adjusted according to hematologic, neurologic, and any other grade 3–4 toxici-
ties. Most patients had good performance status and had not been treated with prior adjuvant 
chemotherapy. The response rate was 24%. Other results are shown in Table 7.

Table 5
Summary of Phase I Studies of Single-Agent Oxaliplatin

 No. Dose
Author (ref.) evaluated (mg/m2) MTD RD DLT Responses

Mathe et al. (63) 23a .0.45–671 NR >67 None Melanoma (CR)c,
        breast (PR)d

Extra et al. (64) 43a 1.45–200 200 130 Neuropathy Urothelial (PR),
        esophageal (PR),
       lung (PR),
       head/neck (PR),
Caussanel et al. (65) 13a 125–200 150  Nausea/vomiting/ Breast (2) (PR),
  12b 125–200 175 175  Neutropenia  HCCe (minor)

aContinuous venous infusion (CVI), constant rate × 5 d.
bCVI × 5 d, circadian rhythm.
cComplete response.
dPartial response.
eHepatocellular cancer.

Table 6
Summary of Results from the Diaz-Rubio et al. (67) Phase II Trial

Patients receiving full dose 96.7%
Median number cycles 5 (range 1–9)
Median cumulative dose per patient 650 mg/m2 (130–1170)
Overall RR investigators (independent reviewers) 20% (12%)
    CR 1/25 (0/25)
    PR 4/25 (3/25)
    Stable 8/25 (12/25)
Median TTP in responders 6 mo (range 4–9)
Median PFS 4 mo (range 2–7)
Median OS 14.5 mo
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Toxicity was similar to that seen in previous trials. There were no treatment-related 
deaths, but three patients had therapy terminated as a result of therapy-related side effects, 
including anaphylactoid reaction, thrombocytopenia, and neurotoxicity. Given the known 
unique patterns of neurotoxicity observed in prior treatment trials with oxaliplatin, the 
authors devised a specifi c toxicity scale to evaluate these symptoms.

  Grade 1: dysesthesias or paresthesias that completely regressed before the next cycle, or 
cramps/pseudospasms graded as mild

  Grade 2: dysesthesias or paresthesias that persisted between courses, or cramps/
pseudospasms graded as moderate

  Grade 3: dysesthesias or paresthesias that were associated with functional impairment, or 
cramps/pseudospasms graded as severe

Neurosensory toxicity was the most common toxicity, with 37/38 patients experiencing 
symptoms. Grade 3 neurotoxicity was observed in 13% of patients. Both cold-induced and 
cold-unrelated paresthesias were observed. Neurotoxicity was noted to be cumulative and 
led to dose reductions in 10% of patients. Pharyngolaryngeal-dysesthesia and cramping 
was common (21/38, 19/38 respectively) but only 2.6% of patients had grade 3 toxicity. 
Four months after completion of therapy, severe neurotoxicity regressed completely in two 
patients, diminished to grade 1–2 in two patients, and remained stable in one patient.

Thrombocytopenia was the most common hematologic toxicity, with 19/38 patients 
experiencing some degree of abnormality and 3/38 with grade 3–4 toxicity. No bleeding 
episodes were noted, nor were transfusions required. Grade 3 neutropenia occurred in only 
5% of patients (1% of cycles) and was associated with severe infection in two patients. 
Grade 3–4 vomiting occurred in 8%, grade 3 stomatitis in 3%, and grade 3 diarrhea in 3% of 
patients. Other toxicities noted included mild alopecia in two patients, three grade 1–2 skin 
toxicities, and four transient grade 1 increases in creatinine.

Machover et al. reported two consecutive phase II trials of patients with metastatic 
colorectal cancer who had progressed on prior 5-FU-based regimens (69). A total of 
109 patients were treated with 130 mg/m2 over 2 h every 3 wk. Some patients had been 
treated with two or more chemotherapy regimens for metastatic disease. Dose reductions 
were made for grade 3 hematologic toxicity or neurotoxicity. Any grade 4 toxicity led to 
discontinuation of the drug. Responses were assessed by CT scan of all measurable lesions 
by the investigators and confi rmed by independent radiologist review. The response rate was 
10–11%. Other results are shown in Table 8.

Again, the most common toxicity seen in both trials was neuropathy. The authors used 
a grading scale similar to the Becouarn et al. trial, with grade 1—dysesthesia/paresthesia,

Table 7
Results from Becouarn et al. (68) Phase II Trial

Overall RR 24.3%
 CR 0/37
 PR 13/37
 Stable 15/37
Median time to achieve response 3 cycles
Median duration of response 7 mo (84–447 + d)
Median PFS 4 mo (22–447 + d)
Overall survival (OS) 395 d (28–573 + d)
1 yr OS 73.7%



540                                                                                                                              Jacobson et al.

transient (less than 7 d), grade 2—symptoms transient (less than 14 d), grade 3—symptoms
persisting during the drug-free interval between courses, and grade 4—severe dysesthesia/
hypoesthesia with functional impairment. Sensory neuropathy was seen in 96–98% of all 
patients; grade 3 toxicity was seen in 31% of patients in study 1 and 18% in study 2. This 
consisted predominantly of dysesthesia of the limbs and oropharynx, again exacerbated by 
exposure to cold. Neurotoxicity was cumulative in incidence and severity. Of those available 
for follow-up, all patients with severe neurotoxicity had either resolution or improvement in 
symptoms within 6 mo of fi nishing the study. The authors recommended discontinuation of 
therapy if grade 3 neurotoxicity developed.

In all patients, hematologic toxicity was mild, with only 10/109 having grade 3–4 neutro-
penia, and no patient experienced grade 3–4 thrombocytopenia. Nausea, vomiting, and 
diarrhea were also common, but mild. A total of 10 patients had grade 3 diarrhea and 
25/109 had grade 3–4 nausea/vomiting. Other toxicities included fi ve patients with grade 1 
transient increase in creatinine and one patient with shortness of breath during the infusion 
and mild anemia.

In preclinical studies, it was shown that oxaliplatin administered by infusion according 
to circadian rhythms had less toxicity than did conventional dosing. As described earlier, 
this was confi rmed clinically in a phase I trial, where patients treated with circadian-rhythm-
modulated oxaliplatin had less neurotoxicity and hematologic toxicity and with the circadian 
administration, which also allowed for higher drug delivery doses than did constant infusion. 
Levi et al. conducted a multicenter phase II trial using this regimen in 29 patients with 
metastatic disease, most of whom had failed prior regimens (70). Patients were treated with 
5-d infusions of 30 mg/m2/d every 3 wk. Doses were escalated as tolerated up to 35 mg/m2/d
at the second course and 40 mg/m2/d at the third course. The peak amount of drug was 
infused by a programmable pump at 1600 h each day. The primary end point of this trial 
was the response rate, as determined by CT or ultrasound evaluation performed after every 
third course. The scans that were used to assess response to therapy were reviewed by a 
panel of independent radiologists.

Eight patients were taken off of therapy because of progressive disease prior to the 
third cycle. Twelve of 21 patients were able to tolerate dose escalation to 35 mg/m2/d and
8 of 21 patients had dose escalations to 40 mg/m2/d. All responses occurred in pretreated 
patients and at doses of 35 mg/m2/d or higher. The response rate in this study was 10%. 
Other results are shown in Table 9.

Table 8
Results from Machover et al. (69) Phase II Trials

 Study 1 Study 2

Number of patients 58 51
Median cumulative dose 650 mg/m2 390 mg/m2

Response rate 11% 10%
 CR 0/58 0/51
 PR 6/58 5/51
 Stable 23/58 16/51
Time to achieve response 6 wk 6–12 wk
Time to progression 5–13 mo 4–9 mo
Median OS 8.2 mo NR
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Hematologic toxicity was mild, with 97–98% of courses having no toxicity. Only one 
course was associated with grade 3 neutropenia and thrombocytopenia. Grade 1–2 nausea 
and vomiting were seen in 59% of courses, and grade 3–4 in only two courses. Grade 3–4
diarrhea was seen in six courses, and one patient withdrew because of this toxicity. There 
was no nephrotoxicity. Peripheral sensory neuropathy was the most common side effect, 
seen in 79% of courses. This was graded in the same manner as described by Machover et al.
(69). In most patients, these dysesthesias resolved within 1–2 wk (grade 1–2). However, 
in 12% of courses, the dysesthesias did not resolve prior to the next cycle (grade 3). Three 
courses were associated with functional impairment (grade 4). Thirteen patients did not 
reach the highest dose level in this study because of grade II or higher neuropathy. Again, 
this toxicity was found to be cumulative; the authors noted a doubling of incidence with 
a cumulative dose of 700–1550 mg/m2. Two patients experienced muscle cramps of the 
jaw and/or shoulders during the infusion, which recurred upon rechallenge in one patient 
despite retreatment at a lower dose.

Schmilovich et al. reported results of the experience using single-agent oxaliplatin in 
patients with 5-FU-resistant metastatic colorectal cancer treated in Argentina under an 
extended access program (71). Thirty-nine patients were treated with 130 mg/m2 oxaliplatin 
every 3 wk, with 38 patients evaluable. There were no treatment-related deaths and toxicity 
was mild. The overall response rate was 8.4%, with median survival of 7.4 mo.

In summary, in phase II trials of oxaliplatin as a single agent, the drug was well tolerated 
and active. This was true whether oxaliplatin was administered every three weeks or every
2 wk and by chronomodulated infusion over 5 d or as a constant short term infusion. 
Response rates ranged from 8 to 24%. The lower rates were in pretreated patients and the 
highest rate in those previously untreated for advanced colorectal cancer. Preclinical data 
provided compelling evidence that oxaliplatin had synergistic interactions with a number 
of other agents including 5-fl uorouracil and irinotecan leading to the next generation of 
studies with multiple agents.

5.3. Phase II Trials of Combinations with 5-FU
The phase II trials of oxaliplatin administered with 5-FU/LV (leucovorin) can be divided 

into those that pursued one of two treatment strategies; chronomodulated infusion over 
multiple days or fl at (unchronomodulated) short-infusion therapy. The principal proponents 
of the chronomodulated approach have been Levi and his colleagues. De Gramont and his 
collaborators have experimented with a series of regimens of fl at short-term oxaliplatin 
infusion administered with varying infusion 5-FU/LV regimens that they have termed 

Table 9
Results from Levi et al. (70) Phase II Study

Median no. of Courses 3 (2–9)
Median total dose 500 mg/m2 (275–1550)
Response rate 3/29 (10%)
 CR 0
 PR 3/29
 Stable 7/29
TTP 20–29 wk
Median PFS 20 wk
Median OS (est.) 40 wk
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FOLFOX 1 to 7. There have also been several studies in which oxaliplatin had been 
administered with bolus 5-FU/LV in a manner designed to correspond to the standard bolus 
approaches of 5-FU ± LV favored in the United States. Oxaliplatin with 5-FU/LV has been 
tested in legions of small phase II trials that enrolled 10–50 patients mainly conducted in 
Europe. In contrast to the plethora of phase II studies that have been reported in abstract 
form or as full reports in the literature, results from only a few phase III trials are available. 
For the purposes of this discussion, selected phase II trials will be discussed and divided 
into those that treated patients with a chronomodulated infusion and those that used a fl at 
short-term infusion.

5.3.1. OXALIPLATIN CHRONOMODULATED INFUSION REGIMENS

One of the initial reports on clinical experience with a chronomodulated regimen of 5-FU 
and oxaliplatin came from Levi and colleagues published in 1992 (72). In this study, 93 
patients were treated with 700 mg/m2/d 5-FU, 300 mg/m2/d LV, and 25 mg/m2/d oxaliplatin 
for 5 consecutive days every 21 d. Toxicity included grade 3 diarrhea in 18% of courses and 
emesis in 34% of courses. Paresthesias occurred in 58% of courses and were noted to be mild 
in most cases. However, 14 patients discontinued treatment because of neurologic toxicity. 
Two patients died of toxicity, both related to diarrhea and dehydration. The response rate 
was 54% and 18 patients subsequently underwent resection for cure.

Levi and his group have developed an aggressive surgical approach in the management of 
their patients with potentially resectable metastases (described later in this chapter). In 
some cases, operating several times during the course of treatment for metastatic colorectal 
cancer in an attempt to render individuals free of disease. If patients who are felt to be 
suffi ciently fi t to withstand surgery have suffi cient tumor shrinkage on chemotherapy to 
permit resection of metastatic disease, this aggressive surgical strategy is recommended. 
This combined chemotherapeutic and surgical approach could potentially infl uence median 
survival favorably, even if patients eventually relapse after treatment. The median survival 
in this trial was 15 mo.

A randomized phase II trial of fl at versus chronomodulated infusion, both administered 
over 5 consecutive days, was then performed (73). In this study, 92 patients were treated with 
a 5-d continuous infusion of 5-FU at a lower starting dose of 600 mg/m2/d, 300 mg/m2/d
LV, 20 mg/m2/d oxaliplatin every 21 d. If no WHO grade ≥ 2 toxicity was encountered, the 
5-FU was increased to 700 mg/m2/d and oxaliplatin to 25 mg/m2/d. Forty-seven patients 
were randomized to a fl at rate and 45 to a chronomodulated infusion schedule. In the 
chronomodulated, therapy the oxaliplatin was administered between 1015 and 2145 h and 
peak levels of the 5-FU + LV were given from 2215 to 0945 hours using a variable-rate 
programmable infusion device known as the IntelliJect pump. Response was assessed after 
every third treatment course.

Dose-limiting toxicity of stomatitis occurred 8.7 times more frequently on the flat 
compared to the chronomodulated schedule. No differences between the incidence and 
severity of nausea and vomiting, diarrhea, or skin toxicity were noted. Grade 3 or 4 toxicity 
was seen in less than 5% of patients. The reported incidence of severe paresthesias was 53% 
vs 22.8%. The response rate was 32% for the fl at infusion and 53% for the chronomodulated 
infusion. In this trial, resection for cure was done in 23% of patients on the fl at infusion and 
in 38% on the chronomodulated schedule. The median survival for all patients was 14.9 vs 
19 mo. This trial provided clinical data to corroborate the potential of chronomodulation 
with these agents and led to additional trials. However, this trial was a phase II study and was 
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not adequately powered to permit defi nitive comparisons between fl at and chronomodulated 
infusion strategies.

Levi et al. pooled and updated data from this trial and a second study (74,75). In
the combined analysis, 140 patients were treated with the fl at infusion and 138 with the 
chronomodulated infusion schedule. The objective response rates were 30% vs 51% and
the resection rate was 13% vs 23%. Median survival was 16.5 vs 18.6 mo and 13% vs 15% 
of patient were alive at 5 yr after study entry.

This group then tried to intensify treatment into a 4-d treatment course and compress 
the cycle length to 14 d (76). The initial dose for each of the 90 patients enrolled in this 
trial was 700 mg/m2/d 5-FU, 300 mg/m2/d LV, and 25 mg/m2/d oxaliplatin for 4 d every 
14 d. Responses were assessed after every fourth treatment cycle. Toxicity with the higher 
dose intensity administered in this program was more troublesome. Two patients died of 
gastrointestinal toxicity and dehydration. Nineteen percent of patients ceased treatment 
because of neuropathy. Grade 3–4 toxicities in the form of diarrhea were observed in 41% 
and mucositis was noted in 30% of patients. Grade 3–4 neutropenia occurred in 13% of 
patients. However, the confi rmed objective response rate was 66%, among the highest rates 
that have ever been reported in advanced colorectal cancer, and 42% of patients underwent 
surgery for attempted resection of all known disease. There was a complete resection 
documented in 34% of the total patient group. The median survival was 18.5 mo, with 4% of 
patients in sustained complete remission at a median follow-up time of 3.5 yr.

Another French group has published work using chronomodulated drug delivery schedules 
(77). In this trial, 50 patients with metastatic colorectal cancer, 37 of whom were pretreated, 
were given a regimen consisting of 300 mg/m2 /d LV, 700 mg/m2/d 5-FU, and 25 mg/m2/d
oxaliplatin for 4 d every 2 wk. The drugs were delivered via a pump programmed to maximize 
peak fl ow rates of oxaliplatin at 4:00 PM and 5-FU at 4:00 AM. The median 5-FU drug dose 
was 3200 mg/m2 per course, indicating that dose escalation was possible in many patients. 
The response rate was 48%, including a 40% response rate in 5-FU-pretreated patients. 
Toxicity was moderate with grade 3 hand–foot syndrome in 14%, peripheral neuropathy in 
28%, grade 3–4 nausea and vomiting in 36%, and diarrhea in 7%.

Despite the high response rates observed with the chronomodulated approach, it has not 
been widely accepted outside of France. This is in part the result of the complexity of the 
approach that requires long-term intravenous access with multiple ports and the use of a 
programmable pump. Such devices have not yet been FDA approved in the United States. 
There has also been some degree of skepticism that the potential to exploit circadian variation 
is important enough to warrant the complexities of administration associated with its use.

5.3.2. OXALIPLATIN REGIMENS WITH A FLAT INFUSION STRATEGY

Aimery de Gramont and his colleagues at the Hopital Saint-Antoine in Paris have 
performed a series of clinical trials with a variety of 5-FU, LV, and oxaliplatin regimens, 
which they have termed FOLFOX 1–7. These studies are based on the administration of 
folinic acid (LV), followed by a loading dose and 1–2 d infusion of 5-FU with a short 
infusion of oxaliplatin on the fi rst day of each cycle. These investigators have favored the 
infusion of 5-FU based on the theoretical consideration that a drug such as 5-FU, with a 
half-life of 14 min, will more effectively interfere with tumor cell replication when drug 
exposure is prolonged via administration by continuous infusion. Additionally, one of the 
infusion regimens tested by this group had a favorable toxicity and activity profi le when 
compared in a phase III study of 200 patients to bolus 5-FU therapy. The infusion program 
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modestly improved both time to progression and the response rate, although no signifi cant 
survival advantage was apparent in this study (78).

The initial regimen tested was termed FOLFOX 1 (79). It prescribed 130 mg/m2 oxaliplatin 
and 500 mg/m2 LV followed by 1500–2000 mg/m2 5-FU over 22 h. The LV and 5-FU 
were repeated on the second day of a 2-wk cycle. Oxaliplatin was administered every 
other cycle. Initially, the lower dose of 5-FU was used and this dose was escalated if no 
grade 3 toxicity was observed. This pilot trial included only 13 patients and identifi ed a 
31% response rate.

The investigators then decreased the oxaliplatin dose but gave the drug with every cycle 
in their next trial with the regimen termed FOLFOX 2 (80). In this study, 46 patients were 
treated after progression on 5-FU and leucovorin. In 24 patients, several prior 5-FU exposures 
had occurred prior to enrollment. In 22 patients, oxaliplatin was added to the same 5-FU 
regimen on which they had manifest progressive disease. The protocol prescribed treatment 
with 100 mg/m2 oxaliplatin on d 1, 500 mg/m2 LV followed by 1.5-2.0 g/m2 5-FU for
2 consecutive days every 2 wk. The response rate was 46%, including 10 of the 22 (43%) 
patients in whom the only difference between fi rst- and second-line therapy was the addition 
of oxaliplatin. The median progression-free survival was 7 mo, and the median overall 
survival was 17 mo. Using the WHO scale, grade 3 or 4 toxicity was peripheral neuropathy in 
9%, nausea in 4%, diarrhea in 9%, mucositis in 13%, neutropenia in 39%, febrile neutropenia 
in 9%, thrombocytopenia in 11%, and alopecia in 9%. The high response rate in the cohort 
of patients who had oxaliplatin added to their prior 5-FU regimen suggested that the synergy 
between 5-FU and oxaliplatin observed in vitro was also relevant in patients.

The next two regimens tested were designed to reduce the dose of leucovorin and to 
reduce the dose of oxaliplatin administered in hopes of moderating toxicity. The experience 
with these two regimens was reported in a single article (81). One hundred patients were 
initially treated with one of two fi rst-line regimens of LV/5-FU. Among those 40 patients 
treated with the FOLFOX 3 treatment program, the initial fi rst-line therapy was 500 mg/m2

LV and 1.5–2.0 g/m2 5-FU over 22 h on d 1 and 2 of every 2 wk. At progression, 85 mg/m2

oxaliplatin every 2 wk was added. Fifty-seven patients were treated with FOLFOX 4, after 
initial progression on a regimen consisting of 200 mg/m2 LV and 400 mg/m2 5-FU as a 
loading dose over 2 h, followed by 600 mg/m2 over 22 h on d 1 and 2 of every 2 wk. Similarly, 
after progression on the second regimen, patients were retreated with the same LV/5-FU 
program, with the addition of 85 mg/m2 oxaliplatin on d 1. The response rate was 18% for the 
fi rst regimen and 23% for the second. The median response duration was 7 mo and the median 
survival approached 11 mo. Toxicity included peripheral neuropathy of grade 3 in 21% and 
neutropenia in 15% on the fi rst regimen and 37% on the second regimen. Grade 3 nausea and 
vomiting affected 5% and 7%, respectively, of patients and diarrhea was rarely troublesome. 
These regimens did not seem to represent a major advance over FOLFOX 2.

The FOLFOX 4 regimen was also tested by Souglakos and colleagues, with similar results 
(82). In this study of 33 patients, the response rate was 30% and median survival was not yet 
reached at the time of the report. Toxicity included grade 3–4 neutropenia in 48%, febrile 
neutropenia in 3%, and peripheral neuropathy in 9% of patients.

FOLFOX 5 was an identical regimen to FOLFOX 4 with the exception that the oxaliplatin 
dose was increased to 100 mg/m2 every 2 wk. This regimen was never actually tested. 
Instead, FOLFOX 6 was created in an attempt to simplify the program. FOLFOX 4 required 
visits to the clinic for treatment on 2 subsequent days. Some patients returned to the 
clinic on the third day to have their pumps disconnected. With FOLFOX 6, the program 
called for administration of 100 mg/m2 oxaliplatin and 400 mg/m2 LV, followed by bolus
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400 mg/m2 5-FU as a loading dose followed by a 46-h infusion of 2.4–3.0 g/m2 5-FU with 
every 2 wk cycles (83). Sixty patients with progressive disease on or soon after treatment with 
LV/5-FU were treated. The response rate was 27%, with a median progression-free interval 
of 5 mo and median survival of 11 mo. The NCI-CTC grade 3 and 4 toxicities observed were 
peripheral neuropathy 16%, nausea 7%, diarrhea 7%, mucositis 5%, neutropenia 24%, and 
thrombocytopenia 2%. The lower response rate observed with FOLFOX 6 as compared to 
FOLFOX 2 was thought to be related in part to patient selection and, in part, to the lower 
dose intensity of oxaliplatin in the later regimen.

In an attempt to increase the dose intensity of oxaliplatin and limit hematologic toxicity, 
de Gramont and his group are now testing FOLFOX 7 in which the oxaliplatin dose is 
increased and the 5-FU dose is reduced. The FOLFOX 7 regimen is 100 mg/m2 oxaliplatin 
and 400 mg/m2 LV, followed by bolus 400 mg/m2 5-FU as a loading dose followed by 
a 46-h infusion of 2.4 g/m2 5-FU with every 2 wk cycles (84). A 44% response rate in 
previously treated patients was observed in this study, which was ongoing at the time of 
the reported abstract.

The FOLFOX series of trials have all enrolled patients who had prior therapy for advanced 
colorectal cancer. Therefore, the high reported response rates are provocative. Additional 
testing is in progress using this approach both in the United States and in Europe. FOLFOX 4
is being tested in the adjuvant setting in Europe against 5-FU and leucovorin alone. In the 
United States, FOLFOX 4 is being compared to a 5-FU, leucovorin, and irinotecan regimen, 
as well as to irinotecan and oxaliplatin in fi rst-line treatment of advanced disease. In Europe, 
de Gramont and colleagues are testing a strategy of treatment in which oxaliplatin is given in 
an intermittent fashion rather than continuously in an attempt to ameliorate the cumulative 
neurotoxicity in a trial known as the OPTIMOX study.

5.3.3. OXALIPLATIN, LEUCOVORIN, AND BOLUS 5-FLUOROURACIL REGIMENS

A number of small trials have been done that combine a 5-FU bolus regimen with LV 
and oxaliplatin in an attempt to build a regimen more like those commonly employed in the 
United States, where 5-FU infusion is less often chosen than it is in Europe. One advantage 
to this type of administration schedule is the elimination of the need for central venous 
access in many patients. These studies can be divided into those based on the Mayo Clinic 
regimen (425 mg/m2/d 5-FU administered following 20 mg/m2/d LV for 5 consecutive days) 
vs those based upon the Roswell Park Memorial Institute (RPMI) regimen (600 mg/m2/d
5-FU administered following 500 mg/m2/d LV given weekly).

One study using the Mayo Clinic-type program called for administration of 130 mg/m2

oxaliplatin on d 1 followed by 100 mg/m2/d LV and 400–500 mg/m2/d 5-FU on d 1–5
repeated every 3 wk. A 20% response rate was noted in 29 heavily pretreated patients with 
modest toxicity noted. This study was still in progress at the time that the abstract was 
reported (85). Another trial treated patients who had progressed on the Mayo Clinic 5-FU/LV 
treatment with 130 mg/m2 oxaliplatin on d 1 followed by 20 mg/m2/d LV and 320 mg/m2/d
5-FU, both administered on d 1–5 every 3 wk. Of 115 patients, 13% responded to therapy 
and the median survival was 10 mo. Toxicity was noted as similar to that seen with 5-FU/LV 
alone, with the exception of the incidence of grade 3 neuropathy in 8% of patients (86).
A third study treated 73 patients with 25 mg/m2/d LV and 425 mg/m2/d 5-FU on d 1–4
with 130 mg/m2 oxaliplatin on d 1 every 3 wk. In these patients, only 40% of whom had 
prior exposure to 5-FU in the adjuvant setting, the response rate was 32%. The median time 
to progression was 8 mo and median survival was 12 mo. The major grade 3–4 toxicities 
included neurosensory (3%), diarrhea (12%), nausea/vomiting (8%), and sepsis (3%) (87).
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Three trials have been reported in abstract form that used a weekly treatment schedule 
based on the RPMI approach. In one study, patients previously untreated for metastatic 
colorectal cancer received weekly LV at 20 mg/m2/d and 5-FU at 500 mg/m2/d, with
85 mg/m2/d oxaliplatin every other week for 3 of every 4 wk. This ongoing study was 
reported after 11 patients had been enrolled, only 5 of whom could be evaluated for 
response. However, all fi ve patients responded to the treatment. Toxicity was modest, but 
the accuracy was hampered by the fact that the trial was ongoing (88). Another study with 
the same regimen enrolled 31 patients, of which 22 were chemotherapy naive, and found 
a 14% response rate. Toxicity exceeding grade 2 was diarrhea (6%), neuropathy (9%), 
and thrombocytopenia (6%) (89). The studies that have employed bolus-type regimens of 
5-FU/LV with oxaliplatin are largely immature, and it is diffi cult to draw defi nitive activity 
or toxicity conclusions from these interim reports. However, the National Surgical Adjuvant 
Breast and Bowel Program (NSABP) is currently enrolling patients with stage II and stage 
III colon cancer on an adjuvant study comparing the RPMI 5-FU/LV program to a weekly 
bolus regimen of 5-FU/LV and bimonthly oxaliplatin.

5.3.4. OTHER OXALIPLATIN, 5-FLUOROURACIL, AND LEUCOVORIN REGIMENS

A group of Greek investigators developed a regimen based on a 24-h high-dose infusion 
of 5-FU program that is used commonly in Germany and other countries in Europe (90).
This trial treated 32 patients with metastatic colorectal cancer who had relapsed after or 
during chemotherapy with 5-FU and/or irinotecan using 500 mg/m2 LV and 2.5 g/m2 5-FU 
by 24-h infusion with 50 mg/m2 oxaliplatin on d 1, 8, 15, 22, 29, and 36 repeated every
50 d. The objective response rate was 13%. Median time to progression was 3 mo and median 
survival was 9 mo. Grade 3–4 toxicity included diarrhea in 52%, nausea and vomiting in 
28%, thrombocytopenia in 11%, and neutropenia in 10%. No grade 3–4 neurotoxicity was 
recorded, but 50% of patients experienced some sensory neuropathy. Three patients refused 
further treatment because of toxicity.

A number of programs have been designed around the world to permit access to oxaliplatin 
for compassionate use, particularly in countries where the agent has not been approved 
for prescription use. In these programs, patients are permitted to receive the drug in 
combination or alone without enrollment in a formal protocol, with entry criteria and the 
exact treatment regimen determined by the treating physician. An example of this experience 
is the compassionate-use program in Germany (91). In this experience, there were 34 patients 
who received oxaliplatin after progression either on or shortly after treatment with irinotecan 
at 8 German oncologic centers. Patients were treated at physician discretion with oxaliplatin 
alone or in combination with a 5-FU and leucovorin program. The response rate was 12% 
and the median time to progression was 3 mo. Despite the small number of patients treated 
by diverse regimens, the authors concluded that the outcomes appeared to favor the use of 
oxaliplatin combined with 5-FU and LV over oxaliplatin alone.

6. PHASE III TRIALS

6.1. Chronomodulated Infusion
Two phase III trials comparing 5-FU/LV alone vs 5-FU/LV with oxaliplatin have been 

completed. These trials used different schedules and doses of 5-FU/LV. These two trials 
were recently presented by the Oncologic Drugs Advisory Committee (ODAC) to the United 
States Federal Drug Admininstration (FDA) in hopes of obtaining recommendation for FDA 
approval for oxaliplatin + 5-FU in the treatment of advanced colorectal cancer. Neither 
trial showed an overall benefi t in patient survival over 5-FU and LV alone, and ODAC did 
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not recommend the combination for FDA approval. However, these trials did meet their 
statistical goals, which were to show superior response rates and/or progression-free survival 
to those observed with the same 5-FU/LV regimen without oxaliplatin.

The fi rst trial was from France and was reported by Giachetti et al. on behalf of the 
group associated with Levi (92). Two hundred patients with previously untreated metastatic 
colorectal cancer were enrolled in this multicenter trial. Eligibility included bidimensionally 
measurable disease, performance score ≤2, and adequate marrow, renal, and hepatic function. 
Patients who had received adjuvant therapy more than 6 mo from entry were eligible. 
Ineligibility criteria included age over 76, prior treatment for metastatic disease, second 
malignancies, or history of peripheral sensory neuropathy.
Patients were randomized to one of two arms:

  Arm A: 5-FU (700 mg/m2/d) and LV (300 mg/m2/d) infused from 2215 to 0945 h, peak 
delivery by programmable pump at 0400 h, d 1–5, q 21 d

  Arm B: oxaliplatin (125 mg/m2/d) infused from 1000 to 1600 h, d 1, q 21 d and 5-FU
(700 mg/m2/d) and CF (300 mg/m2/d) delivered as in arm A, d 1–5, q 21 d

The primary endpoint of the trial was response rate, which was assessed every three cycles 
by standard WHO criteria. Secondary endpoints included overall survival, progression-free 
survival, and toxicity. The data were analyzed with intent-to-treat method.

Neuropathy was graded so as to take into account both the intensity and duration of 
symptoms by a third scale devised for this trial:

  Grade 1a: peripheral paresthesias of moderate intensity lasting less than 7 d
  Grade 1b: paresthesias of moderate intensity lasting 8–14 d
  Grade 1c: incomplete recovery between courses or mild hypoesthesias of the extremities
  Grade 2: early functional impairment

Doses were modifi ed for grade 3–4 toxicity (except for alopecia/neuropathy) as follows: 
5-FU was reduced by 100 mg/m2 and oxaliplatin by 25 mg/m2; oxaliplatin was reduced 
by 25 mg/m2 for grade 1c sensory neuropathy and, if persistent, was reduced again by 
25 mg/m2. Treatment was discontinued if neurotoxicity persisted beyond this or for any 
grade 2 neurotoxicity. Treatment was also discontinued for other persistent hematologic and 
nonhematologic toxicity within 6 wk after the last course. Patients with progressive disease 
or who were rendered surgically resectable were taken off study and resected when possible 
and were then followed for progression and survival. Discontinuation of treatment for any 
reason was considered treatment failure.

Three patients were ineligible and one patient on arm B did not receive oxaliplatin. Patient 
characteristics were similar between groups. Notable exceptions included more patients 
with elevated carcinoembryonic antigen (CEA) exceeding 10 ng/mL in the oxaliplatin group 
(B) and more patients who had been treated with adjuvant chemotherapy in group A. The 
median age of patients was 61yr (range 29–75), and most had PS 0–1. The median duration of 
follow-up was 47 mo (35–67 mo). Toxicity was generally mild in arm A, with less than a 5% 
incidence of grade 3–4 toxicity. Diarrhea was the most common toxicity in arm B, with 43% 
experiencing grade 3–4 toxicity. Nausea and vomiting were also common in arm B, despite 
treatment with standard antiemetics; 25% experienced grade 3–4 toxicity. Hematologic 
toxicity was mild in both treatment arms, with neutropenia and thrombocytopenia only 
occurring in 1–2% overall. Mild increases in serum transaminase levels were observed in 
60% of patients in arm B and 24% in arm A. Only two patients in both arms experienced 
grade 3–4 hepatotoxicity. As had been observed in prior trials, there was no clinically 
meaningful renal toxicity. Grade 1–2 alopecia was seen in fi ve patients—one on arm A and 
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four patients on arm B. There was one treatment-related death on each arm. However, there 
were 12 treatment-related withdrawals from the study on arm B.

There were 45 patients in arm B who had grade 1c or grade 2 sensory neurotoxicity. Onset 
of grade 1c neuropathy was seen from 250 mg/m2 to 1625 mg/m2 (median 716 mg/m2). Ten 
of these patients withdrew from the trial (four with grade 1c and six with grade 2). The 
median cumulative dose in these patients was 1075 mg/m2 (range 675–1650 mg/m2). Other 
reported neurotoxicity included one patient with masseter contractions during the second 
course of therapy, for 4 d, and one patient with acute “spasms.” An independent radiology 
review of patients scans was performed in 91% of cases and was used to determine response 
rates as shown in Table 10.

An important point to note in this trial is that crossover was allowed for patients with 
progression on 5-FU/LV. Fifty-seven patients who progressed on arm 1 were subsequently 
treated with 5-FU/CF and oxaliplatin. Also, more surgeries for cure were attempted in 
patients on the oxaliplatin-containing arm (32 vs 21). The authors noted that complete 
resection of metastatic disease was performed in 17 patients on arm A and in 21 patients 
on arm B. As determined by multivariate analysis, age and treatment arm were signifi cant 
prognostic factors for response to therapy. Prognostic factors for survival were performance 
status and extent of liver metastasis.

In summary, this randomized multicenter phase III trial using chronomodulated 5-FU/LV 
confi rmed the high response rates seen in phase II trials combining 5-FU/LV with oxaliplatin. 
Response rates were increased threefold in the combination arm compared to 5-FU/LV 
alone. The trial was not designed to detect differences in overall survival, and the fact that 
over half of the patients crossed over to receive oxaliplatin at progression on arm 1 makes 
overall survival data diffi cult to interpret. Also, the overall median survival of nearly 20 mo 
is longer than that seen in other trials using 5-FU-based therapy. However, progression-free 
survival was signifi cantly longer in the combination arm. Overall, the oxaliplatin-containing 
arm did have more toxicity. The most common side effect was diarrhea, and the cumulative 
dose-limiting toxicity was sensory peripheral neuropathy. This neuropathy did not affect 
dose intensity until late in treatment, as it occurred at a mean dose of 1100 mg/m2, or 
about 6 mo worth of treatment. The authors did not report whether the 13 patients who 

Table 10
Results of Phase III Study of Giachetti et al. (92)

 Arm 1: 5-FU/LV Arm 2: 5-FU/LV/OXAL

No. of patients 100 100
No. evaluable 192 188
Median no. of courses 116 118
Overall response rate 116% 153% (p <0.001)
 CR 110/100 113/100
 PR 116/100 150/100
 Stable 145/100 124/100
Percentage with confi rmed response 112% 134% (p <0.001)
 at 9 wk
Median time to best response 19.6 mo (4.3–7.4) 19.5 mo (4.3–5.5)
Median PFS 16.1 mo (4–7.4) 18.7 mo (7.4–9.2)
Median OS 19.9 mo (14–25.7 mo) 19.4 mo (15.4–23.4 mo)
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developed functional impairments (grade 2 neurotoxicity) had improvement or resolution 
of symptoms with time.

6.2. Flat Infusion
De Gramont et al. recently reported the results of a phase III study, in which fi rst-line 

5-FU/LV given bimonthly was compared to 5-FU/LV/oxaliplatin (93). The bimonthly 
regimen consisted of a loading dose plus infusion of 5-FU given with LV and was employed 
here as the control arm of the trial. In a previous trial, known as the French Intergroup Trial, 
this regimen has been reported to result in higher response rates and longer progression-free 
survival than the Mayo Clinic regimen, but it did not lead to a signifi cant difference in 
overall survival. The Mayo Clinic regimen prescribed bolus 5-FU/ LV for 5 consecutive days 
monthly. In this next-generation trial, the experimental regimen from the French Intergroup 
Trial was compared to the same program to which biweekly oxaliplatin was added. The 
schedule was that prescribed by the FOLFOX 4 program described earlier. At 35 institutions 
in Europe, 420 patients with metastatic colon or rectal cancer were enrolled. Eligible patients 
had PS 0–2, age 18–75, with measurable disease. Prior adjuvant chemotherapy was permitted 
but must have been completed at least 6 mo prior to enrollment. The regimens consisted 
of either arm A (200 mg/m2 LV over 2 h, followed by bolus 400 mg/m2/d 5-FU and an 
infusion of 600 mg/m2/d 5-FU over 22 h) or arm B (FOLFOX 4, which used the same 5-FU 
regimen, with oxaliplatin given at 85 mg/m2 over 2 h concurrent with LV). Either regimen 
was repeated every 2 wk.

Chemotherapy doses were reduced for NCI Common Toxicity Criteria grade >3 diar-
rhea, stomatitis, dermatitis, neutropenia, or for persistent paresthesia, temporary painful 
paresthesia, or functional impairment. If neurologic symptoms persisted, oxaliplatin was 
omitted until recovery. Each patient was assessed for response after every four cycles 
or every 8 wk using World Health Organization criteria. Magnetic resonance imaging 
(MRI)/CT scans were reviewed through a program of independent blinded review by at 
least two radiologists.

Four patients on arm A and three patients on arm B were unable to be assessed for 
response. These patients were included for an intent-to-treat analysis. The median age of 
enrolled patients was 63 yr (range 20–76). Most patients had PS 0–1 and had a primary 
tumor of the colon (rather than rectum) with liver metastasis. Other characteristics were well 
balanced between the two arms. The results are displayed in Table 11.

Approximately 60% of patients in each arm in this study received other chemotherapy 
at the time that they manifested progression with regimens containing either oxaliplatin or 
irinotecan. The median overall survival for those who did not receive further chemotherapy 
at progression in arm A (n = 132 patients) was 12.2 mo, and in arm B (n = 148 patients), 
it was 14.8 mo (p = 0.04). Independent prognostic factors for improved overall survival 
were low LDH level, good PS, low alkaline phosphatase, and a limited number of involved 
metastatic sites.

Patients in arm B experienced more grade 3–4 neutropenia, diarrhea, mucositis, and neu-
ropathy than those in arm A. The authors reported one death resulting from gastrointestinal/
hematologic toxicity from treatment in arm B. Neurotoxicity was very common in patients 
receiving oxaliplatin, with 68% experiencing some degree of toxicity. Patients experienced 
cumulative neurosensory or cold-related dysesthesias, pharyngolaryngeal dysesthesia, 
laryngospasms, cramps, and Lhermitte’s sign. Grade 3 neurotoxicity was reversible in 74% 
of patients, with a median time to recovery of 13 wk. Elderly patients (>65 yr old) did not 
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experience greater toxicity compared to younger patients, except for the observation of more 
grade 3–4 diarrhea in older patients.

Patient quality of life (QOL) was also examined using EORTC QLQ-C30 every fourth 
treatment cycle. This instrument assesses the frequency and severity of common symptoms 
related to colon cancer, as well as estimating the patient’s ability to accomplish activities 
necessary for independent daily living. Median QOL scores were not different between 
the two arms. However, time to deterioration of global health status was signifi cantly 
prolonged in arm B.

The Levi and de Gramont trials both establish the improved relative activity of two 
methods of combining 5-FU/LV with oxaliplatin with respect to response rates and time to 
tumor progression. In both of these trials, the end points set out at the time of the trials’
design to measure the success of the experimental regimens were achieved. Neither trial 
indicated a statistically signifi cant improvement in survival but neither was adequately 
powered to achieve that goal. In addition, the end point of survival was obscured by second-
line therapies, usually with drugs proven to be active in the secondary therapy of colorectal 
cancer such as irinotecan or oxaliplatin. Many patients were taken to the operating room 
for removal of metastatic lesions in the liver or lung or in both locations. This surgical 
intervention potentially also infl uenced the survival of many patients in a manner that is 
diffi cult to predict from current experience.

7. OXALIPLATIN TRIALS IN LIVER LIMITED
METASTATIC COLORECTAL CANCER

In an autopsy series of 1541 patients dying of colorectal carcinoma, 44% of the cases 
had metastases involving the liver. In 46% of these cases (20% overall), liver metastases 
was the only site of metastatic disease (94). Without chemotherapy treatment, patients with 
liver metastases have a median survival of less than 1 yr (95–97). Patients with limited 
involvement of the liver generally have a better survival, perhaps refl ecting lead-time bias 
or tumor heterogeneity. Untreated, 77% of limited disease patients are alive at 1 yr, 14–23%
at 3 yr, and 2–8% at 5 yr (98,99).

Table 11
Results of Phase III Study from de Gramont et al. (93)

 Arm A: 5-FU/LV Arm B: 5-FU/LV/OXAL

No. of patients 210 210
No. evaluable 206 207
Overall response rate
 Assessable 122.3% 150.7%
 Intent to treat 121.9% 150.0% (p = 0.0001)
 CR 111/210 (.5%) 113/210 (1.4%)
 PR 145/210 (21.4%) 102/210 (48.6%)
 Stable 107/210 (51%) 167/210 (31.9%)
Median time to best response 112 wk 119 wk
Duration of response 146.1 wk 145.1 wk
Median PFS 116.2 mo 119 mo (p = 0.0001)
 External review 116.0 mo 118.2 mo (p = 0.0003)
Median OS 114.7 mo 116.2 mo (p = 0.12)
1-yr survival 161% 169%
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7.1. Treatment of Unresectable Liver Disease
Patients with unresectable metastatic colorectal cancer confi ned to the liver may be 

candidates for regional infusion therapy. Studies of individuals with colon cancer confi ned 
to the liver treated with chemotherapy infusion through the hepatic artery have demonstrated 
higher tumor response rates than treatment with systemic chemotherapy, although the 
demonstration of an overall survival advantage remains controversial (100). Potential 
toxicities associated with this form of therapy include chemical hepatitis as well as biliary 
sclerosis. Drug infusion via the hepatic artery can also expose the duodenum and stomach 
to chemotherapy, resulting in gastritis or ulcer formation. In spite of a reduction in the 
toxic complications in current trials, previous prospective randomized studies have failed to 
consistently demonstrate a survival advantage when hepatic artery infusion is compared to 
intravenous 5-FU (100). The lack of improvement in survival can be explained by patient 
crossover, inclusion of patients with extrahepatic disease, and extensive fl oxuridine (FUDR) 
toxicity secondary to higher doses involved in these earlier studies. Additional trials are 
underway, including the use of oxaliplatin as an agent for hepatic artery infusion (101),
to better defi ne the role of regional therapy and its impact on overall survival. Given the 
potential side effects from the regional therapy with hepatic artery infusion, as well as the 
need for exploratory laparotomy for catheter placement and idiosyncratic hepatic vascular 
anatomy that precludes satisfactory liver perfusion, continued improvement in systemic 
therapy in this patient population is appropriate.

Systemic therapy with oxaliplatin has become an important component of therapy for 
patients with hepatic metastases, particularly in Europe, as noted earlier. Bismuth, a surgeon 
working with Levi et al., has reported on a series of patients undergoing surgical resection 
of initially unresectable hepatic metastases from colorectal carcinoma after neoadjuvant 
chemotherapy with a combination of infusional oxaliplatin, 5-FU, and LV (102,103). In the 
most recent update of this study, the outcome of 151 patients with unresectable liver-only 
metastases was reported (102). Oxaliplatin, 5-FU, and LV produced an objective response in 
89 (59%) of these patients. Surgery with curative intent was performed on 77 (50%) of these 
patients. At the time of surgery, an objective response was confi rmed in 61 patients, including 
2 patients with a complete response. Forty-eight patients (32%) were able to undergo a 
complete resection of their liver metastases. Gross total resection of liver metastases, but 
with microscopically positive margins, was possible in an additional 10 patients. Tumor 
resection was technically impossible in the remaining 19 patients.

Tumor recurred in 72% of the 58 patients undergoing resection, including 1 patient with 
a complete response. The median time to relapse was 12 mo. For the 77 patients undergoing 
surgery, the median overall survival was 48 mo, with a 5-yr survival of 50%. The median 
overall survival for the 58 patients undergoing resection had not been reached at the time of 
this report. The estimated 5-yr survival for this group was 58%.

7.2. Role of Hepatic Artery Infusion in Resectable Disease
In patients with potentially resectable liver-only disease at initial presentation, surgery 

alone can result in long-term survival, but will likely cure no more than a small portion of 
patients with stage IV disease (104,105). A 5-yr survival rate of 25–37% has been reported 
in a number of studies, with a median survival of 24–42 mo (106). For patients who do 
recur after undergoing liver resection, 41% of recurrences involve only the liver (107). This 
suggests that more intensive regional therapy may be of benefi t in reducing the risk of hepatic 
recurrence (106,108–110). Recent studies of patients receiving hepatic artery infusion (HAI) 
therapy after resection have reported an improved survival as well as a decrease in hepatic 
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recurrence compared to patients receiving systemic therapy. The rationale for these studies 
comes from the observation of benefi t from regional therapy for patients with unresectable 
liver metastases from colorectal cancer.

Two randomized trials of HAI following surgical resection of hepatic metastases from 
colorectal cancer have recently been reported. IN a study from Memorial Sloan-Kettering 
Cancer Center, patients were randomized to systemic chemotherapy alone (5-FU with or 
without LV) vs systemic chemotherapy combined with HAI FUDR (111). Seventy-four 
patients were randomized to combined therapy and 82 to systemic therapy. A signifi cant 
benefi t was seen in patients receiving combined therapy. The median survival in the group 
receiving combined therapy was 72.2 mo compared to 59.3 mo for those receiving systemic 
therapy alone. At 2 yr, the rate of survival free of hepatic recurrence was 90% in the 
combined therapy group compared to 60% in the systemic therapy only group (p < 0.001). 
However, recurrence rates outside the liver appeared similar in both groups (Table 12). In a 
separate study published only in abstract, patients with 2–4 resected hepatic metastases were 
randomized to resection alone vs HAI with FUDR combined with systemic infusion of 5-FU 
(112). This study also showed a marked decrease in the incidence of hepatic recurrence with 
HAI as well as a signifi cant improvement in recurrence-free survival.

The recent experience with HAI combined with systemic chemotherapy suggests that, 
despite improved disease-free survival, both intrahepatic and extrahepatic recurrence of 
colorectal carcinoma continues to be a problem for patients under going resection of hepatic 
metastases. As such, better systemic regimens are needed. The combination of oxaliplatin, 
5-FU, and LV, as reviewed earlier, has shown promising activity for both intrahepatic and 
extrahepatic metastases. Clinical trials of HAI oxaliplatin are underway. In one of these 
trials the tolerability of a 5-FU and LV given via a hepatic artery catheter over 2 h on d 1, 
followed by oxaliplatin given through the same catheter over 4 h on d 2 of the treatment 
cycle, is being assessed (101). The effi cacy of this approach is yet to be determined. Taking 
a slightly different approach, the NCCTG is currently assessing the activity of systemic 
oxaliplatin, 5-FU, and LV alternating with HAI FUDR. With the demonstrated activity of 
oxaliplatin these approaches hold the potential of further decreasing the rate of recurrent 
metastatic colorectal cancer.

8. ADJUVANT THERAPY

To date, there are no trials that have been reported examining the role of oxaliplatin in the 
adjuvant setting. A number of studies are in progress. The de Gramont group is conducting 

Table 12
Sites of Recurrent Colorectal Carcinoma in a Randomized Trial of Combined HAI

and Systemic Therapy vs Systemic Therapy Alone After Resection of Hepatic Metastases (29)

Site of recurrence Combined group Systemic group

Lung 15 (20%) 17 (21%)
Liver 17 (9%)1 30 (37%)
Ovaries 14 (5%)1 11 (1%)1
Bone 13 (4%)1 13 (4%)1
Pelvis 14 (5%)1 17 (9%)1
Lymph nodes 13 (4%)1 10 (12%)
Other 16 (8%)1 16 (7%)1
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a two-arm study that they have named the MOSAIC trial. Patients are randomized to get 
200 mg/m2 LV on d 1, then a 5-FU loading dose of 400 mg/m2, followed by two consecutive 
22-h infusions of 600 mg/m2 5-FU with or without 85 mg/m2 oxaliplatin given every other 
week (FOLFOX 4). This trial will complete accrual of 2000 patients in 2000 or early 2001. 
Analysis will likely not occur until 2003 or 2004.

The NSABP is conducting an adjuvant study using a weekly bolus schedule of 5-FU 
modeled on the RPMI high-dose-leucovorin program. The randomization is between
500 mg/m2/d LV and 500 mg/m2/d 5-FU weekly for 6 of 8 wk and that regimen plus oxaliplatin 
85 mg/m2/d. This trial opened in March 2000 and will likely complete accrual by 2002.

9. OXALIPLATIN COMBINATION WITH OTHER AGENTS

9.1. Oxaliplatin/CPT-11
A number of trials combining oxaliplatin with other chemotherapy agents are currently 

underway or have recently been reported. Most of the reports are from meeting abstracts and 
are outlined in Table 13. The combination of oxaliplatin and CPT-11 has been developed 
based on preclinical observations. When evaluated in vitro, this combination has shown 
greater additive inhibition in a human colon cancer HT29 cell line (115). Pre-exposure of the 
cells to oxaliplatin enhanced the toxic effect of SN-38. In this study, DNA damage induced 
by oxaliplatin resulted in the fi nding of a higher likelihood of prolonged DNA elongation 
and a higher percentage of S-phase arrest when SN-38 was added.

Building on this observation, several phase I trials have been reported (114,115).
Wasserman et al. have reported on two independent but identical phase I trials in which 
oxaliplatin and CPT-11 were given on 1 d every 3 wk (114). Two different maximum 
tolerated doses (MTD) were determined (Table 1). However, based on further patient accrual, 
the investigators recommended 110 mg/m2 oxaliplatin and 200 mg/m2 CPT-11 for phase II
trials. At this MTD, no patient experienced grade 4 neutropenia persisting for more than 
7 d. However, 23% of patients had febrile neutropenia and 46% of patients experienced 
grade 3–4 diarrhea. It should be noted that the recommended dose of oxaliplatin is higher 
in the published article than that reported in the meeting abstract (114,116). The every-3-wk 
schedule is currently included as one arm of a phase III study of fi rst-line therapy for 
metastatic colorectal cancer.

This same group of investigators performed two separate phase I trials using the same 
combination given on an every-2-wk schedule in order to try and increase the dose intensity 
(116,117). In the abstracts from these two trials, the recommended phase II dose for the 
every-2-wk schedule was determined to be 85 mg/m2 oxaliplatin and 175 mg/m2 CPT-11. In 
the trial conducted by Wasserman et al., 1 complete response (CR) and 6 partial responses 
(PR) were seen in 11 patients (9 refractory to 5-FU) at the recommended dose level (116).

Similar response rates were seen in the trial reported by Goldwasser et al. (117). A weekly 
schedule of oxaliplatin and CPT-11 has been evaluated by Kemeny et al. and recently reported 
in a meeting abstract (115). A more dose-intense schedule has been reported by Scheithauer 
et al. in which weekly oxaliplatin and CPT-11 are given together with granulocyte-colony 
stimulating factor (G-CSF) support (Table 1). In a group of 36 patients refractory to 5-FU 
and LV, 42% achieved an objective clinical response. With the use of G-CSF, per the study 
guidelines, only 6% of patients developed grade 4 neutropenia. Grade 3 diarrhea occurred
in 19% of patients. Additional patient enrollment with the weekly and biweekly schedules
has been undertaken to better determine the toxicities associated with these schedules.
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Summary of Studies Combining Oxaliplatin with Other Agents

Reference Combination Response Comments

Oxaliplatin/CPT-11

(114) Two identical phase I studies Colorectal cancer: PR Authors recommend
 maximum tolerated dose      29%     MTD 1
 (MTD) (q 3 wk):
 (1)  OXAL 110 mg/m2,
        CPT-11 200 mg/m2 d 1
 (2)  OXAL 110 mg/m2,
        CPT-11 250 mg/m2 d 1
(116) Three phase I studies MTD: Q 3 wk
 (1)  q 3 wk (2 studies)     PR 35%
       OXAL 85 mg/m2, Q 2 wk
       CPT-11 200 mg/m2 day 1     CR 9%
 (2)  q 2 wk     PR 55%
       OXAL 85 mg/m2,
       CPT-11 175 mg/m2 d 1
(145) Phase II study (q 4 wk) 36 5-FU refractory Grade 4 neutropenia

• OXAL 85 mg/m2 d 1, 15     patients     6%; 36% of patients
• CPT-11 80 mg/m2 d 1, 8, 15     CR 6%     had delays in 
• G-CSF (5 µg/kg/d × 5 d)     PR 36%     treatment

(115) Phase I study, MTD (q 6 weeks):     PR 26%; study  Diarrhea and
• OXAL 60 mg/m2 d 1, 8, 15, 22         ongoing     neutropenic fever 
• CPT-11 65 mg/m2 d 1, 8, 15, 22      dose limiting

(117) Phase I study, MTD (q 2 wk): CR 9%
• OXAL 85 mg/m2 d 1 PR 45%
• CPT-11 175 mg/m2 d 1

Oxaliplatin/CPT-11/5-FU

(118) Phase I study, MTD (q 2 wk): 9 objective responses 
• OXAL 85 mg/m2 d 1 (5 colorectal cancer)
• CPT-11 180 mg/m2 d 1
• CF 200 mg/m2 1, 2
• 5-FU 400 mg/m2 d 1, 2 bolus

 600 mg/m2 d 1, 2 PVI
(119) Phase I study (q 3 wk):  On-going study

• OXAL 85 mg/m2 d 1
• CPT-11 200 mg/m2 d 1
• CF 200 mg/m2 d 1
• 5-FU 2000 mg/m2 96 h PVI

(120) Phase II study (q 4 wk) CR 9% 64% Previously treated;
• OXAL 120 mg/m2 d 1 PR 49%     signifi cant toxicity 
• CPT-11 250 or 300 mg/m2 d 1      with 3 deaths in IA 
• 5-FU different schedules (IA or IV)      group

Oxaliplatin/UFT and Oxaliplatin/Capecitabine

(128) Phase II study (q 4 wk) Unavailable
• OXAL 85 mg/m2 d 1, 14
• CF 250 mg/m2 IV 1
• CF 7.5 mg PO q12 h d 1–14
• UFT 300–390 mg/m2d, d 1–14

(134) Phase I, MTD (q 3 wk): PR in 5 of 9 patients
• OXAL 130 mg/m2 d 1
• Capecitabine 2000 mg/m2/d, d 1–14
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9.2. Oxaliplatin/CPT-11/5-FU
Trials assessing a more drug-intensive regimen of oxaliplatin, CPT-11, and 5-FU, with 

or without LV, are currently underway or have recently been reported (Table 1). In the 
studies that have been reported, all as meeting abstracts, an every-2-, every-3-, or every-4-wk 
schedule has been used (118–120). With the 2-wk schedule, the toxicity appeared tolerable, 
with grade 4 neutropenia of 7 or more days duration and grade 4 diarrhea occurring in two out 
of nine patients (118). The every-3-wk schedule used oxaliplatin and CPT-11 combined with 
a 4-d continuous infusion of 5-FU (119). Neutropenia and diarrhea were the dose-limiting 
toxicities. No objective responses were seen in a group of patients with heavily pretreated 
gastrointestinal malignancies, including seven patients with colorectal cancer.

The every-4-wk schedule appeared to be the most toxic (120). In this study, oxaliplatin 
and CPT-11 were combined with either 2500 mg/d 5-FU given as a hepatic artery infusion or
2600 mg/m2 5-FU and 500 mg/m2 CF given intravenously on d 1 and 15. For patients receiv-
ing the hepatic artery infusion, 64.7% experienced grade 3–4 neutropenia/thrombocyto-
penia and 52.9% experienced grade 3–4 diarrhea. Three out of 17 patients in this group 
died as a result of toxicity. In patients who received intravenous 5-FU and LV, grade
3–4 neutropenia/thrombocytopenia occurred in 41.2% and 43.7% of patients at CPT-11 
doses of 300 mg/m2 and 250 mg/m2, respectively.

9.3 Oxaliplatin and UFT or Capecitabine
UFT is a fi xed combination (4�1 molar ratio) of tegafur and uracil (see Chapter 27) Tegafur 

(ftorafur) is a furanyl nucleoside analog of 5-FU. It is absorbed through the gastrointestinal 
tract and then converted to 5-FU by hepatic microsomal cytochrome P-450 enzymes and 
by soluble enzyme hydrolysis in the cytosol (121). Uracil is a competitive inhibitor of 

Table 13 (continued)

Reference Combination Response Comments

Oxaliplatin/Raltitrexed

(139) Phase II study (q 3 wk) CR 2% 2 Treatment-related
• Raltitrexed 3 mg/m2 d 1 PR 60%     deaths 2 possibly 
• OXAL 130 mg/m2 d 1      related deaths

(137) Phase I/II study (q 3 wk): At MTD
• Raltitrexed 3 mg/m2 d 1 Overall response 46%
• OXAL 130 mg/m2 d 1

(136) Phase I study (q 2 wk), MTD: No responses in patients
• Raltitrexed 3 mg/m2 d 1
• OXAL 130 mg/m2 d 1

(138) Phase I study (q 2 wk), MTD: 1 CR and 8 PR in 41 4 of 8 patients
• OXAL 130 mg/m2 d 1     patients     developed grade 3–4
• Raltitrexed 3 mg/m2 d 1      neutropenia
• CF 250 mg/m2 d 2
• 5-FU 1200 mg/m2 d 2

Oxaliplatin/Topotecan

(144) Phase I study, MTD: No responses
• OXAL 85 mg/m2 d 1
• Topotecan 0.9 mg/m2/d CIV × 3 d
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dihydropyrimidine dehydrogenase. In preclinical studies, UFT produced signifi cantly higher 
levels of 5-FU in tumors compared to healthy tissues and serum (122). Phase II and III 
trials of UFT and LV have shown evidence of clinical activity in patients with advanced or 
metastatic colorectal cancer (123–127).

A trial of UFT and LV combined with oxaliplatin (Table 1) was recently completed 
(128) and the plan for a separate trial was recently reported (129). When used as fi rst-line 
therapy for advance colorectal cancer, signifi cant diarrhea and nausea/vomiting occurred 
at the higher dose level of 390 mg/m2/d UFT d 1–14, but became more tolerable when a 
dose of 300 mg/m2/d was used. At this dose level, grade 3–4 diarrhea and nausea/vomiting 
occurred in 18% and 9% of patients, respectively. The response rate to this treatment was 
not reported in the abstract.

Capecitabine (N4-pentoxycarbonyl-5′-deoxy-5-fl uorocytidine) is an oral fl uoropyrimidine 
that is absorbed intact and sequentially converted to 5-FU in a 3-step process as reviewed 
elsewhere (130). Colorectal tumors appear to express a high level of thymidine phosphory-
lase, one of the enzymes involved in the conversion of capecitabine to 5-FU, resulting 
in a higher level of 5-FU in the tumor compared to healthy tissue. In preclinical studies,
this difference in enzyme levels resulted in tumor concentration of 5-FU that were greater 
with capecitabine than with equivalent doses of 5-FU. Similar results have been shown 
in clinical studies. In a group of 19 patients given capecitabine for 1 wk prior to surgical 
resection of their primary tumor and/or liver metastases, 5-FU concentrations were 3.2 
and 1.4 times higher in the primary tumor and liver metastases, respectively, compared to 
healthy tissue (131). A recent international phase III trial compared capecitabine to 5-FU 
450 mg/m2 modulated with LV 20 mg/m2 given intravenously d 1–5 every 4 wk in patients 
with previously untreated advanced or metastatic colorectal cancer (132). A response rate 
of 23% was seen with capecitabine compared to 16 percent for modulated 5-FU (p = 0.02). 
Survival data were not available at the time of this report. Grade 3–4 toxicity for capecitabine 
consisted mainly of hand-foot syndrome and diarrhea, while that for modulated 5-FU 
consisted of neutropenia, stomatitis, and diarrhea.

Building upon the activity of capecitabine in colorectal cancer, a phase I study was 
recently completed evaluating the MTD of capecitabine and oxaliplatin (133). In this study, 
with oxaliplatin given once every 3 wk and capecitabine given as a twice-a-day dose for
2 wk, the MTD was determined to be 130 mg/m2 oxaliplatin and 2000 mg/m2 capecitabine. 
The dose-limiting toxicity was diarrhea. Five of nine patients with colorectal cancer obtained 
a partial response.

9.4. Oxaliplatin and Raltitrexed
Raltitrexed is a novel, direct, and specifi c quinazoline antifolate inhibitor of thymidylate 

synthase (TS). The potent cytotoxic activity of raltitrexed is dependent upon active uptake 
in the cells via a reduced folate carrier and subsequent metabolism to polyglutamates (tri-, 
tetra- and pentaglutamates). These polyglutamates are approx 60-fold more active than the 
parent compound and are not effl uxed readily from cells (134). This property of the drug 
makes it possible to give a brief infusion of the drug once every 3 wk. A series of phase III 
trials of raltitrexed have recently been reported (135). These studies have shown clinical 
activity equivalent to 5-FU and LV.

Several phase I studies have evaluated the combination of raltitrexed and oxaliplatin 
(136–138). In a phase I study of patients with advanced cancer and a separate phase I/II 
study of patients with advanced colorectal cancer, the MTD of raltitrexed and oxaliplatin 
was determined (Table 1). Forty-six percent of the 48 patients in the phase I/II study treated 
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at the MTD had a partial response (137). Grade 3–4 neutropenia occurred in 19% of patients 
at the MTD. Other less common toxicities included peripheral neuropathy, increase in 
transaminases, diarrhea, stomatitis, and vomiting. In a separate phase II trial of raltitrexed 
and oxaliplatin in 63 evaluable, previously untreated patients with metastatic colorectal 
cancer, an overall response rate of 61.9% was observed (139). Grade 3–4 neutropenia 
occurred in 16.5% of patients, nausea in 10.5%, and diarrhea in 9%. The median duration 
of response was 8.1 mo.

A phase I trial of oxaliplatin and raltitrexed on d 1 and 5-FU and LV on d 2 every 2 wk 
was recently reported as a meeting abstract (Table 1) (138). At the high doses used, four of 
eight patients developed dose-limiting toxicity. Objective responses were seen in 9 out of 41 
patients. Further evaluation of this regimen is indicated.

9.5. Oxaliplatin and Topotecan
Topotecan is a semisynthetic water-soluble analog of camptothecin. The camptothecin 

family of drugs inhibit topoisomerase I. Topisomerase I-targeting drugs stabilize a covalent 
DNA-topoisomerase I complex leading to DNA single-strand breaks and cell death (140).
Several phase II trials have been performed to assess the activity of topotecan as a single 
agent in patients with colorectal cancer. In a Southwest Oncology Group trial (SWOG 9241), 
48 patients with untreated advanced colorectal cancer received topotecan as fi rst line therapy 
(141). Given at a standard dose of 1.5 mg/m2/d for 5 d every 3 wk only two partial responses 
were seen (4%). In a separate study of high dose topotecan (3.5 mg/m2/d for 5 d every 3 wk) 
and G-CSF, no major responses were seen in 16 evaluable patients with colorectal cancer 
refractory to 5-FU-based therapy (142).

In a preclinical study, the combination of oxaliplatin and topotecan showed highly 
synergistic activity in both 5-FU-sensitive and 5-FU-resistant human colon cancer cell lines 
(143). A phase I study of oxaliplatin combined with a 3-d continuous infusion of topotecan 
(Table 1) in patients with 5-FU refractory colorectal cancer showed signifi cant toxicity and 
no apparent activity (144).

9.6. Oxaliplatin Combined with Novel Agents
Oxaliplatin, combined with novel agents, has been evaluated in several preclinical studies. 

When combined with ZD-1839, an epidermal growth factor receptor-selective tyrosine 
kinase inhibitor, in a human colon cancer cell line culture (GEO), a supra-additive growth-
inhibitory effect was noted (146). The addition of ZD-1839 produced an approx 3.5-fold 
increase in oxaliplatin-induced apoptosis. A similar supra-additive effected was noted when 
LY231514 (MTA) was combined with oxaliplatin (147). MTA is a multitargeted antifolate 
that has shown promising activity when combined with other agents in phase I and II trials 
(148). A Cancer and Leukemia Group B (CALGB) phase II study of oxaliplatin, 5-FU, 
leucovorin and trastuzumab is currently accruing patients with refractory colorectal cancer.

10. OXALIPLATIN COMBINED WITH RADIATION

There is preliminary information reported in abstract form that oxaliplatin may have 
activity as a radiation sensitizer. In the single study on this subject, radiation survival data 
were generated for HT-29 colon cancer cells treated with single graded doses of radiation 
in the presence or absence of various doses of oxaliplatin in vitro. Clonogenic assays were 
examined at 14 d and were normalized for drug cytotoxicity. In vivo experiments followed 
in which mice bearing human tumor xenografts were then treated with 5 Gy alone or in 
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combination with intraperitoneal oxaliplatin. The radiation-sensitizing effect was measured 
using a tumor-growth-delay assay. In both circumstances, there was enhanced radiation lethality 
when cells or animals were exposed to oxaliplatin compared to radiation alone (149).

Three dose-fi nding studies are underway in which oxaliplatin is employed as a radiation 
sensitizer. In one trial, the drug is combined with raltitrexed, LV, and 5-FU. The other two 
studies combine oxaliplatin with 5-FU/LV and radiation. Small numbers of patients have 
been entered on these trials to date and the results remain preliminary. Indications of activity 
have been observed (150–152).

11. TOXICITY

Phase I and II studies of oxaliplatin administered as a single agent are reviewed above. 
These studies have established the safety and toxicity profi le of oxaliplatin and the fi ndings 
from these trials have been extended in phase III trials. Early studies showed that this 
platinum analog has very different toxicities from cisplatin. Specifi cally, oxaliplatin does not 
cause renal toxicity or alopecia, and the neurotoxicity observed with oxaliplatin is generally 
reversible. In most early studies, nausea and vomiting were common; however, this side effect 
has decreased with the widespread use of 5HT3 receptor antagonists. Hematologic toxicities 
are also very mild. In most studies, grade 1–2 neutropenia and/or thrombocytopenia has been 
observed in <25% of patients, with infectious or bleeding complications very rare.

The dose-limiting toxicity of oxaliplatin is an unusual neurotoxicity. Patients experience 
paresthesias and dysesthesias in the extremities and perioral area, initiated or exacerbated by 
exposure to cold. This was observed at doses ≥135 mg/m2 and could occur during or after the 
infusion. It is dose dependent, reversible, and cumulative. These symptoms can occur in 
up to 78% of patients. Patients can develop a more persistent sensory neuropathy that 
typically causes diffi culty in fi ne fi nger movements and usually occurs after a cumulative 
dose of 850 mg/m2. This clinically signifi cant neuropathy was seen in <20% of patients in 
the pivotal trial by de Gramont et al. (93). Grade 3 neurotoxicity was reversible in 74% of 
patients, with a median time to recovery of 13 wk. Some patients have also experienced 
acute laryngopharyngeal symptoms during infusion of oxaliplatin. These dysesthesias cause 
a feeling of dysphagia or dyspnea and are quite uncommon. Seldom patients will have 
laryngospasm that is usually associated with an anaphylactic reaction to the agent. Patients 
should be instructed to avoid cold liquids and food, and to wear gloves in cold weather to 
minimize these events. Additionally, the duration of oxaliplatin infusion can be prolonged 
from 2 to 6 h, a strategy that will ameliorate acute neurologic toxic effects in many patients.

The neuropathy observed with oxaliplatin differs from CDDP-associated neuropathy in 
that symptoms occurring after oxaliplatin infusion are acute at onset, are exacerbated by 
cold, and are generally reversible. For most patients, neurotoxicity improves or resolves 
in weeks to months, but a minority will have some persistent symptoms. The mechanism 
of this neuropathy is unknown, but oxaliplatin does cause axonal sensory changes seen on 
EMG. The mechanism of this toxicity was studied in 22 patients receiving oxaliplatin by 
performing EMGs before and during treatment. Patients were also receiving 5-FU. Sensory 
damage was seen at a cumulative total dose of 410 mg/m2 and confi rmed at 862 mg/m2.
Total dose, but not dose intensity, was correlated with the development of sensory changes 
on EMG studies (153).

Gabapentin is a drug commonly used to treat neuropathic pain. A group from Italy 
reported some initial success in treating patients with oxaliplatin-induced neuropathy (154).
Fifteen patients with metastatic colorectal cancer with no history of neuropathy were treated 
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with a bimonthly oxaliplatin and 5-FU regimen. Seven patients have experienced grade 
1–2 neuropathy after the third cycle and were treated with gabapentin 100 mg twice daily, 
which could be increased another 100 mg/d if symptoms did not improve. All patients 
had resolution of symptoms and have continued on with treatment without recurrence of 
symptoms. This may represent an approach to treat this dose-limiting toxicity seen with 
oxaliplatin and certainly deserves further study.

Although the vast majority of neurotoxicity seen with oxaliplatin is peripheral or oral, 
there have been reports of central nervous system (CNS) toxicity. Four patients receiving the 
FOLFOX 4 regimen were reported to have CNS toxicity (Lhermitte’s sign, genitosphincteral 
defi ciency, and proprioception defi cits). This was only seen at cumulative doses >1000 mg/m2,
and symptoms resolved in all patients within weeks after discontinuing treatment (155).
Other uncommon toxicities were reported in phase I and phase II trials and are listed in 
Table 14.

There have been seven reports of oxaliplatin-induced anaphylaxis. Five were reported 
by Tournigard et al. in 1998. Patients were aged 59–77, both males and females, receiving 
oxaliplatin in doses of 85–100 mg/m2. Symptoms including hypotension, fl ushing, sweating, 
and tachycardia were observed after cycles 5–12 of the drug. Two patients had return of 
symptoms with reintroduction of oxaliplatin. The authors estimated that the incidence of 
this toxicity was 2% of those receiving oxaliplatin (156). An additional case was reported 
from France, in a 55-yr-old man receiving bimonthly oxaliplatin plus 5-FU. During the 
sixth cycle, the patient developed an anaphylactic reaction, which responded to supportive 
treatment and discontinuation of the drug (157). Finally, Medioni et al. from France reported 
an anaphylactic reaction in a 63-yr-old man receiving his sixth cycle of oxaliplatin/5-FU/LV. 
He also quickly responded to supportive treatment (158).

Hemolytic anemia was reported in two patients receiving oxaliplatin. The fi rst patient was 
on a bimonthly regimen that included 100 mg/m2 oxaliplatin, 400 mg/m2 5-FU bolus followed 
by 22-h infusion of 600 mg/m2, and FA 200 mg/m2. The patient developed hemolysis after 
45 courses of this regimen, with back pain, fever, and drop in hemoglobin after oxaliplatin 
infusion. Coomb’s test was positive and a blood smear showed no schistocytes. Positive 
agglutination between allogenic red blood cells and the patient’s serum seen only with 
oxaliplatin points to an immune-complex-mediated hemolysis. The patient died despite 
transfusions, steroids, dialysis, and hemofi ltration (159). The second patient had received 
chronomodulated 5-FU/CF/oxaliplatin for a number a courses when she presented with 
hemolytic crisis 5 d after infusion. The patient was treated with steroids and gradually 
recovered (160). This rare toxicity has been reported with other platinum agents and is 
probably the result of an immunoglobulin (IGG)-drug-dependent antibody.

Table 14
Other Uncommon Toxicities of Oxaliplatin seen in Phase I and II Trials

Mild transient increase in liver enzymes Lhermitte’s sign
Mild transient increase in creatinine Loss of deep tendon refl exes (DTR)
Diarrhea Laryngospasm
Muscle cramps Phlebitis
Fever Anaphylactoid reaction
Shortness of breath during infusion Stomatitis
Erythema/skin toxicity Mild alopecia
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12. SUMMARY AND FUTURE DIRECTIONS

Oxaliplatin is currently approved for the treatment of colorectal cancer in numerous 
countries around the world. There are clear signs of its activity in vitro, in human tumor 
xenograft models, and in many of the over 50,000 patients who have been exposed to the 
drug worldwide. Additional research needs to be done to determine the preferred schedule 
of administration and the best ways to combine oxaliplatin with other agents. Studies to 
address these issues are in progress and many were detailed in this chapter. One example 
of a strategy in progress is a trial by de Gramont and colleagues (the OPTIMOX study). In 
it, patients are treated with a 5-FU/LV and oxaliplatin regimen and then the oxaliplatin is 
temporarily held to permit neurologic toxicity to resolve before the patient is exposed to 
that agent again. Among the most important tasks for the future include the presentation of 
convincing data to the US FDA that meets the regulatory requirements that would permit 
the drug to be licensed.
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1. INTRODUCTION

For many years, the chemotherapy of colorectal cancer has depended almost exclusively 
on the use of antimetabolite drugs. These drugs interfere with the normal metabolic processes 
within cells and are principally divided into two classes: the nucleoside analogs, such as 
5-fl uorouracil (5-FU) and gemcitabine, and the antifolates, which are discussed in this 
chapter.

A large number of pathways involved in the synthesis of purines and pyrimidines for 
incorporation into nucleic acids are dependent on the transfer of one-carbon units between 
molecules. This is accomplished enzymatically, with the use of reduced folates as cofactors 
(Fig. 1). Therefore, these pathways are highly attractive targets for anticancer chemotherapy. 
Structural analogs of folic acid can bind to the folate-binding sites of these enzymes with 
an inhibitory effect and some of the earliest cytotoxic drugs to be developed were antifolate 
antimetabolites such as aminopterin and methotrexate. Recent advances in the understanding 
of underlying biochemical mechanisms as well as improvements in drug synthesis have 
allowed the development of a number of novel antifolate compounds targeting specifi c 
enzymes in these pathways.

Among the most studied of these enzymes is thymidylate synthase (TS), which 
catalyzes the reductive methylation of 2′-deoxyuridine-5′-monophosphate (dUMP) to 
2′-deoxythymidine-5′-monophosphate (thymidylate, dTMP), with 5,10-methylene tetrahy-
drofolate acting as the methyl donor. This enzyme is known to be one of the principle targets 
for 5-FU, which, via its metabolite 5-fl uoro-2′-deoxyuridine-5′-monophosphate (FdUMP), 
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forms a stable ternary complex with the enzyme and the folate cofactor. Infused 5-FU, which 
is thought to act predominantly through the inhibition of TS, has antitumor activity at least 
as great as more toxic bolus regimens (1) which appear to be associated with a greater degree 
of incorporation of 5-FU metabolites into RNA (2). This suggests that non-TS-mediated 
mechanisms may play a signifi cant part in the toxicity of 5-FU and has led to considerable 
interest in the development of those mechanisms, which have greater specifi city for TS. 
By comparison with most folate-dependent enzyme inhibitors, pure inhibitors of TS are 
potentially DNA-specifi c, as thymidylate is the only nucleotide specifi cally required for 
DNA synthesis. Other enzymes have also been targeted, including dihydrofolate reductase 
(DHFR) and two of the principle enzymes in the purine synthetic pathway, glycinamide 
ribonucleotide formyltransferase (GARFT) and aminoimidazole carboxamide ribonucleotide 
formyltransferase (AICARFT).

2. FOLATE TRANSPORT

Natural folates are taken up into the cell by the reduced folate carrier (RFC) and rapidly 
polyglutamated by the enzyme folylpolyglutamate synthetase (FPGS). These polyglutamates 
may be hydrolyzed by γ-glutamyl hydrolase (GGH) to lower chain-length forms (3)
(Fig. 2). The longer-chain-length polyglutamates are retained intracellularly, as they are not 
transported out of the cell by the RFC. Transport and polyglutamation may affect sensitivity 
to individual antifolates, and as such, the enzymes affecting these processes are important 
factors to consider in the design of anticancer drugs. For example, under-expression of 
FPGS or overexpression of GGH are potential mechanisms of resistance to polyglutamated 
antifolates, especially where the polyglutamated drug has a higher affi nity for the target 
enzyme than the parent molecule. Rational drug design has been a feature of the development 
of antifolates and allows the clinician to exploit these factors and thus overcome potential 
mechanisms of resistance.

Fig. 1. Role of reduced folates in purine and pyrimidine biosynthesis. Abbreviations: FH4, tetrahydrofolate; 
FH2, dihydrofolate; TS, thymidylate synthase; DHFR, dihydrofolate reductase; SHMT, serine hydroxy-
methyltransferase; GARFT, glycinamide ribonucleotide formyltransferase; AICARFT, aminoimidazole 
carboxamide ribonucleotide formyltransferase; MS, methionine synthetase; DCDA, deoxycytidylate 
deaminase; PRPP, phosphoribosyl pyrophosphate; IMP, inositol monophosphate; AMP, adenosine 
monophosphate; GMP, guanidine monophosphate; LV, leucovorin; DUrd, 2′-deoxyuridine.
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3. DIHYDROFOLATE REDUCTASE INHIBITORS

In general, DHFR inhibitors have poor single-agent response rates in colorectal cancer, 
but a number of researchers have observed that these drugs have the ability to biomodulate 
the action of 5-FU. Administration of a DHFR inhibitor prior to 5-FU causes an increase 
in intracellular levels of 5-phosphoribosyl-1-pyrophosphate (PRPP). This allows for an 
increased production of active metabolites of 5-FU, potentially leading to increased 
cytotoxicity (4). As an added effect, levels of the TS cofactor 5,10-methylene tetrahydrofolate 
are increased, which may augment TS inhibition by facilitating the binding of FdUMP 
to the enzyme (5).

3.1. Methotrexate
Methotrexate (Fig. 3) was developed as an inhibitor of DHFR. Polyglutamated forms of 

the drug have been found to inhibit TS and AICARFT, however, and it is likely that DHFR 
inhibition is not the sole cytotoxic mechanism (6). Methotrexate has limited single-agent 
activity in colorectal cancer, and trials have mostly centered on its use as a biomodulator for 
5-FU (see above). A number of studies have compared the results obtained from treatment 
with 5-FU-based chemotherapy with or without the addition of methotrexate (7–11). Results 
have confl icted somewhat, but only one large study has shown a statistically signifi cant 
survival benefi t for the addition of methotrexate (7). This study compared methotrexate plus 
5-FU to 5-FU alone, and studies using leucovorin (LV) modulated 5-FU as a control arm 
have not suggested any advantage to the addition of methotrexate. A meta-analysis of 1178 
patients treated in randomized trials of 5-FU vs 5-FU plus methotrexate confi rmed a modest 
survival advantage for methotrexate plus 5-FU over 5-FU alone, but not LV-modulated 
5-FU (12). In view of the increased toxicity and inconvenience seen with the methotrexate-
modulated regimens and the possibility of competitive inhibition between methotrexate 
and LV for uptake and polyglutamation, methotrexate modulation of 5-FU is not widely 
practiced.

3.2. Trimetrexate
Unlike methotrexate, which utilizes the same transport and polyglutamation pathways 

as natural folates, trimetrexate (Fig. 3) is a lipophilic compound transported into the cell 

Fig. 2. Uptake and polyglutamation of natural folates. Abbreviations: FOL, reduced folates; FOL(glu)n,
polyglutamated folates; RFC, reduced folate carrier; FPGS, folylpolyglutamate synthetase; GGH, 
γ-glutamyl hydrolase.
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by diffusion and is not polyglutamated (13). This overcomes the known mechanisms of 
resistance to methotrexate arising from reduced carrier-mediated transport or polyglutamate 
formation and also circumvents any potential competitive inhibitory interaction between 
methotrexate and leucovorin when the two agents are coadministered. Although single-agent 
phase II evaluation again showed limited single-agent activity in colorectal cancer (14),
trimetrexate has also been used as a biological modifi er with 5-FU. Phase II evaluation has 
been carried out using the combination of 110 mg/m2 trimetrexate followed after 24 h by 
200 mg/m2 leucovorin, 500 mg/m2 5-FU, and 7 oral doses of 15 mg leucovorin at 6-hourly 
intervals beginning 6 h after the 5-FU. This cycle is repeated weekly for 6 wk followed by a 
2-wk rest. Two studies have reported response rates of 50% (15) and 36% (16), respectively. 
This led to the initiation of a randomized study comparing this schedule to 200 mg/m2

leucovorin and 600 mg/m2 5-FU iv bolus again given for 6 wk of an 8-wk cycle. Initial 
reports have suggested that there may be a modest improvement in progression-free survival 
in the trimetrexate arm of the study (17).

3.3. Edatrexate and Piritrexim
Edatrexate and Piritrexim are analogs of methotrexate developed as DHFR inhibitors. 

Although active in other tumor types, neither of them has signifi cant single-agent activity 
in colorectal cancer.

Fig. 3. Structure of DHFR inhibitors methotrexate (A) and trimetrexate (B).
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4. THYMIDYLATE SYNTHASE INHIBITORS

4.1. CB3717
CB3717 (N10-propargyl-5,8-dideazafolic acid) was the fi rst quinazoline-based inhibitor 

of TS to enter clinical study. Although a very potent inhibitor of the enzyme and with 
very encouraging signs of clinical activity in early clinical study, a few patients developed 
unpredictable and life-threatening nephrotoxicity, which was thought to be the result of 
precipitation of the drug in the renal tubules (18). Development of CB3717 was therefore 
discontinued and research effort focused on developing analogs that would retain high levels 
of potency with increased solubility.

4.2. Raltitrexed
Raltitrexed (Fig. 4) was the result of the ensuing development program aimed at producing 

a TS inhibitor that would retain the inhibitory potency and FPGS substrate activity of 
CB3717, but with increased solubility. Raltitrexed as a monoglutamate has a ki for isolated 
TS of 60–90 nM (19); however, it is an excellent substrate for FPGS, and the higher chain-
length polyglutamated forms are up to 70-fold more potent than the parent compound. In 
vitro studies have also demonstrated that TS inhibitory activity is maintained after short 
exposures to the drug followed by extracellular drug removal, providing evidence for 
intracellular drug retention through polyglutamation (20). This property was confi rmed by 
subsequent in vivo studies (21), and in view of this an infrequent (3-weekly) dosing schedule 
was chosen for clinical trials. Further preclinical data have shown that raltitrexed can act 
as a radiosensitizing agent, and clinical studies combining raltitrexed with fractionated 
radiotherapy have been instituted (22).

Two large phase I studies with raltitrexed were conducted. Both trials showed the 
dose-limiting toxicities of raltitrexed to be lethargy, diarrhea, and myelosuppression. In 
the European study (23), the maximum tolerated dose (MTD) was 3.5 mg/m2, with a 
recommended dose for further evaluation of 3.0 mg/m2 3-weekly. In the other study, carried 
out in the United States (24), although the dose-limiting toxicity (DLTs) were identical, the 
MTD was higher at 4.5 mg/m2. Thus, the recommended dose for further evaluation from this 
study was 4.0 mg/m2 3-weekly. This dose level was abandoned after excess toxicity in phase 
III trials and the current recommended dose is 3.0 mg/m2 3-weekly.

Pharmacokinetic analysis from the initial phase I studies was limited in value, as a lack 
of data from late time-points made measurement of the very long terminal half-life (t1/2)
of raltitrexed impossible. Further studies were subsequently carried out using 14C-labeled
raltitrexed (25), which revealed a terminal t1/2 of 257 h. In addition, a study of the 
pharmacokinetics of raltitrexed in patients with renal impairment revealed that in patients 
with creatinine clearance less than 65 mL/min, the area under the curve (AUC) and t1/2
were approximately doubled. Furthermore, there were more adverse events in the group 
with impaired renal function (26). This study has led to the current recommendation that 
patients with creatinine clearance less than 25 mL/min should not receive raltitrexed and 
that patients with creatinine clearance between 25 and 64 mL/min should receive a modifi ed 
dose of 1.5 mg/m2 4-weekly.

Phase II studies with 3.0 mg/m2 raltitrexed 3-weekly showed a broad spectrum of clinical 
activity, with particularly encouraging response rates in breast (23%) (27) and colorectal 
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(26%) cancer (28), leading to a series of phase III studies comparing raltitrexed to standard 
5-FU-based regimens.

Initially, three multicenter phase III studies were conducted. One of these studies was 
initially designed as a three-arm study, comparing the standard Mayo Clinic schedule of 5-FU 
and leucovorin with raltitrexed 3.0 mg/m2 or 4.0 mg/m2. Toxicity in the 4.0-mg/m2 group
necessitated the early closure of this arm of the trial, however. Only data from the 3.0-mg/m2

arm were included in the data analyzed from this study, which nevertheless showed inferior 
overall and progression-free survival in the raltitrexed arm. There is some evidence that the 
initial toxicity seen in the high-dose arm affected subsequent clinical decision-making, and 
the results of this study should therefore be interpreted with caution (29).

Fig. 4. Structure of TS inhibitors raltitrexed (A), ZD9331 (B), and nolatrexed (C).
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Two further phase III studies were carried out as part of the initial development process: 
In the European study (30), patients were randomized to receive either 3.0 mg/m2 raltitrexed 
3-weekly or 425 mg/m2 5-FU and 20 mg/m2 leucovorin daily × 5 repeated every 28 d. The 
results from this study showed similar response rates and survival times between the two 
arms, with a signifi cant reduction in the rates of leukopenia and stomatitis in the raltitrexed 
arm. In an international trial (31), patients were randomized to receive either 3.0 mg/m2

raltitrexed 3-weekly or 400 mg/m2 5-FU and 200 mg/m2 leucovorin given daily for the fi rst 
5 d of a 28-d cycle. In this trial, response rates and overall survival were again similar, 
but there was a modest but statistically signifi cant difference in progression-free survival 
in favor of the 5-FU arm. Toxicity was again substantially reduced in the patients treated 
with raltitrexed. Subsequently, the UK MRC group carried out a large randomized study 
comparing 3.0 mg/m2 raltitrexed to two different infused 5-FU regimens (32). Nine hundred 
five patients were randomized in this trial, and a preliminary analysis has shown no 
signifi cant differences in overall survival between the arms. The comparative data from all 
four studies is shown in Table 1.

4.2.1. TOXICITY OF RALTITREXED

The striking fi nding from all studies with raltitrexed has been that although the incidence 
of severe toxicity is very low (and has been signifi cantly less than for 5-FU in all the 
studies for which data are available), the morbidity in those patients who experience toxicity 
is very high. All studies have reported the most signifi cant toxicities of raltitrexed to be 
myelosuppression, diarrhea, and asthenia. Asymptomatic elevation in hepatic transaminases 
is common following treated with raltitrexed, but it is usually self-limiting and does not 
normally require dose modifi cation. Less commonly, cutaneous toxicity may occur. This 
usually takes the form of an apparent bilateral lower-limb cellulitis and may be so severe 
as to prevent further treatment with raltitrexed, although systemic steroid therapy may be 
benefi cial. The combination of grade 4 diarrhea and neutropenia is rare, occurring in approx 
3% of patients treated with raltitrexed (33). Mortality from this condition is, however, 
extremely high, unless intensive supportive therapy is promptly administered. It has been 
shown that an increase in adverse events may follow failure to adhere to recommended 
dose modifi cations in the case of impaired renal function or in subsequent cycles following 
an initial episode of toxicity (34). In addition, a small proportion of patients without any 
apparent predisposition will experience life-threatening toxicity from raltitrexed. Therefore, 
it is vital that patients be adequately assessed and monitored both pretreatment and while 
on therapy in order to minimize the incidence of severe toxicity. Should signifi cant toxicity 
occur, there should be a low threshold for admission to hospital. In the event of grade 3–4
diarrhea combined with neutropenia, it is recommended that 25 mg/m2 leucovorin should 
be administered every 6 h in addition to other supportive measures. This has been shown 
to reduce the severity and duration of raltitrexed toxicity in rodents, presumably by its 
competitive effect on polyglutamate homeostasis and transport (35).

4.3. ZD9331
In vitro studies have shown that cell lines expressing low levels of FPGS are relatively 

resistant to raltitrexed (36). To overcome this potential resistance mechanism, ZD9331 was 
developed with the aim of achieving a similar degree of potency to raltitrexed without the 
need for polyglutamation. ZD9331 is not a substrate for FPGS and has a ki for isolated TS 
of approx 1 nM (37). It has been shown to retain activity in cell lines defi cient in FPGS and 
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Table 1
Phase III Clinical Trials with Raltitrexed in Advanced Colorectal Cancer

 No. of Response OS PFS Leukopenia Stomatitis Diarrhea
Authors and study regimen patients rate (%) (mo) (mo) (%) (%) (%)

Cunningham et al, 1996 439
 425 mg/m2 5-FU +20 mg/m2 LV daily ×5 q 28 d 216 16.7 10.2a 3.6a 30a 22a 14
 3.0 mg/m2 raltitrexed q 21 d 223 19.3 10.1a 4.8a 14a 12a 14
Reported in Cunningham, 1998 427
 425 mg/m2 5-FU +20 mg/m2 LV daily ×5 q 28 d 210 15.2 12.7a 5.3a 41a 10a 12
 4.0 mg/m2 raltitrexed or 3.0 mg/m2 q 21 d 217 14.3 19.7a 3.1a 16a 13a 19
Cocconi et al., 1998 495
 400 mg/m2 5-FU + 200 mg/m2 LV daily ×5 q d 248 18.0 12.3a 5.1a 13a 16a 19
 3.0 mg/m2 raltitrexed q 21 d 247 19.0 10.9a 3.9a 16a 12a 10
Maughan et al., 1999 905
 5-FU + LV (de Gramont schedule) q 14 d 303 24.5 10.5a 6a,b NKc NK NK
 300 mg/m2/d 5-FU continuous infusion (Lokich) 301 26.5 10.5a 6a,b NKc NK NK
 3.0 mg/m2 raltitrexed q 21 d 301 20.5 10.5a 5a,b NKc NK NK

aStatistically signifi cant.
bProgression-free survival (PFS) was not a study end point.
cNK, not known.
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showed activity against colorectal, breast, and ovarian cancer in phase I trials (38,39). Like 
raltitrexed, ZD9331 has a long t1/2 of up to 75 h in man, although, in contrast with raltitrexed, 
this occurs as a result of slow plasma clearance rather than through tissue retention. DLTs are 
myelosuppression and diarrhea. The recommended dose for phase II evaluation of ZD9331 
is 130 mg/m2 given on d 1 and 8 of a 3-wk schedule. The response data from phase II studies 
with ZD9331 are not available at the time of writing.

4.4. Nolatrexed (AG337, Thymitaq™)
Nolatrexed was the product of a research program aimed at the development of a lipophilic 

TS inhibitor that would not require active transport into the cell. The compound was 
developed by computer modeling using X-ray crystallographic analysis of the structure 
of bacterial TS and has no substrate activity for either the RFC or FPGS. It is a potent 
inhibitor of isolated TS, with a ki of approx 11 nM (40). It is rapidly eliminated from the 
plasma, requiring prolonged iv administration (41). The intravenous schedule used in the 
phase II studies quoted was 800 mg/m2 d as a 5-d continuous infusion repeated every 3 wk. 
Oral administration was also explored and found to be feasible (42). In phase II studies, 
nolatrexed demonstrated some activity against colorectal cancer and other tumor types (43).
Despite this, the drug is not planned for further development.

5. FUTURE DIRECTIONS WITH TS INHIBITORS

5.1. Scheduling
Preclinical work has shown that prolonged TS inhibition appears to result in improved 

effi cacy. Studies of elevation of plasma 2′-deoxyuridine, a surrogate marker of TS inhibition, 
suggests that TS is inhibited for between 5 and 8 d following a single dose of either raltitrexed 
or ZD9331 (44). The schedule chosen for further development of ZD9331 incorporates 
dosing on d 1 and 8, following which, recovery generally occurs between d 15 and 21. 
This schedule should provide near continuous TS inhibition (Fig. 5). In addition, studies of 
raltitrexed have been carried out with administration on a 14-d schedule (45), providing TS 
inhibition for at least 10/14 d. Further trials will be required to show whether modifying drug 
schedules in this way will result in improved effi cacy; however, it is likely that alternative 
regimens will become available that may have particular benefi ts in combination therapy.

5.2. Drug Combinations
The relatively low incidence of toxicity and convenient administration profi le of raltitrexed 

makes it an ideal candidate for use in combination with other agents. A number of drug 
combinations with raltitrexed have shown promising results, and some of these are now 
discussed.

5.2.1. RALTITREXED/IRINOTECAN

In vitro studies showed pronounced synergy between raltitrexed and SN-38, the active 
metabolite of irinotecan. This synergy was only seen when SN-38 preceded raltitrexed (46).
Phase I evaluation, with both drugs given in this sequence as short infusions on a 3-weekly 
schedule, in patients with gastrointestinal (GI) tract cancer (predominantly colorectal) 
showed remarkably little toxicity. Diarrhea and neutropenia were uncommon and the DLT 
was asthenia. A response rate of 20% was seen in heavily pretreated patients, across all dose 
levels (47). Phase II evaluation of this combination at the recommended doses of 350 mg/m2

irinotecan and 3.0 mg/m2 raltitrexed 3-weekly is ongoing.
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5.2.2. RALTITREXED/OXALIPLATIN

A phase I study of the combination of raltitrexed and oxaliplatin showed that the two 
drugs could be given together without modifi cation of the single-agent doses, and signifi cant 
activity was seen in mesothelioma as well as pancreatic and renal carcinoma (48). Phase II 
evaluation of the combination of 130 mg/m2 oxaliplatin and 3.0 mg/m2 raltitrexed 3-weekly 
has been carried out in advanced colorectal cancer and showed the impressive objective 
response rate of 57.3%. Overall toxicity from this combination appeared relatively mild, 
although NCI-CTC grade 3–4 diarrhea and neutropenia were seen in 9% and 16.5% of 
patients, respectively (49).

5.2.3. RALTITREXED/5-FU
As with methotrexate, there is evidence that the ternary complex formed by FdUMP, 

raltitrexed, and TS is more stable than that formed with the folate cofactor (50), which could 
cause potentiation of TS inhibition by 5-FU. In addition, there is some evidence for non-
cross-resistance between 5-FU and raltitrexed. In vitro studies suggested a sequence-specifi c 
interaction between the drugs, and optimum cytotoxic effects were achieved when 5-FU was 

Fig. 5. Mean plasma 2′-deoxyuridine elevation after 3.0 mg/m2 raltitrexed (A) and 130 mg/m2 ZD9331 
d 1 and 8 (B).
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given after raltitrexed (51). Studies have been performed to evaluate the combination of 5-FU 
and raltitrexed in advanced colorectal cancer. In one phase I study (52), which evaluated
the combination of raltitrexed followed by bolus 5-FU given 3-weekly. In the fi rst part of 
the study, the raltitrexed dose was fi xed at 3.0 mg/m2, and the 5-FU was dose-escalated, 
and, subsequently, the 5-FU dose was fi xed at 1200 mg/m2, and the raltitrexed was dose-
escalated. The DLT was neutropenia in both arms of the study, and the MTD was 3.0 mg/m2

raltitrexed/1350 mg/m2 5-FU in the fi rst arm and 6.0 mg/m2 raltitrexed/1200 mg/m2 5-FU 
in the second arm. Signifi cant activity was seen in the study, with 1 complete response 
and 4 partial responses out of a total of 54 patients treated. The recommended dose for 
further evaluation from this study was 5.5 mg/m2 raltitrexed/1200 mg/m2 5-FU 3-weekly. 
A second study (53) evaluating 5-FU on a weekly times 5 schedule followed by a 1-wk rest 
and raltitrexed prior to the 5-FU on wk 2 and 5 gave a recommended dose of 2600 mg/m2

5-FU and 2.6 mg/m2 raltitrexed, with neutropenia again the DLT. The objective response 
rate in this study of chemotherapy-naive patients was 46%, with very little toxicity seen in 
the group treated at the recommended dose. Interestingly, both these studies showed that 
the AUC and peak plasma concentration (Cmax) of 5-FU are signifi cantly increased when 
raltitrexed is coadministered.

5.3. Targeted Therapy
Clinical studies with 5-FU have demonstrated that the pattern of gene expression in tumors 

is highly relevant to tumor response rates (see Chapter 34). The TS mRNA levels, as measured 
by real-time reverse transcription–polymerase chain reaction (RT-PCR) have been shown 
to predict response to 5-FU/LV with a response rate of 52% in patients with a TS/β-actin
ratio < 4.1 × 103, compared with 0% in patients with higher levels of TS expression (54).
In the same group of patients, high levels of TP and DPD gene expression were found 
independently to predict lack of response to 5-FU/LV (55,56). A similar study of response to 
raltitrexed showed a response rate of 5/7 (71%) in low-TS-expressing patients, compared to 
1/13 (8%) in the higher-TS expressing group (57). This difference was statistically signifi cant 
(p = 0.009). No relationship was seen between DPD or TP gene expression and response in 
this study, suggesting that a proportion of patients with disease likely to be 5-FU resistant 
may respond to raltitrexed. Although one retrospective study showed only 1 response to 
5-FU and mitomycin C out of 50 patients pretreated with raltitrexed (58), preliminary data 
from a prospective study of raltitrexed following 5-FU failure showed objective responses 
in 7/45 (16%) of patients (59), although the previous treatment regimens in this study were 
not standardized and no fi rm conclusions can be drawn from these data at this stage. Taken 
together, however, there is increasing evidence that patients’ treatments could be optimized 
by pretreatment tumor gene expression analysis. Further studies are required to know 
whether this approach will prove superior to fi rst-line combination therapy.

6. GARFT/AICARFT INHIBITORS

6.1. Lometrexol
Lometrexol (5,10-dideazatetrahydrofolate, DDATHF) (Fig. 6) is a potent inhibitor of 

purine biosynthesis, acting through GARFT inhibition. It showed evidence of activity against 
colorectal cancer in a phase I study (60). Thrombocytopenia is the DLT, and a pattern 
of cumulative toxicity was seen, which was reversible with leucovorin administration. 
This toxicity limited initial development, but subsequent investigators have shown that 
coadministration of oral folic acid reduces toxicity and allows therapeutic dosing (61). A 
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dose of 10.4 mg/m2 weekly with 3 mg/m2/d folic acid has been recommended for phase II 
evaluation (62), although the development of the drug has been discontinued in favor of the 
more potent and potentially less toxic inhibitor LY309887.

6.2. LY309887
LY309887 (2′,5′-thienyl-5,10-dideazatetrahydrofolate) was developed as a less toxic 

GARFT inhibitor than lometrexol. It demonstrates a ninefold increase in GARFT inhibitory 
activity over lometrexol (ki 6.5 nM) and has an increased affi nity for the α-folate receptor 
(α-FR), another membrane-bound folate-binding protein that may be overexpressed in some 
tumor types (63). Although it retains FPGS substrate activity, the fi rst-order rate constant 
is lower, and preclinical studies have shown less hepatic drug accumulation. The drug is 
highly active against colon cancer cell lines and has the potential to display less toxicity 
than lometrexol. A phase I study has shown DLTs of myelosuppression and neuropathy, and 
the MTD is 8 mg/m2, with a recommended phase II dose of 6 mg/m2 LY309887 3-weekly 
with 5 mg folic acid daily for 14 d starting 7 d prior to LY309887. Increasing the dose of 
folic acid to 25 mg/d × 14 d did not allow further dose-escalation. Effi cacy data on this 
compound is currently limited (64).

Fig. 6. Structure of GARFT inhibitors lometrexol (A), LY309887 (B), and AG2034 (C).



Chapter 30 / TS Inhibitors and Antifolates 579

6.3. AG2034
AG2034 is a second-generation inhibitor of GARFT developed using crystallographic 

analysis of the enzyme structure. It enters the cell via the RFC and has good substrate 
activity for FPGS (65). A phase I study has so far demonstrated less severe toxicity 
than with lometrexol, although data on activity are limited. DLTs are myelosuppression, 
gastrointestinal, and lethargy. AG2034 is planned for phase II evaluation at a dose of
5.0 mg/m2 3-weekly (66).

6.4. AG2009
AG2009 is a specifi c inhibitor of AICARFT designed through computer modeling, using 

X-ray crystallography of the enzyme structure. No clinical data are yet available.

7. MULTITARGETED ANTIFOLATE

7.1. Pemetrexed (LY231514 and MTA)
The pyrrolo-[2,3-d]-pyrimidine pemetrexed (Fig. 7) was developed as an analog of 

lometrexol, but preclinical studies showed it to be a potent inhibitor of TS (67). It is a 
good substrate for FPGS, and as with raltitrexed, the polyglutamated drug shows increased 
potency compared to the parent compound. However, the effect of pemetrexed is only 
partially reversed by the addition of thymidine, suggesting that cytotoxicity is not entirely 
the result of TS inhibition. In addition, clinical studies demonstrated responses in patients 
with disease resistant to 5-FU and raltitrexed (68). Pemetrexed has been shown to have 
inhibitory activity against GARFT and DHFR and, to a lesser extent, against AICARFT 
and C-1 synthetase (69). Two phase II studies were carried out in colorectal cancer using 
pemetrexed doses of 500–600 mg/m2 3-weekly, and response rates of 15.4% (70) and 
17% (71), respectively, were seen. The DLTs are fatigue and neutropenia, with skin 
rash and gastrointestinal mucosal toxicity also signifi cant. Interestingly, the incidence of 
antiproliferative toxicity with MTA appears to be strongly associated with high pretreatment 
levels of homocysteine (indicative of low levels of reduced folates), suggesting that relative 
folate defi ciency may be a signifi cant predisposing factor for toxicity (72).

8. SUMMARY

There are a wide variety of folate-based antimetabolites available, several of which are 
active in colorectal cancer (Table 2). The most advanced in the development of these drugs 
are the TS inhibitors, of which raltitrexed is the lead compound. Initial enthusiasm has been 
somewhat tempered by the relatively high incidence of treatment-related mortality seen with 
raltitrexed, and the suggestion of inferior progression-free survival compared with 5-FU in 

Fig. 7. Structure of pemetrexed.
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Table 2
Properties of Antifolates with Potential Utility in Colorectal Cancer Chemotherapy

     Phase II response rate
Drug Major target Other targets Uptake Polyglutamation (single agent) Current status in colorectal cancer

Methotrexate DHFR TS Active Yes <10% Not widely used
  AICARFT
Trimetrexate DHFR  Passive No <10% Phase III as biological modulator with 5-FU
Raltitrexed TS  Active Yes 26% Licensed in many countries
ZD9331 TS  Active No N/K Phase II
Nolatrexed TS  Passive No <10% Discontinued after phase II
Lometrexol GARFT  Active Yes N/K Discontinued after phase I
LY309887 GARFT  Active Yes N/K Phase I completed
AG2034 GARFT  Active Yes N/K Phase II
AG2009 AICARFT    N/K Phase I
Pemetrexed TS GARFT Active Yes 15–17% Phase II completed
  DHFR
  AICARFT
  C-1 synthetase
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some studies. Nevertheless, it appears likely that by dose modifi cation based on pretreatment 
renal function and with appropriate monitoring of toxicity, the morbidity associated with 
raltitrexed may be minimized. Therefore, raltitrexed as a single agent provides a genuine 
alternative to 5-FU, especially where the latter is contraindicated, and there are increasing 
signs that the activity and convenience of delivery of raltitrexed in combination therapy will 
make it a useful part of clinicians’ armamentarium for the treatment of advanced disease in 
the future. Results obtained from trials of the combinations of raltitrexed and oxaliplatin or 
irinotecan bear comparison with the equivalent 5-FU-based regimens. In addition, the rational 
processes involved in the design of TS inhibitors have produced a range of unique compounds 
with known properties that lend themselves to a targeting approach to chemotherapy. Although 
the mass applications of this therapeutic advance are, at present, limited, improvements in 
diagnostic technology allowing automation of gene-expression profi ling has the potential 
to make these assays more widely available. Utilizing this is likely to become ever more 
practical as the role the various folate-binding enzymes play in drug resistance becomes 
clearer. Newer schedules and second-generation compounds are likely to provide improved 
activity, and a greater understanding of the mechanisms involved in the toxicity seen with 
this class of compounds should add further benefi ts. The role of non-TS-targeted drugs, 
especially those targeted at purine biosynthesis, is less clear at present; however, in vitro and 
early clinical data suggest great potential for future development in the clinic. The advent of 
combination chemotherapy as a standard of care in colorectal cancer increases the opportunity 
to use a variety of antimetabolites and drugs directed at other targets in conjunction to achieve 
improved patient benefi t. Arriving at the optimum combination or treatment strategy is one of 
the great challenges currently facing clinicians and researchers.
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1. INTRODUCTION

The risk of clinical failure following a potentially curative resection of colon cancer is 
not the result of an actual reoccurrence of a de novo colon cancer but rather of the clinical 
progression of previously undetected metastatic disease. At the time of resection, small, 
undetectable areas of disease may be present that will grow and be identifi able only at a later 
date. Patients who do not have residual microscopic metastases are cured by their operation 
alone, yet those who have untreated residual microscopic metastases would be expected to 
eventually be diagnosed with stage IV colon cancer. Key components of effective adjuvant 
therapies are the identifi cation of those patients with residual micrometastases and the 
discovery of better ways to eliminate residual disease.

The most important prognostic factor in anticipating the likelihood of future gross 
metastatic disease is currently the stage of the tumor at the time of resection (1). Stage I 
tumors (Dukes’ A and B1) have not penetrated the full thickness of the bowel wall and have 
not spread to regional lymph nodes. These tumors have up to a 90% or greater cure rate with
surgery alone. Higher-risk tumors that have either penetrated the full thickness of the bowel 
wall (stage II, Dukes’ B2) or spread to regional lymph nodes (stage III, Dukes’ C) have a 
much greater risk of recurrence after surgical resection. In these patients, the possible role 
of adjuvant therapy requires careful consideration. Other less validated and, at this time, less 
predictive prognostic indicators of the rate of recurrence include the use of carcinoembryonic 
antigen (CEA) levels preoperatively, the extent of vascular invasion on microscopic evaluation, 
thymidylate synthase levels, Ki-67, p53, expression and others (2–4).
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Historically, adjuvant treatments have developed from effective chemotherapy used in the 
metastatic setting. As a new therapy shows effi cacy in the metastatic setting, it is reasonable 
that it might be able to clear minimal residual disease after a complete surgical resection. 
In the chapter that follows, we will review the evidence regarding the relative merits of the 
available adjuvant treatment strategies in the different stages of colon cancer. The adjuvant 
treatment of rectal cancer is discussed in Chapter 11 by Janjan.

2. EARLY TRIALS

Cooperative groups started forming in the late 1950s to investigate a “promising 
therapeutic concept”—adjuvant treatment. These early trials were published in the 1960s 
and 1970s and used a wide array of schedules and chemotherapies. One of the earliest trials 
by Holden et al. used triethylenethiophosphoramide (Thiotepa) and showed no benefi t in 
5-yr survival (5). Another negative trial described the use of nitrogen mustard and other 
alkylating agents administered either during or shortly after surgery (6). Floxuridine (FUDR) 
given only at the time of operation and in the immediate postoperative period produced no 
improvement in 5-yr survival (7). It is not surprising that these trials were negative; clinical 
data on the effi cacy of these agents in advanced disease were often not available at that 
time and many of the agents investigated then are now known to have little or no antitumor 
activity in colorectal cancer. Also, many agents were used at suboptimal doses or for only 
brief periods of time. Finally, many of these early trials were insuffi ciently powered to detect 
small differences in outcome.

3. FLUOROURACIL

Fluorouracil (see Chapter 25) was fi rst used in the adjuvant setting in a trial by the 
Veterans Administration Surgical Adjuvant Group (8). In this study, the fl uorouracil was 
administered to patients for two cycles at 2 and 8 wk postoperatively. Each cycle consisted 
of a 12-mg/kg bolus given on 5 successive days. All stages of disease were included in this 
trial, including those with gross residual disease after resection. Although differences were 
seen between the groups that received chemotherapy and those that were observed, these 
did not reach statistical signifi cance. The heterogeneous patient population and the short 
duration of treatment make interpretation of this trial diffi cult.

Soon after the completed enrollment of the above trial, another trial in a more select group 
of patients used a longer duration of fl uorouracil. In this trial, by Higgins et al., fl uorouracil 
was given as soon after surgical resection as possible, to those with “high-risk” tumors, 
defi ned as those with Dukes’ B or C colon carcinoma (9). The dose was 12 mg/kg given 
daily for 5 d repeated every 6–8 wk. Similar to the prior study, a small survival benefi t was 
shown, but it did not reach statistical signifi cance. Given the results of these two trials, 
Moertel suggested in 1975 that there was little reason to continue adjuvant studies using 
fl uorouracil as a single agent (10).

Two large trials were later published by the Gastrointestinal Tumor Study Group (GTSG) 
and the National Surgical Adjuvant Breast and Bowel Project (NSABP) using combinations 
of agents with fl uorouracil (11,12). These combinations included fl uorouracil, semustine, 
and bacillus Calmette-Guerin (BCG) in the former trial and fl uorouracil, semustine, and 
vincristine (MOF) in the latter trial. The GTSG trial treated all Dukes’ B2 and C colon 
cancers under four different arms: close observation, BCG alone, chemotherapy with 
fl uorouracil and semustine, or chemotherapy and BCG. After over 5 yr of follow-up, no 
differences were seen in any of the treatment arms. In the NSABP trial, protocol C-01, 
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Dukes’ B and C colon cancers were included and randomization occurred to one of the 
following three arms: close observation alone, chemotherapy with MOF, or BCG. In this trial, 
those who received postoperative BCG did no better than those in the observation alone arm. 
Those in the chemotherapy arm, however, had a better survival than those in the observa-
tion arm. The 5-yr survival for chemotherapy was 67%, and for observation, it was 59%
(p = 0.05). The toxicities of chemotherapy were not trivial, as could be expected with 
vincristine, semustine and fl uorouracil. Forty-four percent of those in the chemotherapy 
arm had a white blood count (WBC) less than 2500 cells/mm3, 54% had platelet counts 
less than 100,000, 65% had controllable nausea and vomiting, 6% had intractable nausea 
and vomiting, three patients died of leukemia, and three others were diagnosed with myelo 
dyplastic syndrome (MDS). Yet, this trial was signifi cant because it was the fi rst trial to show 
a modest benefi t in support of adjuvant chemotherapy.

A major problem with many of these trials is that they often did not have adequate power 
to detect small differences in survival. Hence, a large meta-analysis was performed to try 
to detect such a difference (13). This meta-analysis was done in 1988 and included all 
randomized trials of adjuvant therapy in colorectal cancer. Seventeen trials with treatments 
encompassing a wide array of therapies, doses, and schedules were included, many of these 
would be considered less than ideal treatments compared to today’s 5-fl uorouracil (5-FU) 
schedules. Analysis showed a small, nonsignifi cant benefi t of therapy in terms of overall 
survival, with a mortality odds ratio of 0.83 in favor of therapy (95% confi dence interval 
[CI] = 0.70–0.98). This meta-analysis suggested that adjuvant chemotherapy may play an 
important role in improving survival in the adjuvant setting, but much larger trials would 
be needed to prove such benefi t.

4. FLUOROURACIL BIOMODULATION

4.1. Fluorouracil with Levamisole
Levamisole is an anthelmintic that is used in both animals and humans. It attracted the 

interest of investigators because of its putative immunomodulatory effects (14). Preliminary 
studies showed some promising results using combination levamisole and fl uorouracil in the 
adjuvant setting (15). Therefore a large, multicenter, confi rmatory trial was initiated. This 
trial, known as intergroup 0035, randomized patients to fl uorouracil plus levamisole or to no 
additional therapy after resection of Dukes’ B2 or C colon cancer (16). Those with Dukes’
C colon cancer could also be randomized to levamisole as a single agent; 1296 patients 
were randomized, 325 with B2 disease and 971 with C disease. The treatment consisted 
of observation alone, 50 mg levamisole every 8 hr for 3 d repeated every 2 wk for the 
levamisole-alone arm, or levamisole on the same schedule combined with 5-FU given 450 
mg/m2 daily for 5 d followed 28 d later by 48-weekly 5-FU injections at 450 mg/m2 in 
the 5-FU and levamisole arm. Early results published in 1990 showed no statistically 
signifi cant difference between the groups with B2 disease, but those with Dukes’ C disease 
treated with levamisole and fl uorouracil had a 41% reduction in disease recurrence over 
observation, which was highly statistically signifi cant (p = 0.0001). Furthermore, there was 
a 33% reduction in mortality (p = 0.0064). These striking results lead the NIH to release 
a consensus statement declaring adjuvant therapy as standard of care for all patients with 
node-positive colon cancer in the absence of medical or psychiatric contraindications to such 
treatment (17). Follow-up analysis published in 1995 confi rmed the early results with similar 
fi gures after 7 yr of follow-up: a 40% reduction in disease recurrence rate (p = 0.0001) and a 
33% reduction in mortality for stage III patients (p = 0.0007) (18).
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4.2. Fluorouracil with Leucovorin
Several clinical trials performed between 1987 and 1991 showed a response advantage 

when fl uorouracil was used in combination with leucovorin in the treatment of patients 
with advanced colorectal cancer (19–22). On the basis of these results, this combination 
was chosen as an experimental treatment in adjuvant trials. The National Surgical Adjuvant 
Breast and Bowel Project (NSABP) initiated a randomized clinical trial (protocol C-03) 
to evaluate the effi cacy of 1 yr of fl uorouracil and leucovorin as compared to MeCCNU, 
vincristine, and fl uorouracil (MOF) as adjuvant therapy for patients with Dukes’ B and 
C carcinoma of the colon (23). The results of this trial, published in 1993, demonstrated 
a clear advantage in the fl uorouracil and leucovorin arm, with an 84% 3-yr survival in 
the fl uorouracil and leucovorin arm and a 77% survival in the MOF arm (p = 0.003). The 
North Central Cancer Treatment Group (NCCTG) published a randomized trial comparing 
fl uorouracil with low-dose leucovorin to observation in 1997 (24). There was a clear benefi t 
in favor of adjuvant fl uorouracil and leucovorin in time to relapse (p = 0.01) and survival
(p = 0.02) with no treatment-related deaths.

Further demonstrating the benefi t of adjuvant fl uorouracil and leucovorin was a publica-
tion by the International Multicentre Pooled Analysis of Colon Cancer Trials (IMPACT) 
investigators (25). This publication combined the data from three independently randomized 
trials by the Gruppo Interdisciplinare Valutazione Interventi Oncologia (GIVIO), the National 
Cancer Institute Canada Clinical Trials Group (NCIC-CTG), and the Fondation Francaise 
de Cancerologie Digestive (FFCD). Dukes’ B and C patients were randomized to Mayo 
Clinic regimen fl uorouracil and leucovorin or observation. There were signifi cant advantages 
favoring the group who received chemotherapy over observation in both disease-free survival 
and overall survival, with a mortality reduction for the entire study population (both Dukes’
B and C patients) of 22% (95% CI-3–38%; p = 0.029). As expected, most of the benefi t was 
seen in Dukes’ C patients, with a mortality reduction of 29% (95% CI = 6–46%).

Further studies carried out through the NSABP attempted to illicit the difference, if 
any, between the fl uorouracil with levamisole regimen and the fl uorouracil with leucovorin 
schedule. NSABP trial C-04 was a direct comparison between the two schedules and also 
included a third arm with the three drugs fl uorouracil, levamisole, and leucovorin (26).
This trial, published in 1999, disclosed only a slight difference in disease-free survival 
favoring fl uorouracil and leucovorin over fl uorouracil and levamisole with no signifi cant 
difference in overall survival. The three-drug regimen did not provide any additional benefi t 
over fl uorouracil and leucovorin. 

Another trial that compared the three-drug regimen fl uorouracil, leucovorin, and levami-
sole to fl uorouracil and levamisole was conducted by the NCCTG (27). This trial randomized 
patients with stage II and stage III colon cancer to either the three- or two-drug schedule 
and to either 6 or 12 mo of therapy in a 2 × 2 design. There were no differences overall 
between those treated for 6 mo vs 12 mo.

Arguably, the trial with the most signifi cant impact in setting the current standard of care 
is the intergroup INT-0089 study, which evaluated four different treatment arms and has 
thus far been published in abstract form only (28). This trial randomized high-risk stage II 
and stage III colon cancer patients to receive one of the following schedules: fl uorouracil 
plus levamisole for 52 wk, weekly fluorouracil plus high-dose leucovorin for 32 wk
(500 mg/m2 fl uorouracil and 500 mg/m2 leucovorin weekly for 6 wk, repeated every 8 wk 
for four cycles), daily × 5 fl uorouracil plus low-dose leucovorin for 24 wk (425 mg/m2

fl uorouracil and 20 mg/m2 leucovorin for 5 consecutive days (Mayo Clinic Schedule),
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repeated every 28 d for six cycles), and a daily × 5 schedule of fl uorouracil plus
low-dose leucovorin as above but with the addition of levamisole. The only signifi cant 
difference among the four arms was the 5-yr overall survival comparison of fl uorouracil/
leucovorin/levamisole and fl uorouracil/levamisole, favoring the three-drug regimen (65% vs 
60%; p = 0.0054). The results highlight that the 52 wk fl uorouracil plus levamisole regimen 
is not superior to the shorter fl uorouracil and leucovorin regimens and that the addition 
of levamisole to fl uorouracil plus leucovorin does not provide a benefi t over fl uorouracil 
plus leucovorin alone.

Given the scores of trials evaluating chemotherapy in the adjuvant setting, which schedule 
is most effective? Both levamisole and leucovorin used in conjunction with fl uorouracil have 
proven effi cacy in multiple randomized intergroup studies. At the present time, leucovorin-
biomodulated fl uorouracil is generally accepted as the current standard of care for adjuvant 
stage III colon cancer, given as six cycles of fl uorouracil and leucovorin daily for 5 d every 
28 wk or four cycles of fl uorouracil and leucovorin weekly for 6 wk every 8 wk.

5. STAGE II PATIENTS

The controversy surrounding the treatment of those with stage II colon cancer continues 
to inspire heated debate. The reason for this controversy is many-fold. First, the benefi t, 
if any, is small. Most patients with stage II colon cancer are cured with surgery alone. 
Second, there are relatively large numbers of noncancer deaths in this population. Finally, 
the two pivotal reviews large enough to show such a small difference in survival published 
differing conclusions.

The fi rst, a pooled analysis of four different trials initiated by the National Surgical 
Adjuvant Breast and Bowel Project (NSABP), analyzed 1565 Dukes’ B patients from four 
widely different treatment groups. As discussed in an editorial that accompanied the article, 
the authors used highly unorthodox statistical methods, methods which “might set to red
all the statistical stop lights in sight” (29). The Dukes’ B patients were divided into two 
groups: the superior group, those in the superior arms of each trial, and the inferior group, 
those in the inferior arms of each trial. The cumulative odds of death in the Dukes’ B patients 
was 0.70, favoring the superior treatment group, with a 95% confi dence interval that did 
not cross 1. Despite this fi nding, it is diffi cult to say with certainty that treatment in this 
cumulative analysis provided a real benefi t over observation. The trials were not designed to 
evaluate treatment effect in the B2 subset prospectively. As well, the treatments administered 
were very different and more than half of the patients were not randomized to an observation 
arm. It may be possible that the Dukes’ B patients treated in the inferior group had a 
higher mortality from the inferior chemotherapy than they would have if they were in an 
observation arm. For these reasons, it is diffi cult to draw any defi nitive conclusions from 
this analysis.

The second article, by the IMPACT B2 investigators (30), was an analysis of the stage 
B2 patients from the initial three pooled trials published in the IMPACT study (25), as well 
as the B2 patients from two additional studies—the NCCTG (24) study outlined earlier 
and a trial published from the University of Sienna (31). One thousand sixteen patients 
with B2 colon cancer were randomized to either fl uorouracil and leucovorin or observation.
The treatment arms were all similar, ranging from 370 to 425 mg/m2 of fl uorouracil plus 
20–200 mg/m2 leucovorin daily for 5 d every 28–35 d. Chemotherapy was given for
6 cycles, except in the Sienna trial, in which 12 cycles were given. The results show a 3% 
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improvement in 5-yr event-free survival (EFS) and a 2% improvement in overall survival 
(OS) for the treated group; however, these differences did not reach statistical signifi cance. 
The conclusion, therefore, was that further studies evaluating the effi cacy of adjuvant therapy 
in B2 patients should appropriately contain a no-treatment control arm.

It is possible that the IMPACT study did not reach signifi cance because it was underpow-
ered to show such a small difference between the two arms. The clinical relevance of such a 
small difference, even if statistically signifi cant, is debatable. Thousands more patients would 
be necessary to show a 2% survival difference, and prospective, randomized studies with 
such large numbers of patients are cumbersome and costly. Retrospective analyses, although 
potentially limited, can nonetheless provide useful information about a large number of 
patients when randomized data are not feasible. A recent report using a SEER–Medicare
cohort analyzed 3725 resected stage II colon cancer patients (32). Similar to the results noted 
by the IMPACT B2 investigators, the 5-yr overall survival difference was 2% but did not 
reach statistical signifi cance with a hazard ratio of 0.93 (95% CI = 0.81–1.07). These results, 
taken together with the IMPACT B2 study, demonstrate a continued need for observation 
as a control arm in stage II patients.

At present, we lack the necessary information to make a defi nitive statement regarding 
adjuvant treatment of stage II patients. Certain prognostic factors, however, have been 
correlated with higher risk for recurrence in patients with stage II tumors. These factors 
have included bowel perforation or obstruction by the tumor at presentation (33), vascular 
invasion noted on histology (34), an elevated CEA preoperatively, poorly differentiated 
histology (30), a high S-phase fraction, the presence of an 18q deletion (35), thymidylate 
synthase levels, Ki-67, p53 expression, and others (36). The presence of one or more of these 
risk factors is likely to correlate with a higher risk of recurrence. It is not clear, however, 
that adjuvant therapy in these higher-risk Dukes’ B2 patients can reduce that risk. In the 
absence of defi nitive data, clinical judgment and thorough patient education regarding 
the risks and benefi ts of such treatment must be employed. In appropriately informed and 
selected patients, it may be reasonable to offer adjuvant chemotherapy to Dukes’ B2 patients 
with established high-risk prognostic factors, recognizing that this would necessarily be 
happening in the absence of defi nitive supportive data.

6. INVESTIGATIONAL AGENTS

6.1. Portal Vein Infusion
Cancer cells originating in the colon are able to access the liver via the portal venous 

system, along the same channels used by nutrients traveling from the bowel to the liver. 
Up to half of all relapsing patients present with hepatic metastases as the fi rst site of 
failure. Because tumors less than 5 mm obtain their blood supply from both the hepatic 
artery and portal vein (37,38), the delivery of chemotherapy directly into the portal vein 
would, therefore, be a reasonable approach to explore for the administration of adjuvant 
treatment.

Phase I trials proved that fl uorouracil can be given safely to patients via the portal circula-
tion and follow-up studies not only confi rmed this fact but also showed that a substantially 
larger amounts of fl uorouracil can be administered this way than can be given intravenously 
because of “fi rst pass clearance” by the liver (39). Initial small trials were promising, but they 
did not convincingly prove survival advantages for Dukes’ C patients (40,41).

A larger trial, designed and run by the NSABP (42), enrolled 1158 Dukes’ A, B, and
C patients and randomized them to receive either a 7-d portal infusion of fl uorouracil
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(600 mg/m2/d) or to surgery alone. A small but statistically signifi cant survival advantage in 
the group receiving intraportal chemotherapy was noted; yet, interestingly, the incidence of 
hepatic metastases was not different between the two groups.

In another trial by the Swiss Group for Clinical Cancer Research (SAKK), similar 
results were demonstrated (43). Five hundred thirty-three patients were assigned to receive 
intraportal mitomycin and fl uorouracil or surgery alone. No difference in the incidence of 
hepatic metastases was found, and there was a modest improvement in overall survival (66% 
vs 55%; p = 0.026). The conclusion drawn from these studies was that part of the benefi t 
obtained with a single course of adjuvant chemotherapy via the portal vein for patients 
with operable colorectal carcinoma was most likely the result of the systemic effects of 
the portal chemotherapy.

To better elucidate small advantages, if any, from intraportal chemotherapy, a meta-
analysis was done combining 10 studies and including over 4000 patients. There was only a 
modest (4%) improvement in 5-yr overall survival for the patients receiving portal infusion 
and, again, this was attributed to the decreased rate of all recurrences (local relapses, liver 
metastases, and other distant metastases), suggesting that the benefi t seen is the result of 
the systemic effects of portal chemotherapy. At present, the use of intraportal adjuvant 
chemotherapy should be regarded as of unproven benefi t and its use should be limited to 
investigational settings.

6.2. Intraperitoneal Treatment
The rationale behind using adjuvant intraperitoneal chemotherapy for colon cancer is two 

fold. First, those with tumor involving the peritoneal surfaces are at high risk for recurrence 
(44) and this approach delivers higher concentrations to these tumors. Second, the peritoneal 
cavity is drained by portal lymphatics into the portal vein, thereby administering higher 
concentrations directly into the liver. Because fl oxuridine (FUDR) and, to a lesser extent, 
fl uorouracil have a high fi rst-pass metabolism, these drugs are good potential candidates 
for intraperitoneal therapy. Because of hepatic clearance, pharmacologic investigations 
have shown concentrations in the peritoneal cavity 200- to 400-fold greater than those 
found systemically.

One of the fi rst trials evaluating intraperitoneal therapy by Sugarbaker et al. showed a 
decreased incidence of peritoneal metastases following peritoneal therapy; however, this 
did not result in a survival advantage (45). This study was limited by its small size and 
because initiation of chemotherapy up to 2 full months following surgery was permitted. 
Such delays in treatment could increase the chance of spread of tumor outside the peritoneal 
cavity and permit the establishment of hepatic micrometastases with a hepatic arterial 
blood supply.

To circumvent such delays, a pilot study was initiated using a combination of immediate 
postoperative intraperitoneal fl oxuridine and leucovorin plus systemic fl uorouracil and 
levamisole (46). The treatment given included intraperitoneal fl oxuridine and leucovorin 
therapy twice daily for 3 consecutive days repeated every other week for three cycles. 
The levamisole was given orally and initiated with the second intraperitoneal cycle and 
fl uorouracil was given as a bolus injection daily for 5 consecutive days beginning with the 
third ip cycle. The doses of systemic fl uorouracil were escalated in a stepwise fashion, and 
after d 29 from the start of fl uorouracil, weekly fl uorouracil and every-other-week levamisole 
were started and continued to complete 1 yr of therapy.

The treatment was well tolerated, with no apparent increase in perioperative morbidity. At 
a median follow-up of 24 mo, 24 of 28 patients were alive and free of disease.
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A somewhat larger randomized trial similar to the trial by Sugarbaker et al. has been 
published (47). This trial enrolled 241 patients with resected stage III or high-risk stage II 
colon cancer. The two treatment arms were a standard arm of fl uorouracil and levamisole 
given for 6 mo and an investigational arm of intravenous bolus fl uorouracil and leucovorin 
given on d 1–4 and intraperitoneal fl uorouracil and leucovorin on d 1 and 3, all repeated 
every 4 wk. No signifi cant difference was noted in the 45 stage II patients. The 196 stage III 
patients, however, had a signifi cant improvement in both disease-free survival (p = 0.0014) 
and overall survival (p = 0.0005) in favor of the investigational arm. The results of this small 
trial suggest that ip strategies may be useful in the adjuvant therapy of colon cancer. Further 
investigations are needed to better evaluate its utility and safety.

6.3. Edrecolomab
Current theory holds that immune therapy is more effective on small-volume disease and, 

therefore, should be perfectly suited for adjuvant treatment. The reduction in colon cancer 
recurrence with vaccines and antibodies has remained elusive (48).

Edrecolomab is a murine IgG2a monoclonal antibody directed against the 17-1A antigen. 
Studies have shown it to be well tolerated in patients with terminal malignancies and have 
shown that it induces antibody-dependent cellular cytotoxicity with human effector cells 
and prevents outgrowth of human tumor xenografts in mice. In Lancet in 1994, Riethmüller
et al. reported a randomized trial of edrecolomab versus no treatment in Dukes’ C colon 
cancer patients. After 5 yr, the recurrence rate in the observation arm was 66.5% and 48.7% 
in the edrecolomab group, a statistically signifi cant difference (p = .03). It also had a 
signifi cant effect on survival, with 64% alive in the edrecolomab group at 5 yr and 49% alive 
in the observation arm. The treatment was very well tolerated, with infrequent toxicities. The 
question, however, was whether this effect seen with edrecolomab was equivalent to what 
had been previously shown with fl uorouracil and leucovorin.

Therefore, a randomized phase III trial with three arms was developed to compare the fol-
lowing adjuvant therapies: the combination of the two regimens (fl uorouracil, leucovorin, and 
edrecolomab) vs the single agents (fl uorouracil and leucovorin or edrecolomab). The results 
after 3 yr of follow-up were reported at the 2001 annual meeting of the American Society 
of Clinical Oncology (49). The combination treatment had a slightly less, but nonsignifi -
cant overall and disease-free survival (DFS) compared to fl uorouracil and leucovorin alone 
(OS 74.7% vs 76.1%, p = 0.528; DFS 63.8% vs 65.5%, p = 0.220) and that edrecolomab as 
a single agent was inferior to fl uorouracil and leucovorin (OS 70.1% vs 76.1%, p = 0.05, 
DFS 53.0% vs 65.5% p < 0.001).

Vaccine treatments also have a theoretical advantage in the role of adjuvant treatments, 
working best on small-volume disease. However, there currently are no large randomized 
trials underway to assess effi cacy in the adjuvant setting. For a complete discussion on 
vaccine and other immune therapies in colon cancer, see Chapter 41.

6.4. Newer Chemotherapies
Both oxaliplatin and irinotecan in combination with fl uorouracil and leucovorin have 

improved the response rates in metastatic colon cancer. The irinotecan combination has also 
afforded stage IV patients a survival benefi t when compared to fl uorouracil and leucovorin in 
two randomized trials (50,51). Both drugs, therefore, have excellent potential as treatments 
in the adjuvant setting. Trials are currently underway to test these hypotheses. A multicenter, 
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intergroup, phase III trial randomizes patients to receive either standard fl uorouracil and 
leucovorin as 6-weekly bolus injections every 8 wk for four cycles versus the combination 
of irinotecan, fl uorouracil and leucovorin as 4-weekly injections every 6 wk for fi ve cycles 
(CALGB 89803). This trial has completed accrual and fi nal results are awaiting maturation 
of the data. Early-warning systems built into the trial detected higher than expected early-
death rates in the irinotecan-containing arm, at 2.2% (52). The combination of irinotecan 
and fl uorouracil/leucovorin remains investigational for adjuvant treatment and, at this time, 
is not recommended for adjuvant treatment outside of a clinical trial.

Capecitabine, an oral fl uoropyrimidine, has recently been shown to be equivalent to 
fl uorouracil and leucovorin in the metastatic setting with a considerable benefi t in toxicity 
and is currently being evaluated in the adjuvant setting (53).

7. DIRECTED THERAPIES

Exciting developments in the metastatic setting are therapies that are tailored to specifi c 
characteristics of an individual tumor. Directed therapies have the potential to substantially 
reduce the toxicities of treatment and at the same time not compromise, or even improve 
upon, effi cacy. As an example, those colon cancers that have a high thymidine synthase gene 
expression more rapidly clear fl uorouracil and are less likely to respond to fl uorouracil treat-
ment (54). Irinotecan or oxaliplatin may be a preferred therapy in this setting. Furthermore, 
more than 70% of colon cancers overexpress the endothelial growth factor receptor (EGFR). 
For those tumors with EGFR overexpression, targeted therapy with an agent such as 
cetuximab, a monoclonal antibody that binds to the EGFR, may be able to clear any residual 
disease after a surgical resection. ZD1839 (Iressa) also works on the EGF pathway. It is a 
small molecule with excellent oral bioavailability and acts as an EGFR-selective tyrosine 
kinase inhibitor. As a tyrosine kinase inhibitor, it is a potent and selective inhibitor of tumor 
cell growth in culture. In preclinical in vivo studies, ZD1839 has remarkable antitumor 
activity in human tumor xenografts. These targeted therapies are currently being evaluated 
in the metastatic setting and may eventually be tried postsurgically. 

8. CONCLUSION

It is clear that therapy with fl uorouracil-based regimens provides the best chance at cure 
for those diagnosed with colon cancer that has spread to regional lymph nodes. The standard 
of care remains fl uorouracil and leucovorin, given either daily for 5 d every 4 wk or weekly 
for 6 wk every 8 wk. Patients with stage II disease have a better prognosis overall than those 
with stage III; yet, adjuvant therapy cannot be universally recommended. Investigational 
therapies, including portal vein infusion, intraperitoneal treatment, and novel agents such as 
irinotecan, oxaliplatin, capecitabine, edrecolomab, and others, remain unproven at this time 
in terms of safety and effi cacy as adjuvant treatment.

Despite our progress, the data remain sobering. Greater than a third of patients with resected 
stage III colon cancer will die from their disease despite adequate chemotherapy. Thus, further 
advances in the fi eld are imperative. With more active anticolorectal cancer agents appearing 
ever increasingly, we can expect developments at a more rapid pace. Once these therapies 
are deemed effective in the metastatic setting, we will need to carefully evaluate them in the 
adjuvant setting, to see if they will provide improved effi cacy with adequate safety.
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1. INTRODUCTION

It is known that when patients die of metastatic colorectal cancer, most patients have 
liver metastases. In general, the treatment of liver metastases with systemic chemotherapy 
is identical to the treatment of disseminated colorectal cancer. However, there exists a group 
of patients who have liver-only metastases, and for those patients, regional approaches of 
treatment have been successfully pursued in many cases.

At least 20% of patients with colorectal cancer will develop liver metastases only (1). This 
means that each year in the United States, over 20,000 patients will have colorectal cancer with 
metastases only to the liver. To put this number in perspective, this represents more patients 
than all of the patients with esophageal cancer each year in the United States. It is almost the 
same number as all patients who get stomach cancer each year in the United States. Thus, liver 
metastases from colorectal cancer can be looked at as a disease entity by itself.

Treatment of metastatic disease, especially to the liver, has interested scientists for many 
years, because it does seem that even though the liver is the site of blood-borne metastases, 
it still can be the only site of metastatic disease. Therefore, treatment of the regional disease 
that eradicates the tumor can result in a cure. This is a very important concept because 
radical local therapies generally are reserved for primary tumor situations in which they can 
result in a cure, and metastases are usually considered proof of tumor dissemination that 
are not amenable to local therapies.

Historically, the fi rst surgical attempts at regional therapy were resection of solitary liver 
metastases. This became more common in the 1960s because of advances in surgical and 
anesthetic techniques. The results from early studies indicated that at least 25% of patients 
would remain disease-free after hepatic resection (2,3). With new surgical tools to facilitate 
hepatic resection, the guidelines for resection became broadened and surgeons began to 
look at removing more than a solitary metastasis. Several large studies were completed in 
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the 1990s that showed that certainly patients with two to three lesions could do as well 
as patients with solitary lesions and that a 30% 5-yr survival could be expected for those 
patients (4–6). More recent work has included patients with even more than four lesions 
(4,5). Surgical techniques are not just limited to resection, but are beginning to include 
various ablative measures to destroy the tumors, including cryosurgery and, more recently, 
radio-frequency ablation (7,8).

While the work was proceeding with hepatic resection, other groups of oncologists 
were beginning to look carefully at regional infusion of chemotherapy for liver metastases. 
The development in 1969 of the non-battery-powered mechanism for a totally implantable 
hepatic artery infusion pump spurred the possibilities of easily using hepatic artery infusion 
as a long-term therapy. After this pump went into production in the 1970s, hepatic artery 
infusion began to be much more common. Thousands of patients have been treated with 
hepatic artery infusion using various chemotherapy agents and several studies have looked 
at its place in the treatment of colon cancer.

2. IMPLANTABLE HEPATIC ARTERY INFUSION PUMP

2.1. Pump Characteristics
The basic design of the original pump was a two-chambered unit made out of titanium. 

One chamber was the drug fl uid chamber, which could be accessed from the outside of the 
pump. The other chamber was the charging fl uid chamber, which was fi lled with Freon and 
totally sealed off. The mechanism driving the pump was one of mechanical energy that was 
supplied on each refi ll of the pump. The fl uid to fi ll the pump would be put into the drug 
chamber by means of a percutaneously placed needle. This would fi ll up the drug chamber 
and push out the bellows that compressed the charging chamber. The compressed Freon would 
then exert its energy by pushing up on the diaphragm in the device, which would slowly push 
out fl uid through the catheter of the pump (see Fig. 1). The activity of the Freon at body 
temperature was well regulated and would be constant every day until the pump went dry. 
The fi rst pumps used were made by the Infusaid Corporation and they had a 50-cm3 reservoir. 
They also had a side port by which one could inject directly into the catheter.

In recent years, other designs of these pumps have appeared, generally with different 
placements of the side port. In the pump made by Arrow, the port is part of the pump 
mechanism and it can only be accessed from the central needle inlet, but one needs to use 
a special catheter needle (see Fig. 2).

2.2. Operative Pump Placement
All patients needed a hepatic arteriogram prior to placement of the pump including an 

arteriogram of the celiac axis and the superior mesenteric artery. In the normal anatomy the 
common hepatic artery is a branch of the celiac axis and the gastroduodenal artery is the fi rst 
branch off the common hepatic, followed by the bifurcation of the hepatic into the right and 
left hepatic arteries. The superior mesenteric arteriogram is needed to be sure that there are 
no accessory right hepatic arteries coming off the superior mesenteric artery.

A study of arteriograms done in 100 consecutive patients who were going for pump 
placement showed that only 50% of patients had the normal hepatic arteriovasculature (9).
The most common deviation was that of a right hepatic artery branching off of the superior 
mesenteric artery, which was either an accessory (i.e., in addition to the right hepatic artery, 
which bifurcates off the common hepatic) or a replaced right hepatic (there is no right hepatic 
artery off the common hepatic). An accessory or replaced left hepatic artery was the next 
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most frequent anomaly, usually as a branch off the left gastric artery. A fi nal arterial anomaly, 
which could cause diffi culty placing the pump, was a trifurcation, where the gastroduodenal 
artery and the bifurcation of the right and left hepatic arteries came off at exactly the same 
place. This was troublesome for pump placement because the fl ow from the catheter that 
was lying in the gastroduodenal artery could go entirely into one or the other of the hepatic 
branches instead of equally into both branches.

When the arterial anatomy is normal, the catheter is placed into the gastroduodenal artery. 
If there is an accessory or replaced artery, then, usually, the accessory artery is tied off and 
the catheter is still placed into the gastroduodenal artery. If both arteries are replaced and 
there is no gastroduodenal artery then a catheter is placed directly into the largest of the 
replaced vessels and the other is tied off.

The procedure for pump placement includes a cholecystectomy, because 30% of patients 
who did not have their gallbladder removed experienced acalculous cholecystitis during 
hepatic artery infusion (HAI) in the early experience with the pumps. The lymph nodes in the 
porta hepatic should be biopsied. If they are positive for tumor, the pump will probably not 
be benefi cial for that patient because this signifi es extrahepatic disease.

The pump pocket will be placed superfi cial to the fascia, generally in the left upper 
quadrant of the abdomen. This area is optimal for the pump because it does not get in the way 
of subsequent computed tomography (CT) or magnetic resonance imaging (MRI) scans of 
the liver used to evaluate whether the liver metastases are responding to pump therapy.

Fig. 1. Cross-section diagram of the Infusaid pump.
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The pump should be kept in a warmer throughout the fi rst part of the operation because 
if the pump is not warm (i.e., at least body temperature), then there will be no positive 
pressure in the catheter and there may be retrograde fl ow from the artery into the pump 
catheter. This may cause clotting of the catheter. When the pocket is ready for implantation, 
the pump should be primed with a Heparin solution of 30 cm3 of 1000 U/cm3 of heparin 
(30,000 U of heparin).

The catheter is put into the gastroduodenal artery. To check for correct placement of the 
catheter, 5–10 cm3 of 50% fl uoroscein is injected into the side port of the pump, followed 
with 10 cm3 of a heparin solution of 100 U/cm3, and an ultraviolet lamp (Wood’s lamp) 
should be used to visualize the liver. Both lobes of the liver must light up; also, the stomach 
should not light up.

If the whole liver does not light up with the fl uoroscein, then an unrecognized accessory 
artery is probably present. It must be found and ligated. If the defect is in the left lobe, then 
the artery can be found in the gastroheptic ligament between the esophagus and the hepatic 
artery. If the defect is in the right lobe, then the artery will be found behind the portal vein, 
in the posterior aspect of the porta hepatis.

To check pump placement postoperatively, a nuclear medicine scan using macroaggregate 
albumin labeled with technetium is injected into the side port and a scan is taken. The liver 
should light up with this method.

Fig. 2. Cross-section diagram of the Arrow pump, showing the bolus needle design.
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Patients can start on pump treatments as soon as the medical oncologist wishes. Usu-
ally, treatment commences 1 wk after the implantation day. The pump should be refi lled 
every 2 wk.

2.3. Long-Term Surgical Complications
The pump can fl ip inside the pocket making it impossible to access. If this happens early 

in the course, it can be fl ipped mechanically without entering the pocket. Later on, this 
is harder to do and the pocket might have to be entered surgically to fl ip the pump over 
and sew it in place. This is an extremely rare occurrence but should be kept in mind as a 
reason for access problems.

There have been rare cases when the pump has been in place for over a year that the 
catheter has eroded through the wall of the duodenum. These patients usually complain 
of abdominal pain, leading to endoscopy. At endoscopy, the catheter can be seen in the 
duodenum through the scope. Surgery is required to remove the catheter and repair the 
duodenum.

If the catheter is placed too low in the gastroduodenal artery, the chemotherapy from the 
pump pools in the gastroduodenal artery instead of going directly into the hepatic artery. 
Because the concentration of chemotherapy is so high and because of the pooling, the wall 
of the artery can be eroded. This not only can cause bleeding, but also chemotherapy can 
extravasate into the abdomen and cause pain and, occasionally, pancreatitis (10). This is 
usually diagnosed by a CT scan that shows a hematoma in the area of the gastroduodenal 
artery. If this complication occurs, the pump must be emptied and no further fl uid should be 
placed in it. This will allow the catheter to clot and it may also stop the bleeding. The patient 
should be followed to be sure that there is no further bleeding. The pump can be removed at 
any time after this event. If the bleeding continues, then an abdominal exploration may be 
necessary to remove the catheter and tie off the gastroduodenal artery.

Pump pocket infections occur rarely during the course of treatment. At the fi rst sign of 
infection (erythema over the pump pocket), systemic antibiotics need to be started. If the 
infection does not resolve, then the pump needs to be moved to a new location, in a newly 
created pocket. The old pocket should be opened and drained.

3. HAI FOR UNRESECTABLE METASTASES

3.1. Rationale
The rationale of hepatic arterial therapy is based on the information that once hepatic 

metastases grow beyond 3 mm, they are fed predominantly by the hepatic artery, whereas 
normal hepatocytes are fed predominantly by the portal vein (11). The liver may be the 
initial stop for metastatic spread through the portal vein. Agents that are taken up by the 
liver and have a high fi rst-pass extraction as well as high total-body clearance are the most 
useful agents. When evaluating drugs, taking into account the above-mentioned factors, the 
most active drug is 5-fl uoro-2-deoxyuridine (FUDR), which has a 60–90% fi rst-pass liver 
extraction rate and an estimated 100- to 400-fold increase in hepatic exposure when used for 
hepatic arterial infusion (12) (Table 1).

3.2. Trials
Eight randomized trials have been performed looking at the use of HAI of chemotherapy 

in the treatment of unresectable hepatic metastases from colorectal cancer (Table 2). In 
the trial at Memorial Sloan-Kettering, 162 patients were randomized to HAI of FUDR or 
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systemic FUDR infusion (13). All patients underwent surgical exploration to confi rm the 
absence of extrahepatic disease and to have a hepatic arterial catheter placed for HAI therapy, 
either initially or after systemic chemotherapy failure. A partial response was seen in 52% of 
patient’s treated with HAI and in 20% treated with systemic chemotherapy. Of note, 60% of 
patients on the systemic arm crossed over to receive HAI. The survival based on the initial 
randomization was 17 mo for the HAI group and 12 mo for the systemic arm. In patients 
who crossed over to HAI after progressing on systemic therapy, the median survival was
18 mo vs 8 mo in patients who were not able to be crossed over because of technical 
problems with the hepatic arterial catheter.

The Northern California Oncology group (NCOG) performed a similar study using 
FUDR via HAI or systemic infusion (14). A partial response of 42% was seen with HAI 
therapy and 10% with systemic therapy with no difference in survival, but, again, most of 

Table 1
Drugs Used for Hepatic Arterial Infusion

 Estimated increased exposure
Drug by hepatic arterial infusion (-fold)

Fluorouracil 115–10
5-Fluoro-2-deoxyuridine 100–400
Bischloroethylnitrosurea 116–7
Mitomycin C 116–8
Cisplatin 114–7
Doxorubicin 112

Table 2
Randomized Trials of HAI vs Systemic Chemotherapy

for Hepatic Metastases from Colorectal Cancer

   Response Survival
Authors (ref.) N Agents rate (%) (mo.)

Kemeny et al. 162 HAI FUDR vs 521. 171.
    (13)      iv FUDR 201. 121.
Chang et al. 164 HAI FUDR vs 621. —
    (15)      iv FUDR 171. —
Hohn et al. 143 HAI FUDR vs 421. 161.
    (14)      iv FUDR 101. 151.
Martin et al. 169 HAI FUDR vs 481, 12.6
    (16)      iv 5-FU/LV 211. 10.5
Kemeny et al. 141 HAI FUDR vs 551. 13.8
    (17)      iv 5-FU 201. 11.6
Rougier et al. 163 HAI 5-FU vs 491. 141.
    (19)      iv 5-FU 141. 101.
Allen-Mersch et al. 100 HAI 5-FU vs 501. 131.
    (20)      iv 5-FU/palliation 101. 17.3
Lorenz et al. 168 HAI 5-FU/LV vs 451. 18.7
    (21)      HAI FUDR vs 431. 12.7
      iv 5-FU 19.7 17.6
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the patients were crossed over to pump therapy after they failed systemic therapy. Those 
patients who were crossed over to HAI had a doubling of survival compared to those who 
did not cross over.

At the National Cancer Institute, 64 patients, including some patients with positive portal 
lymph nodes, were randomized to HAI of FUDR vs systemic FUDR (15). Response rates 
were 62% and 17% in the HAI and systemic arms, respectively. Actuarial 2-yr survival was 
22% and 15% respectively. However, in a subset analysis excluding patients with portal 
lymph node involvement, the 2-year survival was signifi cantly better in patients treated with 
HAI (47% vs 13%, respectively).

The Mayo Clinic also reported a small study that enrolled only 69 patients. Response rates 
were 48% and 21% with the HAI and systemic groups, respectively. In addition, a signifi cant 
increase in time to hepatic progression was noted with HAI therapy, 15.7 mo vs 6 mo
for patients on systemic therapy. There was no difference in survival, but survival results 
were diffi cult to interpret because 50% of patients randomized to the HAI did not receive 
treatment for reasons including pump failure and extrahepatic disease (16).

At the City of Hope, 41 patients with nonresectable liver metastases received HAI versus 
systemic chemotherapy (17,18) In the group receiving HAI of FUDR, the response rate was 
55%, with a median survival of 13.8 mo. Patients treated with systemic chemotherapy had a 
20% response rate and a median survival of 11.6 mo. As in the other studies, patients were 
allowed to cross over to pump therapy if they failed systemic infusion.

A French trial randomized 163 patients to HAI of FUDR vs systemic bolus 5-fl uorouracil 
(5-FU) with response rates of 49% and 14%, respectively. The median time to hepatic 
progression was 15 and 6 mo, and 2-yr survival was 22% and 10% (p < 0.02) in the HAI and 
systemic groups, respectively. Median survival was 14 and 10 mo in the HAI and systemic 
groups, respectively; however, patients in the systemic group were sometimes treated only 
when they became symptomatic (19).

In an English trial that randomized patients to HAI of FUDR vs conventional therapy, 
quality of life as well as overall survival were measured (20) A signifi cant improvement in 
survival was seen in the HAI group, 405 d, vs 226 d in the systemic group. In addition, a good 
quality of life in patients receiving HAI of FUDR was signifi cantly prolonged measured 
by physical symptoms, anxiety, and depression. However, only 22% in the conventional-
treatment arm received systemic chemotherapy. The authors concluded that in addition to 
the survival benefi t seen with HAI, it was well tolerated, leading to a better and longer 
sustained performance status.

The German Cooperative Group randomized 168 patients to HAI of FUDR vs 5-FU 
and leucovorin (LV) administered by either HAI or systemic infusion (21). An intention 
to treat analysis was used, although only 70% patients randomized to 5-FU/LV and 68.5% 
randomized to HAI of FUDR were treated as assigned. Median survival was 12.7, 18.7, 
and 17.6 mo for HAI of FUDR, HAI of FU+LV and systemic FU+ LV, respectively. Tumor 
response was 43.2%, 45%, and 19.7% for the three groups respectively. The development 
of extrahepatic disease was 40.5%, 12.5%, and 18.3%, respectively. Toxicity data indicated 
that 5-FU/LV therapy was much more toxic than FUDR. It is diffi cult to interpret the results 
of the HAI FUDR group because there is no information on details of their treatment, 
such as number of cycles and pump complications and the dose modifi cation scheduled 
was very primitive.

A meta-analysis combining the results of seven trials supports the use of HAI of FUDR 
in the treatment of nonresectable liver metastases from colorectal cancer (22) A signifi cantly 
better response rate of 41% was achieved with HAI of FUDR compared with a 14% response 
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rate with systemic 5-FU. Median survival was signifi cantly increased to 16 mo with HAI 
vs 13 mo with systemic therapy.

3.3. Hepatic Toxicity
Hepatic artery infusion therapy is associated with hepatic toxicity evidenced by the 

necrosis and cholestasis seen on biopsies or a pericholangitic process and fibrosis of 
biliary radicals. These changes may resolve if the drug is withdrawn and the patient is 
given a treatment rest. However, in later stages, the patient can develop changes similar 
to idiopathic sclerosing cholangitis (23). If the patient develops jaundice that does not 
resolve and ERCP reveals fi brosis of the main biliary radical, stenting of the biliary tree 
should be performed.

Liver function tests (LFT) must be monitored very carefully. A method for decreasing the 
dosing of chemotherapy or for ceasing treatment is included in Table 3.

In order to decrease hepatic toxicity, the use of dexamethasone was evaluated in a random-
ized study. Using dexamethasone with FUDR (24), decreased frequency of bilirubin eleva-
tions to 9% from 30% (p = 0.07) with FUDR alone in a randomized study. The response
rate was increased from 40–71% (p = 0.03) and survival rate was increased from 15–23 mo.

Alternating-drug regimens is another method to decrease hepatotoxicity from HAI of 
FUDR. By utilizing HAI of FUDR on d 1–8 followed by hepatic arterial bolus of 5-FU on
d 14, 21, and 28 via the side port, every 35 d, Stagg et al. improved toxicity (25). There were 
no treatment terminations with this regimen and 50% of patients responded with a median 
survival of 22 mo. Metzgar et al., using an infusion of 5-FU and mitomycin C, found that 
median survival was 18 mo with a partial response rate of 57% in his patients. Sclerosing 
cholangitis did not occur, but mucositis and leukopenia did (26).

3.4. Addressing Extrahepatic Recurrence
One of the main criticisms of HAI therapy is the occurrence of extrahepatic disease. 

Combination systemic chemotherapy and HAI has been attempted to reduce the rate of 
extrahepatic recurrence. In one trial, HAI of FUDR alone was compared with concurrent 
HAI and systemic FUDR. Although both groups achieved a response rate of 60%, the rate 
of extrahepatic disease was signifi cantly less in the group treated with intravenous and HAI 
therapy, 56% vs 79%, with HAI alone (27). In another study, patients with unresectable 
hepatic metastases were treated with HAI of FUDR and systemic 5-FU/LV delivered
1 wk after the start of HAI of FUDR (28). The response rate was 62%. The incidence of 
extrahepatic progression was 45%. Another study, at Memorial Sloan–Kettering Cancer 
Center, combined systemic irinotecan (CPT-11) with HAI of FUDR + dexamethasone in 
38 patients with unresectable hepatic metastases from colorectal cancer (29). All of them 
had been treated with iv 5-FU/LV and 16 had prior CPT-11. Partial responses were seen 
in 74% of patients analyzed, but extrahepatic disease still developed. However, this was a 
group of heavily pretreated patients.

3.5. Cost
Total treatment of intramuscular FUDR costs, including the cost of the pump, procedure, 

hospitalization, chemotherapy, follow-up, and toxic effect came to about $30,000 for 1 yr.
This is in line with the costs of newer chemotherapeutic regimens, including CPT-11, 
which, on average, costs $54,000 for 1 yr of treatment, including the cost of drug and drug 
administration, in the United States (30). Therefore, when compared to the costs of treatment 
for other severe medical illnesses and other regimens for colorectal cancer, HAI falls within 
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the range of accepted therapies. A regimen that combines HAI of fl uoropyrimidine with 
newer agents, such as irinotecan and/or oxaliplatin, will be expected to have higher total 
costs.

3.6. Conclusions
Metastatic colorectal cancer continues to be a difficult problem to manage. Newer 

chemotherapeutic agents like irinotecan and oxaliplatin have improved outcomes over 
fl uorouracil-based treatment, but a majority of patients still succumb to their disease within 
2 yr. The work summarized here outlines options that can be used in the loco-regional 
management of metastatic colorectal cancer.

Hepatic arterial infusion of FUDR and dexamethasone has been shown to be a viable 
treatment option for patients with metastatic colorectal cancer to the liver. Multiple studies 
have demonstrated an increased response rate with HAI that is up to three times higher 
than the responses attainable with systemic 5-FU-based chemotherapy. The toxicity can 

Table 3
FUDR Dose Modifi cation Schedule

SGOT (Reference values) 1</= 50 U/L.1 > 50 U/L Check at pump emptying or 
       day of planned treatment 
       (take higher value)
FUDR dose:  100% 1.0–<3X ref. 0–<2X ref. 
FUDR dose:  180% 1.3–<4X ref. 2–<3X ref.
FUDR dose:  150% 1.4–<5X ref. 3–<4X ref.
FUDR dose: Hold .3>/= 5X ref. >/= 4X ref. 1

Alkaline Phosphatase: 1.1</= 90 U/L 3.0 –> 90 U/L 

FUDR dose:  100% 3.0–<1.5X ref. 3.0–<1.2X ref.     
FUDR dose:  150% 1.5–<2.0X ref. 1.2–<1.5X ref. F    UDR dose:  1
FUDR dose: Hold 3.>/= 2.0X ref. 33.>/= 1.5X ref. F    UDR dose:  .

Total Bilirubin: .3..</= 1.2 mg/dL 3.0 –>1.2 mg/dL 

FUDR dose:  100% .30–<1.5X ref. 3.0–<1.2X ref.     
FUDR dose:  150% 1.5–<2.0X ref. 1.2–<1.5X ref. F    UDR dose:  1
FUDR dose: Hold 33.>/= 2.0X ref. 3.3>/= 1.5X ref. F    UDR dose:  .

Note: Reference values defi ned as the values obtained the day of the last dose of FUDR. To determine if 
dose modifi cation is necessary, compare the value obtained the day the pump is emptied or the day it is to 
be fi lled, whichever is higher.

Recommendations on restarting treatment: If resulting from an abnormal SGOT, only restart when level has 
fallen to 4X reference value (if reference ≤ 50 U/L) or within 3X reference value (if reference > 50). If started, 
we recommend reinitiation at 50% of the last FUDR dose given.

If resulting from an abnormal alkaline phosphatase, restart once level has fallen to 1.5X reference value 
(if reference ≤ 90 U/L) or 1.2X reference value (if reference > 90 U/L). If started, recommence at 25% of 
last FUDR dose given.

If resulting from an abnormal bilirubin, restart once level has fallen to 1.5X reference value (if reference
≤ 1.2 mg/dL) or within 1.2X reference value (if > 1.2 mg/dL). Restart chemotherapy at 25% of last FUDR dose. 
However, if a marked abnormality of the bilirubin compared to reference exceeding 2X reference value (in 
patients with reference value ≤ 1.2) or 1.5X reference value (in patients with reference value > 1.2) occurs, then 
the next cycle should not be administered. Instead, levels should be rechecked at 14 d. If the bilirubin continues 
to be normal, FUDR can be restarted at 25% of the usual dose.
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be managed effectively by ensuring proper technique with pump placement and the use of 
dexamethasone in order to decrease portal infl ammation. In addition, it is an economically 
viable option, especially when compared to other therapies for severe conditions.

The impact of HAI on survival has been diffi cult to ascertain. Many trials allowed 
crossover in those patients who progressed. An ongoing trial conducted by the Cancer and 
Leukemia Group B (CALGB) will attempt to address whether or not this therapy infl uences 
survival by not allowing crossover in its design. Quality-of-life measures, molecular markers, 
including thymidylate synthetase, and a cost-effectiveness analysis will also be examined. 
Systemic failure has been an ongoing dilemma in patients treated with hepatic arterial 
infusion. Further clinical trials will need to be done incorporating systemic chemotherapy 
and HAI in the treatment of advanced colorectal cancer.

4. HEPATIC RESECTION AND HEPATIC ARTERY INFUSION

4.1. Clinical Trials
With advancing surgical technique, large liver resections can be done with a very respect-

able operative mortality and approximately one-third or more of patients who undergo these 
operations will survive for 5 yr and, perhaps, even be cured of their disease (see Chapter 20).
However, because the majority of patients were not cured, new approaches needed to be 
explored to try to increase the cure rate after resection. Several reports have looked into 
the location of recurrence after liver resection. It is clear that over half of the patients who 
have recurrent disease have the recurrence in the liver after liver resections. Decreasing the 
numbers of patients who fail in the liver would seem like a good strategy for increasing 
survival after liver resection.

Because the multitude of trials done on hepatic artery infusion had shown better response 
rates of liver metastases to hepatic artery infusion than with any other chemotherapy route, 
it was a logical step to try to use hepatic artery infusion after hepatic resection to see if the 
number of liver recurrences could be reduced. In an early single-institution, prospective, 
randomized trial, patients with solitary resectable liver metastases were randomized to 
resection alone or resection followed by HAI of FUDR. In the same study, patients with 
multiple hepatic metastases that were resectable were randomized to resection followed by 
HAI or to HAI without resection. There were only 11 patients with solitary metastases in 
this study and 25 patients with multiple resectable lesions, clearly too small a number to 
reach any defi nitive conclusions about this treatment. However, this study did show that for 
patients who got hepatic resection followed with HAI, not one of those patients recurred in 
the liver, whereas over 50% of the patients recurred in the liver in the small group that had 
resection alone (17,18). This study raised the possibility that HAI after hepatic resection 
may decrease the incidence of liver recurrence.

Because of these fi ndings, a larger intergroup study with participation of ECOG (Eastern 
Cooperative Oncology Group) and SWOG (Southwestern Oncology Group) was performed 
from 1991 to 1997. In this study patients, with one to three resectable hepatic metastases 
were randomized between hepatic resection alone or hepatic resection followed by HAI of 
FUDR and systemic chemotherapy utilizing 5-FU. Because of the international scope of this 
study (Australia was part of ECOG), it was decided that an intraoperative randomization 
would be impossible and that patients could only be randomized preoperatively. The problem 
with this approach was that many patients who were randomized preoperatively could not 
be included in the study because, at operation, they did not fulfi ll the criteria for resection. 
These patients did not get the therapy to which they were assigned and were placed off 
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protocol. Thus, of the 109 patients who were randomized, 53 patients were placed in the 
surgery-alone arm, and of those 53, 45 actually had a hepatic resection. The rest were placed 
off protocol because of having more than three metastases, having extrahepatic disease 
or unresectable disease. For the 56 patients in the hepatic resection plus chemotherapy 
arm, 18 patients had to be placed off protocol because of the same reasons. Patients in the 
chemotherapy arm received four courses of FUDR given by HAI. The starting dose was
0.1 mg/kg/d for 14 d, followed by 14 d of heparin infusion, and then the second cycle was
0.2 mg/kg/d for 14 d. The next two cycles remained at the 0.2-mg level. Patients were 
also treated with systemic therapy starting with a continuous 2-wk infusion of 5-FU given 
intravenously at a dose of 200 mg/m2. This was infused during the 2-wk break when the heparin 
infusion was being given intraarterially. After the four courses of HAI, the systemic infusion 
was then escalated to 300 mg/m2 for eight additional courses. The overall 4-yr survival,
4-yr recurrence-free survival, and 4-yr liver-recurrence-free survival were 61.3%, 47.5%, and 
66.9%, respectively, for the chemotherapy arm vs 52.7%, 25.2%, and 43%, respectively, for 
the control arm (signifi cant for the latter two). Thus the patients with hepatic artery infusion 
and systemic therapy after hepatic resection had a signifi cantly better recurrence-free survival 
rate and hepatic-disease-free survival rate than the patients who had resection only (31).

Almost simultaneous with this intergroup trial, a similar single-institution study was done 
at Memorial Sloan–Kettering. In this randomized trial, HAI of FUDR and dexamethasone 
and systemic administration of 5-FU with or without LV was compared to similar systemic 
chemotherapy alone after the resection of hepatic metastases. The end points of the study 
were overall survival, survival free of hepatic progression, and overall progression-free 
survival at 2 yr. Because this was a single-institution study, patients were able to be 
randomized intraoperatively and only the patients who fi t the criteria were randomized 
and treated. One hundred fi fty-six patients were enrolled into this study. Over a quarter 
of the patients had greater than four hepatic lesions. Treatment in the combined-modality 
arm consisted of 320 mg/m2 5-FU and 200 mg/m2 LV, followed by HAI of FUDR and 
dexamethasone, initiated 2 wk after systemic therapy. Patients received pump infusion for 
14 d. After the 2 wk of therapy, the pump was emptied and the patients were given 1 wk 
of rest before reinitiating the systemic therapy. In the systemic-treatment group, 5-FU was 
administered at 375 mg/m2 with the same dose of LV for 5 d every 4 wk. A total of six cycles 
were scheduled for each group. In patients previously treated with 5-FU and LV, 5-FU was 
administered as a 5-d continuous infusion at a dose of 850 mg/m2 in the HAI group and 
1000 mg/m2 in the systemic group.

Patients were stratifi ed according to the number of liver metastases (1, 2, 4, > 4) and type 
of previous chemotherapy (none, 5-FU ± Levamisole, or 5-FU ± LV).

Actuarial survival at 2 yr was signifi cantly increased with combined-modality therapy 
(86% vs 72%, p = 0.03). Univariate analysis showed an unadjusted risk ratio of 2.13 for death 
in the systemic group compared with the HAI and systemic therapy group. Additionally, 
increased survival was seen with the HAI and systemic therapy group of 72.2 mo as opposed 
to 59.3 mo in the systemic therapy group. After adjustment for location of the primary tumor 
and lesions greater or equal to 5 cm, the risk ratio for death in the systemic therapy group com-
pared to the HAI and systemic therapy group was statistically signifi cant at 2.34 (p = 0.027).
Hepatic recurrence was also greatly decreased in the patients treated with HAI and systemic 
therapy. Comparing the HAI and systemic-therapy-arm with the systemic therapy only 
arm, the actuarial rate of survival free from hepatic recurrence at 2 yr was 90% and 60%, 
respectively. Median time free from hepatic recurrence has not been reached in the HAI and 
systemic therapy arm, but was reported at 42.7 mo in patients treated with systemic therapy 
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alone. Overall progression-free survival at 2 yr was 57% in the HAI and systemic therapy 
group and 42% in the systemic therapy group. Although equivalent numbers of patients in 
each group progressed in the lungs (15 patients in the HAI and systemic group vs 17 patents 
in the systemic group), 7 patients and 30 patients progressed in the liver in the HAI and 
systemic group versus the systemic-alone group, respectively.

More patients in the HAI plus systemic therapy group compared to the systemic alone 
therapy group experienced diarrhea (29% vs 14%) and nausea (10% vs 5%). Twenty-nine 
patients required hospitalization in the HAI plus systemic treatment arm compared to 18 
patients receiving systemic treatment alone.

Hepatic enzyme elevations in the HAI plus systemic group occurred in the following: 
29% had a doubling of the serum alkaline phosphatase, 65% had a tripling of the aspartate 
aminotransferase levels, and 18% had increases in their serum bilirubin to > 3.0 mg/dL. 
Biliary abnormalities returned to normal in all but four patients who required biliary stents. 
Two patients in the systemic therapy group required biliary stents.

This study again demonstrated there was a benefi t for hepatic artery infusion after hepatic 
resection with a decrease in the amount of recurrence in the liver and an increase in 2-yr 
overall survival (32).

A study from the German Cooperative Group on Liver Metastases randomized patients 
to hepatic resection alone versus hepatic resection plus HAI infusion of 5-FU and LV. All 
patients were stratifi ed according to number of liver metastases (1–2, 3–6) and the site of the 
primary tumor (colon or upper rectum, mid or lower rectum). One hundred thirteen patients 
were assigned to each group. Despite the initial randomization, 24 (21%) in the HAI arm 
and 18 (16%) patients in the control group did not receive the assigned treatment. In the 
group randomized to adjuvant treatment, it was not performed for the following reasons: 
anatomic variants, documentation of extrahepatic disease at the time of surgery, technical 
complications with port placement, and patient refusal after randomization. In the group 
randomized to resection alone, reasons for not following the randomized assignment were 
unresectable disease, microscopic residual disease, and extrahepatic disease. In the control 
group, 3 patients received HAI FU/LV and 10 received palliative systemic chemotherapy.

If the entire group of patients is considered there is no difference in median survival. 
However, in the group receiving HAI of 5-FU/LV the median time to liver progression 
doubled compared to the control group: 44.8 mo vs 23.3 mo. Additionally, median time 
to progression of disease or death was increased in the group receiving adjuvant HAI of 
5-FU/LV: 20 mo vs 12.6 mo.

The results of this randomized trial must be interpreted with caution. Of the 113 patients 
randomized, 73 (64%) had chemotherapy data available, and only 34 (30%) patients 
completed the assigned protocol. This suggests that the power to detect a difference, even 
with an intention-to-treat analysis, was not adequate, given that the majority of patients did 
not receive their assigned treatment (33).

Also, HAI therapy was given in a different way than in the Memorial study and the 
Intergroup study. The German patients received a continuous infusion of 5-FU for 5 d, 
combined with a 15-min infusion of LV at 200 mg/m2/d every 28 d. This was quite different 
than the 14-d infusion of FUDR used in both of the American studies and may also account 
for the difference in results of these three studies.

4.2. Conclusions
The two prospective randomized studies from the United States showed a signifi cant 

benefi t for HAI of FUDR after liver resection both to reduce hepatic recurrence and to 
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prolong recurrence-free survival. New investigations on different systemic drugs and 
combinations need to be completed to try to build on these improvements, so that further 
systemic control can be achieved as well as hepatic control. This may lead to more patients 
who achieve a cure in the setting of hepatic metastases from the combined therapies of 
surgical removal, HAI, and intravenous chemotherapies.
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1. INTRAPORTAL CHEMOTHERAPY

1.1. Rationale of Intraportal Chemotherapy
Metachronous liver metastases are present at the time of initial diagnosis of colorectal 

cancer in approx 25–30% of patients (1). Similarly, the liver is the most common and 
sometimes the only site of distant failure after potential curative surgical resection (2).
Colorectal cancer metastases reach the liver via the portal vein and such dissemination may 
occur preoperatively and intraoperatively. Operative stress and immediate postoperative 
decrease in immune defense, in fact, have been shown in some experimental models to 
improve the survival of malignant cells and to facilitate their growth in the liver (3). Fisher 
and Turnbull discovered tumor cells in the mesenteric venous blood of 32% of patients at the 
time of colorectal cancer resection (4), and in 1957, Dukes found evidence of venous spread 
in 17% of operative rectal cancer specimens (5). Despite continuing controversies, established 
metastases seem to be fed primarily by the hepatic artery, whereas micrometastases are 
likely to depend on the portal venous blood (6,7). Thus, early postoperative regional 
administration of chemotherapeutic agents into the portal vein (resulting in high anticancer 
drug concentrations) might be particularly benefi cial, destroying suspected tumor cells 
in the liver before established tumor growth can take place. Ideally, treatment should be 
commenced shortly after resection of the primary tumor, because micrometastases are more 
sensitive to a given drug due to a shorter cell-cycle time, better accessibility to drugs, and a 
smaller chance of harboring resistance (8,9).

The above-mentioned theoretical advantages of early postoperative intraportal chemo-
therapy have been investigated in animal studies. Intraportal administration of carcinosarcoma 
cells in Walker rats immediately followed by a single injection of meclorethamine via 
the same route resulted in a 50% reduction in liver tumor takes (10). The safety and the 
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pharmacological basis of portal vein infusion (PVI) was subsequently established in 1975 
by Almersjö and co-workers (11).

1.2. Clinical Trials of Intraportal Chemotherapy in Colorectal Cancer
Nonrandomized studies of PVI, using either mechlorethamine (12) or thiotepa (13), were 

undertaken in the 1950s but were abandoned because of concerns about toxicity. The fi rst 
randomized trial to test cytotoxic PVI of fl uorouracil (FU) was initiated in 1975 (7). Two 
hundred forty-four eligible patients with primary stage I to III colon or rectal carcinoma were 
randomly assigned to either surgery alone or to surgery plus a 1-wk continuous infusion of 
FU (1 g/d) administered via a catheter that had been inserted into the portal vein; in addition, 
intravenous heparin (5000 U/d) was given in order to prevent portal vein thrombosis. After a 
median follow-up of 4 yr, 53 patients had died with recurrent disease in the control group and 
25 in the infusion group. The liver was the predominant site of recurrence and its incidence 
was signifi cantly lower in the treatment group (5 vs 22 patients). Similarly, overall survival 
seemed improved in the infusion group, although a subset analysis suggested that this 
advantage was accrued mainly for patients with stage II colon carcinoma.

The Australian and New Zealand Trial evaluated 372 patients with colon cancer ran-
domly allocated to observation alone or to immediate postoperative chemotherapy with
600 mg/m2/d FU × 7 given intravenously or intraportally (14). Exclusion totaled as many 
as 175 patients (47%) for various reasons, including nonmalignant disease, stage I or IV 
tumors, or inadequate follow-up. The incidence of liver metastases was not reported. The 
overall test for survival differences among the three arms was of borderline signifi cance
(p = 0.67), but the pairwise comparisons between the PVI arm and the other two were 
signifi cant (p = 0.04 vs control and p = 0.03 vs systemic therapy). Four-year survival was 
about 35% for controls and 80% for PVI, with the difference being most apparent for patients 
with stage III disease. Mature results of this study to determine the magnitude and duration 
of benefi ts more precisely have not yet been published.

Another study investigating adjuvant intraportal chemotherapy was conducted by the 
Swiss Group for Clinical Cancer Research (SAKK) (15,16). From 1981 to 1987, 505 eligible 
patients with histologically proven adenocarcinoma of the colorectum who were candidates 
for a curative en-bloc resection were randomly allocated to a control or to a chemotherapy 
group, receiving immediate postoperative intraportal continuous infusional 500 mg/m2/d FU 
× 7 with 5000 IU of heparin. On the fi rst day of therapy, a 10-mg/m2 bolus of mitomycin 
C was also administered. After a median follow-up duration of 96 mo (17), the 5-yr disease-
free survival rate was 57% for treated patients compared with 48% for untreated controls
(p = 0.05); the respective values for overall survival were 66% and 55% (p = 0.026). 
Adjuvant therapy reduced the risk of recurrence by 21% and the risk of death by 26%. The 
benefi cial effect was greatest in colon cancer patients with regional lymph node metastases. 
In a subsequent trial of the Swiss group, conducted between 1987 and 1993, surgery alone, 
PVI of FU + mitomycin C, and systemic intravenous FU + mitomycin C were compared: 769 
patients were randomized. Preliminary results of this trial were disappointing, because after a 
median follow-up of 5 yr the signifi cant advantage of PVI observed in the fi rst trial could not 
be confi rmed/reproduced. The 5-yr overall survival for PVI, systemic infusion, and control 
was 68%, 74%, and 72%, respectively (18). The authors believed that the reduced effect 
of chemotherapy in their second trial might be explained by improved surgical treatment 
results. Disease-free and overall survival in the control arm, in fact, were 1.3-fold higher 
compared with the fi rst trial, despite similar inclusion criteria.



Chapter 33 / Intraportal and Intraperitoneal Chemotherapy 613

In 1990, Wereldsma and colleagues published the results of a Dutch multi-institutional 
trial. Three hundred seventeen patients were randomized intraoperatively after curative 
en-bloc resection into one of three arms: surgery alone, intraportal FU plus heparin at the 
same dose, route and schedule as was used by Taylor et al., or urokinase 10,000 U given over 
24 h (19). After a median follow-up duration of 44 mo, the FU/heparin group had a lower rate 
of liver metastases than the other groups. In a multivariate Cox regression analysis correcting 
for stage, tumor site, age, and gender, the chance of developing liver metastases after PVI 
with FU/heparin was one-third of the chance in the control group (p = 0.001). However, the 
decrease in hepatic recurrences did not translate into a survival advantage.

The North Central Cancer Treatment Group (NCCTG) and Mayo Clinic have also reported 
a randomized trial of 224 patients with stage II and III colorectal cancer in which the PVI 
of FU plus heparin (allowing a delay until the fi fth postoperative day) was compared with a 
surgery-alone control group (20). After a median follow-up of 5.5 yr, the frequency of liver 
metastases and the overall survival rate were similar for the two groups.

One of the largest randomized studies investigating the therapeutic concept of periopera-
tive PVI of FU and heparin has been conducted by the NSABP (21). Between 1984 and 
1988, a total of 1158 patients with colon cancer without evidence of metastatic disease have 
been included; they were randomized preoperatively to receive PVI of 600 mg/m2/d FU plus 
heparin 5000 U for 7 consecutive days beginning within 6 h of completion of surgery or no 
treatment. Two hundred seventeen patients were excluded after randomization for stage IV 
or benign disease, and 43 were ineligible for other reasons. After an average time on study 
of 89.7 mo, the 5-yr disease-free survival for patients randomized to surgery alone was 60%, 
compared to 68% for those randomized to FU (p = 0.01). The 5-yr overall survival time in 
the two arms were 71% and 76%, respectively (p = 0.03). Rather, in contradiction to the 
rationale of loco-regional treatment, the benefi cial effects in survival could not be attributed 
to a decrease in the rate of hepatic recurrence. The investigators thought that the advantage 
of treatment was probably related to a systemic effect of FU.

Fielding and co-workers performed a randomized three-group comparison (control, PVI 
of 1 g/d FU plus heparin 10,000 U/d, and PVI of heparin alone) (22). There was no reduction 
in liver metastases or increased overall survival in either active treatment arm of the study. 
In agreement with the fi rst published analysis of the NSABP trial (21), however, after the 
third year of follow-up, a benefi cial effect was noted for the combined treatment in the 
subgroup of patients with stage III tumors. The survival advantage was 16% compared 
with surgery-only controls (p > 0.03). Unfortunately, these encouraging data could not be 
confi rmed in a more recent update of the NSABP results (23) and also seem to contrast with 
the outcome of the recently published studies of the European Organization for Research 
and Treatment of Cancer (EORTC).

After demonstrating the feasibility and safety of PVI of heparin plus FU in a three-group 
randomized pilot trial involving 235 curatively resected colon cancer patients (24), the 
Gastro-Intestinal Tract Cancer Cooperative Group (GITCGG) of the EORTC started another 
randomized controlled multicenter trial: 1235 eligible patients with colon and rectal cancer 
were randomly assigned surgery plus PVI (500 mg/m2 FU plus 5000 IU heparin daily for 7 d)
or surgery alone. As in their pilot project, no difference in terms of disease-free survival at 
5 yr (67% vs 65%), overall survival (73% vs 72%), and the number of patients with liver 
metastases (79 vs 76) were detectable between the control and the PVI groups (25).

A meta-analysis involving about 4000 patients who were enrolled in randomized trials 
initiated before 1987, in which short-term continuous postoperative PVI was compared with 
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no further treatment, has shown that only the fi rst trial found a signifi cant increase in survival 
(23). The remaining nine hypothesis-testing trials yielded an absolute survival difference 
of only 3.6% (p = 0.04). Similarly, in contrast to the highly signifi cant reduction in liver 
metastases seen in the initial study (79% reduction; p = 0.00000007), the reduction found in 
the nine hypothesis testing trials was not signifi cant (14% reduction; p = 0.2). At that time, 
it was concluded that results are encouraging but not defi nitive.

Meanwhile, the available information has been substantially increased by several 
additional above-mentioned trials (Table 1), as well as by preliminary results of the Adjuvant 
X-ray and Infusion Study (AXIS) of the UK Coordinating Committee on Cancer Research 
(UKCCCR). Between November 1989 and December 1997, 3583 patients were randomized 
to PVI of FU plus heparin versus control (26). Additionally, rectal cancer patients could be 
randomized to preoperative or postoperative radiotherapy or no adjuvant radiotherapy. As it 
concerns PVI, the estimated survival benefi t at 5 yr was 2.5%, and the hazard ratio was 0.91 
(p = 0.2) with the benefi t appearing greatest for colon cancer (4.0%). Long-term follow-up of 
this trial and an update of the meta-analysis should provide a defi nitive answer (i.e., be able 
to defi ne reliably the size of any survival benefi t achievable with PVI).

To determine whether the combination of PVI plus systemic iv therapy is superior
to either modality given alone in patients with colon cancer, a randomized trial was
started in 1992 (27). Patients were randomized intraoperatively to PVI of 500 mg/m2/d FU 

Table 1
Prospective Trials of Portal Vein Infusion Chemotherapy

    Hepatic 5-yr
   Eligible recurrence survival
Studies (ref.) Treatment Stage type patients (%)  (%)

Taylor et al. (1985) Control I–III 127 17.3 42
    (7) FU/heparin  117 14.3, p = 0.001 72, p = 0.002
Wereldsma (1990) Control I–III 102 23 64
    (19) FU/heparin  199 17, p = 0.01 72, n.s.
 Urokinase  103
SAKK (1995) Control I–III 253 14.6 55
    (17) FU/MMC/heparin  252 12.3, n.s. 66, p = 0.02
Beart et al. (1990) Control II, III 109 13 68
    (20) FU/heparin  110 15, n.s. 68, n.s.
Wolmark (1990) Control I–III 459 15.9 71
    (21) FU/heparin  442 17, n.s. 76, p = 0.03
Nitti et al. (1997) Control I–III 172 15.3 69
    (24) Heparin  157 22.8 61
 FU/heparin  170 11.4, n.s. 71, n.s.
Fielding et al. (1992) Control I–III 145  77
    (22) Heparin  123  72.7
 FU/heparin  130   n.s. 81.7, n.s.
Rougier et al. (1998) Control I–III 619 12.8 73
    (25) FU/heparin  616 12.5, n.s. 72, n.s.
Laffer et al. (1998) Control I–III   72
    (18) PVI FU/MMC/heparin  769  68
 iv FU/MMC     n.s. 74, n.s.

Note: FU = 5-fl uorouracil; MMC = mitomycin C, n.s. = not statistically signifi cant.

}
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× 7 + heparin, 100 mg/m2 l-leucovorin + 370 mg/m2 FU both given iv on 5 consecutive days 
every 4 wk × 6, or PVI + iv chemotherapy. One thousand ninety-four cases were confi rmed 
as eligible. A preliminary analysis performed at a median follow-up time of 35 mo failed to 
show a signifi cant difference in event-free (p = 0.26) and overall survival (p = 0.18) and, 
thus, any synergism between regional and systemic treatment.

2. INTRAPERITONEAL CHEMOTHERAPY

2.1. Rationale of Intraperitoneal Chemotherapy
Intraperitoneal (ip) delivery of chemotherapeutic agents seems to be a reasonable 

therapeutic strategy in the management of colon cancer for various reasons: First, in addition 
to disease progression through lymphatics and the vascular compartment, the pattern of 
disease spread includes direct involvement of the peritoneal cavity: second-look and autopsy 
assessments, in fact, have demonstrated unsuspected intraperitoneal ± hepatic metastases 
in as many as 45% of patients (28–30). Second, phase I and pharmacokinetic studies with 
various anticancer agents, including the fl uorinated pyrimidines, have demonstrated presence 
of tumoricidal drug doses in the abdominal cavity for a prolonged time after instillation 
(30); using FU or, to a greater extent, fl oxouridine, 200- to 400-fold greater ip areas under 
the curve (AUCs) could be achieved compared with those after intravenous therapy (31,32).
Additionally, FU is a soluble compound of relatively low molecular weight with an 
ideal “tumor penetration profi le” compared to many other cytotoxic agents (33). Third, 
cytotoxic agents delivered into the peritoneal cavity principally exit that compartment 
through the portal circulation. Intraperitoneal drug delivery may thus not only protect 
peritoneal surfaces but also counteract occult metachronous liver metastases by achieving 
high intraportal/intrahepatic drug concentrations: After ip administration of fl uorinated 
pyrimidines, up to 10 times the level of drugs is seen in the portal vein than is noted in 
the peripheral blood (34,35); Archer and co-workers have reported that ip delivery of FU 
produces comparable portal vein pharmacokinetics as direct intraportal vein administration 
(36). Fourth, because of the (desired) high portal and liver extraction rate, drug concentrations 
in the plasma are low, thus reducing the risk of systemic toxicity. Accordingly, the ip route 
permits the use of FU doses as high as 1.5 times those administered intravenously without 
toxicity (34); alternatively, systemic IV chemotherapy can be coadministered in order to 
counteract loco-regional plus systemic micrometastases.

2.2. Clinical Trials of Intraperitoneal Chemotherapy in Colon Cancer
In a small randomized controlled trial involving 66 patients with a high risk of recurrence 

following resection of colon cancer, Sugarbaker et al. investigated the effi cacy of adjuvant 
intraperitoneal FU compared with intravenous administration of the agent (34). In patients 
receiving ip chemotherapy, the tolerable dose of drug was markedly increased without an 
increase in adverse side effects. No difference in disease-free or overall survival was noted 
between the two treatment groups, although there was a signifi cant decrease in the incidence 
of recurrence within the peritoneal cavity in patients treated by the intraperitoneal route 
as documented by second-look surgery. Biopsy-proven recurrent peritoneal carcinomatosis 
occurred in 2/10 vs 10/11 patients in the ip and iv arm, respectively (p < 0.003). This 
favorable local effect did not translate into an important clinical benefit because of 
recurrence/progression in the liver, lymph nodes, and outside the cavity, where there was no 
pharmacokinetic advantage associated with regional drug delivery.



616   Scheithauer

Intraperitoneal FU has also been examined in a nonrandomized trial as adjuvant therapy 
following resection of hepatic metastases from colorectal cancer, with no evidence of benefi t 
compared with a carefully selected historical control population (37). Similarly, in a trial 
examining ip FU in patients with unresectable liver metastases from colon cancer, there was 
no evidence of a benefi t from treatment (38). In an effort to enhance the therapeutic potential 
of regional treatment, ip FU has been administered in combination with leucovorin (39) as 
well as with adjuvant external beam radiation (40). Furthermore, 5-fl uoro-2′deoxyuridine
(FUDR) has been examined for ip administration, both as single agent (41) and in combina-
tion with leucovorin, with a marked pharmakokinetic advantage for cavity exposure being 
observed (42).

2.3. Clinical Trials of Combined Intraperitoneal
and Systemic Intravenous Chemotherapy

A number of clinical investigational efforts have been undertaken to determine the 
therapeutic potential of combined ip and systemic intravenous (iv) chemotherapy. Regional 
FU has been given simultaneously with continuous iv infusion of the drug, taking maximal 
advantage of both routes of delivery (43). In another pilot phase I study, Kelsen et al. 
examined the use of immediate postoperative intraperitoneal fl oxuridine and leucovorin 
in 26 patients with colon cancer and a high risk for developing recurrent disease (44).
Regional therapy was initiated 2–5 d following surgery and was administered twice daily 
for 3 d. Therapy was repeated at 2-wk intervals for a total of three courses. Approximately 
1 mo following the initiation of the ip regimen, patients also received systemic iv FU plus 
levamisole. The regional drug delivery program appeared to be well tolerated, with only 
minor local toxicities. There was no increase in postoperative morbidity and no operative 
mortality. It seems noteworthy that after a median duration of 18 mo, only four patients had 
recurrent disease and there was no documented recurrence within the peritoneal cavity.

The fi rst randomized study of adjuvant combined regional and systemic iv chemotherapy 
in colon cancer was undertaken in Austria (45). Between 1988 and 1990, 121 patients with 
stage III or high-risk stage II (T4N0M0) were randomly assigned for observation (which 
was considered standard care until the NIH consensus conference in 1990) or postoperative 
treatment with 200 mg/m2 leucovorin plus 350 mg/m2 FU both given iv (d 1–4) and ip
(d 1 and 3) every 4 wk for a total of six courses. After a median follow-up time of almost
5 yr, results suggested an improved disease-free (75% vs 58%; p = 0.06) and overall survival 
(78% vs 63%; p = 0.05) in favor of adjuvant treatment. A reduced rate of locoregional and 
intrahepatic tumor recurrences was noted in the experimental arm, with the benefi t appearing 
greatest in patients with stage III disease. Treatment-associated toxicity was infrequent and 
generally mild, with only 5% experiencing severe (WHO grade III) adverse reactions.

Based on the encouraging results, a second confi rmatory trial of this particular combined 
ip/iv treatment regimen was initiated (46): The surgery-alone control arm of the former 
study was replaced by “standard chemotherapy” with FU/levamisole given for a duration 
of 6 mo. A total of 241 patients, again with resected stage III or high-risk stage II colon 
cancer, were enrolled. After a median follow-up duration of 4 yr, both an improvement in 
disease-free survival (p = 0.0014) and a survival advantage (p = 0.0005), with an estimated 
43% reduction in mortality rate in favor of the investigational arm was noted among the 
196 patients with stage III tumors. The sample size of patients with stage II disease was 
considered much too small to elucidate such effect. In agreement with its theoretical
concept and the results of the previous trial, ip/iv FU/LV was particularly effective in 
reducing locoregional (9 vs 25) tumor recurrences and, to a lesser degree, also intrahepatic 
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(14 vs 23 patients) recurrences. The superior treatment effect when compared to most PVI 
studies was thought to be related to use of a more effective cytotoxic drug regimen using 
biochemical modulation of FU, the additive effects of ip plus iv drug administration, as well 
as the much longer duration of cytotoxic treatment (i.e., 180 rather than 5–7 d, as generally 
used in trials of adjuvant PVI).

The therapeutic potential of a short-term perioperative ip and iv FU regimen was investi-
gated in a very recently published multicenter randomized trial (47). Two hundred sixty-
seven patients with stages II and III colon cancer either received iv 1 g FU intraoperatively, 
followed by ip 600 mg/m2/d FU × 6 on d 4–10, or just underwent resection alone. Survival 
curves were superimposed during the fi rst 3 yr and began diverging thereafter. Five-yr overall 
survival rates, however, were not signifi cantly different (74% vs 69%). A benefi cial effect 
was only noted in terms of disease-free survival in patients with stage II cancers (89% vs 
73%; p = 0.05). The authors concluded that perioperative ip/iv short-term chemotherapy 
should be combined with prolonged systemic treatment to reduce both local and distant 
recurrences.

This treatment strategy is currently being investigated in the EORTC trial 40911, in 
which 1850 patients with resected Astler–Coller Stage B2/C colorectal cancer have been 
entered until thus far. In this double randomized study, patients are randomly assigned to 
receive or not receive early adjuvant regional chemotherapy (either PVI or ip FU, which is 
left to the investigators’ discretion) plus long-term adjuvant systemic chemotherapy (with 
FU/levamisole or FU/L-leucovorin). The major study objective is to compare overall and 
disease-free survival and recurrence rates in patients receiving early postoperative regional 
therapy prior to systemic treatment vs those who receive only systemic therapy.

2.4. Other Clinical Experiences with Intraperitoneal Therapy
Sugarbaker and co-workers have reported extensive experience with multiagent hyper-

thermic intraoperative intraperitoneal chemotherapy (HIIC) following aggressive surgical 
resection of pseudomyxoma peritonei (see Chapter 22) (48). A similar intensive combined-
modality approach has also been used by this study group for the treatment of peritoneal 
carcinomatosis from colon cancer with excellent long-term disease-free and overall survival 
results in a subset of these patients. It remains uncertain, however, what role ip treatment 
played in the therapeutic outcome. Patients selected for this aggressive local–regional 
therapeutic approach may not be comparable to other individuals affected by this disease 
because of potentially more favorable biologic features and differences in performance 
status and other prognostically important factors. Furthermore, survival might have been 
improved by debulking/cytoreductive surgery itself rather than subsequent hyperthermic 
ip chemotherapy (49). Because HIIC can be associated with substantial morbidity even in 
experienced hands (50), this intensive therapeutic strategy remains clearly investigational 
and warrants further investigation in well-designed controlled clinical trials.

3. CONCLUSIONS

Adjuvant regional chemotherapy in colorectal cancer, either in the form of perioperative 
portal vein infusion or of intraperitoneal drug administration, has a profound rational. With 
approx 10,000 patients having been involved in various randomized studies, the former 
approach has already undergone extensive clinical evaluation. Although an updated meta-
analysis is not yet available, accumulating data including the results of several recently 
reported large multicenter studies suggest that the size of any survival benefi t associated 
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with PVI must be very small, apparently even if combined with conventional postoperative 
iv chemotherapy (27). One possible explanation for the lack of a more successful realization 
of this theoretically appealing therapeutic concept may be that PVI regimens should have 
been optimized fi rst, before attempting to reproduce encouraging pilot data obtained with an 
empirical regimen. For example, prolonging the duration of treatment, increasing the dose, 
and/or use of combined administration of FU with biomodulators or other drugs might have 
resulted in an improved therapeutic outcome. This and other questions remain unanswered 
unless readdressed and reanalyzed reliably in additional randomized trials, which, however, 
again would require several thousands of patients.

As it concerns intraperitoneal ± systemic intravenous chemotherapy, only a few studies 
have been reported until today. Therapeutic results in resected high-risk colon cancer are 
encouraging, although the study population seems too small to draw any fi rm conclusions. 
Thus, clearly, further large multicenter trials will be necessary to determine the true benefi ts 
of ip treatment with or without systemic chemotherapy. To avoid the above-mentioned 
potential problem associated with PVI, additional preclinical and clinical studies in order to 
defi ne the best suited ip ± iv regimen should be encouraged. Important questions are related 
to the most effective and best tolerated drug or combination to be used for ip administration 
[FU/leucovorin, fl oxouridine with its higher fi rst-pass extraction by the liver, or irinotecan, 
which has recently been shown to be highly effective in mouse models for counteracting 
peritoneal seeding and liver metastases (51)], improved drug delivery systems [such as the 
novel polymeric carrier solution icodextrin that seems to allow safe and prolonged ip infusion 
of chemotherapeutic drugs (52)], prevention of potential acute and long-term complications 
(e.g., risk of infection, adhesion formation), as well as defi nition of the optimal infusion 
volume and duration of treatment.
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1. INTRODUCTION

A major obstacle to successful treatment of gastrointestinal (GI) cancer with chemotherapy 
has been that the majority of tumors prove to be intrinsically resistant to the drugs. The 
commonly used drug 5-fl uorouracil (5-FU), for example, when used as a single agent against 
colorectal cancer causes tumor shrinkage that would be classifi ed as a response in only about 
20–25% of patients (1,2). Thus, the majority of patients not only do not derive any benefi t 
from this drug, but the treatment often does direct harm to the patient in the form of severe 
toxicity to normal tissues. Nevertheless, without the ability to predict who will or will not 
respond in advance of the treatment, there has been no recourse but to place all patients 
suffering from cancer into standard treatment protocols with the full knowledge that many, if 
not most, will have an unsatisfactory outcome from the treatment.

The major strategy for overcoming the limitations of chemotherapy has been to develop 
new drugs that might elicit a higher response rate. This approach has been ongoing for a 
long time at much effort and expense, but only recently have some new drug combinations 
such as 5-FU and CPT-11 (3) or 5-FU plus oxaliplatin (4,5) been found to elicit signifi cantly 
higher response rates than 5-FU alone. The 5-FU/CPT-11 combination, which produces a 
modestly longer survival than 5-FU/LV (leucovorin) alone, has recently become the “most
common standard treatment” for colorectal cancer in the United States. To date, no one drug 
or combination of drugs has yet to come close to producing a response in all patients.

Another strategy for increasing response rates to chemotherapy is based on the theory 
that tumors are sensitive or resistant because they have different expressions of biochemical 
response determinants for a drug. Therefore, the effi cacy of the drug should be improvable 
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by manipulating the biochemistry of the tumor cells in the appropriate manner (6). The 
best known example of biochemical modulation is the use of leucovorin along with 5-FU, 
which increases the inhibition of the target enzyme thymidylate synthase by the active 
metabolite FdUMP (7,8). Overall, this approach, although attractive in theory, has had 
limited success to date.

A third approach for improving cancer treatment, which is just in its infancy, is to attempt 
the prediction of tumor response by measuring biochemical response determinants in each 
patients’ tumor tissue prior to treatment, so that patients judged as probable nonresponders 
to a drug could then be given alternate therapy immediately. The principal hypothesis behind 
this approach is that interindividual variations in responses and toxicities are the result of 
genetic alterations in drug-metabolizing enzymes and/or drug target gene expression. 
Thus, provided (1) that a number of different agents are available for a particular tumor 
type and (2) that sensitivity determinants can be identifi ed for each agent and analyzed in 
patients, it should be possible to get a very high response rate by tailoring the chemotherapy 
to fi t the chemosensitivity profi le of the individual tumor. The recent development of 
ultrasensitive analytical technologies such as real-time polymerase chain reaction (PCR), 
immunohistochemistry, and DNA array chips makes it realistic to consider implementing 
the concept of tumor response prediction.

In the case of colorectal cancer, 5-FU-based therapy, either with 5-FU as a single agent 
or in combination with other drugs, has been a mainstay of the treatment for over 40 yr 
and serves as a paradigm. In this review, we will describe recent work on the prediction of 
tumor response to 5-FU-based therapy and how it has been developed using newly available 
technology, taking into account current knowledge of molecular mechanisms of resistance 
and sensitivity to the drug.

2. RESPONSE DETERMINANTS TO 5-FU-BASED THERAPY

2.1. Metabolism and Mechanism of 5-FU
Identifi cation of candidate response determinants requires a knowledge of the mechanism 

of action of drugs, their intracellular targets, and metabolic and anabolic pathways. In the case 
of 5-FU, over 40 yr of work has elucidated its complex metabolic pathway, which involves 
multiple-step conversion to the nucleotide forms as well as several different potential sites of 
activity. This has been well described in previous reviews (8,9). The main route of activation 
appears to be through direct transfer of a ribosephosphate group to 5-FU mediated by the 
enzyme orotate phosphoribosyltransferase to give 5-fl uorouridine-5′-phosphate (FUMP). 
Ribonucleotide reductase then converts FUMP to the deoxyribonucleotide FdUMP, the 
tight-binding inhibitor of thymidylate synthase (TS). The other route of conversion of 5-FU 
to FdUMP is via the deoxyribonucleoside 5-fl uoro-2′-deoxyuridine (FdUrd), catalyzed 
by the enzyme thymidine phosphorylase. FdUrd is then phosphorylated to FdUMP by 
thymidine kinase.

The major mechanism of 5-FU cytotoxicity is considered to be its inhibition of TS, 
resulting in deprivation of thymine nucleotides for DNA synthesis, leading to eventual DNA 
fragmentation and cell death (7). However, several secondary mechanisms are possible. 
Because the ribonucleotide of 5-FU, FUTP, is incorporated into RNA, an RNA-directed 
toxicity has been proposed, although its exact nature is still not well defi ned. The main piece 
of evidence for an RNA-directed pathway of 5-FU activity is indirect and is based largely on 
the observation that thymidine, which should circumvent a blockage of TS, does not usually 
rescue cells from 5-FU cytotoxicity (9). There is some evidence that RNA splicing may 
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be impacted by incorporated 5-FU residues. 5-FU is also incorporated into DNA by way 
of its deoxyribonucleotide FdUTP. This can result in DNA fragmentation because of the 
enzyme uracoyl-DNA glycosylase, which searches for and removes uracil (and thereby 
also 5-FU) residues from DNA (1). The enzyme dUTPase cleaves FdUTP back to FdUMP, 
thereby protecting DNA from 5-FU incorporation. In the catabolic pathway, the enzyme 
dihydropyrimidine dehydrogenase (DPD) reduces 5-FU to dihydro 5-FU, which is the 
fi rst and rate-limiting step for eventual degradation of 5-FU to fl uoro-β-alanine (10). An 
appreciable number of other enzymes are involved in 5-FU metabolism and activity, but the 
bulk of the data implicates those listed above as the main candidate biochemical determinants 
of 5-FU activity. In the next sections, we will summarize the work that has been done to 
identify mechanisms of resistance to 5-FU in colorectal tumors.

3. GENE EXPRESSION MEASUREMENTS IN COLORECTAL CANCER

Tumor response prediction requires the analysis of the appropriate biochemical response 
determinants in pretreatment biopsies, which could be available either in the form of 
fresh–frozen tissue or formalin-fi xed paraffi n-embedded (FFPE) specimens. Thus, traditional 
methods of measuring enzyme activities or metabolite levels, which depend on the avail-
ability of a fairly large amount of fresh tissue, generally would not be feasible. However, the 
application of quantitative PCR to this problem made it possible to measure gene expressions 
in pretreatment biopsy specimens with great sensitivity and accuracy. In order to begin 
studies in this area, we developed a quantitative reverse transcription (RT)–PCR method (11)
in which the gene of interest in a sample is amplifi ed along with an internal reference gene, 
such as β-actin. The reference gene is selected on the basis that its expression is expected 
to remain at a reasonably constant (constitutive) expression level and thus should represent 
the cell number in the specimen as well as the total amount of RNA successfully isolated 
from the specimen. To obtain the gene expression values, the amount of the amplifi ed PCR 
product of the gene of interest formed within the exponential phase of the PCR amplifi cation 
is divided by that of the internal reference gene, thus giving the data in the form of a unitless 
ratio. Comparing the ratios between the gene of interest and the reference gene in different 
specimens gives the relative expressions of the gene of interest in those specimens. Recently, 
real-time PCR technology has been developed that uses this same principle, but instead of 
laborious gel electrophoretic separation of PCR products, it uses a the release of fl uorescent 
probes at each PCR cycle to quantitate the amounts of PCR products (12). This methodology 
has made quantitative PCR much more rapid and convenient and has made large-scale 
studies possible.

3.1. TS Gene Expression and Response to Protracted Infusion 5-FU/Leucovorin
Most of the work in the area of tumor response prediction to 5-FU-based therapy has 

centered on the target enzyme TS in colorectal cancer. In vitro work with cell lines had shown 
that acquired resistance to fl uoropyrimidines, in spite of numerous possible mechanisms of 
resistance that could be envisaged from the metabolic chart, was most often accompanied 
by the elevation of TS levels as a result of gene amplification (13). This observation 
demonstrated that drug resistance could be effectively attained by increasing the amount of 
the drug’s target in the cell and led to the hypothesis that if untreated tumors had variable 
expressions of TS, the ones with the highest levels should be more resistant to 5-FU. This 
hypothesis was tested by measurement of TS gene expression (mRNA levels) by means of 
RT-PCR in pretreatment tumor biopsy specimens.
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Leichman et al. (14,15) carried out a prospective clinical trial to correlate response with 
TS gene expression determined by RT-PCR in pretreatment biopsies from 42 measurable 
disseminated colorectal cancer treated with a 5-FU leucovorin protocol. All of the biopsies 
were from metastatic sites, mostly in the liver. In this group, 12 patients responded to the 
treatment and 34 patients were characterized as nonresponding, with 12 of these exhibiting 
stable disease and 22 who progressed immediately. The results are plotted in Fig. 1. There 
were two important results from this study: (1) a large overall range of TS gene expressions 
among these tumors of over 50-fold, which was necessary to have in order to be able to 
make correlations with clinical outcome, and (2) strikingly different ranges of TS gene 
expressions between responding and nonresponding tumors. The range of TS values of the 
responding groups (0.5–4.1) was narrower than that of the nonresponding groups (1.6–23),
with the result that there was a “nonresponse cutoff” of TS expression above which there 
were nonresponders. Thus, patients with TS expression above this “nonresponse” cutoff 
could be positively identifi ed as nonresponders prior to therapy. Dividing the “no response”
classifi cation, which includes all responses with <50% tumor shrinkage, into progressing 
(>25% increase) and nonprogressing (<50% shrinkage, no change, or <25% increase) 
categories showed that the progressing tumors had the highest TS values. Thus, high TS 
expression identifi es especially resistant tumors.

In colorectal cancer, tumor response to chemotherapy generally is associated with longer 
survival (16). In this case also, as shown in Table 1, survival of colorectal patients that 
showed a response (i.e., had low TS) was over threefold longer than for those that had 
disease progression.

3.2. TS Expression and Response in Hepatic Artery Infusion
Analysis of TS gene expression was also carried out at the University of Ulm in a set 

of colorectal cancer patients with liver metastases treated with 5-FU-based chemotherapy 

Fig. 1. TS gene expressions as a function of response of colorectal tumors treated with 5-FU/LV.
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administered by hepatic artery infusion (HAI) (17). All TS expression factors were remark-
ably similar to those of the set of tumors described in the previously cited study. TS 
expression values varied over a range of 135-fold and the median TS expression was 3.0. In 
spite of the fact that other drugs were included along with 5-FU, the nonresponse cutoff of 
TS expression was 4.2 compared to the value of 4.1 found previously for 5-FU as a single 
agent. Patients with TS levels below 4.2 were fourfold more likely to respond compared 
to patients with TS levels above this value. This study also showed that the highest TS 
values were associated with tumors that progressed under the therapy. Responding patients 
in this group also had a higher probability of survival (23.5 mo) compared to high-TS 
nonresponding patients (16.8 mo). In the case of HAI, an additional incentive for identifying 
nonresponsive patients is to avoid the surgery for device implantation.

3.3. TS Expression in Metastases of Colorectal Cancer
Gorlick et al. (18) measured TS expression in colorectal cancer metastases to the lung 

and the liver of patients. Figure 2 shows that TS expression was substantially higher in 
each of the lung metastases, which are known to be particularly refractory to treatment. The 
DNA refers to quantitation of the TS gene copy number relative to actin in the genomic 
DNA, indicating that transcriptional regulation rather than gene amplifi cation is primarily 
responsible for the increase in TS mRNA levels.

3.4. p53 Status as a Marker for Response to 5-FU
One of the normal biological roles of the tumor suppressor p53 is to sense DNA damage 

and either initiate repair or trigger the apoptotic pathway when there is a suffi cient level of 
damage to the cell. Earlier studies have shown that inactivation of p53 by mutation, deletion, 
or suppression results in cells being more resistant to many different agents, including 5-FU, 
cisplatin, and radiation (19). Ju et al. (20) showed this directly by transfecting wt p53 into 
HL-60 cells and fi nding that the transfected cells became signifi cantly more sensitive to 
5-FU and FdUrd. Lenz et al. (21) tested whether the p53 was a response determinant for 
colorectal tumors treated with 5-FU/LV. The p53 status in 38 tumors was established by 
sequencing the p53 gene and by IHC staining with antibody DO-7. The data from this study, 
summarized in Table 2, show a lower response rate among tumors with mutant p53 than with 
wt p53. Interestingly, the p53 status appeared to be associated with TS expression: tumors 
with wt p53 had over a threefold lower average TS expression than among those with altered 
p53. Thus, it is not clear whether the better response rate of wt p53 tumors is the result of the 
activity of p53 or to lower TS levels. Most of the mutations were in the known “hotspots,”
with G273A being the most common mutation. This particular p53 mutant has demonstrated 
strong transactivating activity toward a p53 consensus binding sequence controlled CAT 
reporter gene (22,23). All seven tumors with G273A had lower TS gene expression than in 
tumors with other p53 mutations.

Table 1
Survival of Colorectal Cancer Patients as a Function of Response Category and TS Expression

Response category TS median and range Median survival (mo)

Response 2.1 (0.5–3.5) 20
Minimal or no change 4.5 (1.6–9.4) 10
Progression 8.0 (0.3–23) 16
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The relationship between wt p53 and TS expression was also confi rmed by Lenz et al. 
(24). The original purpose of this study was to determine the association of tumor TS content 
and p53 status with recurrence, but in this case, instead of gene expression determinations, 
tumor biopsy specimens were IHC stained for contents of TS with antibody TS 106 and p53 
with antibody DO-7. Recurrence was signifi cantly associated with both high-intensity TS 
staining and with positive staining for p53. Although those tumors with both high TS and 
p53 overexpression had the highest probability of recurrence (85%), the relative risk from 
combining the two determinants was only slightly higher than for either one alone (6.0), 
indicating that p53 and TS expression are not independent risk factors. Indeed, of the 16 
tumors that revealed high TS protein expression, 13 also had p53 overexpression in the same 
tumor sections, indicating a strong association between the p53 nuclear overexpression and 
the cytoplasmatic TS staining (Table 3).

Fig. 2. TS gene expressions in primary, liver metastases, and lung metastases of colorectal cancer.

Table 2
Summary of Results for p53 Status, Tumor Response, and TS Expression

  Altered
 wt p53 p53

Number  10/38 28/38
    (percentage) (26%) (74%)
Response to 5-FU/LV 5/10 (50%) 5/28 (18%)
Mean TS expression 1.9 7.1
     (p = 0.035)
Range of TS expression 0.5–6.3 0.3–39.1
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3.5. Thymidine Phosphorylase
Thymidine phosphorylase (TP), which catalyzes the interconversion of thymine and 

thymidine using deoxyribose-1-phosphate as the second substrate, has been associated with 
fl uoropyrimidine chemotherapy for over 30 yr. Early interest in TP centered on the design of 
inhibitors of this enzyme, because TP was thought to degrade the powerful drug FdUrd to the 
less potent 5-FU (25). However, in vitro work has shown that TP can increase the potency of 
5-FU by converting it to FdUrd in the presence of deoxyribose donor molecules (26,27). In 
order to determine the role of TP in tumor response to 5-FU, Metzger et al. (28) measured 
TP gene expression in colorectal tumors treated with 5-FU/leucovorin. Unexpectedly, a 
pattern similar to that of TS expression was obtained; that is, higher levels of TP, instead of 
causing the tumors to be more responsive by activating the 5-FU to FdUrd, were actually 
associated with nonresponding tumors. This was explained on the basis that TP is also a 
angiogenic molecule, known in that role as platelet-derived endothelial cell growth factor 
(PD-ECGF) (29), and therefore that high levels of TP may simply identify more aggressive 
and drug-resistant tumors. TP and TS gene expressions were shown to be independently 
regulated, and an important fi nding from this study was that if TP and TS were combined 
as response indicators, a much higher response prediction could be obtained. These data 
showed that whereas low TS expression (<4.1) predicts a response rate of 50%, patients with 
low TS and low TP (<18) could expect an 80% response rate.

3.6. Dihydropyrimidine Dehydrogenase
As discussed earlier, dihydropyrimide dehydrogenase (DPD) is a catabolic enzyme 

which reduces the 5,6 double bond of 5-FU, thus inactivating it as a cytotoxic agent. A 
number of previous studies had shown that DPD levels in normal tissues could infl uence 
the bioavailability of 5-FU, and thereby its pharmacokinetics and anti-tumor activity (30).
Evidence had been presented in earlier studies that DPD levels in tumors are also associated 
with sensitivity to 5-FU (31,32). Salonga et al. (33) investigated gene expression of DPD 
as a response determinant for 5-FU/leucovorin in the same set of tumors in which TS and 
TP had already been determined. As with TS and TP, the range of DPD expression among 
the responding tumors was relatively narrow (0.6–2.5, 4.2-fold) compared with that of the 
nonresponding tumors (0.2–16, 80-fold). There were no responding tumors with a DPD 
expression > 2.5. Furthermore, DPD and TS expression values showed no correlation, 
indicating that they were independently regulated. Among the group of 12 tumors having 
both TS and DPD expressions below the respective nonresponse cutoff values, 11 were 
responders and only 1 was a nonresponder to 5-FU/LV, equivalent to a 92% response rate. 
The one tumor not predicted by TS and DPD was identifi ed as a nonresponder by a high TP 
expression above its cutoff of 18. Thus, all of the responding tumors could be identifi ed by 

Table 3
Association Between IHC Staining for p53 and TS in Tumors

from 44 Patients with Stage II Colon Cancer

 p53 positive p53 negative Number of patients

High TS staining (≥2) 13 (81%) 13 (19%) 16
Low TS staining (≤1) 15 (18%) 23 (82%) 28
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low expression values of DPD, TS, or TP, as summarized in Table 4. These data dramatically 
illustrate how combining more than one independent response determinant can increase the 
predictive power for clinical outcome.

Figure 3 is a graphical illustration of these data. Two striking observations emerge from 
an inspection of this graph: (1) The transition from responding to nonresponding tumors is 
accompanied by substantial disregulation of gene expression and (2) all of the tumors are 
quite different as to the pattern of expression of these three marker genes.

3.7. Alternative Treatments to 5-FU: CPT-11
The question can be raised of whether a high TS level in a tumor specifi cally predicts for 

resistance to 5-FU or if it is an indication of a generally refractory, multidrug resistant tumor. 
The alternative drug CPT-11 (irinotecan) is now available for treatment of colorectal cancer 
patients. CPT-11 is converted in vivo to an active form called SN-38, which then binds to 
the “cleavable complex” of topoisomerase I (topo I) and DNA (34). SN-38 stabilizes the 
enzyme within the cleavable complex and inhibits the religation step, resulting eventually in 
single-strand DNA breaks (34). The data in Fig. 3 show that four tumors with TS expression 
levels that would put them into the group not expected to respond to 5-FU or, indeed, have 
already been treated and have failed 5-FU, do respond to CPT-11 (35). In fact, preliminary 
results form this laboratory suggest that high TS patients may even be predisposed to respond 
better to CPT-11: Among a group of patients that had failed 5-FU, the response rate of low 
TS (TS < 4.1) tumors to CPT-11 (as a single agent) was 15% (10/59), but the response rate of 
high TS tumors (TS > 4.1) was 43% (16/37) (Danenberg, unpublished results). One possible 
explanation for this observation is that the expressions of topo I and TS are coregulated. In 
that case, tumors with high TS would also tend to have high topo I. This should, in theory, 
increase the sensitivity of the tumors to CPT-11 because a greater number of potential topo 
I–DNA cleavable complex binding sites for CPT-11 would increase the possibility of DNA 
strand-breakage events. In fact, topo I activity was found to be higher in ovarian cancer 
patients responding to CPT-11 than in nonresponders (36). The coregulation of TS and topo 
I may be mediated through the transcription factor protein E2F, which is thought to regulate 
the transcription of a number of genes involved in DNA synthesis (37). In vitro studies 
have shown that transfection of the E2F gene into cells increased the levels of TS (38).
These cells acquired resistance to 5-FU because of the higher TS level but, interestingly, 

Table 4
Summary of Response Data for Tumors with Different Expressions of DPD, TS and TP Genes

 No. of No. of p-Value
Gene expression status responding nonresponding (Fisher’s two-tail
(values × 10–3) patients patients exact test)

DPD < 2.5 (n = 22) 11 11 0.0051
DPD > 2.5 (n = 11) 10 11
DPD < 2.5, TS < 4.1, 11 10 0.0001
    and TP < 18 (n = 11)
DPD > 2.5 or TS > 4.1  10 22
    or TP > 18 (n = 22)
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were more sensitive to CPT-11. The in vivo connection between TS and E2F is confi rmed 
by a recent study (39) showing that E2F expression, just as TS expression, was elevated in 
pulmonary metastases of colorectal cancer and that the E2F and TS expressions correlated 
very closely in this tissue.

4. COLORECTAL CANCER CHEMOSENSITIVITY
DETERMINANTS STUDIED BY IHC

4.1. TS Protein Expression and Response to 5-FU/LV
The development of TS-specifi c monoclonal antibody TS 106 by investigators at the 

National Cancer Institute (40) made it possible to detect femtomolar amounts of TS 
protein and to carry out correlative studies of TS protein content of tumors and response to 

Fig. 3. Normalized TS, TP, and DPD gene expressions in advanced colorectal tumors as a function of 
response to 5-FU/LV.

Fig. 4. TS gene expression as a function of response to 5-FU/LV (left panel) and to CPT-11 (right panel).
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fl uoropyrimidines. In general, the results of measuring TS protein expression and TS gene 
expression have led to similar conclusions.

The fi rst study using TS 106 to assess the association of TS protein level with chemo-
therapeutic benefi t was carried out by Johnston et al. (41) in rectal cancer patients given 
either adjuvant treatment with 5-FU-based chemotherapy or no treatment. The results of 
this study showed that 38% of patients with high TS were disease-free after 5 yr when 
treated with chemotherapy compared to 17% of high TS patients treated with surgery alone, 
whereas in the low TS group, there was no difference in survival between the two groups. 
This result appears at fi rst somewhat puzzling because, although TS expression was found to 
be an independent prognostic factor of disease-free survival (and overall survival), the effect 
seems to be the opposite of what might be predicted (i.e., that chemotherapy with 5-FU 
would have the greatest effect on patients with low TS tumors). The explanation for this 
observation probably lies in the fact that low TS patients overall with or without adjuvant 
therapy had such a dramatically better 5-yr disease-free survival than the high TS patients 
(49% vs 27%, respectively) that the administration of the drugs was not able to improve on 
an already optimal survival situation. A later study (42) confi rmed that TS protein expression 
in rectal cancer was an independent prognostic factor for local recurrence, distant metastases 
disease-free survival, and overall survival in rectal cancer. Again, patients with low TS had a 
signifi cantly better outcome than those with high levels of TS protein.

Thymidylate synthase protein expression was also shown to be a predictor of response 
of colorectal tumors to 5-FU-based therapy. Davies et al. (43) studied the association of 
colorectal liver metastasis staining for TS expression with antibody TS 106 with response to 
hepatic artery infusion (HAI) of FdUrd (fl oxuridine) infusion. TS staining intensity in this 
study was designated at only two levels: “low” or “high.” The TS protein level was found 
to be associated with tumor response: 75% of patients with partial response had low TS 
compared to 29% of nonresponders. Among low TS patients, there were 9/16 responses, 
but only 3/20 among high TS staining tumors. Thus, although a statistically signifi cant 
difference was seen in response rates among low and high TS staining tumors, these results 
nevertheless indicate that IHC staining cannot be used to reliably identify nonresponding 
patients on an individual basis because some tumors with high TS will be found among 
the responders.

Paradiso et al. (44) performed a study to determine the association of TS protein expression 
and p53 status with response of advanced colorectal tumors to chemotherapy with 5-FU 
modulated by methotrexate (MTX) (an example of the biochemical modulation approach 
mentioned in Section 1.). Objective responses occurring in 30% of the tumors staining 
negatively for TS had objective responses compared to 15% of tumors staining positively. In 
contrast to the previously cited study of Lenz et al. (21,24), no relationship was seen solely 
between p53 status and tumor response. The response rate was 20% in tumors that stained 
positively for p53 and 23% in negatively staining tumors. However, when both TS and p53 
status were combined, a dramatic improvement in tumor response prediction resulted: the 
response rate for p53-positive–TS-positive tumors was 7%, whereas for p53-positive–TS-
negative tumors, it was 46%.

McKay et al. (45) obtained somewhat different results, at least with regard to TS. They 
employed an enrichment approach to the identifi cation of tumor response markers. They 
selected the best and worst responders to a standard 5-FU/LV regimen from a population 
of cancer patients, such that a signifi cantly different survival could be expected for these 
defi ned patient groups. Examination of a panel of candidate response determinants in 
metastatic deposits showed that bcl-2 status correlated with clinical response, whereas no 
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clear association was seen between response and a number of other factors, including p53, 
TP, TS, Dukes’ stage, or histological grade.

In a subset of the colorectal tumors studied by Leichman et al. (14), TS protein was also 
analyzed by IHC staining with monoclonal antibody TS 106. There was a good correlation 
(r2 = 0.6) between TS gene expression and TS protein when the latter was measured by 
Western blot analysis of tumor tissue lysates (41). However, the correspondence of gene 
expression values with IHC staining of the corresponding FFPE specimens was not as good. 
Even in the small set of tumors studied, there were several cases in which no immunostaining 
was detected, even though the tumors showed both TS gene expression and TS protein 
detected by Western blotting. These results suggest that, in some cases, IHC staining for 
TS content can give false-negative results, and support the conclusion stated earlier that 
caution is indicated for using this methodology in making tumor response predictions on 
an individual basis.

5. SUMMARY

The approach of tumor response prediction prior to therapy by measuring tumor response 
determinants has been “built in” into the clinical protocol in only one published case—that of 
her2-neu expression as a marker for treatment of breast cancer with herceptin (46). However, 
the work summarized here adequately demonstrates that it is possible to predict response 
to other drugs as well. The clinical implementation of this approach should be pursued 
vigorously in the interest of presenting the optimal treatment options for all patients.
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1. INTRODUCTION

Patients with colorectal cancer are heterogeneous in their experience of pain and symptom 
distress. Clinicians who care for these patients must be prepared to manage a diverse 
spectrum of problems, ranging from the treatment of acute procedure-related pain to the 
management of chronic unremitting pain in patients with advanced disease (1). Although 
established analgesic strategies can benefi t most patients, undertreatment is common.

Surveys indicate that pain is experienced by 30–60% of cancer patients during active 
therapy and more than two-thirds of those with advanced disease (2). This has been 
corroborated in a series of recent studies which identifi ed a pain prevalence of 28% among 
patients with newly diagnosed cancer (3), 50–70% among patients receiving active anti-
cancer therapy (4,5) and 64–80% among patients with far advanced disease (6–8).

Unrelieved pain is incapacitating and precludes a satisfying quality of life; it interferes 
with physical functioning and social interaction, and is strongly associated with heightened 
psychological distress. Persistent pain interferes with the ability to eat (9), sleep (10,11),
think, and interact with others (12,13) and is correlated with fatigue in cancer patients (14).
The presence of pain can provoke or exacerbate existential distress (15) disturb normal 
processes of coping and adjustment (16) and augment a sense of vulnerability, contributing 
to a preoccupation with the potential for catastrophic outcomes (16).

The high prevalence of acute and chronic pain among cancer patients, and the profound 
psychological and physical burdens engendered by this symptom, oblige all treating 
clinicians to be skilled in pain management (17–21). Relief of pain in cancer patients is an 
ethical imperative and it is incumbent upon clinicians to maximize the knowledge, skill, and 
diligence needed to attend to this task.
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The undertreatment of cancer pain, which continues to be common (19,22), has many 
causes, among the most important of which is inadequate assessment (23,24).

2. APPROACH TO CANCER PAIN ASSESSMENT

Assessment is an ongoing and dynamic process that includes evaluation of presenting 
problems, elucidation of pain syndromes and pathophysiology, and formulation of a 
comprehensive plan for continuing care. The objectives of cancer pain assessment include 
(1) the accurate characterization of the pain, including the pain syndrome and inferred 
pathophysiology and (2) the evaluation of the impact of the pain and the role it plays in 
the overall suffering of the patient.

This assessment is predicated on the establishment of a trusting relationship with the 
patient in which the clinician emphasizes the relief of pain and suffering as central to the 
goal of therapy, and encourages open communication about symptoms. The prevalence of 
pain is so great that an open-ended question about the presence of pain should be included at 
each patient visit in routine oncological practice. If the patient is either unable or unwilling 
to describe the pain, a family member may need to be questioned to assess the distress or 
disability of the patient.

2.1. Pain Syndromes
Cancer pain syndromes are defi ned by the association of particular pain characteristics 

and physical signs with specifi c consequences of the underlying disease or its treatment. 
Syndromes are associated with distinct etiologies and pathophysiologies, and have important 
prognostic and therapeutic implications. Pain syndromes associated with cancer can be 
either acute (Table 1) or chronic (Table 2). Whereas acute pains experienced by cancer 
patients are usually related to diagnostic and therapeutic interventions, chronic pains are 
most commonly caused by direct tumor infi ltration. Adverse consequences of cancer therapy, 
including surgery, chemotherapy, and radiation therapy, account for 15–25% of chronic 
cancer pain problems, and a small proportion of the chronic pains experienced by cancer 
patients are caused by pathology unrelated to either the cancer or the cancer therapy.

2.2. Pain Characteristics
The evaluation of pain characteristics provides some of the data essential for syndrome 

identifi cation. These characteristics include intensity, quality, distribution, and temporal 
relationships.

2.2.1. INTENSITY

The evaluation of pain intensity is pivotal to therapeutic decision-making (25,26). It 
indicates the urgency with which relief is needed and infl uences the selection of analgesic 
drug, route of administration, and rate of dose titration (25).

2.2.2. QUALITY

The quality of the pain often suggests its pathophysiology. Somatic nociceptive pains are 
usually well localized and described as sharp, aching, throbbing or pressure-like. Visceral 
nociceptive pains are generally diffuse and may be gnawing or crampy when resulting 
from obstruction of a hollow viscus, or aching, sharp or throbbing when resulting from 
involvement of organ capsules or mesentery (27,28). Neuropathic pains may be described as 
burning, tingling or shock-like (lancinating).
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2.2.3. DISTRIBUTION

Patients with cancer pain commonly experience pain at more than one site (5,29,30). The 
distinction between focal, multifocal and generalized pain may be important in the selection 
of therapy, such as nerve blocks, radiotherapy or surgical approaches. Focal pains can be 
distinguished from those that are referred to a site remote from the lesion. Familiarity with 
pain referral patterns is essential to target appropriate diagnostic and therapeutic maneuvers 
(31,32) (Table 3). For example, a patient who develops progressive shoulder pain and has no 

Table 1
Acute Pain Syndromes in Colorectal and Anal Cancer

Acute pain associated with diagnostic and therapeutic interventions
    Acute pain associated with diagnostic interventions
        Arterial or venous blood sampling
        Lumbar puncture
        Colonoscopy
        Myelography
        Percutaneous biopsy
    Acute postoperative pain
    Acute pain caused by other therapeutic interventions
        Pleurodesis
        Tumor embolization
        Suprapubuc catheterization
        Intercostal catheter
        Nephrostomy insertion
    Acute pain associated with analgesic techniques
        Injection pain
        Opioid headache
        Spinal opioid hyperalgesia syndrome
        Epidural injection pain
Acute pain associated with anticancer therapies
    Acute pain associated with chemotherapy infusion techniques
        Intravenous infusion pain
        Hepatic artery infusion pain
        Intraperitoneal chemotherapy abdominal pain
    Acute pain associated with chemotherapy toxicity
        Mucositis
        Corticosteroid-induced perineal discomfort
        Steroid pseudorheumatism
        Colony stimulating factor-induced bone pain
        5-Flurouracil-induced anginal chest pain
    Acute pain associated with immunotherapy
        Interferon (IFN)-induced acute pain
    Acute pain associated with radiotherapy
        Incident pains
        Acute radiation enteritis and proctocolitis
        Subacute radiation myelopathy
Acute pain associated with infection
    Acute herpetic neuralgia
    Abdominal or pelvic abscess
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evidence of focal pathology needs to undergo evaluation of the region above and below the 
diaphragm to exclude the possibility of referred pain from diaphragmatic irritation.

2.2.4. TEMPORAL RELATIONSHIPS

Cancer-related pain may be acute or chronic. Acute pain is defi ned by a recent onset 
and a natural history characterized by transience. The pain is often associated with overt 
pain behaviors (such as moaning, grimacing, and splinting), anxiety, or signs of generalized 
sympathetic hyperactivity, including diaphoresis, hypertension, and tachycardia. Chronic 
tumor-related pain is usually insidious in onset, often increases progressively with tumor 
growth, and may regress with tumor shrinkage. Overt pain behaviors and sympathetic 
hyperactivity are often absent, and the pain may be associated with affective disturbances 
(anxiety and/or depression) and vegetative symptoms, such as asthenia, anorexia and sleep 
disturbance (33–36).

Table 2
Chronic Pain Syndromes in Colorectal and Anal Cancer

Tumor-related pain syndromes
    Visceral pain syndromes
        Hepatic distention syndrome
        Midline retroperitoneal syndrome
        Chronic intestinal obstruction
        Peritoneal carcinomatosis
        Malignant perineal pain
        Malignant pelvic fl oor myalgia
        Ureteric obstruction
    Pain syndromes due to tumor involvement of the peripheral nervous system
        Malignant lumbosacral plexopathy and radiculopathy
    Bone pain syndromes
        Vertebral syndromes
        Back pain and epidural (spinal cord and cauda equina) compression
        Pain syndromes of the bony pelvis and hip
    Headache and facial pain syndromes
        Intracerebral tumor
        Leptomeningeal metastases
        Base of skull metastases
        Painful cranial neuralgias
Chronic pain syndromes associated with cancer therapy
    Post-chemotherapy pain syndromes
        Avascular necrosis of femoral or humeral head
        Plexopathy associated with intraarterial infusion
    Chronic post-surgical pain syndromes
        Phantom anus pain
        Postsurgical pelvic fl oor myalgia
    Chronic post-radiation pain syndromes
        Radiation-induced lumbosacral plexopathy
        Chronic radiation enteritis and proctitis
        Burning perineum syndrome
    Chronic radiation myelopathy
    Osteoradionecrosis
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Transitory exacerbations of severe pain over a baseline of moderate pain or less may be 
described as “breakthrough pain” (37). Breakthrough pains are common in both acute or 
chronic pain states. These exacerbations may be precipitated by volitional actions of the 
patient (so-called incident pains), such as movement, micturition, cough or defecation, or 
by nonvolitional events, such as bowel distention. Spontaneous fl uctuations in pain intensity 
can also occur without an identifi able precipitant.

2.3. Inferred Pain Mechanisms
Inferences about the mechanisms that may be responsible for the pain are helpful in the 

evaluation of the pain syndrome and in the management of cancer pain. The assessment 
process usually provides the clinical data necessary to infer a predominant pathophysiology.

2.3.1. NOCICEPTIVE PAIN

“Nociceptive pain” describes pain that is perceived to be commensurate with tissue 
damage associated with an identifiable somatic or visceral lesion. The persistence of 
pain is thought to be related to ongoing activation of nociceptors. Nociceptive pain that 
originates from somatic structures (somatic pain) is usually well localized and described as 
sharp, aching, burning or throbbing. As previously described, pain that arises from visceral 
structures (visceral pain) is generally diffuse, and pain characteristics may differ depending 
on the involved structures. From the clinical perspective, nociceptive pains (particularly 
somatic pains) usually respond to opioid drugs (38–40) or to interventions that ameliorate 
or denervate the peripheral lesion.

2.3.2. NEUROPATHIC PAIN

The term “neuropathic pain” is applied when pain is due to injury to, or diseases of, 
the peripheral or central neural structures or is perceived to be sustained by aberrant 
somatosensory processing at these sites. It is most strongly suggested when a dysesthesia 
occurs in a region of motor, sensory or autonomic dysfunction that is attributable to a 
discrete neurological lesion. The diagnosis can be challenging, however, and is often inferred 
solely from the distribution of the pain and identifi cation of a lesion in neural structures 
that innervate this region.

The diagnosis of neuropathic pain has important clinical implications. The response of 
neuropathic pains to opioid drugs is less predictable and generally less dramatic than the 

Table 3
Common Patterns Of Pain Referral

Pain mechanism Site of lesion Referral site

Visceral Diaphragmatic irritation Shoulder
 Urothelial tract Inguinal region and genitalia
Somatic C7-T1 vertebrae Interscapular
 L1-2 Sacroiliac joint and hip
 Hip joint Knee
 Pharynx Ipsilateral ear
Neuropathic Nerve or plexus Anywhere in the distribution of a peripheral nerve
 Nerve root Anywhere in the corresponding dermatome
 Central nervous system Anywhere in the region of the body innervated by 
      the damaged structure
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response of nociceptive pains (41). Optimal treatment may depend on the use of so-called 
adjuvant analgesics (42,43) or other specifi c approaches, such as somatic or sympathetic 
nerve block (32).

2.3.3. IDIOPATHIC PAIN

Pain that is perceived to be excessive for the extent of identifi able organic pathology can 
be termed idiopathic unless the patient presents with affective and behavioral disturbances 
that are severe enough to infer a predominating psychological pathogenesis, in which case a 
specifi c psychiatric diagnosis (somatoform disorder) can be applied (44). When the inference 
of a somatoform disorder cannot be made, however, the label “idiopathic” should be retained, 
and assessments should be repeated at appropriate intervals. Idiopathic pain in general, and 
pain related to a psychiatric disorder specifi cally, are uncommon in the cancer population, 
notwithstanding the importance of psychological factors in quality of life.

2.4. A Stepwise Approach to the Evaluation of Cancer Pain
A practical approach to cancer pain assessment incorporates a stepwise approach that 

begins with data collection and ends with a clinically relevant formulation.

2.4.1. DATA COLLECTION

2.4.1.1. HISTORY. A careful review of past medical history and the chronology of the 
cancer are important to place the pain complaint in context. The pain-related history must 
elucidate the relevant pain characteristics, as well as the responses of the patient to previous 
disease-modifying and analgesic therapies. The presence of multiple pain problems is 
common, and if more than one is reported, each must be assessed independently.

The clinician should assess the consequences of the pain, including impairment in 
activities of daily living; psychological, familial and professional dysfunction, disturbed 
sleep, appetite, and vitality, and fi nancial concerns. The patient’s psychological status, 
including current level of anxiety or depression, suicidal ideation, and the perceived meaning 
of the pain, is similarly relevant. Pervasive dysfunctional attitudes, such as pessimism, 
idiosyncratic interpretation of pain, self-blame, catastrophizing, and perceived loss of 
personal control, can usually be detected through careful questioning. It is important to assess 
the patient–family interaction and to note both the kind and frequency of pain behaviors 
and the nature of the family response.

Most patients with cancer pain have multiple other symptoms. The clinician must evaluate 
the severity and distress caused by each of these symptoms. Symptom checklists and quality-
of-life measures may contribute to this comprehensive evaluation (45,46).

2.4.1.2. Examination. A physical examination, including a neurological evaluation, 
is a necessary part of the initial pain assessment. The need for a thorough neurological 
assessment is justifi ed by the high prevalence of painful neurological conditions in this 
population (47,48). The physical examination should attempt to identify the underlying 
etiology of the pain problem, clarify the extent of the underlying disease, and discern the 
relationship of the pain complaint to the disease.

2.4.1.3. Review of Previous Investigations. Careful review of previous laboratory and 
imaging studies can provide important information about the cause of the pain and the extent 
of the underlying disease.

2.4.2. PROVISIONAL ASSESSMENT

The information derived from these data provides the basis for a provisional pain diagnosis, 
an understanding of the disease status, and the identifi cation of other concurrent concerns. 
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This provisional diagnosis includes inferences about the pathophysiology of the pain and an 
assessment of the pain syndrome. Additional investigations are often required to clarify areas 
of uncertainty in the provisional assessment (47). The extent of diagnostic investigation must 
be appropriate to the patient’s general status and the overall goals of care.

The lack of a defi nitive fi nding on an investigation should not be used to override a 
compelling clinical diagnosis. In the assessment of bone pain for example, plain radiographs 
provide only crude assessment of bony lesions and further investigation with bone scintigrams, 
computerized tomography (CT) or magnetic resonance imaging (MRI) may be indicated. To 
minimize the risk of error, the physician ordering the diagnostic procedures should personally 
review them with the radiologist to correlate pathologic changes with the clinical fi ndings.

Pain should be managed during the diagnostic evaluation. Comfort will improve compli-
ance and reduce the distress associate with procedures. No patient should be inadequately 
evaluated because of poorly controlled pain.

2.4.3. FORMULATION AND THERAPEUTIC PLANNING

The evaluation should enable the clinician to appreciate the nature of the pain, its impact, 
and concurrent concerns that further undermine quality of life. The fi ndings of this evaluation 
should be reviewed with the patient and appropriate others. Through candid discussion, 
current problems can be prioritized to refl ect their importance to the patient.

This evaluation may also identify potential outcomes that would benefi t from contingency 
planning. Examples include evaluation of resources for home care, prebereavement interven-
tions with the family, and the provision of assistive devices in anticipation of compromised 
ambulation.

2.4.4. THE MEASUREMENT OF PAIN AND ITS IMPACT ON PATIENT WELL-BEING

Although pain measurement has generally been used by clinical investigators to determine 
the impact of analgesic therapies, it has become clear that it has an important role in the 
routine monitoring of cancer patients in treatment settings (49–51). Because observer ratings 
of symptom severity correlate poorly with patient ratings and are generally an inadequate 
substitute for patient reporting (24), patient self-report is the primary source of information 
for the measurement of pain.

3. ACUTE PAIN SYNDROMES

Cancer-related acute pain syndromes are most commonly the result of diagnostic and 
therapeutic interventions (Table 1). Although some tumor-related pains have an acute onset 
(such as pain from a pathological fracture), most of these will tend to be chronic or recurrent 
unless effective treatment for the underlying lesion is provided.

4. CHRONIC PAIN SYNDROMES (TABLE 2)

4.1. Pains Syndromes Resulting From Tumor Involvement
of Viscera and Adjacent Structures

Pain may be caused by pathology involving the luminal organs of the gastrointestinal 
or genitourinary tracts, the parenchymal organs, the peritoneum, or the retroperitoneal soft 
tissues. Obstruction of hollow viscus, including intestine, biliary tract, and ureter, produce 
visceral nociceptive syndromes that are well described in the surgical literature. Pain arising 
from retroperitoneal and pelvic lesions may involve mixed nociceptive and neuropathic 
mechanisms if both somatic structures and nerve plexi are involved.
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4.1.1. HEPATIC DISTENTION SYNDROME

The liver is the most common visceral site of metastases arising from colonic and rectal 
neoplasms. Pain sensitive structures in the region of the liver include the liver capsule, 
vessels, and biliary tract (52). Nociceptive afferents that innervate these structures travel 
via the celiac plexus, the phrenic nerve, and the lower right intercostal nerves. Extensive 
intrahepatic metastases, or gross hepatomegaly associated with cholestasis, may produce 
discomfort in the right subcostal region and less commonly in the right mid-back or fl ank 
(52–54). Referred pain may be experienced in the right neck or shoulder or in the region 
of the right scapula (53). The pain, which is usually described as a dull aching, may be 
exacerbated by movement, pressure in the abdomen, and deep inspiration. Pain is commonly 
accompanied by symptoms of anorexia and nausea. Physical examination may reveal a 
hard irregular subcostal mass that descends with respiration and is dull to percussion. 
Other features of hepatic failure may be present. Imaging of the hepatic parenchyma by 
either ultrasound or CT will usually identify the presence of space-occupying lesions or 
cholestasis (Fig. 1).

Occasional patients who experience chronic pain due to hepatic distension develop an 
acute intercurrent subcostal pain that may be exacerbated by respiration. Physical examina-
tion may demonstrate a palpable or audible rub. These fi ndings suggest the development 
of an overlying peritonitis, which can develop in response to some acute event, such as a 
hemorrhage into a metastasis.

4.1.2. MIDLINE RETROPERITONEAL SYNDROME

Retroperitoneal pathology involving the upper abdomen may produce pain by injury 
to deep somatic structures of the posterior abdominal wall, distortion of pain-sensitive 
connective tissue, vascular and ductal structures, local infl ammation, and direct infi ltration 
of the celiac plexus. Among patients with colorectal cancers the most common cause 
is retroperitoneal lymphadenopathy (55–57), particularly celiac lymphadenopathy (58).
The pain is experienced in the epigastrium, in the low thoracic region of the back, or in 

Fig. 1. CT scan demonstrating extensive hepatic metastases.
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both locations. It is often diffuse and poorly localized. It is usually dull and boring in 
character, exacerbated with recumbency and improved by sitting. The lesion can usually 
be demonstrated by CT, MRI, or ultrasound scanning of the upper abdomen. If a tumor is 
identifi ed in the paravertebral space or vertebral body destruction is identifi ed, consideration 
should be given to careful evaluation of the epidural space (59).

4.1.3. CHRONIC INTESTINAL OBSTRUCTION

Abdominal pain is an almost invariable manifestation of chronic intestinal obstruction, 
which may occur in patients with abdominal or pelvic cancers (60,61). The factors that 
contribute to this pain include smooth muscle contractions, mesenteric tension, and mural 
ischemia. Obstructive symptoms may result primarily from the tumor or, more likely, from a 
combination of mechanical obstruction and other processes, such as autonomic neuropathy 
and ileus from metabolic derangement or drugs. Both continuous and colicky pains occur, 
which may be referred to the dermatomes represented by the spinal segments supplying the 
affected viscera. Vomiting, anorexia, and constipation are important associated symptoms. 
Abdominal radiographs taken in both supine and erect positions may demonstrate the 
presence of air–fl uid levels and intestinal distention. CT or MRI scanning of the abdomen 
can assess the extent and distribution of intrabdominal neoplasm, which has implication 
for subsequent treatment options.

4.1.4. PERITONEAL CARCINOMATOSIS

Colorectal cancer is among the most common causes of peritoneal carcinomatosis. 
Peritoneal carcinomatosis occurs most often by transcelomic spread of abdominal or 
pelvic tumor; hematogenous spread of an extra-abdominal neoplasm in this pattern is 
rare. Carcinomatosis can cause peritoneal infl ammation, mesenteric tethering, malignant 
adhesions, and ascites, all of which can cause pain. Pain and abdominal distension are the 
most common presenting symptoms (62–65). Mesenteric tethering and tension appears 
to cause a diffuse abdominal or low-back pain. Tense malignant ascites can produce 
diffuse abdominal discomfort and a distinct stretching pain in the anterior abdominal wall. 
Adhesions can also cause obstruction of hollow viscus with intermittent colicky pain (66).
CT scanning may demonstrate evidence of ascites, omental infi ltration, and peritoneal 
nodules (Fig. 2) (67).

4.1.5. PERINEAL PAIN

Tumors of the colon or rectum, female reproductive tract, and distal genitourinary system 
are most commonly responsible for perineal pain (68–71). Severe perineal pain following 
antineoplastic therapy may precede evidence of detectable disease and should be viewed as 
a potential harbinger of progressive or recurrent cancer (68,69). There is evidence to suggest 
that this phenomenon is caused by microscopic perineural invasion by recurrent disease (72).
The pain, which is typically described as constant and aching, is often aggravated by sitting 
or standing and may be associated with tenesmus or bladder spasms (68).

Tumor invasion of the musculature of the deep pelvis can also result in a syndrome that 
appears similar to the so-called tension myalgia of the pelvic fl oor (73). The pain is typically 
described as a constant ache or heaviness that exacerbates with upright posture. When caused 
by tumor, the pain may be concurrent with other types of perineal pain. Digital examination 
of the pelvic fl oor may reveal local tenderness or palpable tumor.

4.1.6. URETERIC OBSTRUCTION

Carcinoma of the rectum is one of the most common tumors associated with this 
complication (74,75). Less commonly, obstruction can be more proximal, associated with 
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retroperitoneal lymphadenopathy, an isolated retroperitoneal metastasis, mural metastases or 
intraluminal metastases. Pain may or may not accompany ureteric obstruction. When present, 
it is typically a dull chronic discomfort in the fl ank, which may radiate into the inguinal 
region or genitalia. If pain does not occur, ureteric obstruction may be discovered when 
hydronephrosis is discerned on abdominal imaging procedures or renal failure develops. 
Ureteric obstruction can be complicated by pyelonephritis or pyonephrosis, which often 
present with features of sepsis, loin pain and dysuria. Diagnosis of ureteric obstruction can 
usually be confi rmed by the demonstration of hydronephrosis on renal sonography. The level 
of obstruction can be identifi ed by pyelography, and CT scanning techniques will usually 
demonstrate the cause (76).

4.2. Pains Syndromes Involving the Peripheral Nervous System
4.2.1. LUMBOSACRAL PLEXOPATHY

In the cancer population, lumbosacral plexopathy is usually caused by neoplastic 
infi ltration or compression. Polyradiculopathy from leptomeningeal metastases or epidural 
metastases can mimic lumbosacral plexopathy, and the evaluation of the patient must 
consider these lesions as well (see Section 4.2.1.1.). Occasional patients develop lumbosacral 
plexopathy as a result of surgical trauma, radiation therapy, infarction, cytotoxic damage, 
infection in the pelvis or psoas muscle, abdominal aneurysm, or idiopathic lumbosacral 
neuritis (77–82).

4.2.1.1. Malignant Lumbosacral Plexopathy. Colorectal cancer is among the most 
common causes of malignant lumbosacral plexopathy (83,84). In general, tumors involve 
the plexus by direct extension from intrapelvic neoplasm; metastases account for only one-

Fig. 2. Abdominal CT scan of a 52-yr-old woman with metastatic carcinoma of the colon presents with 
abdominal distension and persistant abdominal pain. The arrows indicate peritoneal implants.
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fourth of cases (84). In one study, two-thirds of patients developed plexopathy within 3 yr of 
their primary diagnosis and one-third presented within 1 yr (84).

Pain is the fi rst symptom reported by most patients with malignant lumbosacral plexopathy. 
Pain is experienced by almost all patients during the course of the disease, and it is the 
only symptom in almost 20% of patients. The quality is usually aching, pressure-like, or 
stabbing; dysesthesias appear to be relatively uncommon. Most patients develop numbness, 
paresthesias, or weakness weeks to months after the pain begins. Common signs include 
leg weakness that involves multiple myotomes, sensory loss that crosses dermatomes, 
refl ex asymmetry, focal tenderness, leg edema, and positive direct or reverse straight leg 
raising signs.

An upper plexopathy occurs in almost one-third of patients with lumbosacral plexopathy 
(84). This lesion is usually the result of direct extension from a low abdominal tumor, most 
frequently colorectal. Pain may be experienced in the back, lower abdomen, fl ank or iliac 
crest, or the anterolateral thigh. Examination may reveal sensory, motor, and refl ex changes 
in a L1–4 distribution. A subgroup of these patients presents with a syndrome characterized 
by pain and paresthesias limited to the lower abdomen or inguinal region, variable sensory 
loss and no motor fi ndings. CT scan may show tumor adjacent to the L1 vertebra (the L1 
syndrome) (84) or along the pelvic side wall, where it presumably damages the ilioinguinal, 
iliohypogastric, or genitofemoral nerves. Another subgroup has neoplastic involvement 
of the psoas muscle and presents with a syndrome characterized by upper lumbosacral 
plexopathy, painful fl exion of the ipsilateral hip, and positive psoas muscle stretch test. This 
has been termed the malignant psoas syndrome (85). Similarly, pain in the distribution of 
the femoral nerve has been observed in the setting of recurrent retroperitoneal sarcoma (86)
and tumor in the iliac crest can compress the lateral cutaneous nerve of the thigh producing 
a pain that mimics meralgia parasthetica (87).

A lower plexopathy occurs in just over 50% of patients with lumbosacral plexopathy (84).
This lesion is usually the result of direct extension from a pelvic tumor, most frequently 
rectal cancer, gynecological tumors or pelvic sarcoma. Pain may be localized in the buttocks 
and perineum, or referred to the posterolateral thigh and leg. Associated symptoms and signs 
conform to an L4–S1 distribution. Examination may reveal weakness or sensory changes in 
the L5 and S1 dermatomes and a depressed ankle jerk. Other fi ndings include leg edema, 
bladder or bowel dysfunction, sacral or sciatic notch tenderness, and a positive straight leg 
raising test. A pelvic mass may be palpable.

Sacral plexopathy may occur from direct extension of a sacral lesion or a presacral mass. 
This may present with predominant involvement of the lumbosacral trunk, characterized 
by numbness over the dorsal medial foot and sole and weakness of knee fl exion, ankle 
dorsifl exion, and inversion. Other patients demonstrate particular involvement of the coccygeal 
plexus, with prominent sphincter dysfunction and perineal sensory loss. The latter syndrome 
occurs with low pelvic tumors, such as those arising from the rectum or prostate.

A panplexopathy with involvement in a L1–S3 distribution occurs in almost one-fi fth of 
patients with lumbosacral plexopathy (84). Local pain may occur in the lower abdomen, 
back, buttocks or perineum. Referred pain can be experienced anywhere in distribution of the 
plexus. Leg edema is extremely common. Neurological defi cits may be confl uent or patchy 
within the L1–S3 distribution and a positive straight leg raising test is usually present.

Autonomic dysfunction, particularly anhydrosis and vasodilation, has been associated 
with plexus and peripheral nerve injuries. Focal autonomic neuropathy, which may suggest 
the anatomic localization of the lesion (81), has been reported as the presenting symptom of 
metastatic lumbosacral plexopathy (88).



648          Cherny

Cross-sectional imaging, with either CT or MRI, is the usual diagnostic procedure to 
evaluate lumbosacral plexopathy (Fig. 3) (11). Scanning should be done from the level of the 
L1 vertebral body, through the sciatic notch. When using CT scanning techniques, images 
should include bone and soft tissue windows. Limited data suggests superior sensitivity 
MRI over CT imaging (89). Defi nitive imaging of the epidural space adjacent to the plexus 
should be considered in the patient who has feature’s indicative of a relatively high risk of 
epidural extension including bilateral symptoms or signs, unexplained incontinence, or a 
prominent paraspinal mass (59,84).

4.3. Bone Pain
Bone metastases arising from carcinomas of the colon, rectum have a low incidence, 

but by virtue of the high prevalence of these conditions they accounted for over 20% of 
bone metastases observed an autopsy study (90). Bone metastases could potentially cause 
pain by any of multiple mechanisms, including endosteal or periosteal nociceptor activation 
(by mechanical distortion or release of chemical mediators) or tumor growth into adjacent 
soft tissues and nerves (91).

Bone pain caused by metastatic tumor needs to be differentiated from less common causes 
of chronic bone pain in cancer patients. Non-neoplastic causes in this population include 
osteoporotic pathological fractures and focal osteonecrosis which may be idiopathic or 
related to corticosteroids or radiotherapy.

In general, the vertebrae are the most common sites of bony metastases (92,93). Vertebral 
metastases of colorectal tumors metastasize most commonly to the lumbosacral spine 
(92,94). The early recognition of pain syndromes due to neoplastic invasion of vertebral 
bodies is essential, since pain usually precedes compression of adjacent neural structures 
and prompt primary therapy directed at the lesion may prevent the subsequent development 
of neurologic defi cits. This recognition often requires substantial clinical acumen; referral 
of pain is common, and the associated symptoms and signs can mimic a variety of other 
disorders, both malignant (e.g., paraspinal masses) and nonmalignant.

Fig. 3. Large pelvic lymphadenopathy compressing right lumbosacral plexus (arrow).
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4.3.1. SACRAL PAIN

Sacral invasion is common among patients with pelvic recurrence of colorectal cancer. 
Severe focal pain radiating to the buttocks, perineum, or posterior thighs may accompany 
destruction of the sacrum (95–97). The pain is often exacerbated by sitting or lying and is 
relieved by standing or walking. The neoplasm can spread laterally to involve muscles that 
rotate the hip (e.g., the pyriformis muscle). This may produce severe incident pain induced 
by motion of the hip, or a malignant “pyriformis syndrome,” characterized by buttock or 
posterior leg pain that is exacerbated by internal rotation of the hip. Local extension of the 
tumor mass may also involve the sacral plexus (see Section 4.2.1.).

4.3.2. BACK PAIN AND EPIDURAL CORD COMPRESSION

In general, epidural compression (EC) of the spinal cord or cauda equina is a common 
neurologic complication of cancer; tumors of the distal gastrointestinal tract account for 
less than 5% of these episodes (92,94,98). Most EC is caused by posterior extension of 
vertebral body metastasis to the epidural space, others are caused by tumor extension 
from the posterior arch of the vertebra or infi ltration of a paravertebral tumor through the 
intervertebral foramen.

Back pain is the initial symptom in almost all patients with EC, and in 10%, it is the only 
symptom at the time of diagnosis (99). Because pain usually precedes neurologic signs by 
a prolonged period, it should be viewed as a potential indicator of EC, which could lead to 
treatment at a time that a favorable response is most likely.

Some pain characteristics are particularly suggestive of epidural extension (100). Rapid 
progression of back pain in a crescendo pattern is an ominous occurrence (101). Radicular 
pain, which can be constant or lancinating, has similar implications (100). It is usually 
unilateral in the cervical and lumbosacral regions and bilateral in the thorax, where it is often 
experienced as a tight, belt-like band across the chest or abdomen (100). The likelihood 
of EC is also greater when back or radicular pain is exacerbated by recumbency, cough, 
sneeze, or strain (102).

Weakness, sensory loss, autonomic dysfunction and refl ex abnormalities usually occur 
after a period of progressive pain (100). Weakness may begin segmentally if related to nerve 
root damage or in a multisegmental or pyramidal distribution if the cauda equina or spinal 
cord, respectively, is injured. The rate of progression of weakness is variable; in the absence 
of treatment, following the onset of weakness one-third of patients will develop paralysis 
within 7 d (103). Patients whose weakness progresses slowly have a better prognosis for 
neurologic recovery with treatment than those who progress rapidly (104,105). Without 
effective treatment, sensory abnormalities, which may also begin segmentally, may ultimately 
evolve to a sensory level with complete loss of all sensory modalities below the site of injury. 
The upper level of sensory fi ndings may correspond to the location of the epidural tumor or 
be below it by many segments (104).

Bladder and bowel dysfunction occur late, except in patients with a conus medullaris 
lesion who may present with acute urinary retention and constipation without preceding 
motor or sensory symptoms (100).

Other features that may be evident on examination of patients with EC include scoliosis, 
asymmetrical wasting of paravertebral musculature, and a gibbus (palpable step in the spinous 
processes). Spinal tenderness to percussion, which may be severe, often accompanies the pain.

Clinical and radiological fi ndings that indicate a high likelihood of epidural encroachment 
or compression have been defi ned (Table 4). Patients with one or more of these clinical 
features have a high likelihood of EC and, unless a specifi c contraindication exist, require 
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defi nitive imaging of the epidural space. Defi nitive imaging of the epidural space confi rms 
the existence of EC (and thereby indicates the necessity and urgency of treatment), defi nes 
the appropriate radiation portals and determines the extent of epidural encroachment 
(which infl uences prognosis and may alter the therapeutic approach) (106). The options for 
defi nitive imaging include MRI, myelography and CT-myelography or spiral CT without 
myelographic contrast.

4.3.3. PAIN SYNDROMES OF THE PELVIS AND HIP

The pelvis and hip are common sites of metastatic involvement. The weight bearing 
function of these structures, essential for normal ambulation, contributes to the propensity 
of disease at these sites to cause incident pain with ambulation.

4.3.3.1. Hip Joint Syndrome. Tumor involvement of the acetabulum or head of femur 
typically produces localized hip pain which is aggravated by weight bearing and movement 
of the hip. The pain may radiate to the knee or medial thigh, and occasionally this is the only 
site of pain (107,108). Medial extension of acetabular tumor can involve the lumbosacral 
plexus as it traverses the pelvic side-wall. Plain radiographs and bone scintigraphy usually 
demonstrate bony involvement. CT and MRI tomographic techniques are more sensitive, and 
they also demonstrate the extent of adjacent soft tissue involvement (109).

4.4. Headache and Facial Pain
Tumor-related headache is a relatively uncommon cancer pain problem in the colorectal 

and anal cancer population. Cancer-related headache results from traction, infl ammation, or 
infi ltration of pain-sensitive structures in the head and neck (110).

Table 4
Clinical Features Suggestive of Epidural Spinal Cord and Cauda Equina Compression

Clinical features Notes

Rapid progression of back pain Ominous occurrence
Radicular pain Can be intermittent, constant or lancinating
 Usually unilateral in cervical and lumbosacral regions
 Usually bilateral in the thorax
 Exacerbated by-recumbency, cough, sneeze or valsalva
Weakness Segmental: suggestive of radiculopathy
 Lumbosacral multisegmental: suggestive of cauda equina 

compression
 Pyramidal distribution: suggestive of spinal cord compression
 Variable rate of progression
 After development of weakness, 30% develop paraplegia 

within 7 d
Sensory abnormalities May also begin segmentally, may ultimately evolve to a 
  sensory level
 Upper level of sensory fi ndings may correspond to the 

location of the epidural tumor
Bladder and bowel dysfunction Generally occurs late
 Early symptom of conus medullaris or corda equina lesion
Musculoskeletal features Scoliosis
 Asymmetrical wasting of paravertebral musculature
 Gibbus (palpable step) in the dorsal spines
 Spinal tenderness to percussion
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4.4.1. BRAIN METASTASES

The incidence of cerebral metastases in patients with colorectal cancer is approx 5%. 
Headache is a common presenting symptom in patients with brain metastases, occurring 
in 60–90% of patients (110,111). The headache is presumably produced by traction on 
pain-sensitive vascular and dural tissues. Patients with multiple metastases and those with 
posterior fossa metastases are more likely to report this symptom (110). The pain may 
be focal, overlying the site of the lesion, or generalized. Headache has lateralizing value, 
especially in patients with supratentorial lesions (111). Posterior fossa lesions often cause 
a bifrontal headache. The quality of the headache is usually throbbing or steady, and the 
intensity is usually mild to moderate (111).

4.4.2. LEPTOMENINGEAL METASTASES

Leptomeningeal metastases, characterized by diffuse or multifocal involvement of the 
subarachnoid space by metastatic tumor, are rare in colorectal carcinoma. Leptomeningeal 
metastases present with focal or multifocal neurological symptoms or signs that may involve 
any level of the neuraxis (112,113). The diagnosis of leptomeningeal metastases is often 
diffi cult. Cerebrospinal fl uid (CSF) cytology and gadolinium enhanced spinal or brain 
MR imaging are complimentary since both are associated with signifi cant false negative 
rates (114).

4.4.3. BASE OF SKULL METASTASES

Bony metastases to the base of skull are associated with well described clinical syndromes 
(115), named according to the site of metastatic involvement: orbital, parasellar, middle 
fossa, jugular foramen, occipital condyle, clivus and sphenoid sinus (Table 5). When base 
of skull metastases are suspected, CT scan with bone window settings is the diagnostic 
procedure of choice to evaluate bony disease (115). MRI is most sensitive for assessing soft 
tissue extension. CSF analysis may be needed to exclude leptomeningeal metastases.

4.4.4. PAINFUL CRANIAL NEURALGIAS

Glossopharyngeal and trigeminal neuralgias can occur from metastases in the base of 
skull or leptomeninges. Each of these syndromes has a characteristic presentation (116).
Early diagnosis is critical to prevent progressive neurologic injury.

4.5. Chronic Pain Syndromes Associated with Cancer Therapy
Most treatment-related pains caused by tissue-damaging procedures are acute and are 

remarkable for their predictability and self-limited natural history. Chronic treatment-related 
pain syndromes are associated with either a persistent nociceptive complication of an invasive 
treatment, such as a postsurgical abscess, or, more commonly, to neural injury (116). In some 
cases, these syndromes occur long after the therapy is completed, resulting in a diffi cult 
differential diagnosis between recurrent disease and a complication of therapy.

4.5.1. CHRONIC POST-CHEMOTHERAPY PAIN SYNDROMES

4.5.1.1. Oxaliplatin Peripheral Neuropathy. Oxaliplatin is a highly active cytotoxic 
agent in colorectal cancer (117). Like cis-platinum, it is a neurotoxin and it commonly 
produces a sensory peripheral neuropathy characterized by numbness, cold sensitivity and 
painful dysesthesias. The neuropathy is cumulative; occuring in 10% of patients after six 
treatment cycles and in 50% after nine cycles of an oxaliplatin dosage of 130 mg/m2 once 
every 3 wk (117). In most cases, the neuropathy is slowly reversible on termination of 
therapy with resolution over several months.
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4.5.2. CHRONIC POST-SURGICAL PAIN SYNDROMES

4.5.2.1. Phantom Anus Syndrome. Phantom pain is perceived to arise from a resected 
body structure, as if the structure were still contiguous with the body. A phantom anus 
pain syndrome occurs in approx 15% of patients who undergo abdomino-perineal resection 
of the rectum (69,118). Phantom anus pain may develop either in the early postoperative 
period or after a latency of months to years. Late onset pain is almost always associated 
with tumor recurrence (69,118).

4.5.2.2. Postsurgical Pelvic Floor Myalgia. Surgical trauma to the pelvic fl oor can cause 
a residual pelvic fl oor myalgia, which like the neoplastic syndrome described previously, 
mimics so-called tension myalgia (73). The risk of disease recurrence associated with this 
condition is not known, and its natural history has not been defi ned. In patients who have 
undergone anorectal resection, this condition must be differentiated from the phantom anus 
syndrome (see above).

4.5.2.3. Post-Surgical Lumbosacral Plexopathy. Surgical trauma to the lumbosacral 
plexus during deep pelvic resection can result in persistent neurological dysfuntion and 
pain.

4.5.3. CHRONIC POST-RADIATION PAIN SYNDROMES

Chronic pain occurring as a complication of radiation therapy tends to occur late in 
the course of a patient’s illness. These syndromes must always be differentiated from 
recurrent tumor.

4.5.3.1. Radiation-Induced Lumbosacral Plexopathy. Radiation fi brosis of the lumbo-
sacral plexus is a rare complication that may occur from 1 to over 30 yr following radiation 
treatment. The use of intracavitary radium implants for carcinoma of the cervix may 
be an additional risk factor (119). Radiation-induced plexopathy typically presents with 
progressive weakness and leg swelling; pain is not usually a prominent feature (119,120).

Table 5
Pain Syndromes Associated with Base of Skull Metastases

Syndrome Usual presentation

Orbital Progressive ipsilateral retroorbital and supraorbital pain
Parasellar Unilateral supraorbital and frontal headache
 May be associated with diplopia
 May be opthalmoparesis or papilledema
 May demonstrate hemianopsia or quadrantinopsia
Middle cranial fossa Facial numbness in the distribution of second or third divisions of the 

trigeminal nerve
 Paresthesias or pain referred to the cheek or jaw
Jugular foramen Hoarseness or dysphagia
 Pain referred to the ipsilateral ear or mastoid
 Occasionally glossopharyngeal neuralgia, with or without syncope
Occipital condyle Unilateral occipital pain worsened with neck fl exion
 Associated with stiffness of the neck
Clivus Vertex headache, which is often exacerbated by neck fl exion
 Lower cranial nerve (Vl-XII) dysfunction (may become bilateral)
Sphenoid sinus Bifrontal headache radiating to the temporal region, and intermittent 

retroorbital pain
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Weakness typically begins distally in the L5–S1 segments and is slowly progressive. The 
symptoms and signs may be bilateral (120). If CT scanning demonstrates a lesion, it 
is usually a nonspecifi c diffuse infi ltration of the tissues. Electromyography may show 
myokymic discharges (120).

4.5.3.2. Chronic Radiation Enteritis and Proctitis. Chronic enteritits and proctocolitis 
occur as a delayed complication in 2–10% of patients who undergo abdominal or pelvic 
radiation therapy (121,122). The rectum and rectosigmoid are more commonly involved 
than the small bowel, a pattern that may relate to the retroperitoneal fi xation of the former 
structures. The latency is variable (3 mo–30 yr) (121,122). Chronic radiation injury to 
the rectum can present as proctitis (with bloody diarrhea, tenesmus, and cramping pain), 
obstruction from stricture formation, or fi stulae to the bladder or vagina. Small bowel 
radiation damage typically causes colicky abdominal pain, which can be associated with 
chronic nausea or malabsorption. Barium studies may demonstrate a narrow tubular bowel 
segment resembling Crohn’s disease or ischemic colitis. Endoscopy and biopsy may be 
necessary to distinguish suspicious lesions from recurrent cancer.

4.5.3.3. Burning Perineum Syndrome. Persistent perineal discomfort is an uncommon 
delayed complication of pelvic radiotherapy. After a latency of 6–18 mo, burning pain can 
develop in the perianal region; the pain may extend anteriorly to involve the vagina or 
scrotum (123). In patients who have had abdomino-perineal resection, phantom anus pain 
and recurrent tumor are major differential diagnoses.

4.5.3.4. Chronic Radiation Myelopathy. Chronic radiation myelopathy is a late complica-
tion of spinal cord irradiation. The latency is highly variable but is most commonly 12–14 mo.
The most common presentation is a partial transverse myelopathy at the cervicothoracic 
level, sometimes in a Brown–Sequard pattern (124).
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1. GENERAL CONSIDERATIONS

Optimal management of pain problems in this population requires familiarity with a 
range of therapeutic options, including antineoplastic therapies, analgesic pharmacotherapy, 
and anesthetic, neurosurgical, psychological, and physiatric techniques. Successful pain 
management is characterized by the implementation of the techniques with the most favor-
able therapeutic index for the prevailing circumstances along with provision for repeated 
evaluations so that a favorable balance between pain relief and adverse effects is maintained. 
Currently available techniques can provide adequate relief to a vast majority of patients.

2. PRIMARY THERAPY

The assessment process may reveal a cause for the pain that is amenable to disease-
modifying primary therapy. For pain produced by tumor infiltration or compression, 
antineoplastic treatment with surgery, radiotherapy, chemotherapy, or other novel approaches 
may be considered. Pain caused by infections may be amenable to antibiotic therapy or 
drainage procedures. If successful, such primary therapy can have profound analgesic 
consequences.

2.1. Radiotherapy
Although it is generally true that radiotherapy has a pivotal role in the palliative treatment 

of bone metastases (1), epidural spinal cord compression (2), and cerebral metastases (3),
data specifi c to metastases arising from the colon, rectum, and anus are not available. 
Guidelines for the evaluation of the role of palliative radiotherapy have been described: A 
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high likelihood of effi cacy should be anticipated, the treatment should not entail signifi cant 
risk of adverse effects, and the duration of treatment should be short and it should offer a 
greater palliative index than other available therapeutic modalities (4). There is a paucity 
of data regarding the effi cacy of radiotherapy in the management of pelvic plexopathic 
pain. Limited but successful experience has been described among patients with malignant 
infiltration of the lumbosacral plexus (5,6). The results with the perineal pain of low 
sacral plexopathy and the phantom anus syndrome are more encouraging (7,8). Hepatic 
radiotherapy, with 2000–3000 rad, is generally well tolerated and can relieve the pain of 
hepatic capsular distention in 50–90% of patients (9–13).

2.2. Chemotherapy
Despite a paucity of data concerning the specifi c analgesic benefi ts of chemotherapy, 

there is a strong clinical impression that tumor shrinkage is generally associated with relief 
of pain. Although there are some reports of analgesic value even in the absence of signifi cant 
tumor shrinkage (14–16), the likelihood of a favorable effect on pain is generally related 
to the likelihood of tumor response. Patients with advanced colonic or rectal cancer have a 
relatively low likelihood of objective tumor response (10–40%) to chemotherapy. Despite 
this, controlled data supports the conclusion that a substantial minority of patients will 
achieve clinically signifi cant benefi t (17–19). Palliative chemotherapy for colorectal cancer 
should be administered as a trial of therapy, additional to specifi c analgesic treatment. 
Squamous cell cancer of the anus, in contrast, can be highly responsive to combined modality 
treatment, and an impressive cure rate is reported even with advanced disease (20–22). The 
response to salvage chemotherapy for recurrent anal cancer is variable, and long duration of 
initial response duration is predictive of a higher likelihood of second response.

2.3. Surgery
Surgery may have a role in the relief of symptoms caused by specifi c problems, such as 

obstruction of a hollow viscus (23–26), unstable bony structures (27–29), and compression 
of neural tissues (30–32). The potential benefi ts must be weighed against the risks of surgery, 
the anticipated length of hospitalization and convalescence, and the predicted duration of 
benefi t (33). Clinical experience suggests that the surgical interventions of high palliative 
index include the stabilization of pathological fractures, the relief of remediable bowel 
obstructions, and the drainage of symptomatic ascites. Paracentesis may provide prompt 
relief from the pain and discomfort of tense ascites. The duration of relief is generally short 
unless large volumes are drained. Large-volume (up to 5–10 L) paracentesis, for example, 
may provide prompt and prolonged relief from the pain and discomfort of tense ascites 
(33,34), with a small risk of hypotension (34,35) or hypoproteinemia (36). Radical surgery 
to excise locally advanced disease in patients with no evidence of metastatic spread may 
be palliative and potentially increase the survival of some patients (37,38). Successful 
management of pain associated with uncontrollable recurrent pelvic tumors ulcerating 
through the perineum after radical surgical debridement with perineal reconstruction has 
been reported (39,40).

2.4. Antibiotic Therapy
Antibiotics may be analgesic when the source of the pain involves infection. Illustrative 

examples include cellulitis, chronic sinus infections, pelvic abscess, pyonephrosis, and 
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osteitis pubis (41,42). In some cases, infection may be occult and confi rmed only by the 
symptomatic relief provided by empiric treatment with these drugs (43–45).

3. ANALGESIC THERAPY: AN OVERVIEW

For the large majority of patients, pain management involves the administration of specifi c 
analgesic approaches. Systemic pharmacological therapy is the mainstay and should be 
integrated with psychological and physiatric techniques. Anesthetic and neurosurgical 
techniques should be considered for the patient who has not obtained satisfactory pain relief. 
In all cases, these analgesic treatments must be skillfully integrated with the management 
of other symptoms.

There is universal agreement that analgesic pharmacotherapy remains the mainstay 
of cancer pain management. Controversy, however, has arisen regarding the validity and 
application of the “Three-step Analgesic Ladder” of the World Health Organization, which 
advocated three basic steps of therapy according to the severity of the presenting pain 
problem (Fig. 1) (46). Despite data from a series of validation studies that demonstrated 
that this approach, combined with appropriate dosing guidelines, provides adequate relief 
to 70–90% of patients (47–52), a review of these studies concluded that there was a lack of 
evidence for the long-term effi cacy of this approach (53). Additionally, the recent production 
of low-dose formulations of pure opioid agonists traditionally used for severe pain and 
the introduction of other agents such as tramadol, has blurred the distinction between 
steps 2 and 3.

Fig. 1. The World Health Organization “Three-step Analgesic Ladder.”
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4. SYSTEMIC ANALGESIC PHARMACOTHERAPY

4.1. Nonopioid Analgesics
The nonopioid analgesics (aspirin, acetaminophen, and the nonsteroidal anti-infl ammatory 

drugs [NSAIDs]) are useful alone for mild to moderate pain (step 1 of the analgesic ladder) 
and provide additive analgesia when combined with opioid drugs in the treatment of more 
severe pain (54). They are useful in a broad range of pain syndromes of diverse mechanisms, 
but there are no data to support therapeutic superiority to alternative options in ant poarticular 
stetting other than infl amation (54). Unlike opioid analgesics, the nonopioid analgesics have 
a “ceiling” effect for analgesia and produce neither tolerance nor physical dependence.

The nonopioid analgesics constitute a heterogeneous group of compounds that differ 
in chemical structure but share many pharmacological actions (Table 1). The NSAID 
drugs are competitive blockers of cyclooxygenase. It has recently been found that there 
are at least two isoforms of cylooxygenase with distinct roles in analgesia and toxicity 
(55). Cyclooxygenase-1 is responsible for the synthesis of the protective prostaglandins, 
which preserve the integrity of the stomach lining and maintain normal renal function 
in a compromised kidney, and cyclooxygenase-2 is an inducable enxyme involved in 
infl ammation, pain, and fever. Recently, a range of relatively selective cyclooxygenase-2 
inhibitors, including meloxicam, nemesulide, rofecoxib, and celecoxib, have been introduced 
and approved as analgesics. These agents are equianalgesic with the nonselective inhibitors 
and they are associated with less mucosal and renal morbidity (56–58).

Safely administering nonopioid analgesics requires familiarity with their potential 
adverse effects (59–62). Aspirin and the other NSAIDs have a broad spectrum of potential 
toxicity; bleeding diathesis because of inhibition of platelet aggregation, gastroduodenopahy 
(including peptic ulcer disease), and renal impairment are the most common (61). Less 
common adverse effects include confusion, precipitation of cardiac failure, and exacerbation 
of hypertension. Particular caution is required in the administration of these agents to 
patients at increased risk of adverse effects, including the elderly and those with blood-
clotting disorders, predilection to peptic ulceration, impaired renal function, and concurrent 
corticosteroid therapy. Of the NSAIDs, the relatively cyclooxygenase-2-selective inhibitors 
(nimuselide, meloxicam, rofecoxib, and celecoxib) (63) or the nonacetylated salicylates 
(choline magnesium trisalicylate and salsalate) (64) are preferred in patients who have 
a predilection to peptic ulceration or bleeding; these drugs have less effect on platelet 
aggregation and no effect on bleeding time at the usual clinical doses. Data from randomized 
trials support the use of either omeprazole (65), pantoprazole, misoprostol (66), or high-dose 
famotidine (80 mg/d) (67) as the preferred agent for the prevention of NSAID-related peptic 
ulceration. In some countries, a combined formulation of diclofenac and misoprostol is 
available as a convenient and cost-effective option (68,69).

Acetaminophen rarely produces gastrointestinal toxicity and there are no adverse effects 
on platelet function; hepatic toxicity is possible, however, and patients with chronic 
alcoholism and liver disease can develop severe hepatotoxicity at the usual therapeutic 
doses (70).

The optimal administration of nonopioid analgesics requires an understanding of their 
clinical pharmacology. There is no certain knowledge of the minimal effective analgesic 
dose, ceiling dose, or toxic dose for any individual patient with cancer pain. Based on 
clinical experience, an upper limit for dose titration is usually set at 1.5–2 times the standard 
recommended dose of the drug in question. Because failure with one NSAID can be followed 
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by success with another, sequential trials of several NSAIDs may be useful in identifying a 
drug with a favorable balance between analgesia and side effects.

4.2. Opioid Analgesics: Basic Pharmacology
A trial of systemic opioid therapy should be administered to all cancer patients with pain of 

moderate or greater severity regardless of the pain mechanism. Although somatic and visceral 
pain appear to be relatively more responsive to opioid analgesics than neuropathic pain, a 
neuropathic mechanism does not confer “opioid resistance” and appropriate dose escalation 
will identify many patients with neuropathic pain who can achieve adequate relief (71,72).

Optimal use of opioid analgesics requires a sound understanding of the general principles 
of opioid pharmacology, the pharmacological characteristics of each of the commonly used 
drugs, and principles of administration, including drug selection, routes of administration, 
dosing and dose titration, and the prevention and management of adverse effects.

4.3. Important Principles in Opioid Drug Therapy
4.3.1. CLASSIFICATION

Opioid compounds can be divided into agonist, agonist–antagonist, and antagonist 
classes based on their interactions with the various receptor subtypes (Table 2). In the 

Table 1
Commonly Used Nonopioid Analgesics

Chemical class Generic name

Cox-2-specifi c Meloxicam
 Nemesulide
 Rofecoxib
 Celecoxib
Nonacidic Acetaminophen
Acidic
    Salicylates Aspirin
 Difl unisal
 Choline magnesium trisalicylate
 Salsalate
    Proprionic acids Ibuprofen
 Naproxen
 Fenoprofen
 Ketoprofen
 Flurbiprofen
 Suprofen
    Acetic acids Indomethacin
 Tolmentin
 Sulindac
 Diclofenac
 Ketorolac
Oxicams Piroxicam
Fenemates Mefenamic acid
 Meclofenamic acid
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management of cancer pain, the pure agonists are most commonly used. The mixed 
agonist–antagonist opioids (pentazocine, nalbuphine, and butorphanol) and the partial 
agonist opioids (buprenorphine and probably dezocine) play a minor role in the management 
of cancer pain because of the existence of a ceiling effect for analgesia, the potential for 
precipitation of withdrawal in patients physically dependent to opioid agonists, and, in the 
case of mixed agonist–antagonists, the problem of dose-dependent psychotomimetic side 
effects that exceed those of pure agonist drugs (73).

4.3.2. DOSE-RESPONSE RELATIONSHIP

The pure agonist drugs do not have a ceiling dose; as the dose is raised, analgesic effects 
increases in a semi log-linear function, until either analgesia is achieved or the patient 
develops dose-limiting adverse effects such as nausea, vomiting, confusion, sedation, 
myoclonus, or respiratory depression.

4.3.3. THE EQUIANALGESIC DOSE RATIO

The relative analgesic potency of opioid is commonly expressed in terms of the equian-
algesic dose ratio. This is the ratio of the dose of two analgesics required to produce the 
same analgesic effect. By convention, the relative potency of each of the commonly used 
opioids is based on a comparison to 10 mg of parenteral morphine (74). Equianalgesic 
dose information (Table 3) provides guidelines for dose selection when the drug or route 
of administration is changed.

Several principles are critical in interpreting the data presented in equianalgesic dose 
tables. The commonly quoted values do not refl ect the substantial variability that is observed 
in both single-dose and multidose crossover studies. Numerous variables may infl uence the 
appropriate dose for the individual patient, including pain severity, prior opioid exposure 
(and the degree of cross-tolerance this confers), age, route of administration, level of 
consciousness, and genetically determined metabolic or receptor heterogeneity. For most 
agents, the equianalgesic dose relationship to morphine is linear; for methadone, however, 
the relationship appears to be curvilinear with the equianalgesic dose ratio falling as the 
dose of prior morphine increases. At low doses of morphine (30–300 mg oral morphine), 

Table 2
Classifi cation of Opioid Analgesics

Agonists Partial agonists Agonist–antagonists

Morphine Buprenorphine Pentazocine
Codeine Dezocine Butorphanol
Oxycodone  Nalbuphine
Heroin
Oxymorphone
Meperidine
Levorphanol
Hydromorphone
Methadone
Fentanyl
Sufentanil
Alfentanil
Propoxyphene
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Table 3
Opioid Agonist Drugs

 Dose (mg) equianalgesic 
 to 10 mg im morphine  

Duration
   Half-life of action 
Drug im po (h) (h) Comments

Codeine 130 200 12–3 12–4 Usually combined with 
         a nonopioid.
Oxycodone 117–10 115–20 12–3 12–4
Propoxyphene 100 150 12–3 12–4 Usually combined with
         nonopioid; 
         norpropoxyphene
         toxicity may cause 
         seizures.
Morphine 110 130 12–3 13–4 Multiple routes of
         administration and
         formulations 
         available; M6G 
         accumulation in renal
         failure.
Hydromorphone 112–3 117.5 12–3 12–4 Multiple routes of
         administration and
         formulations 
         available.
Methadone 111–3 112–6 15–190 14–8 Plasma accumulation 
         may lead to delayed 
         toxicity; dosing 
         should be initiated
         on a PRN basis.
Meperidine 175 300 12–3 12–4 Low oral bioavailability;
         normeperidine 
         toxicity limits utility;
         contraindicated in 
         patients with renal 
         failure and those
         receiving MAO 
         inhibitors.
Oxymorphone 111 110 (P.R.)* 12–3 13–4 No oral formulation
         available; less 
         histamine release.
Levorphanol 112 114 12–15 14–8 Plasma accumulation 
         may lead to delayed 
         toxicity.
Fentanyl transdermal  empirically  48–72 Patches available to 
    system      transdermal       deliver 25, 50, 75, and 
      fentanyl        100 µg/h.
      100 µg/h = 
      2–4 mg/h 
      intravenous
      morphine

 *P. R., per rectum.
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the equianalgesic ratio for oral methadone to oral morphine is 1�4 to 1�6 and at high doses
(> 300 mg oral morphine), it is 1�10 to 1�12 (75).

4.3.4. OPIOID AGONISTS

4.3.4.1. Codeine. Codeine is the most commonly used opioid analgesic for the manage-
ment of mild to moderate pain. It is generally formulated in combination with aspirin or 
acetaminophen. Its plasma half-life and duration of action is usually in the range of 2–4 h.

4.3.4.2. Dihydrocodeine. Dihydrocodeine is an equianalgesic codeine analog. In the United 
States, it is only available in combination with acetaminophen or aspirin. A single-agent 
sustained-release formulation is has been developed and is available in some countries (76).

4.3.4.3. Oxycodone. Oral oxycodone has a high bioavailability (60%) and an analgesic 
potency that is 25–50% greater than morphine (77). Oral oxycodone, in combination with 
aspirin or acetaminophen in products that provide 5 mg of oxycodone per tablet, is a useful 
drug for moderate pain in step II of the “analgesic ladder.” Single-agent tablet or syrup 
formulations are also available, and doses of these can be adjusted to effectively manage 
severe pain (78). Recently, sustained-release formulations in a wide dose range (10, 20, 40, 
and 80 mg) have been developed. These formulations have a duration of action of 8–12 h and 
are suitable for the management of both moderate and severe pain (77,79).

4.3.4.4. Propoxyphene (Dextropropoxyphene). Propoxyphene is a congener of metha-
done. It is metabolized to norpropoxyphene, which has a long half-life and is associated 
with excitatory effects, including tremulousness and seizures (80). These effects are dose 
related and are not a clinical problem at the doses of propoxyphene typically administered 
for moderate pain (50–100 mg every 4 h) (81). In the United States, propxyphene is available 
in short-acting formulation in combination with acteominophen.

4.3.4.5. Morphine. Based on its availability and clinician familiarity with its use, 
morphine has been designated as the prototypical agent for step III of the “analgesic 
ladder” (82) and it is on the essential drug list of the WHO. It is available in a very wide 
range of formulations: injectable, immediate and controlled-release tablets, immediate and 
controlled-release rectal suppositories, immediate-release syrup, and controlled-release 
suspension. This very wide range of formulations is unique among the pure opioid agonists 
and contributes to the great fl exibility of this agent.

Morphine usually has a half-life and duration of action of 2–4 h. Morphine undergoes 
hepatic glucuronidation at the 3- and 6-positions and the metabolites are excreted by the 
kidneys. Morphine-3-glucuronide (M3G) is the major metabolite (83). M3G is not an 
analgesic, rather there are data to suggest a role in the production of dose-related adverse 
effects such as hyperalgesia/allodynia and myoclonus (84). M6G excretion by the kidney is 
related to creatinine clearance (85), and in some patients with impaired renal function, high 
concentrations of M6G have been associated with toxicity (86–88), suggesting the need for 
enhanced vigilance when administering morphine to patients with renal impairment. The im 
to po relative potency is 1�3 or 1�2 (89).

4.3.4.6. Hydromorphone. Hydromorphone is a versatile, short half-life opioid that can 
be administered by the oral, rectal, parenteral, and intraspinal routes (90). Its solubility, high 
bioavailability by continuous subcutaneous infusion (78%) (91), and the availability of a 
high-concentration preparation (10 mg/cm3), make it particularly suitable for subcutaneous 
infusion. Orally, it is available in both immediate and controlled-relase formulations (79,92). The 
equianalgesic ratio of parenteral morphine to hydromorphone is approx 4�1 (93,94).

4.3.4.7. Meperidine (Pethedine). Meperidine is a short half-life opioid agonist with a 
profi le of potential adverse effects that limits its utility. Meperidine is N-demethylated to 
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normeperidine, which is an active metabolite that is twice as potent as a convulsant and 
one-half as potent as an analgesic than its parent compound. The half-life of normeperidine 
is 12–16 h, approximately four to fi ve times the half-life of meperidine. Accumulation of 
normeperidine after repetitive dosing of meperidine can result in central nervous system 
toxicity characterized by subtle adverse mood effects, tremulousness, multifocal myoclonus, 
and, occasionally, seizures (95,96).

4.3.4.8. Methadone. Methadone is a synthetic opioid with a very long plasma half-life, 
which averages approximately 24 h (range from 13 to over 100 h) (97). Despite this long 
half-life, many patients require dosing at a 4 to 8 h interval to maintain analgesic effects 
(98). After treatment is initiated or the dose is increased, plasma concentration rises for a 
prolonged period, and this may be associated with delayed onset of side effects. Serious 
adverse effects can be avoided if the initial period of dosing is accomplished with “as needed”
administration (99,100). When steady state has been achieved, scheduled dose frequency 
should be determined by the duration of analgesia following each dose. Most patients can 
be well controlled on 8–12-h dosing. Oral and parenteral preparations of methadone are 
available. Subcutaneous infusion has been reported to cause local skin toxicity and is not 
recommended (101).

The equianalgesic dose ratio of morphine to methadone has been a matter of confusion 
and controversy. Recent data from crossover studies with morphine and methadone, and 
hydromorphone and methadone indicate that methadone is much more potent than previously 
described in literature and that the ratio correlates with total opioid dose administered before 
switching to methadone (102). Among patients receiving low doses of morphine, the ratio 
is 4�1; in contrast, for patients receiving more than 300 mg of oral morphine (or parenteral 
equivalent), the ratio is approx 10�1 (103).

4.3.4.9. Oxymorphone. Oxymorphone is a potent, short-half-life lipophilic congener 
of morphine that is available as injectable and rectal formulations in the United States. 
Substantial experience has been reported using oxymorphone for intravenous or subcutaneous 
patient-controlled analgesia (104–106). The rectal formulation is approximately equipotent 
with parenteral morphine.

4.3.4.10. Levorphanol. Levorphanol is a morphine congener with a long half-life (12–16 h)
(107) that is available in both oral and parenteral formulations. It is fi ve times more potent 
than morphine and has an oral to parenteral relative potency ratio of 2�1 (108). Like 
methadone, drug accumulation may follow the initiation of therapy or dose escalation. 
Levorphanol is used commonly as a second-line agent in patients with chronic pain who 
cannot tolerate morphine.

4.3.4.11. Fentanyl. Fentanyl is a semisynthetic opioid characterized by high potency, 
lipophilicity, and a short half-life after bolus administration. The development of a transder-
mal system (see Section 4.5.) has broadened its clinical utility for the management of cancer 
pain (109). Fentanyl is also used parenterally as a premedication for painful procedures 
(110) and in continual infusion either intravenously (111) or by the subcutaneous route 
(112). A recently developed oral transmucosal formulation may be particularly useful in the 
management of “breakthrough” pain in the cancer population (113).

4.4. Selecting an Appropriate Opioid
The factors that infl uence opioid selection in chronic pain states include pain intensity, 

pharmacokinetic and formulatory considerations, previous adverse effects, and the presence 
of coexisting disease.
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Traditionally, patients with moderate pain have been conventionally treated with a 
combination product containing acetaminophen or aspirin plus codeine, dihydrocodeine, 
hydrocodone, oxycodone, and propoxyphene. The doses of these combination products can 
be increased until the maximum dose of the nonopioid coanalgesic is attained (e.g., 4000 mg 
acetaminophen). Recent years have witnessed the proliferation of new opioid formulations 
that may improve the convenience of drug administration for patients with moderate pain. 
These include controlled-release formulations of codeine, dihydrocodeine, oxycodone, 
morphine, and tramadol in dosages appropriate for moderate pain.

Patients who present with strong pain are usually treated with morphine, hydromorphone, 
oxycodone, oxymorphone, fentanyl, methadone, or levorphanol. Of these, the short-half-life 
opioid agonists (morphine, hydromorphone, fentanyl, oxycodone, or oxymorphone) are 
generally favored because they are easier to titrate than the long-half-life drugs, which require 
a longer period to approach steady-state plasma concentrations. Morphine is generally 
preferred because it has a short half-life and is easy to titrate in its immediate release 
form, and it is also available as a controlled-release preparation that allows an 8- to 12-h 
dosing interval.

If the patient is currently using an opioid that is well tolerated, it is usually continued 
unless diffi culties in dose titration occur or the required dose cannot be administered 
conveniently. A switch to an alternative opioid is considered if the patient develops dose-
limiting toxicity that precludes adequate relief of pain without excessive side effects or if a 
specifi c formulation, not available with the current drug, is either needed or may substantially 
improve the convenience of opioid administration. Some patients will require sequential 
trials of several different opioids before a drug that is effective and well tolerated is identifi ed 
(114,115). This strategy has been variably labeled opioid-rotation or opioid-switching. The 
existence of incomplete cross-tolerance to various opioid effects (analgesia and side effects) 
may explain the utility of these sequential trials. It is strongly recommended that clinicians 
be familiar with at least three opioid drugs used in the management of severe pain and have 
the ability to calculate appropriate starting doses using equianalgesic dosing data when 
switching between drugs.

4.5. Selecting the Appropriate Route of Systemic Opioid Administration
Opioids should be administered by the least invasive and safest route capable of providing 

adequate analgesia. Usually, the oral route is preferred. Alternative routes are necessary for 
patients who have impaired swallowing or gastrointestinal dysfunction, those who require 
a very rapid onset of analgesia, and those who are unable to manage either the logistics or 
side effects associated with the oral route.

The development of transdermal fentanyl has provided a convenient an noninvasive 
alternative to oral administration. Transdermal patches capable of delivering 25, 50, 75, 
and 100 µg/h are available. The dosing interval for each patch is usually 72 h (116), but 
some patients require a 48-h schedule (109). Recent data from controlled studies indicate 
that the transdermal administration of fentanyl is associated with a lesser incidence of 
constipation than oral morphine and is often preferred (117–119). Multiple patches may 
be used simultaneously for patients who require higher doses. At the present time, the 
limitations of the transdermal delivery system include its cost and the requirement for an 
alternative short-acting opioid for breakthrough pain.

Other noninvasive routes are less commonly used. Rectal suppositories containing 
oxycodone, hydromorphone, oxymorphone, and morphine have been formulated, and 
controlled-release morphine tablets can also be administered per rectum (120,121). The 
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potency of opioids administered rectally is approximately equivalent to that achieved by 
the oral route (89).

The sublingual route has limited value because of the lack of formulations, poor absorption 
of most drugs, and the inability to deliver high doses or prevent swallowing of the dose. 
Anecdotally, sublingual morphine has also been reported to be effective; however, this drug 
has poor sublingual absorption (122) and effi cacy may be related, in part, to swallowing 
of the dose.

An oral transmucosal formulation of fentanyl, which incorporates the drug into a candy 
base, has recently been approved for use in the management of breakthrough pain (123).

4.5.1. INVASIVE ROUTES

A parenteral route may be considered when the oral route is precluded or there is need for 
rapid onset of analgesia, or a more convenient regimen. Repeated parenteral bolus injections, 
which may be administered by the intravenous (iv), intramuscular (im) or subcutaneous (sc) 
routes, provides the most rapid onset and shortest duration of action. Parenteral boluses 
are most commonly used to treat very severe pain, in which case doses can be repeated at an 
interval as brief as that determined by the time to peak effect, until adequate relief is achieved 
(124). Repeated bolus doses without frequent skin punctures can be accomplished through 
the use of an indwelling iv or sc infusion device such as a 25–27 gage infusion device (a 
“butterfl y”), which can be left under the skin for up to a week (125). Repetitive im injections 
are not recommended: they are painful and offer no pharmacokinetic advantage (126).

Continuous parenteral infusions are useful for many patients who cannot be maintained 
on oral opioids. Long-term infusions may be administered iv or sc. In practice, the major 
indication for continuous infusion occurs among patients who are unable to swallow or 
absorb opioids. Continuous infusion is also used in some patients whose high opioid require-
ment renders oral treatment impractical. Ambulatory patients can easily use continuous sc 
infusion. A range of pumps is available varying in complexity, cost, and ability to provide 
patient-controlled “rescue doses” as an adjunct to a continuous basal infusion (125). Opioids 
suitable for continuous sc infusion must be soluble, well absorbed, and nonirritant. Extensive 
experience has been reported with heroin, hydromorphone, oxymorphone, morphine, and 
fentanyl. Methadone appears to be relatively irritating and is not recommended. To maintain 
the comfort of an infusion site, the sc infusion rate should not exceed 3–5 cm3/h. Patients who 
require high doses may benefi t from the use of concentrated solutions. A high concentration 
hydromorphone (10 mg/cm3) is available commercially and the organic salt of morphine, 
morphine tartrate, is available in some countries as an 80-mg/cm3 solution. In selected 
cases, concentrated opioid solutions can be compounded specifi cally for continuous sc 
infusion.

Occasionally, patients develop focal erythematous swelling at the site of injection; this 
complication must be distinguished from injection-site abscess formation, which may require 
antibiotic therapy and, in some cases, surgical drainage.

In some circumstances, continuous iv infusion may be the most appropriate parenteral 
route. The need for very large doses, treatment with methadone, or the development of 
injection-site reactions may suggest the utility of this approach. If continuous iv infusion is to 
be continued on a long-term basis, a permanent central venous access is recommended.

4.5.2. CHANGING ROUTES OF ADMINISTRATION

The switch between oral and parenteral routes should be guided by knowledge of relative 
potency (Table 3) to avoid subsequent overdosing or underdosing. In calculating the 
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equianalgesic dose, the potencies of the iv, sc, and im routes are considered equivalent. In 
recognition of the imprecision in the accepted equianalgesic doses and the risk of toxicity 
from potential overdose, a modest reduction in the equianalgesic dose is prudent.

4.6. Scheduling of Opioid Administration
The schedule of opioid administration should be individualized to optimize the balance 

between patient comfort and convenience. “Around the clock” dosing and “as needed”
dosing both have a place in clinical practice.

4.6.1. “AROUND THE CLOCK” DOSING WITH “RESCUE DOSES”
“Around the clock” dosing provides the chronic pain patient with continuous relief by 

preventing the pain from recurring. Controlled-release preparations of opioids can lessen 
the inconvenience associated with the use of “around the clock” administration of drugs 
with a short duration of action. Currently, controlled-release formulations are available for 
administration by the oral, transdermal, and rectal routes. Patients should also be provided 
a so-called “rescue dose,” which is a supplemental dose offered on an “as needed” basis 
to treat pain that breaks through the regular schedule (127). The frequency with which the 
rescue dose can be offered depends on the route of administration and the time to peak effect 
for the particular drug. Oral rescue doses are usually offered up to every 1–2 h and parenteral 
doses can be offered as frequently as every 15–30 min. Clinical experience suggests that 
the initial size of the rescue dose should be equivalent to approx 50–100% of the dose
administered every 4 h for oral or parenteral bolus medications, or 50–100% of the hourly 
infusion rate for patients receiving continuous infusions. Alternatively, this may be calculated 
as 5–15% of the 24-h baseline dose. The magnitude of the rescue dose should be individual-
ized and some patients with low baseline pain but severe exacerbations may require rescue 
doses that are substantially higher (128). The drug used for the rescue dose is usually 
identical to that administered on a scheduled basis.

This approach provides a method for safe and rational stepwise dose escalation, which is 
applicable to all routes of opioid administration. Patients who require more than four to 
six rescue doses per day should generally undergo escalation of the baseline dose. The 
quantity of the rescue medication consumed can be used to guide the dose increment. 
Alternatively, each dose increment can be set at 33–50% of the pre-existing dose. In all 
cases, escalation of the baseline dose should be accompanied by a proportionate increase 
in the rescue dose so that the size of the supplemental dose remains a constant percentage 
of the fi xed dose.

4.6.2. “AS-NEEDED” DOSING

Opioid administration on an “as needed” (PNR) basis, without an “around the clock”
dosing regimen, may provide additional safety during the initiation of opioid therapy, 
particularly when rapid dose escalation is needed or therapy with a long-half-life opioid 
such as methadone or levorphanol is begun. “As needed” dosing may also be appropriate for 
patients who have rapidly decreasing analgesic requirement or intermittent pains separated 
by pain-free intervals.

4.6.3. PATIENT CONTROLLED ANALGESIA

Patient-controlled analgesia (PCA) generally refers to a technique of parenteral drug 
administration in which the patient controls an infusion device that delivers a bolus of 
analgesic drug “on demand” according to parameters set by the physician. Long-term PCA 
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in cancer patients is most commonly accomplished via the subcutaneous route using an 
ambulatory infusion device (129). In most cases, PCA is added to a basal infusion rate 
and acts essentially as a rescue dose (129). Rare patients have benefi ted from PCA alone 
to manage episodic pains characterized by an onset so rapid that an oral dose could not 
provide suffi ciently prompt relief.

4.7. Dose Selection and Titration
4.7.1. SELECTING A STARTING DOSE

A patient who is relatively nontolerant, having had only some exposure to an opioid 
typically used on the second rung of the “analgesic ladder” for moderate pain, should 
generally begin one of the opioids typically used for severe pain at a dose equivalent to 
5–10 morphine im every 4 h (89). If morphine is used, a po to im relative potency ratio of 
2�1–3�1 is conventional (89). When patients on higher doses of opioids are switched to an 
alternative opioid drug, the starting dose of the new drug should be reduced to 50–75% of 
the equianalgesic dose to account for incomplete cross-tolerance.

4.7.2. DOSE ADJUSTMENT

Inadequate relief should be addressed through gradual escalation of dose until adequate 
analgesia is reported or excessive side effects supervene. Because opioid response increases 
linearly with the log of the dose, a dose increment of less than 30–50% is not likely to 
signifi cantly improve analgesia. The absolute dose is immaterial as long as administration is 
not compromised by excessive side effects, inconvenience, discomfort, or cost.

4.7.3. RATE OF DOSE TITRATION

The rate of dose titration depends on the severity of the pain, the medical condition of the 
patient, and the goals of care. Patients who present with very severe pain are sometimes best 
managed by repeated parenteral administration of a dose every 15–30 min until pain is partially 
relieved. Patients with moderate pain may not require a loading dose of the opioid, but rather 
the initiation of a regular dose with provision for rescue doses and gradual dose titration. 
In this situation, dose increments of 30–50% can be administered at intervals greater than 
that required to reach steady state following each change. The dose of morphine (tablets or 
elixir), hydromorphone, or oxycodone can be increased on a twice-daily basis, and the dose of 
controlled-release oral morphine or transdermal fentanyl can be increased every 24–48 h.

4.7.4. THE PROBLEM OF TOLERANCE

When the need for dose escalation arises, disease progression (130,131), increasing 
psychological distress or changes in the pharmacokinetics of an analgesic drug are much 
more common than true analgesic tolerance. Indeed, most patients who require an escalation 
in dose to manage increasing pain have demonstrable progression of disease. True analgesic 
tolerance, which could compromise the utility of treatment, can only be said to occur if a 
patient manifests the need for increasing opioid doses in the absence of other factors (e.g., 
progressive disease) that would be capable of explaining the increase in pain.

Together, these observations suggest several important conclusions:

 1. That true pharmacological tolerance to the analgesic effects of opioids is not a common 
clinical problem.

 2. Concern about tolerance should not impede the use of opioids early in the course of the 
disease.



672          Cherny

 3. Worsening pain in a patient receiving a stable dose of opioids should not be attributed to 
tolerance, but should be assessed as presumptive evidence of disease progression or, less 
commonly, increasing psychological distress.

4.8. Management of Opioid Adverse Effects
Successful opioid therapy requires that the benefi ts of analgesia and other desired effects 

clearly outweigh treatment-related adverse effects. Thus, a detailed understanding of adverse 
opioid effects and the strategies used to prevent and manage them are essential skills for all 
involved in cancer pain management.

4.8.1. ADVERSE DRUG INTERACTIONS

In patients with advanced cancer side effects resulting from drug combinations are 
common. The potential for additive side effects and serious toxicity from drug combinations 
must be recognized. The sedative effect of an opioid may add to that produced by numerous 
other centrally acting drugs, such as anxiolytics, neuroleptics, and antidepressants (132).
Likewise, drugs with anticholinergic effects probably worsen the constipatory effects of 
opioids. As noted previously, a severe adverse reaction, including excitation, hyperpyrexia, 
convulsions, and death, has been reported after the administration of meperidine to patients 
treated with a monoamine oxidase inhibitor (133).

4.8.2. GASTROINTESTINAL SIDE EFFECTS

The gastrointestinal adverse effects of opioids are common. In general, they are character-
ized by having by having a weak dose-response relationship.

4.8.2.1. Constipation. Constipation is the most common adverse effect of chronic opioid 
therapy (134). The likelihood of opioid-induced constipation is so great that laxative 
medications should be prescribed prophylactically to most patients.

4.8.2.2. Nausea and Vomiting. Opioids may produce nausea and vomiting through both 
central and peripheral mechanisms. These drugs stimulate the medullary chemoreceptor 
trigger zone, increase vestibular sensitivity and have effects on the gastrointestinal tract 
(including increased gastric antral tone, diminished motility, and delayed gastric emptying. 
With the initiation of opioid therapy, patients should be informed that nausea can occur 
and that it is usually transitory and controllable. Routine prophylactic administration of 
an antiemetic is not necessary, except in patients with a history of severe opioid-induced 
nausea and vomiting, but patients should have access to an antiemetic at the start of therapy 
if the need for one arises. Anecdotally, the use of prochlorperazine and metoclopromide 
has usually been suffi cient.

4.8.3. CENTRAL NERVOUS SYSTEM SIDE EFFECTS

The CNS side effects of opioids are generally dose related. The specifi c pattern of CNS 
adverse effects is infl uenced by individual patient factors, duration of opioid exposure, 
and dose.

4.8.3.1. Sedation. Initiation of opioid therapy or signifi cant dose escalation commonly 
induces sedation that persists until tolerance to this effect develops, usually in days to weeks. 
It is useful to forewarn patients of this potential and thereby reduce anxiety and encourage 
avoidance of activities, such as driving, that may be dangerous if sedation occurs (135).
Some patients have a persistent problem with sedation, particularly if other confounding 
factors exist. These factors include the use of other sedating drugs or coexistent diseases such 
as dementia, metabolic encephalopathy, or brain metastases. Both dextroamphetamine and 
methylphenidate have been widely used in the treatment of opioid-induced sedation (136).
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Treatment with methylphenidate or dextroamphetamine is typically begun at 2.5–5 mg in 
the morning, which is repeated at midday if necessary to maintain effects until evening. 
Doses are then increased gradually if needed. Few patients require more than 40 mg/d in 
divided doses. This approach is relatively contraindicated among patients are with cardiac 
arrhythmias, agitated delirium, paranoid personality, and past amphetamine abuse.

4.8.3.2. Confusion and Delirium. Mild cognitive impairment is common following the 
initiation of opioid therapy or dose. Similar to sedation, however, pure opioid-induced 
encephalopathy appears to be transient in most patients, persisting from days to a week 
or two. Although persistent confusion attributable to opioid alone occurs, the etiology 
of persistent delirium is usually related to the combined effect of the opioid and other 
contributing factors, including electrolyte disorders, neoplastic involvement of the central 
nervous system, sepsis, vital-organ failure, and hypoxemia (136). A stepwise approach to 
management (Table 4) often culminates in a trial of a neuroleptic drug. Haloperidol in low 

Table 4
Examples of Stepwise Dose Escalation of Morphine Sulfate

Administered as Oral Immediate Release Preparation,
Oral Controlled Release and Continuous Infusion

Oral immediate release morphine sulfate

 mg q 4 h
Stepa ATC Rescue dose (mg)

1 15 17.5 PRN q 1 h
2 30 15.0 PRN q 1 h
3 45 22.5 PRN q 1 h
4 60 30.0 PRN q 1 h
5 90 45.0 PRN q 1 h

Oral controlled release morphine sulfate
(immediate-release rescue dose)

  Immediate release
Stepa mg ATC rescue dose (mg)

1 130 q 12 17.5 PRN q 1 h
2 130 q 8 15.0 PRN q 1 h
3 160 q 12 15.0 PRN q 1 h
4 100 q 12 30.0 PRN q 1 h
5 100 q 8 45.0 PRN q 1 h

Continuous morphine infusion

Stepa mg/h Rescue dose (mg)

1 13 12.0 PRN q 30 min
2 15 12.5 PRN q 30 min
3 17 13.5 PRN q 30 min
4 10 15.0 PRN q 30 min
5 15 17.5 PRN q 30 min

aSuggested indications for progression from one step to the next include (1) 
requirement of more than two rescue doses in any 4-h interval or (2) requirement 
of more than six rescue doses in 24 h.
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doses (0.5–1.0 mg po or 0.25–0.5 mg iv or im) is most commonly recommended because of 
its effi cacy and low incidence of cardiovascular and anticholinergic effects.

4.8.3.3. Respiratory Depression. When sedation is used as a clinical indicator of CNS 
toxicity and appropriate steps are taken, respiratory depression is rare. When, however, it 
does occur, it is always accompanied by other signs of CNS depression, including sedation 
and mental clouding. Respiratory compromise accompanied by tachypnea and anxiety is 
never a primary opioid event.

With repeated opioid administration, tolerance appears to develop rapidly to the respira-
tory depressant effects of the opioid drugs; consequently, clinically important respiratory 
depression is a very rare event in the cancer patient whose opioid dose has been titrated 
against pain.

The ability to tolerate high doses of opioids is also related to the stimulus-related effect of 
pain on respiration in a manner that is balanced against the depressant opioid effect. Opioid-
induced respiratory depression can occur, however, if pain is suddenly eliminated (such as 
may occur following neurolytic procedures) and the opioid dose is not reduced (137).

When respiratory depression occurs in patients on chronic opioid therapy, administration 
of the specifi c opioid antagonist naloxone usually improves ventilation. This is true even if 
the primary cause of the respiratory event was not the opioid itself, but, rather, an intercurrent 
cardiac or pulmonary process. A response to naloxone, therefore, should not be taken as 
proof that the event was the result of the opioid alone and an evaluation for these other 
processes should ensue.

Naloxone can precipitate a severe abstinence syndrome and should be administered only 
if strongly indicated. If the patient is bradypneic but readily arousable and the peak plasma 
level of the last opioid dose has already been reached, the opioid should be withheld and 
the patient monitored until improved. If severe hypoventilation occurs (regardless of the 
associated factors that may be contributing to respiratory compromise) or the patient is 
bradypneic and unarousable, naloxone should be administered. To reduce the risk of severe 
withdrawal following a period of opioid administration, dilute naloxone (1�10) should 
be used in doses titrated to respiratory rate and level of consciousness. In the comatose 
patient, it may be prudent to place an endotracheal tube to prevent aspiration following 
administration of naloxone.

4.8.3.4. Multifocal Myoclonus. All opioid analgesics can produce myoclonus. Mild 
and infrequent myoclonus is common. In occasional patients, however, myoclonus can be 
distressing or contribute to breakthrough pain that occurs with the involuntary movement. If 
the dose cannot be reduced because of persistent pain, consideration should be given to either 
switching to an alternative opioid (114) or to symptomatic treatment with a benzodiazepine 
(particularly clonazepam or midazolam), dantrolene, or an anticonvulsant (136).

4.9. Other Effects
Opioid analgesics increase smooth-muscle tone and can occasionally cause bladder 

spasm or urinary retention (because of an increase in sphincter tone). This is an infrequent 
problem that is usually observed in elderly male patients. Tolerance can develop rapidly but 
catheterization may be necessary to manage transient problems.

4.10. Dependence and Addiction
Confusion about physical dependence and addiction augment the fear of opioid drugs 

and contribute substantially to the undertreatment of pain (138–144). To understand these 
phenomena as they relate to opioid pharmacotherapy for cancer pain, it is useful to fi rst 
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present a concept that might be called “therapeutic dependence.” Patients who require a 
specifi c pharmacotherapy to control a symptom or disease process are clearly dependent on 
the therapeutic effi cacy of the drugs in question. Examples of this “therapeutic dependence”
include the requirements of patients with congestive cardiac failure for cardiotonic and 
diuretic medications or the reliance of insulin-dependent diabetics on insulin therapy. In 
these patients, undermedication or withdrawal of treatment results in serious untoward 
consequences for the patient, the fear of which could conceivably induce aberrant psychologi-
cal responses and drug-seeking behaviors. Patients with chronic cancer pain have an 
analogous relationship to their analgesic pharmacotherapy. This relationship may or may 
not be associated with the development of physical dependence, but it is virtually never 
associated with addiction.

4.10.1. PHYSICAL DEPENDENCE

Physical dependence is a pharmacological property of opioid drugs defined by the 
development of an abstinence (withdrawal) syndrome following either abrupt dose reduction 
or administration of an antagonist. Despite the observation that physical dependence is 
most commonly observed in patients taking large doses for a prolonged period of time, 
withdrawal has also been observed in patients after low doses or short duration of treatment. 
Physical dependence rarely becomes a clinical problem if patients are warned to avoid 
abrupt discontinuation of the drug, a tapering schedule is used if treatment cessation is 
indicated, and opioid antagonist drugs (including agonist–antagonist analgesics) are avoided 
(131). Occasionally, patients who are switched form a pure agonist opioid to transdermal 
fentanyl will develop an abstinence syndrome within the fi rst 24 h, the mechanism of which 
is not understood (118,145).

4.10.2. ADDICTION

The term “addiction” refers to a psychological and behavioral syndrome characterized 
by a continued craving for an opioid drug to achieve a psychic effect (psychological 
dependence) and associated aberrant drug-related behaviors, such as compulsive drug-
seeking, unsanctioned use or dose escalation, and use despite harm to self or others. 
Addiction should be suspected if patients demonstrate compulsive use, loss of control over 
drug use, and continuing use despite harm.

The medical use of opioids is very rarely associated with the development of addiction 
(131). In the largest prospective study, only 4 cases could be identifi ed among 11,882 patients 
with no history of addiction who received at least 1 opioid preparation in the hospital setting 
(146). In a prospective study of 550 cancer patients who were treated with morphine for 
a total of 22,525 treatment days, 1 patient developed problems related to substance abuse 
(131). Health care providers, patients, and families often require vigorous and repeated 
reassurance that the risk of addiction is extremely small.

4.10.3. “PSEUDOADDICTION”
The distress engendered in patients who have a therapeutic dependence on analgesic 

pharmacotherapy but who continue to experience unrelieved pain is occasionally expressed in 
behaviors that are reminiscent of addiction, such as intense concern about opioid availability 
and unsanctioned dose escalation. Pain relief, usually produced by dose escalation, eliminates 
these aberrant behaviors and distinguishes the patient from the true addict. This syndrome 
has been termed “pseudoaddiction” (147). Misunderstanding of these phenomena may lead 
the clinician to inappropriately stigmatize the patient with the label “addict,” which may 
compromise care and erode the doctor–patient relationship. In the setting of unrelieved pain, 
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aberrant drug-related behaviors require careful assessment, renewed efforts to manage pain, 
and avoidance of stigmatizing labels.

4.11. Adjuvant Analgesics
The term “adjuvant analgesic” describes a drug that has a primary indication other than 

pain but is analgesic in some conditions. In the cancer population, these drugs may be 
combined with primary analgesics in any of the three steps of the “analgesic ladder” to 
improve the outcome for patients who cannot otherwise attain an acceptable balance between 
relief and side effects. The potential utility of an adjuvant analgesic is usually suggested by 
the characteristics of the pain or by the existence of another symptom that may be amenable 
to a nonanalgesic effect of the drug.

There is great interindividual variability in the response to all adjuvant analgesics. 
Although patient characteristics, such as advanced age or coexistent major-organ failure, 
may increase the likelihood of some (usually adverse) responses, neither favorable effects 
nor specifi c side effects can be reliably predicted in the individual patient. Furthermore, 
there is remarkable intraindividual variability in the response to different drugs, including 
those within the same class. These observations suggest the potential utility of sequential 
trials of adjuvant analgesics. The process of sequential drug trials, like the use of low initial 
doses and dose titration, should be explained to the patient at the start of therapy to enhance 
compliance and reduce the distress that may occur if treatments fail.

In the management of cancer pain, adjuvant analgesics can be broadly classifi ed based on 
conventional use. Four groups are distinguished:

 1. Multipurpose adjuvant analgesics
 2. Adjuvant analgesics used for neuropathic pain
 3. Adjuvant analgesics used for bone pain
 4. Adjuvant analgesics used for visceral pain

4.11.1. MULTIPURPOSE ADJUVANT MEDICATIONS

4.11.1.1. Corticosteroids. Corticosteroids are among the most widely used adjuvant 
analgesics (148). They have been demonstrated to have analgesic effects, to signifi cantly 
improve quality of life, and to have benefi cial effects on appetite, nausea, mood, and malaise 
in the cancer population. Painful conditions that commonly respond to corticosteroids 
include raised intracranial pressure headache, acute spinal cord compression, superior 
vena cava syndrome, metastatic bone pain, neuropathic pain resulting from infi ltration or 
compression by tumor, symptomatic lymphedema, and hepatic capsular distention (148).
The mechanism of analgesia produced by these drugs may involve anti-edema effects, 
anti-infl ammatory effects, and a direct infl uence on the electrical activity in damaged nerves 
(149). The most commonly used drug is dexamethasone, a choice that gains theoretical 
support from the relatively low mineralocorticoid effect of this agent. Dexamethasone also 
has been conventionally used for raised intracranial pressure and spinal cord compression.

Patients with advanced cancer who experience pain and other symptoms may respond 
favorably to a relatively small dose of corticosteroid (e.g., dexamethasone 1–2 mg twice 
daily). In some settings, however, a high-dose regimen may be appropriate. For example, 
patients with spinal cord compression, an acute episode of very severe bone pain, or 
neuropathic pain that cannot be promptly reduced with opioids may respond dramatically 
to a short course of relatively high doses (e.g., 100 mg dexamethasone, followed initially 
by 96 mg/d in divided doses) (150). This dose can be tapered over weeks, concurrent with 
initiation of other analgesic approaches, such as radiotherapy.
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Although the effects produced by corticosteroids in patients with advanced cancer are 
often very gratifying, side effects are potentially serious and increase with prolonged usage 
(151). The most common adverse effects include oropharyngeal candidiasis, edema or 
cushingoid habitus, dyspepsia, weight gain, neuropsychological changes and ecchymoses, 
hyperglycemia, and myopathy. The risk of peptic ulcer is approximately doubled in patients 
chronically treated with corticosteroids, and coadministration of corticosteroid with aspirin 
or a NSAID further increases the risk of gastroduodenopahy and is not recommended 
(152). Active peptic ulcer disease, systemic infection, and unstable diabetes are relative 
contraindications to the use of corticosteroids as adjuvant analgesics.

4.11.1.2. Topical Local Anesthetics. Topical local anesthetics can be used in the 
management of painful cutaneous and mucosal lesions and as a premedication prior to skin 
puncture. Eutectic mixture of 2.5% lidocaine and 2.5% prilocaine (EMLA) is effective in 
reducing pain associated with venipuncture, lumbar puncture, and arterial puncture. It has 
also been used for painful ulcerating skin lesions. Viscous lidocaine is frequently used in the 
management of oropharyngeal ulceration. Although the risk of aspiration appears to be very 
small, caution with eating is required after oropharyngeal anesthesia.

4.11.2. ADJUVANTS USED FOR NEUROPATHIC PAIN

Neuropathic pains are generally less responsive to opioid therapy than nociceptive pain 
and, in many cases, the outcome of pharmacotherapy may be improved by the addition 
of an adjuvant analgesic.

Antidepressant drugs are commonly used to manage continuous neuropathic pains and 
the evidence for analgesic effi cacy is greatest for the tertiary amine tricyclic drugs, such as 
amitriptyline, doxepin, and imipramine (153). The secondary amine tricyclic antidepressants 
(such as desipramine, clomipramine, and nortryptyline) have fewer side effects and are 
preferred when concern about sedation, anticholinergic effects, or cardiovascular toxicity is 
high (153). The selective serotonin uptake inhibitor antidepressants are much less effective in 
the management of neuropathic pain and are generally not recommended for this purpose.

The starting dose of a tricyclic antidepressant should be low (e.g., 10 mg amitriptyline in 
the elderly and 25 mg in younger patients). Doses can be increased every few days and the 
initial dosing increments are usually the same size as the starting dose. When doses have 
reached the usual effective range (e.g., 75–150 mg amitriptyline), it is prudent to observe 
effects for a week before continuing upward dose titration. It is reasonable to continue 
upward dose titration beyond the usual analgesic doses in patients who fail to achieve benefi t 
and have no limiting side effects. Plasma drug concentration, if available, may provide useful 
information and should be followed during the course of therapy.

Selected anticonvulsant drugs appear to be analgesic for the lancinating dysesthesias that 
characterize diverse types of neuropathic pain (154). Although most practitioners prefer to 
begin with carbamazepine because of the very good response rate observed in trigeminal 
neuralgia (154), this drug must be used cautiously in cancer patients with thrombocytopenia, 
those at risk for marrow failure (e.g., following chemotherapy), and those whose blood counts 
must be monitored to determine disease status. If carbamazepine is used, a complete blood 
count should be obtained prior to the start of therapy, after 2 and 4 wk, and then every 3–4 mo
thereafter. A leukocyte count below 4000 is usually considered to be a contraindication
to treatment, and a decline to less than 3000 or an absolute neutrophil count of less than 
1500 during therapy should prompt discontinuation of the drug. Other anticonvulsant 
drugs may also be useful and published reports and clinical experience support trials with 
gabapentin, phenytoin, clonazepam, and valproate (154). When anticonvulsant drugs are 
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used as adjuvant analgesics, it is recommended that dosing follow the dosing guidelines 
customarily employed in the treatment of seizures.

Occasionally, systemically administered local anesthetic drugs may be useful in the 
management of neuropathic pains characterized by either continuous or lancinating 
dysesthesias. It is reasonable to undertake a trial with an oral local anesthetic in patients with 
continuous dysesthesias who fail to respond adequately or who cannot tolerate the tricyclic 
antidepressants and in patients with lancinating pains refractory to trials of anticonvulsant 
drugs and baclofen. Mexiletine is the safest of the oral local anesthetics (155,156) and is 
preferred. Analgesic response to a trial of intravenous lidocaine (5 mg/kg over 45 min) may 
predict for likelihood of response to oral mexiletine (157). Dosing with mexiletine should 
usually be started at 100–150 mg/d. If intolerable side effects do not occur, the dose can 
be increased by a like amount every few days, until the usual maximum dose of 300 mg 
three times per day is reached.

Less compelling data support the use of clonidine, baclofen, calcitonin, and subcutane-
ously administered ketamine (158).

4.11.3. ADJUVANT ANALGESICS USED FOR BONE PAIN

The management of bone pain frequently requires the integration of opioid therapy 
with multiple ancillary approaches. Although a meta-analysis of NSAID therapy in cancer 
pain that reviewed data from 1615 patients in 21 trials found no specifi c effi cacy in bone 
pain and analgesic effects equivalent only to “weak” opioids (54), some patients appear 
to benefi t greatly from the addition of such a drug. Corticosteroids are often advocated 
in diffi cult cases (148).

Bisphosphonates are analogs of inorganic pyrophosphate that inhibit osteoclast activity 
and reduce bone resorption in a variety of illnesses. Controlled and uncontrolled trials of 
intravenous pamidronate in patients with advanced cancer have demonstrated signifi cant 
reduction of bone pain (159). The analgesic effect of pamidronate appears to be dose and 
schedule dependant, a dose response is evident at doses between 15 and 30 mg/wk, and it 
has been noted that 30 mg every 2 wk is less effective than 60 mg every 4 wk (159). Similar 
effects have been observed with orally administered clodronate (160).

Radiolabeled agents that are absorbed into areas of high bone turnover have been evaluated 
as potential therapies for metastatic bone disease. It has the advantages of addressing all 
sites of involvement and relatively selective absorption, thus limiting radiation exposure 
to normal tissues. Excellent clinical responses with acceptable hematological toxicity have 
been observed with a range of radiopharmaceuticals. The best studied and most commonly 
used radionuclide is strontium-89. Large, prospectively randomized clinical trials have 
demonstrated its effi cacy as a fi rst-line therapy (161) or as an adjuvant to external beam 
radiotherapy (162). This approach is contraindicated with patients who have a platelet count 
less than 60,000 or a WCC < 2.4 and is not advised for patients with very poor performance 
status (163). Using another approach, bone-seeking radiopharmaceuticals that link a 
radioisotope with a bisphosphonate compound have been synthesized. Positive experience 
has been reported with samarium-153–ethylenediaminetetramethylene phosphonic acid, and 
rhenium-186–hydroxyethylidene diphosphonate.

4.11.4. ADJUVANT ANALGESICS FOR VISCERAL PAIN

There are limited data that support of the potential effi cacy of a range of adjuvant 
agents for the management of bladder spasm, tenesmoid pain, and colicky intestinal pain. 
Oxybutynin chloride, a tertiary amine with anticholinergic and papaverine-like, direct 
muscular antispasmodic effects, is often helpful for bladder spasm pain (164), as is fl avoxate 
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(165). Based on limited clinical experience and in vitro evidence that prostaglandins play a 
role in bladder smooth-muscle contraction, a trial of NSAIDs may be justifi ed for patients 
with painful bladder spasms (166). Limited data support a trial of intravesical capsaicin 
(167,168).

There is no well-established pharmacotherapy for painful rectal spasms. A recent double-
blinded study demonstrated that nebulized salbutamol can reduce the duration and severity 
of attacks (169). There is anecdotal support for trials of diltiazem (170,171), clonidine (172),
chlorpromazine (173),and benzodiazepines (174).

Colicky pain as a result of inoperable bowel obstruction has been treated empirically
with intravenous scopolamine (hyoscine) butylbromide (175–177) and sublingual scopol-
amine (hyoscine) hydrobromide (178). Limited data support the use of octreotide for this 
indication (179).

4.12. Other Noninvasive Analgesic Techniques
4.12.1. PSYCHOLOGICAL THERAPIES IN CANCER PAIN

Psychological approaches are an integral part of the care of the cancer patient with pain. 
All patients can benefi t from psychological assessment and support and some are good 
candidates for specifi c psychological interventions, including those commonly used in the 
management of pain. Cognitive-behavioral interventions can help some patients decrease the 
perception of distress engendered by the pain through the development of new coping skills 
and the modifi cation of thoughts, feelings, and behaviors (180–182). Relaxation methods 
may be able to reduce muscular tension and emotional arousal or enhance pain tolerance 
(183). Other approaches reduce anticipatory anxiety that may lead to avoidant behaviors 
or lessen the distress associated with the pain (184). Successful implementation of these 
approaches in the cancer population requires a cognitively intact patient and a dedicated, 
well-trained physician (182).

4.12.2. PHYSIATRIC TECHNIQUES

Physiatric techniques can be used to optimize the function of the patient with chronic 
cancer pain (185,186) or enhance analgesia through application of modalities such as 
electrical stimulation, heat, or cryotherapy. The treatment of lymphedema by use of wraps, 
pressure stockings, or pneumatic pump devices can both improve function and relieve pain 
and heaviness (187,188). The use of orthotic devices can immobilize and support painful 
or weakened structures, and assistive devices can be of great value to patients with pain 
precipitated by weight bearing or ambulation.

4.12.3. TRANSCUTANEOUS ELECTRICAL NERVE STIMULATION

The mechanisms by which transcutaneous electrical stimulation (TENS) reduces pain are 
not well defi ned; local neural blockade and activation of a central inhibitory systems have 
been proposed as explanations (189,190). Clinical experience suggests that this modality can 
be a useful adjunct in the management of mild to moderate musculoskeletal or neuropathic 
pain (191).

4.13. Anesthetic and Neurosurgical Analgesic Techniques
for Pain Refractory to Systemic Pharmacotherapy

Anesthetic and neurosurgical techniques are important for the patient who has not 
obtained satisfactory pain relief using systemically administered opioids and adjuvant 
analgesics. In the Italian validation study of the WHO analgesic ladder, anesthetic and 
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neurosurgical techniques were required in less than 30% of patients. Even when these 
methods are implemented, concurrent systemic pharmacotherapy will be required (192). The 
major indications for these techniques are presented in Table 5.

4.13.1. REGIONAL ANALGESIA

4.13.1.1. Epidural and Intrathecal Opioids. The delivery of low opioid doses near the 
sites of action in the spinal cord may decrease supraspinally mediated adverse effects. In 
the absence of randomized trials that compare the various intraspinal techniques with other 
analgesic approaches, the indications for the spinal route remain empirical (193), but they are 
based on relative therapeutic index (194). One survey reported that only 16 of 1205 cancer 
patients with pain required intraspinal therapy (195). Compared to neuroablative therapies, 
spinal opioids have the advantage of preserving sensation, strength, and sympathetic 
function. Contraindications include bleeding diathesis, profound leukopenia, and sepsis. A 
temporary trial of spinal opioid therapy should be performed to assess the potential benefi ts 
of this approach before implantation of a permanent catheter.

Opioid selection for intraspinal delivery is infl uenced by several factors. Hydrophilic 
drugs, such as morphine and hydromorphone, have a prolonged half-life in cerebrospinal 
fl uid and signifi cant rostral redistribution (196–198). Lipophilic opioids, such as fentanyl and 
sufentanil, have less rostral redistribution (199–200) and may be preferable for segmental 
analgesia at the level of spinal infusion. The addition of a low concentration of a local 
anesthetic, such as 0.125–0.25% bupivacaine, to an epidural (201–203) or intrathecal opioid 
(204–206) has been demonstrated to increase analgesic effect without increasing toxicity. 
Other agents have also been coadministered with intraspinal opioids, including clonidine 
(207), octreotide (208), ketamine (109,210), and calcitonin (211), but additional studies are 
required to assess their potential utility.

There are no trials comparing the intrathecal and epidural routes in cancer pain and 
extensive experience has been reported with both approaches (204,212,213). Longitudinal 
studies of epidural or intrathecal opioid infusions for cancer pain suggest that the risks 
associated with these techniques are similar (201,212,214). The potential morbidity for these 
procedures indicates the need for a well-trained clinician and long-term monitoring.

Table 5
Anesthetic and Neurosurgical Analgesic Techniques for Pain Refractory

to Systemic Pharmacotherapy and Their Indications

Technique Clinical situation in which it should be considered

Spinal opioids Systemic opioid analgesia complicated by unmangeable supraspinally 
mediated adverse effects

Celiac plexus block Refractory malignant pain involving the upper abdominal viscera 
including the upper retroperitoneum, liver, small bowel, and 
proximal colon

Lumbar sympathetic Sympathetically maintained pain involving the legs
    blockade
Chemical rhizotomy Refractory bilateral pelvic or lumbosacral plexus pain in patient 

confi ned to bed and with urinary diversion
Transacral neurolysis Refractory pain limited to the perineum
Cordotomy Refractory unilateral pain arising below mid-thoracic level
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4.13.2. ANESTHETIC TECHNIQUES FOR SYMPATHETICALLY MAINTAINED PAIN

AND VISCERAL PAIN

4.13.2.1. Celiac Plexus Block. Neurolytic celiac plexus blockade can be considered in 
the management of pain caused by neoplastic infi ltration of the upper abdominal viscera, 
including the pancreas, upper retroperitoneum, liver, gallbladder, and proximal small bowel 
(215–217). In addition to an extensive anecdotal experience, this technique is supported 
by two controlled studies of the percutaneous approach (218,219) and a controlled trial 
of intraoperative neurolysis (220). Reported analgesic response rates in patients with 
pancreatic cancer are 50–90%, and the reported duration of effect is generally 1–12 mo 
(216,218,221,222). Common transient complications include postural hypotension and 
diarrhea (222–224). Rarely, the procedure can produce a paraplegia resulting from an 
acute ischemic myelopathy (probably caused by involvement of Adamkievicz’s artery) 
(225,226). Posterior spread of neurolytic solution can occasionally lead to involvement of 
lower thoracic and lumbar somatic nerves, which can potentially result in a neuropathic pain 
syndrome (224). Other uncommon complications include pneumothorax and retroperitoneal 
hematoma (227).

4.13.2.2. Superior Hypogastric Nerve Plexus Block. The superior hypogastric nerve 
plexus lies anterior to the sacral promontory and transmits sensation from pelvic visceral 
structures. Bilateral percutaneous neurolytic superior hypogastric plexus blocks with 10% 
phenol can relieve of chronic cancer arising from the descending colon and rectum and the 
lower genitourinary structures in 40–80% of patients (228,229).

4.13.2.3. Ganglion Impar Block. The ganglion impar (ganglion of Walther) is a solitary 
retroperitoneal structure at the sacrococcygeal junction that marks the termination of the 
paired paravertebral sympathetic chains. Neurolysis of this structure can relieve visceral 
sensations referred to the rectum, perineum, or vagina caused by locally advanced cancers 
of the pelvic visceral structures (230–232).

4.13.3. NEUROABLATIVE TECHNIQUES FOR SOMATIC AND NEUROPATHIC PAIN

4.13.3.1. Rhizotomy. Segmental or multisegmental destruction of the dorsal sensory roots 
(rhizotomy), achieved by surgical section, chemical neurolysis, or radio-frequency lesion, 
can be an effective method of pain control for patients with otherwise refractory localized 
pain syndromes. Satisfactory analgesia is achieved in about 50% of patients (233) and the 
average duration of relief is 3–4 mo but with a wide range of distribution. Adverse effects 
can be related to the injection technique (e.g., spinal headache, infection, and arachnoiditis) 
or to the destruction of non-nociceptive nerve fi bers. Specifi c complications of the procedure 
depend on the site of neurolysis. The complications of lumbosacral neurolysis include 
paresis (5–20%), sphincter dysfunction (5–60%), impairment of touch and proprioception, 
and dysesthesias. Although neurological defi cits are usually transient, the risk of increased 
disability through weakness, sphincter incompetence, and loss of positional sense suggests 
that these techniques should be reserved for patients with limited function and pre-existent 
urinary diversion. Patient counseling regarding the risks involved is essential.

4.13.3.2. Cordotomy. During cordotomy, the anterolateral spinothalamic tract is ablated 
to produce contralateral loss of pain and temperature sensibility (234,235). The patient with 
severe unilateral pain arising in the torso or lower extremity is most likely to benefi t from 
this procedure (234,235). The percutaneous technique is generally preferred (234,235); open 
cordotomy is usually reserved for patients who are unable to lie in the supine position or 
are not cooperative enough to undergo a percutaneous procedure. Signifi cant pain relief is 
achieved in more than 90% of patients during the period immediately following cordotomy 
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(234,235). Fifty percent of surviving patients have recurrent pain after 1 yr (236). Repeat 
cordotomy can sometimes be effective. The neurological complications of cordotomy include 
paresis, ataxia, and bladder and “mirror-image” pain (235). The complications are usually 
transient, but they are protracted and disabling in approx 5% of cases (235). Rarely, patients 
with a long duration of survival (>12 mo) develop a delayed-onset dysesthetic pain (236).
The most serious potential complication is respiratory dysfunction, which may occur in the 
form of phrenic nerve paralysis or as sleep induced (237,238). Because of the latter concern, 
bilateral high cervical cordotomies or a unilateral cervical cordotomy ipsilateral to the site 
of the only functioning lung are not recommended.

4.13.4. CONSIDERATIONS IN SELECTION OF INVASIVE TECHNIQUES

Interpretation of data regarding the use of alternative analgesic approaches and extrapola-
tion to the presenting clinical problem requires caution. The literature is characterized 
by the lack of uniformity in patient selection, inadequate reporting of previous analgesic 
therapies, inconsistencies in outcome evaluation, and paucity of long-term follow-up. 
Furthermore, reported outcomes in the literature may not predict the outcomes of a procedure 
performed on a medically ill patient by a physician who has more limited experience with 
the techniques involved.

When indicated, the use of invasive and neurodestructive procedures should be based 
on an evaluation of the likelihood and duration of analgesic benefi t, the immediate and 
long-term risks, the likely duration of survival, the availability of local expertise, and the 
anticipated length of hospitalization.

For most pain syndromes, there exists a range of techniques that may theoretically be 
applied. In choosing among a range of procedures, the following principles are salient:

 1. Ablative procedures are deferred as long as pain relief is obtainable by nonablative 
modalities.

 2. The procedure most likely to be effective should be selected. If there is a choice, however, 
the one with the fewest and least serious adverse effects is preferred.

 3. In progressive stages of cancer, pain is likely to be multifocal and a procedure aimed at a 
single locus of pain, even if completed fl awlessly, is unlikely to yield complete relief of 
pain until death. A realistic and sound goal is a lasting decrease in pain to a level that is 
manageable by pharmacotherapy with minimal side effects.

 4. Whenever possible, neurolysis should be proceeded by the demonstration of effective 
analgesia with a local anesthetic prognostic block.

 5. Because there is a learning curve with all of the procedures, performance by a physician 
who is experienced in the specifi c intervention may improve the likelihood of a successful 
outcome.

In general, regional analgesic techniques such as intraspinal opioid and local anesthetic 
administration or intrapleural local anesthetic administration are usually considered 
first because they can achieve this end without compromising neurological integrity. 
Neurodestructive procedures, however, are valuable in a small subset of patients, and some 
of these procedures, such as celiac plexus blockade in patients with pancreatic cancer, may 
have a favorable enough risk to benefi t ratio that early treatment is warranted.

Because individual clinician bias can infl uence decision-making, a case-conference 
approach is prudent when assessing a challenging case. This conference may involve the 
participation of oncologists, palliative care physicians, anesthesiologists, neurosurgeons 
and psychiatrists, nurses, social workers, and others. The discussion attempts to clarify 
the remaining therapeutic options and the goals of care. When local expertise is limited, 



Chapter 36 / Pain Management in Colorectal and Anal Cancers 683

telephone consultation with physicians who are expert in the management of cancer pain 
is encouraged.

4.14. Guidelines for the Selection of Invasive Techniques According to Pain Site
4.14.1. VISCERAL PAIN

In the management of visceral pain, the degree of relief achieved by invasive techniques 
can be variable and unpredictable. Thus, patient outcomes may be enhanced by familiarity 
with a range of options. For patients with upper abdominal visceral pain arising from the 
pancreas, upper retroperitoneum, liver, gallbladder, and proximal small bowel options 
include celiac plexus block, intrapleural local anesthetic infusion, and spinal opioid ± local 
anesthetic. Celiac plexus blockade is not a trivial intervention, and patient counseling should 
incorporate discussion of the small risk of paraplegia (225,226). For patients with low 
visceral pain, neurolysis of the superior hypogastric plexus ganglion impar (228,229) can be 
considered. Although less responsive than somatic pain to opioids, many authors consider 
spinal opioids as the procedure of choice if a ganglionic block is unsuccessful.

4.14.2. UNILATERAL LOWER QUADRANT PAIN

The sensory afferents of the pelvis and lower limb are conducted through the lumbar and 
lumbosacral plexi to the dorsal spine nerve roots (L2-S2). Pain in the region is amenable 
to both regional anesthetic and ablative approaches. Because neuroablative approaches 
may occasionally result in signifi cant neurological defi cits, spinal opioid ± local anesthetic 
approaches are the fi rst-line approach in this setting. If this approach is unsuccessful or 
contraindicated, then either cordotomy or chemical rhizotomy should be considered (239).
Of the neuroablative approaches, cordotomy is generally preferred over chemical rhizotomy 
because of the lower likelihood of motor defi cit and sphincteric dysfunction.

4.14.3. PELVIC PERINEAL AND BILATERAL LOWER LIMB PAIN

The sensory afferents of the perineum are conducted through the lumbosacral plexi to 
the dorsal spine nerve roots (S2–4). Treatment is challenging because the neuroanatomy 
risks paralysis and sphincter dysfunction when neurodestructive approaches are used; thus, 
whenever possible spinal opioids with or without local anesthetic are the preferred approach 
for these patients.

For patients in whom this approach is either unsuccessful or contraindicated, neuroablative 
options should be considered. Somatic pain that is limited to the perineum may be amenable 
to a selective neurolysis of S4 via a transsacral approach or C1 midline myelotomy. For 
ambulatory patients with pain that is midline or bilateral who have intact sphincteric function, 
open upper thoracic bilateral cordotomy can control or C1 midline myelotomy should be 
considered. Patients with pre-existing motor and sphincter dysfunction are the optimal 
candidates for chemical rhizotomy.

4.15. Sedation as Pain Therapy
Through the vigilant application of analgesic care pain is often relieved adequately without 

compromising the sentience or function of the patient beyond that caused by the natural 
disease process itself. Occasionally, however, this cannot be achieved and pain is perceived 
to be “refractory” (240). In deciding that a pain is refractory, the clinician must perceive 
that the further application of standard interventions are either (1) incapable of providing 
adequate relief, (2) associated with excessive and intolerable acute or chronic morbidity, or 
(3) unlikely to provide relief within a tolerable time frame. In this situation, sedation may be 
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the only therapeutic option capable of providing adequate relief. This approach is described as 
“sedation in the management of refractory symptoms at the end of life” (240).

The justifi cation of sedation in this setting is that it is goal-appropriate and proportionate. 
At the end of life, when the overwhelming goal of care is the preservation of patient comfort, 
the provision of adequate relief of symptoms must be pursued, even in the setting of a narrow 
therapeutic index for the necessary palliative treatments (241–243). In this context, sedation 
is a medically indicated and proportionate therapeutic response to refractory symptoms, 
which cannot be otherwise relieved. Appeal to patients’ rights also underwrites the moral 
legitimacy of sedation in the management of otherwise intolerable pain at the end of life. 
Patients have a right, recently affi rmed by the Supreme Court, to palliative care in response 
to unrelieved suffering (241).

Once a clinical consensus exists that pain is refractory, it is appropriate to present 
this option to the patient or their surrogate. When presented to a patient with refractory 
symptoms, the offer of sedation can demonstrate the clinician’s commitment to the relief 
of suffering. This can enhance trust in the doctor–patient relationship and infl uence the 
patient’s appraisal of their capacity to cope. Indeed, patients commonly decline sedation, 
acknowledging that pain will be incompletely relieved but secure in the knowledge that if the 
situation becomes intolerable to them, this option remains available. Other patients reaffi rm 
comfort as the predominating consideration and request the initiation of sedation.

The published literature describing the use of sedation in the management of refractory 
pain at the end of life is anecdotal and refers to the use of opioids, neuroleptics, benzodiaz-
epines, barbiturates, and propofol (240). In the absence of relative effi cacy data, guidelines 
for drug selection are empirical. Irrespective of the agent or agents selected, administration 
initially requires dose titration to achieve adequate relief, followed by provision of ongoing 
therapy to ensure maintenance of effect.

5. CONCLUSION

Among patients with colorectal and anal cancer, the experience of acute pain is virtually 
universal, and a large proportion develop chronic pain in the setting of incurable disease. The 
illness experience of the patient with locally extensive or metastatic disease can be long, and 
adequate symptom control is a major clinical challenge that can extend over many months 
or years. The individual practitioner can effectively treat the majority of pain problems 
by attending to careful pain assessment and implementing analgesic therapy. Currently 
available analgesic techniques can provide adequate relief to a vast majority of patients, 
most of whom will respond to systemic pharmacotherapy alone. Comprehensive continuing 
care requires the integration of this expertise with management of other symptoms and the 
psychosocial needs of the patient. Cancer is a dynamic problem, and successful ongoing 
management requires a continuity of care that provides an appropriate level of monitoring 
and responds quickly, fl exibly, and expertly to the changing needs of the patient. Patients 
with refractory pain or unremitting suffering related to other losses or distressing symptoms 
should have access to specialists in pain management or palliative medicine who can provide 
an approach capable of addressing these complex problems.
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1. IMPORTANCE OF SEXUAL HEALTH AND EXPRESSION

Sexual health is often a neglected component of treatment for an individual diagnosed 
with cancer. Intimacy, closeness, and sexual expression are valued aspects of quality of life 
across the life-span for both men and women, with many individuals expressing a need for 
renewing closeness when threatened with impending loss. Maintaining intimate relationships 
and sexual functioning are important aspects of a patient’s life that are frequently left 
unattended by oncology professionals.

Oncology professionals typically focus on the disease process and its treatment, and 
sexual functioning is often neglected from assessment. This omission may be the result 
of the provider’s generalized feeling of discomfort discussing sexual issues, increased 
time constraints under managed care, and/or a lack of suffi cient training and information 
regarding the impact of treatments on sexual functioning. Too often, practitioners judge 
a patient’s psychosocial needs without asking the patient about their importance. Perhaps 
the assumption that sexuality is not important during cancer treatment and in survivorship 
prevents this important domain from being assessed. Contrary to this assumption, Vincent 
and colleagues (1) found that 80% of patients receiving cancer treatment wanted more 
information about sex, although 75% indicated they would not broach the subject themselves. 
Further validating patient concerns regarding sexual health, Singer et al. (2) reported the 
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results of a hypothetical query in which men expressed a willingness to trade survival time 
for preserved or improved sexual functioning.

Colorectal cancer is the third most common cancer in the United States for both men 
and women. In the year 2000, an estimated 130,200 individuals will be newly diagnosed, 
including 93,800 with colon cancer and 36,400 with rectal cancer. Sixty-one percent of these 
newly diagnosed individuals will survive for at least 5 yr (3). With so many survivors who 
have undergone interventions with known risks of sexual morbidity, sexual health needs to 
be integrated as a rehabilitative component of assessment and treatment.

Despite the growing recognition of sexual expression as an important aspect of quality 
of life and the recognized psychosexual sequelae of ostomy surgery, a recent study of 1700 
ostomates found that only 23% of patients had received any information about the possible 
consequences of treatment on their sexual functioning. Of this informed group, only 55% 
reported this information as adequate (4). Chorost and colleagues (5) document a similar 
lack of information, reporting on the results of 52 patient charts by retrospective review. 
Seventy-one percent of patients who underwent curative procedures for rectal cancer had 
no documentation of a presurgical discussion regarding the risk of sexual dysfunction. Even 
among stoma care nurses, a recent study found only 11% of nurses routinely incorporated 
a sexual history into their practice and 84% of these nurses had received no formal training 
in how to carry out a sexual health assessment (6). It is clear from the literature that 
discussing sexuality with patients is one of the most uncomfortable topics for the medical 
profession (7).

There are no clear guidelines for addressing sexuality during the stages of disease and its 
treatment. From the time of diagnosis, cancer patients are faced with life-changing decisions 
and events: mortality, uncomfortable, disfi guring, and sometimes lengthy treatments, and 
emotional impact on their partner, family, and work. From the beginning of assessment, 
when therapeutic decisions are being made, providers should offer education and information 
to patients, ideally with their partner present, regarding the known risks of sexual morbidity 
associated with the proposed treatments.

Oncology professionals can assist patients and their partners by asking specifi c open-
ended questions to validate the importance of sexual health concerns, thus providing an 
environment in which the patient/couple are encouraged and feel safe to express their own 
personal concerns. Providers should also examine their own thoughts and feelings regarding 
sexuality. If not comfortable addressing these issues, providers should not ignore or dismiss 
their patient’s concerns, but offer referrals to alternate resources. Although some patients 
may not want to discuss their sexual health, providers should at least offer the option, 
conveying that sex is an appropriate topic to cover during future visits. This chapter outlines 
current knowledge of the impact of colorectal cancer and its treatment on sexual functioning, 
discusses psychosocial factors that affect sexual functioning, and provides information 
regarding the assessment and treatment of alterations in sexual functioning.

Sexuality is a complex, multidimensional phenomenon that incorporates biologic, 
psychologic, interpersonal, and behavioral dimensions. It is important to recognize that 
a wide range of “normal” sexual functioning exists. The National Health and Social Life 
Survey conducted in 1992 documented adult sexual behavior in the United States with 
a probability sample of 3432 men and women (representative of the general population) 
between the ages of 18 and 59 yr old (8). A recently published analysis of these data 
documents, among the respondents who were sexually active, a 43% prevalence of sexual 
dysfunction in women and 31% rate of prevalence in men (9). Given these statistics, it 
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is important to consider an individual’s premorbid level of sexual functioning prior to a 
diagnosis of cancer and its treatment. The patient and his/her partner within a context of 
factors such as gender, age, personal attitudes, and religious and cultural values ultimately 
defi nes their sexuality.

2. PHASES OF SEXUAL RESPONSE

Since the 1970s, sexual functioning has been conceptualized as a series of phases that 
are discrete and separate aspects of the human sexual response, yet interact and affect each 
other respectively. Masters and Johnson (10) were the fi rst to study and describe the physical 
changes that take place in the body during a sexual experience. They proposed four stages in 
the sexual response cycle: excitement, plateau, orgasm, and resolution. Kaplan (11) added 
the conceptualization and delineation of a desire phase and has written extensively on a 
triphasic model (desire, arousal, orgasm) of sexual disorders. The triphasic model enables 
professionals and patients to qualify problems in sexual functioning, as sexual dysfunction 
occurs in the areas of desire (interest), arousal (excitement), and orgasm (tension release). 
Individuals often experience changes in more than one phase of sexual function. Resolution 
is not included in the triphasic model of sexual response, as it is not associated with dysfunc-
tion; rather, it is marked by the return to normal genital responses to sexual stimulation. The 
triphasic model is widely adopted in research and review of the sexual diffi culties associated 
with cancer and its treatment (12–16).

2.1. Desire
Kaplan delineated sexual desire as the urge to seek out and respond to sexual activity 

(17). Desire is an individual’s interest in being sexual and includes dreams, fantasies, and the 
frustration because of a lack of sex, the mental precedent, and accompaniment to physiological 
responses. Behaviorally, the individual initiates and/or is responsive to a partner’s initiation 
for sexual activity such that desire can be infl uenced by visual, auditory, and/or tactile cues. 
For women, sexual desire often depends on emotional factors, including personal comfort 
level with their sexuality and feeling sexually attractive. Sexual desire is stimulated in both 
men and women by testosterone and other hormones (androgens) linked to sexual feelings. In 
women, testosterone is produced in both the ovaries and the adrenal glands; however, women 
have lower levels of androgens than men. Women also depend on the hormone estrogen to 
stimulate female characteristics and promote healthy genital function. Sexual desire waxes 
and wanes over time and is highly infl uenced by life stressors and major life changes.

2.2. Arousal (Excitement)
Arousal is a psychophysiological response by which sexual stimulation (psychological 

and physical) elicits neurological, vascular, muscular, and endocrine reactions. Other 
physiological parameters, including increased heart rate, blood pressure, and perspiration, 
often accompany arousal. The two major indicators of sexual arousal are myotonia and 
genital vasocongestion (10). For men, the perception of arousal is associated with the quality 
of their erection. In women, the vagina produces a natural lubrication with arousal as the 
vaginal walls expand, loosen, and widen. For women, however, physiological indications 
of arousal, namely lubrication, are often not well correlated with the cognitive, subjective 
perception of arousal (18). Overall sensitivity to sensation increases with vasocongestion 
in both men and women.
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2.3. Orgasm
Orgasm is the climax of pleasure, a physical release, and emotional pleasure, followed by 

a period of resolution. For women, the orgasmic platform consists of 0.8-s rhythmic muscular 
contractions of the uterus and the rectal sphincter (11). Most women need direct clitoral 
stimulation, which can be a part of intercourse, to reach orgasm; however, for a majority of 
women, orgasm does not occur with intercourse alone. Women, unlike men, are often capable 
of multiple orgasms within a single sexual experience. For men, the orgasmic platform is the 
experience of three to seven ejaculatory spurts at 0.8-s intervals. The rhythmic contractions 
of the penile urethra, the muscles of the penile base, and perineal muscles, which follow 
immediately after ejaculation, constitute the second component of orgasm. A specifi c period 
of time, the refractory period, must elapse before a man can ejaculate again (11).

2.4. Resolution
Resolution, or the refractory phase, is defi ned by physiological changes and emotional 

responses following orgasm. Resolution marks a return to normal heart rate, respiration, 
body perspiration, and the genital response to decreasing blood supply. Most individuals 
also experience a state of relaxation.

3. HOW DOES TREATMENT OF COLORECTAL
CANCER AFFECT SEXUALITY?

An individual’s sexual response can be affected in a number of ways from the time of 
a colorectal cancer diagnosis through treatment. The causes of sexual diffi culties are often 
both physiological and psychological. Many patients undergoing treatment experience loss 
of libido and interest in sexual expression. Men may experience sexual diffi culties, including 
erectile dysfunction (diffi culty attaining and maintaining an erection), anejaculation (absence 
of ejaculation), retrograde ejaculation (ejaculation going backward to the bladder), or the 
inability to reach orgasm. Most often, however, orgasm remains intact, although it may be 
delayed secondary to medications and/or anxiety. Women may experience change in genital 
sensations because of pain or a loss of sensation and numbness. Loss of sensation can be as 
distressing as painful sensation for some individuals. The experience of pain with intercourse 
(dyspareunia) is not uncommon, as well as a decreased ability to reach orgasm. Often, both 
men and women experience a decrease in sexual activity when undergoing management of 
their cancer (19–21). Providers should recognize that the tremendous anticipatory anxiety 
often associated with the fi rst attempt to resume sexual intercourse after treatment often 
leads to a rushed sexual experience with insuffi cient arousal. For many patients, this initial 
experience is uncomfortable, at best, and painful, at worst.

Research on treatments for colorectal cancer have identified several predictors of 
postoperative sexual functioning, including extent of surgery, patient’s age, premorbid 
sexual and bladder functioning, and tumor size. Despite this knowledge, sexual response 
after colorectal cancer surgery remains an insuffi ciently understood and researched area; in 
particular, issues of sexual recovery in women have received too little clinical attention and 
research (20,21). Review of the literature highlights the need for prospective studies with 
longer-term follow-up, validated measures, and larger sample sizes. A recent review of 54 
articles on quality of life (with sexual function as a domain) after treatment for rectal cancer 
quantifi ed some of these limitations (21). Only 3 of the 54 studies measured global quality of 
life with a well-researched questionnaire, only 14 were prospective, and sample sizes ranged 
from 5 to 265, with the majority involving groups of less than 25 patients.
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3.1. Impact of Specifi c Cancer Treatment Modalities
3.1.1. SURGERY

The extent of surgery is an important factor relative to risk of sexual morbidity (19,21,22).
For patients with colon cancer, the biology of local tumor growth and associated lymphad-
enectomy determine the extent of surgical resection (23), with en-bloc surgical resection 
being the primary technique. Anastomosis after resection, on average, removes 10–12 in. 
of bowel and introduces minor changes in bowel habits during a brief recovery period. 
The predominant research on sexual functioning has been on the outcomes after surgical 
management of rectal cancer (19,24–39).

For rectal cancer, tumor size, its exact location within the rectum, and extent around the 
circumference of the rectum determine the most appropriate surgical treatment. The two 
main objectives of rectal surgery are cancer cure and preservation of fecal continence (40).
Sexual and urinary dysfunction are recognized complications of resection for rectal cancer. 
The main cause of sexual dysfunction from surgical resection appears to be injury to the 
autonomic nerves in the pelvis along the distal aorta from blunt pelvic resection or undefi ned 
cutting. Incidence of genitourinary dysfunction depends on the type of surgery performed 
(i.e., the plane of dissection, the degree of preservation of the autonomic nerves, and the 
extent of pelvic dissection) (26). Nerve injury can occur via direct injury, by vascular damage 
to the vasa nervosa, or when the blood supply to the nerves that enter laterally are disrupted 
with traction or devascularization (5).

The neuroanatonomy for sexual functioning requires an intact autonomic nervous system, 
which includes an interaction between the parasympathetic and the sympathetic nervous 
systems. Erection, a parasympathetically mediated response, is governed by impulses 
traveling along the nervi erigentes that arise from the second, third, and fourth sacral 
nerves (41), whereas ejaculation depends on sympathetic control. The sympathetic fi bers 
originate from the lower thoracic and upper lumbar segments of the spinal cord. These fi bers 
descend along the aorta, forming the superior hypogastric plexus near the aortic bifurcation. 
The plexus divides into two trunks, which enter the pelvis, along its lateral walls, as the 
hypogastric nerves. The parasympathetic fi bers to the pelvis join the hypogastric nerves on 
each pelvic wall to form the pelvic plexuses (41). Damage to the hypogastric (sympathetic) 
nerves or sacral splanchnic (parasympathetic) nerves, or both, during surgical resection are 
the most likely cause of urinary and sexual dysfunction (27). Pelvic plexus preservation is 
necessary to maintain erectile functioning, and both hypergastric nerve and pelvic plexus 
preservation are necessary to maintain ejaculate function and orgasm (30).

Many stage I and most stage II and stage III rectal cancers are removed by either lower 
anterior resection (LAR), or abdomino-perineal resection (APR). Since the introduction 
of the mechanical stapling instruments, more LAR resections have been performed, which 
enable the application of anal-sphincter-preserving techniques and, in most cases, render 
a permanent colostomy unnecessary (20). Whereas LAR has become accepted as a viable 
surgical option for cancer of the upper and middle rectum, APR remains the standard surgical 
approach for patients with distal rectal cancers. Sexual morbidity is more common after 
APR than LAR (26).

Recent advances in surgical techniques have brought attention to the preservation of the 
autonomic nerves to reduce the incidence of concomitant bladder and sexual dysfunction. 
Preservation of the autonomic nerves is accomplished through surgical techniques usually 
combined with total mesorectal excision (TME) or radical pelvic lymphadectomy (19). In 
pelvic dissections that preserve hypogastric nerve trunks arising from the preaortic plexus 



700         Fleming

and parasympathetic trunks arising from the sacral roots, postoperative sexual dysfunction 
rates have been reduced from more than 50% to a range of 10–28% (22).

Havenga and colleagues (19) provide a review of the functional results for both conserva-
tive surgical and autonomic nerve-preserving techniques. The review examined the English, 
German, French, and Dutch medical literature on bladder and sexual dysfunction after 
resection for rectal cancer since 1980. Although bladder dysfunction and associated patient 
distress have implications for sexual expression and impact on sexual function, a detailed 
review of bladder complications is beyond the scope of this chapter. Nineteen studies were 
found to report on male sexual function after conventional resection for rectal cancer (see
Table 1) (24,25,29,31–34,36,38,39,42–50). Ignoring the inherent diffi culties of comparing 
retrospective studies, examining the data from these studies together shows the number 
of men who developed complete erectile dysfunction (ED) is 25% (170/677). After APR, 
34% (132/416) of men developed complete ED, and 20% after LAR (35/251). Loss of 
ejaculation occurred in 16% (107/677) of men, with 19% (64/416) after APR and 33% 
(36/25) after LAR.

Havenga and colleagues (19) reviewed seven studies regarding female sexual function 
after conventional resection, the results of which are found in Table 2 (25,31,38,45,46,49,50).
Only one study that examined quality of sexual function in women was prospective. For 
these women, decreased libido was found for 24% of all patients, dyspareunia was found in 
38%, and diminished or no orgasm was found in 28%.

Sexual function after autonomic nerve-preserving resection for rectal cancer is reviewed 
in fi ve Japanese studies, the results of which are summarized in Table 3 (32,37,51–53). After 
preservation of both the parasympathetic nerves and the hypogastric nerves, “excellent”
outcome in male sexual function was achieved. However, in those men for whom both 
hypogastric nerves were sacrifi ced, almost all reported an inability to ejaculate. Depending 
on the degree of nerve preservation, sexual dysfunction following surgical resection may 
still be signifi cant (54).

3.1.2. COLOSTOMY

An increasing number of patients have a temporary colostomy with later closure and 
reanastomosis of the bowel. In recent years, the rate of sphincter salvage in rectal cancer has 
increased to 70% and the need for APR and a permanent colostomy has been reported 
to be less than 10% in institutions with coloproctology specialization (55). Despite these 
advances, patients with a cancer in the middle or lower one-third of the rectum are still 
confronted with the possibility of a permanent colostomy (40). Whether temporary or 
permanent, the psychosocial consequences of stoma surgery are severe and are associated 
with a process of adjustment that extends over the fi rst postoperative year and sometimes 
longer (56,57).

Adapting to a changed body image and concern/embarrassment from potential odor or fecal 
leakage can greatly impact self-esteem. Women and younger patients frequently experience 
persistent problems with negative body image (58). One year after stoma surgery, 18–25%
of patients reported an increase in emotional problems such as depression, anxiety, anger, 
and irritation (59). Frequently the postoperative psychological distress experienced by stoma 
patients goes undetected by professionals involved with surgery and stoma care (57).

Recognizing that psychological distress is not uncommon, providers should be aware 
that negative, postoperative emotional reactions might also contribute to a pattern of sexual 
avoidance. A member of the oncology team (social worker, nurse, physician, or other health 
care professional) should offer support and education related to self-care of the ostomy. 
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Table 1
Male Sexual Function After Conventional Surgery for Rectal Cancera,b

 Number Complete Partial
   of erectile erectile Loss of Altered Retrograde Maximum
Author/reference Year Operation patients dysfunction dysfunction ejaculation ejaculation ejaculation age (yr)

Leo et al. (42) 1993 LAR with 7 0 0 5 (71)
  CAA
Aghaji and Obiekwe (43) 1991 APR 26 8 (31)  2 (8)   40
Havenga and Welvaart (44) 1991 APR 9 5 (56) 3 (33) 7 (78)  1 (11) 80
  LAR 17 4 (24) 4 (24) 5 (29)  5 (29)
Cunsolo et al. (45) 1990 APR 22 4 (18) 9 (41)  13 (59)
Hojo et al. (32) 1989 APR 11 5 (45) 4 (36)    60
  LAR 29 10 (34) 4 (14)
  APR–ext 14 11 (79) 1 (7)
Zenico et al. (39) 1989 APR 18 1 (6) 3 (17) 8 (44)  3 (17) 65
Hellstrom (29) 1988 APR 2 1 (50)
  LAR 10 1 (10) 2 (20) 3 (30)
Santangelo et al. (36) 1987 APR 9 4 (44)  2 (22)   60
  LAR 12 12 (33)  3 (25)
Cirino et al. (46) 1987 APR 28 7 (25) 5 (18) 2 (7)  3 (11) 65
Kinn and Ohman (33) 1986 APR or 10 3 (30) 5 (50) 7 (70)  1 (10)
  LAR
Fegiz et al. (25) 1986 APR 30  (60)  (37)
  LAR–sa 42  (57)  (15)
  LAR–ma 31  (39)  (20)
La Monica et al. (34) 1985 APR 20 (50)  (70)   70
  LAR 20 (20)  (40)
Neal (47) 1984 APR 18 7 (39) 6 (33) 7 (39)
  LAR 20 7 (35) 5 (25) 7 (35)
Hjortrup et al. (31) 1984 LAR 21 1 (5)     65 
Balslev and Harling (24) 1983 APR 93 17 (18) 10 (11) 3 (3)   70
  LAR 17  3 (18) 3 (18)
Williams and Johnston (48) 1983 APR 17 8 (47) 3 (18) 1 (16)
  LAR 20 4 (20)  2 (18)
Von Segesser and Marti (49) 1983 APR 17 16 (94)  16 (94)   60
Deixonne et al. (50) 1983 APR 92 38 (41) 19 (21) 10 (11) 1 (1)
Williams and Slack (38) 1980 APR 4 1 (25) 1 (25)
  LAR 5   2 (40)

aHavenga K, Maas CP, DeRuiter MC, Welvaart K, and Trimboos JB. Avoiding long-term disturbance to bladder and sexual function in pelvic surgery, particularly 
with rectal cancer. Sem. Surg. Onc., 18 (2000) 235–243. Copyright © 2000, John Wiley & Sons, Inc. Reprinted by permission of Wiley-Liss, Inc., a subsidiary of 
John Wiley & Sons, Inc. (19).

bNumbers in parentheses are percentages.
APR, abdominoperineal excision; LAR, low anterior resection; CAA, colo-anal anastomosis; est, wide iliopelvic lymphadenectomy, no attempt to preserve pelvic 

autonomic nerves; sa, staples anastomosis; ma, manual anastomosis.
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Table 2
Female Sexual Function After Conventional Surgery for Rectal Cancera,b

   Number
   of Decreased  Altered Maximum
Author/reference Year Operation patients libido Dyspareunia orgasm age (yr)

Cunsolo et al. (45) 1990 APR 8 2 (25) 4 (50) 2 (25)
Cirino et al. (46) 1987 APR 18 15 (83) 6 (33) 1 (6) 64
Fegiz et al. (25) 1986 APR 15  (65) (70)
  LAR–sa 9  (65) (24)
  LAR–ma 17  (44) (44)
Hjortrup et al. (31) 1984 LAR 20  2 (10) 1 (5) 65
Von Segesser and Marti (49) 1983 APR 7  3 (43)  59
Deixonne et al. (50) 1983 APR 26 12 (46) 8 (31) 11 (42)
Williams and Slack (38) 1980 APR 3

aHavenga K, Maas CP, DeRuiter MC, Welvaart K, and Trimboos JB. Avoiding long-term disturbance to bladder and 
sexual function in pelvic surgery, particularly with rectal cancer. Sem. Surg. Onc., 18 (2000) 235–243. Copyright © 
2000, John Wiley & Sons, Inc. Reprinted by permission of Wiley-Liss, Inc., a subsidiary of John Wiley & Sons, Inc.

bNumbers in parentheses are percentages.
APR, abdominoperineal excision; LAR, low anterior resection; sa, staples anastomosis; ma, manual anastomosis.

Table 3
Male Sexual Function After Nerve Preserving Surgery for Rectal Cancer in Japana,b

 Number of patients Erection Ejaculation

Complete preservation of the pelvic autonomic nerves
        Saito et al. (51) 29 22 (76) 16 (55)
        Sugihara et al. (37) 27 26 (96) 19/26 (73)
        Masui et al. (52) 98 (93) (83)
        Moriya et al. (53) 31 28 (90) 21 (60)
        Hojo et al. (32) 10 8 (80) 6 (60)
Resection of hypogastric nerves and preservation 
    of pelvic plexus
        Sugihara et al. (37) 9 9 (100) 0 (0)
        Moriya et al. (53) 19 6 (32) 2 (11)
        Hojo et al. (32) 1 1 0
Unilateral preservation of hypogastric nerve 
    and pelvic plexus
        Saito et al. (51) 16 11 (69) 4 (25)
        Masui et al. (52) 17 (82) (47)
Resection of hypogastic nerves and partial or unilateral 
    preservation of pelvic plexus
        Sugihara et al. (37) 13 11 (85) 0 (0)
        Masui et al. (52) 19 (61) 0 
        Moriya et al. (53) 11 2 (18) 0 (0)
Complete resection of the pelvic autonomic nerves
        Sugihara et al. (37) 8 4 (50) 0 (0)
        Hojo et al. (32) 11 0 (0) 0 (0)

aHavenga K, Maas CP, DeRuiter MC, Welvaart K, and Trimboos JB. Avoiding long-term disturbance to bladder
and sexual function in pelvic surgery, particularly with rectal cancer. Sem. Surg. Onc., 18 (2000) 235–243. Copyright
© 2000, John Wiley & Sons, Inc. Reprinted by permission of Wiley-Liss, Inc., a subsidiary of John Wiley & 
Sons, Inc. (19).

bNumbers in parentheses are percentages.
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Anticipating the patient concerns and reactions will help them normalize and manage these 
initial emotional reactions and help the individual to regain his/her physical self-esteem.

Research on the prevalence of sexual dysfunction between stoma and nonstoma patients 
supports greater dysfunction in the stoma group (25,34,36,58). The overall rate of sexual 
dysfunction among male stoma patients (66–100%), is consistently higher than in male 
patients whose sphincters have been left intact (30–75%) (36,48,58). In the limited studies 
that have examined women, percentages of sexual dysfunction (i.e., dyspareunia and 
diminished orgasm) and reduced sexual activity were again higher among those women 
with stomas (20,25,31,38,45,46,49,50,58). A recent study (60) examined quality of life in 
391 stoma patients and reported that major stomal problems included rashes 51%, leakage 
36%, and ballooning in those individuals with ileostomies 90%. The majority, 80% of 
patients, experienced some change in their lifestyle and more than 40% of patients reported 
problems with their sex lives. Although many of the addressed psychosocial issues for those 
individuals with a temporary colostomy will resolve, changes in sexual function will still 
likely require clinical attention.

To avoid the stigma associated with iliac colostomy, procedures have been developed 
to create a neoanus and neosphincter at the coloperineal anastomosis (40). Gamagami 
and colleagues (61) conducted a prospective study on the functional outcome, morbidity, 
and degree of patient satisfaction with a continent perineal colostomy constructed from a 
colonic smooth-muscle cuff wrap in combination with colonic irrigation for 63 patients with 
distal rectal and anal tumors. Satisfactory continence (complete continence to stool and 
incontinence to gas) was achieved by 56% of patients by 6 mo and by 59% of patients at 
12 mo. Eighty-fi ve percent of patients were satisfi ed with their functional results; however, 
72% were reported to be uneasey, at times, with their bowel function. Although avoidance 
of a permanent stoma is generally considered a favorable outcome, patients undergoing 
sphincter-preserving surgeries may develop a number of unpleasant symptoms, typically 
fecal soiling and urgency, especially with low anastomoses. As sexual and bowel functions 
may still be impaired despite advances in surgical techniques, it cannot be assumed that 
these patients will always fare better than patients in whom sphincter function must be 
sacrifi ced (48,58,62).

3.1.3. NEOADJUVANT/ADJUVANT TREATMENTS

Given the incidence of sexual dysfunction associated with the surgical management of 
colorectal cancer, it is diffi cult to ascertain the additional adverse effects on sexual function 
from adjuvant treatments. The following is a review of the literature that reports on the sexual 
morbidity associated with adjuvant treatments and often the impact of systemic effects of 
treatment on an individual’s body image and experience of sexuality. The impact of these 
adjuvant treatments on reproductive potential is then addressed.

3.1.4. CHEMOTHERAPY

Common side effects experienced after chemotherapy include nausea, vomiting, diarrhea, 
constipation, mucositis, weight changes (gain or loss), and altered sense of taste and smell 
(63). These symptoms often leave patients feeling asexual. Alopecia is often one of the 
most distressing side effects, as this loss, with its visible changes, is an outward reminder of 
cancer and its treatment with associated changes in body image. Loss of pubic hair can also 
be particularly uncomfortable, which, in turn, promotes feeling asexual.

Chemotherapy is associated with loss of desire and decreased frequency of intercourse 
for both men and women. For women, cytoxic agents are associated with vaginal dryness, 
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dyspareunia, reduced ability to reach orgasm, and, for older women, greater risk of ovarian 
failure (15).

Ovarian failure secondary to chemotherapy or radiation brings the sudden onset of 
menopausal symptoms and women who experience sudden loss of estrogen and androgen 
production from the ovaries experience a number of associated sexual changes. Sexual 
symptoms associated with menopause include thinning of the vulvar tissues and vagina, 
loss of tissue elasticity, decreased vaginal lubrication, hot fl ushes, increased frequency of 
urinary tract infections, mood swings, fatigue, and irritability. The impact of menopause 
on sexual functioning and the arousal phase of the sexual response in particular, are often 
not communicated to women who struggle to understand these changes in their sexual 
responsiveness.

For men, chemotherapy agents rarely play an obvious role in erectile dysfunction (15).
Some cytoxic agents may cause nerve damage, but few reports indicate permanent loss of 
erections upon completion of treatment. For those men who have temporary or permanent 
damage to the testicles from chemotherapy, testosterone replacement may be necessary to 
restore sexual function (15).

3.1.5. RADIATION THERAPY

Radiation often irritates the intestinal lining and may cause diarrhea (64). The fatigue 
and change in bowel habits associated with radiation likely contribute to loss of libido and 
decreased sexual activity reported for both men and women.

For women, pelvic radiation also causes changes to occur in the vagina. Both external 
beam radiation and implants damage the vaginal epithelium and basal layer of the mucosa, 
leading to vaginal stenosis and vascular fi brosis. These factors can then lead to long-term 
sexual dysfunction, painful pelvic examinations, dyspareunia, potential gonadal toxicity, and 
infertility. Women who receive radiation should be educated regarding the use of vaginal 
dilators. Vascular compromise can be temporary or permanent (63). For men, radiation has 
been associated with diffi culties attaining/maintaining erection. A recent study by Saito and 
colleagues (51) found no signifi cant increase in rate of impotency among those patients 
who received radiation with nerve-sparing surgery versus those who received only nerve-
sparing surgery. Seventy-six percent of advanced rectal cancer patients retained potency 
after preoperative radiation followed by nerve-sparing surgery.

The exact etiology of sexual dysfunction after radiation therapy remains unknown (5).
Proposed etiologies include pudendal or sympathetic nerve injury, vascular occlusion of 
penile arteries, or decreased levels of testosterone. Often, sexual changes are insidious, with 
changes over 6 mo to 1 yr after radiation as fi brosis develops. There is a greater risk of 
sexual morbidity in men who already have compromised quality of erections prior to cancer 
diagnosis. Other risk factors, which contribute to greater risk of sexual morbidity, include 
cigarette smoking, history of heart disease, hypertension, and/or diabetes.

4. FERTILITY ISSUES

As 93% of new diagnoses for colorectal cancer occur in individuals over the age of 50 (65),
many patients may have already lost their reproductive capacity, being infertile or sub-
fertile, at the time of diagnosis. However, a number of individuals will have concerns 
regarding their reproductive potential following treatment. All patients who are fertile should 
be instructed about the general recommendation to continue birth control use during active 
adjuvant therapy and for at least 12 mo afterward (63). Many patients who have experienced 
temporary loss of fertility fail to recognize the possibility of pregnancy during treatment.
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Previously reviewed surgical treatments for colorectal cancer may lead to organic sexual 
dysfunction resulting from a resection that may impact the vascular supply and/or innervation 
to the pelvis. The adjuvant therapies of radiation and/or chemotherapy introduce higher risks 
of infertility in the treatment of colorectal cancer, and sterility from these therapies may be 
temporary or permanent. The occurrence of this toxicity is related to a number of factors, 
including the individual’s gender, age at time of treatment, type of therapeutic agent, total 
dose, single vs multiple agents, and length of time since treatment.

With regard to chemotherapy, patient age is an important factor and the possibility of 
gonadal recovery improves with the length of time off chemotherapy. Patients younger than 35 
are better able to tolerate higher doses of chemotherapy without resulting permanent infertility 
(66). As an antimetabolite, 5-fl uorouracil (5-FU) has documented deleterious effects on 
fertility, including amenorrhea, oligospermia, azoospermia, and ovarian failure (67).

When the testes are exposed to radiation, sperm count begins to decrease and, depending 
on the dosage, may result in temporary or permanent sterility (66). Men who receive 
radiation to the abdominal or pelvic region may still regain partial or full sperm production 
depending on the amount of injury to the testes. Effective dosing schedules for preoperative 
radiotherapy for rectal cancer include 20–25 Gy in 5 fractions and 40–45 Gy in 20–25 
fractions (64). Although the testicles are not the direct target of radiation for the treatment of 
rectal cancer, radiation tends to scatter so that the testicles may experience some radiation. 
Exposing the testes to ionizing radiation at a dose below 600 rad causes disturbances of 
spermatogenesis and altered spermatocytes with recovery periods dependent on dose (68);
doses above 600 rad cause permanent infertility by killing off all stem cells (15). For 
men, gonadal toxicity can be evidenced by three measurements: testicular biopsy, serum 
hormone assays (levels), and semen analysis. When male infertility is the result of abnormal 
hormone production, the use of hormone manipulation may lead to the return of sperm 
production (69).

For women, a dose of 5–20 Gy administered to the ovary is suffi cient to completely 
impair gonadal function regardless of the patient’s age; a dose of 30 Gy provokes premature 
menopause in 60% of women less than 26 yr of age (70). Measurement of gonadal toxicity 
in women is more diffi cult to assess because of the relative inaccessibility of the ovary to 
biopsy (which would require laparoscopy). Therefore, menstrual and reproductive history, 
measurements of serum hormone levels, and clinical evidence of ovarian function are the 
criteria most commonly used to determine ovarian failure. Gradishar and Schilsky (69)
provide a review of gonadal dysfunction in patients receiving chemotherapy; Yarbro and 
Perry (68) provide a more extensive review of the effect of cancer therapy on gonadal 
function.

As 2–8% of women with colorectal cancer have synchronous ovarian metastatases, 
prophylactic oophorectomy may be recommended. For premenopausal women, this pos-
sibility should be discussed preoperatively relative to their interest in childbearing. For those 
premenopausal and perimenopausal women who have no concern related to infertility and 
those women who are already postmenopausal, consideration should be given to remove 
grossly normal ovaries (23).

4.1. Procreative Alternatives
When feasible and relative to the necessity of treatment, oncology professionals should 

discuss reproductive cell and tissue banking with patients, referring to a reproductive 
endocrinologist prior to chemotherapy and/or radiation. Men can store sperm from semen 
ejaculate, epididymal aspirate, testicular aspirate, and testicular biopsy (72). Women can 
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store ovarian tissue, ovarian follicles, and embryos (73). In oocyte cryopreservation, which is 
still experimental (74), reproductive cells/tissue are cryopreserved for future use in artifi cial 
insemination for patients who wish to protect their reproductive capacity. Donnez and Bassil 
(70) reviewed indications for cyropreservation of ovarian tissue, and Colon (75) reviewed 
current reproductive-assisted technologies.

However, these options are not appropriate for all patients. Counseling is an important 
part of the decision-making process for patients, as thinking through these decisions at a 
time when individuals are struggling with issues of life and potential death are often diffi cult. 
Patients need to consider costs, stress, time, emotions, and potential inclusion of another 
individual in the pregnancy process (i.e., a surrogate). For many patients, the fi nancial 
costs associated with in vitro fertilization (IVF) and subsequent embryo cyropreservation 
is prohibitive. Consideration also needs to be given to current rate of failure to implant in 
IVF procedures and the potential adverse effect of malignancy on sperm parameters (74). A 
recent retrospective analysis, with a limited sample size, reported the oocytes from patients 
with malignant disorders were of a poorer quality and exhibited a signifi cantly impaired 
fertilization rate compared to age-matched controls (74). For all patients who wish to be 
parents and have permanent infertility, adoption should be presented as a choice.

For men who experience retrograde ejaculation after treatment and remain fertile, it 
is often possible to retrieve live sperm cells. An infertility specialist can retrieve sperm 
cells from the testicles and from urine. Medication can sometimes be used to stimulate the 
remaining nerves around the prostate and seminal vesicles to convert a retrograde ejaculation 
to an antegrade ejaculation; in the United States, ephedrine sulfate is used most often; 
and in Europe, imipramine has also been used. Pharmacologic agents can also be used to 
induce an ejaculation (i.e., intrathecal neostigmine or subcutaneous physostigmine). When 
medication does not work, several other techniques are available and may be recommended, 
including vibratory stimulation, electroejaculation, direct aspiration of fl uid from the vas 
deferens, perineal needle stimulation, and hypogastric nerve stimulator. Further review of 
these treatments and information regarding treatment of infertility and assisted reproductive 
technology is available (15,72,76,77).

4.2. Preventative Strategies
For women, studies (78) have shown that movement of the ovaries out of the fi eld of 

radiation (ovarioplexy), either to the iliac crest or behind the uterus, may help preserve 
fertility when high doses of radiation therapy are being applied. By relocating the ovaries 
laterally, it is possible to shield them during radiation of the para-aortic and femoral lymph 
nodes (68). Pelvic radiation provokes an irradiation of 5–10% of the ovary, even if transposed 
outside the irradiation area (70). Similar prevention strategies may be available for men; 
when possible, lead shields should be used to protect the testes (66).

4.3. Colorectal Cancer in Pregnancy
Colon and rectal carcinoma diagnosed during pregnancy is rare. The incidence rate has 

been reported as high as 0.1% and as low as 0.001% of all pregnancies. The fi rst reported 
case of rectal cancer in a woman who was pregnant was diagnosed in 1842. Since then, 245 
cases of colorectal cancer have been reported in pregnancy. Medich and Fazio (79) compared 
the distribution of colon and rectal tumors among the 245 pregnant women to the general 
population and to patients less than 40 yr of age with colon or rectal cancer. Unlike the 
general population with a distribution of 73% colon and 27% rectum and patients under 40 yr
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of age with 68% colon and 32% rectum, the pregnant women had a signifi cantly higher 
incidence of rectal cancer (83%) compared to colon (17%). Although a rare phenomenon 
in pregnancy, given the high incidence of rectal tumors in pregnant women, those pregnant 
women with unexplained rectal bleeding should be evaluated by anorectal examination and 
fl exible sigmoidoscopy (79). Bernstein and colleagues (80) have published the largest single 
series of these cases for review. Although the management of patients with colorectal tumors 
should be determined on an individual basis and is beyond the scope of this chapter, a review 
of treatment options and outcomes can be found in refs. 79 and 80.

5. OTHER FACTORS ASSOCIATED WITH TREATMENT
THAT IMPACT SEXUAL FUNCTIONING

Having reviewed the more direct impact of treatments on sexual functioning, oncology 
practitioners should also recognize the impact of other systemic treatment side effects on 
sexual function and expression.

Fatigue is a common medical condition for cancer patients and for patients undergoing 
chemotherapy; fatigue can be a chronic symptom that may signifi cantly limit physical 
activity. Patients can benefi t from education related to behavioral strategies (i.e., energy 
conservation), symptom management, and methods to minimize exertion in sexual activity 
if fatigue has been a limiting factor of expression (15,63).

Pain can negatively impact an individual’s receptivity to sexual stimulation and decrease 
sexual desire. Pain medications are also known to have deleterious effects on libido and 
arousal (14,15,81).

Nausea and vomiting are frequently associated with cancer treatments. These symptoms 
can certainly decrease sexual desire. Antiemetics are often used to treat these symptoms, yet 
their sedative effects may also interfere with sexual function.

Range-of-motion diffi culties can contribute to trouble fi nding positions that are comfortable 
for sexual intimacy and to asexual feelings.

Shortness of breath can be a deterrent to initiating sexual intimacy. Pulmonary hygiene 
before sexual activity may provide some benefi t and keeping the affected partner’s head and 
upper torso raised with pillows also may be helpful (63).

6. ASSESSMENT OF SEXUAL FUNCTIONING

The literature contains a number of articles and resources that address sexual assessment 
(14), with many specifi c to cancer patients (12,14,15,63). Kaplan (82) provides a useful 
interview model to evaluate sexual problems in healthy and medically ill individuals, 
focusing on the chief complaint, sexual status, medical status, psychiatric status, family and 
psychosocial history, relationship assessment, summary, and recommendations. Auchincloss 
(12,13) applies Kaplan’s model to oncology settings, briefl y describing the assessment for 
each part of the interview. The P-LI-SS-IT model (83), an acronym for the four levels of 
permission, limited information, specifi c suggestion, and intensive therapy, is another model 
of assessment and intervention commonly used as a framework for sexual rehabilitation in 
cancer care and medical illness (7,63,83–85).

The following brief list of factors known to impact current sexual functioning should be 
included in an assessment. The patient’s specifi c sexual concerns or needs at the time dictate 
the approach and content of the discussion.
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6.1. General Factors Affecting Sexual Functioning to be Evaluated in Assessment
6.1.1. PREMORBID SEXUAL FUNCTIONING

An individual’s past (preillness) sexual development, preferences, and experience are vital 
to assessment of sexual status. Level of sexual functioning prior to diagnosis and treatment, 
interest, satisfaction, and importance of sexual functioning in the relationship all infl uence 
the patient’s potential distress related to current sexual status. Individuals who have already 
experienced sexual diffi culties may be especially vulnerable to the effects of treatment. 
Clinicians should be careful not to make assumptions regarding the patient’s previous sexual 
experience and importance of sexual expression.

6.1.2. PSYCHOSOCIAL ASPECTS OF SEXUALITY

6.1.2.1. Relationship Status. The patient may or may not have an available partner at the 
time of diagnosis. Sexuality should be taken no less seriously by the clinician or the patient 
in this circumstance. For patients with a partner, the clinician should consider and discuss the 
duration, quality, and stability of the relationship prior to diagnosis. Additionally, as many 
patients fear rejection and abandonment, the clinician should inquire about the partner’s
response to the illness and the patient’s concerns of the treatment impact on the partner 
(87). Partners share many of the same reactions as patients in that their most signifi cant 
concerns typically relate to loss and fear of death. Moreover, the partner’s physical, sexual, and 
emotional health should be considered relative to his/her previous and current sexual status in 
a complete assessment. A clinician should recognize that most couples experience diffi culty 
discussing sexual preferences, concerns, and fears even under ideal circumstances and sexual 
communication problems tend to worsen with illness and threat of death.

Although little research in colorectal cancer examines the role of the partner, Northouse, 
Mood, Templin, Mellon and George (88), recently conducted a longitudinal study to examine 
couple’s patterns of adjustment to colon cancer during the fi rst year following surgery. 
Both patients and spouses reported decreases in family functioning and social support, but 
also decreases in emotional stress over time. This study included no measure of sexual 
functioning.

6.1.2.2. Psychological Status. The affective spectrum during cancer treatment ranges 
from disbelief to clinical depression and typically changes over time. Anxiety and depression 
are the two most common affective (disruptions) among patients with cancer and both 
have been found to have deleterious effects on sexual functioning (12,13,63,89,90). A 
clinician should be aware of current mental status and any history of depression or other 
psychiatric disorder, previous psychotherapy, treatment with psychotropic medication, 
and/or hospitalizations. Current use of psychotropic medications should also be reviewed 
with respect to impact on sexual function.

Cancer treatment produces changes to the body that negatively impacts body image 
and self-esteem (63,91). Commonly patients have diffi culty seeing themselves as sexually 
attractive during and after treatment. Identifying body-image disturbances is important to 
incorporate into goals of care and rehabilitation.

Frequently the couple experiences changes of social roles during treatment. An individual’s
identity and sense of worth may be threatened when role changes occur (15,87). The 
partner’s participation in the patient’s physical care often negatively impacts feelings of 
sexuality. Younger couples, more than older couples, may be vulnerable to problems playing 
alternative or new domestic roles and experiencing the myriad of life and fi nancial stressors 
associated with treatment (15).
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6.1.3. MEDICAL ASPECTS OF SEXUALITY

The clinician should ascertain past medical history with a particular emphasis on other 
concurrent medical illnesses contributes to risk of sexual dysfunction, additional decrease 
in social and role functioning, mental health, and health perceptions. Medical illnesses 
that impact the endocrine, vascular, central nervous, and neurological systems are all well 
known to have a potential deleterious effects on the sexual response cycle (92–94). Diabetes, 
hypertension, vascular disease, multiple sclerosis, and many others impact sexual function, 
particularly quality of erections in men. Two textbooks extensively review the impact of 
chronic illness and disability on sexual function (92,94). Lifestyle factors, including smoking 
and substantial alcohol consumption are also risk factors of sexual morbidity. In men, 
cigarette smoking may induce vasoconstriction and penile venous leakage (93); in larger 
amounts alcohol is a strong sedative-hypnotic producing decreasing libido, and transient 
erectile dysfunction (93).

Pharmacology during treatment for cancer and chronic illness in general is an often 
necessary and integral component of health maintenance. However, some pharmacologic 
treatments may have direct or indirect deleterious effects on sexual function through multiple 
physiologic and psychologic pathways. Pharmacologic agents that may negatively affect 
sexual response are presented in Table 4. A number of resources provide further delineation 
of the mechanisms for changes in sexual function associated with these agents with listings 
of specifi c medications and known effects on sexual function (15,95–97).

6.2. Time Constraints/Brief Screening
Recognizing that time constraints may limit the ability of any one provider in an oncology 

practice to adequately assess quality of sexual functioning, a few brief screening questions 
can easily be added to a more general follow-up and to identify those patients who will need 
further assessment (14). Even one question—“Have you experienced any change in your 
sexual functioning since your diagnosis and treatment?”—can identify sexual concerns. 
Ideally, one sexual counseling specialist in an oncology practice (i.e., nurse, social worker, 
psychologist) can follow up on identifi ed concerns. Dunn (98) and Schover (99) provide 

Table 4
Pharmacologic Agents that Affect Sexual Response

Cardiovascular Drugs
    Antihypertensive agents
    Antichollesterolemic agents
    Antiarrhythmic drugs
Psychotropic drugs
    Antidepressants (SSRIs)
    Anxiolytics/Sedatives-Hypnotics
    Neuroleptics (management of delerium)
    Stimulants/anorectics
Other medications
    Anticonvulsants
    Antiulcer drugs
    Anticancer drugs
    Narcotics
    Endocrine drugs, including hormones
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recommendations and strategies for establishing programs to treat sexual problems in 
medical settings. If no sexual counseling specialist is available, a referral network can 
be identifi ed. Most individuals with sexual problems or concerns do not need extensive 
medical or psychological treatment. A review of 384 consultations for sexual rehabilitation 
in a cancer center indicated that 73% of patients were only seen once or twice (100). The 
majority of patients can benefi t from brief counseling and education.

7. TEACHING PATIENTS TO COPE: WAYS TO TREAT DIFFICULTIES
IN SEXUALITY AND INTIMACY

Many patients are fearful or anxious of their fi rst sexual experience after treatment and 
can often begin a pattern of sexual avoidance. As the patient is concerned about sending 
mixed signals to their partner, this can lead to avoidance of general intimacy and touch. 
The partner may also be contributing to generalized avoidance of intimacy through their 
reluctance to initiate any behavior that might be perceived as pressure to be more intimate or 
that may contribute to any potential physical discomfort from greater expression of physical 
intimacy. Providers need to reassure patients and their signifi cant others that even when 
intercourse is diffi cult or impossible, their sex lives are not over. They can always give 
and receive pleasure and satisfaction because love and intimacy can be expressed by use 
of the hands, mouth, tongues, and lips. Providers should encourage the couple to express 
affection in alternative ways (hugging, kissing, nongenital touching) until they feel ready to 
resume sexual activity. The couple should be encouraged to communicate honest feelings 
and concerns and preferences.

If a man cannot possibly attain an erection fi rm enough for penetration and/or intercourse 
may be painful for a woman, some couples may be willing to fi nd alternative ways to bring 
each other to orgasm and express sexual intimacy. “Sensate Focus” exercises of noncoital 
pleasuring were developed by Masters and Johnson (10), and later enhanced by Kaplan (11).
These exercises, based on principles of sensuous massage, give couples an experience of 
sexual expression that allow them to be physically close and intimate without the pressure 
and anxiety that can be associated with anticipation of intercourse. The structure and ground 
rules of sensate focus can help bypass performance anxiety (self-consciousness and self-
evaluation) and enable the couple to lose themselves in the current experience of pleasurable 
touch. These exercises also help the couple communicate about potentially problematic or 
emotionally sensitive areas of the body. Providers should determine a couple’s openness to 
modifi cation of their sexual technique.

As many patients will experience anticipatory anxiety about reestablishing sexual intimacy 
with their partner and potential uncertainty of their own sexual response, the potential 
advantages of self-stimulation can be explored. Self-stimulation has the advantage that 
it allows the individual to become comfortable with his/her sexual response and arousal 
without the added pressure of performance anxiety commonly heightened by concern for 
their partner’s pleasure, reactions, concerns, and/or fears. For many individuals, a cognitive 
reframing of masturbation to self-stimulation or self-pleasuring allows the individual to 
accept this activity as part of the process in sexual rehabilitation. For others, this behavior 
may still be a resilient and persistent taboo for cultural and religious reasons.

For those couples who wish to have sexual intercourse, sexual positions that place no 
weight on a scar or ostomy and positions that allow for better control of depth of penetration 
can be explored. The side-by-side position (spooning) in which the man is behind the woman, 
or the L-shape position, with both partners lying down, torsos at right angles and legs 
entwined, are two possibilities. The American Cancer Society publishes two comprehensive 
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pamphlets on sexuality and cancer, for both men (101) and women (102), which provide 
illustration of sexual positions and other self-help information.

For patients with colostomies, or ileostomies, the United Ostomy Association prints several 
pamphlets related to resuming sexual activity, including sex and the female ostomate, sex and 
the male ostomate, and gay and lesbian ostomates. Providers can educate patients on limiting 
food intake prior to anticipated sexual activity, watching the types of food consumed, and 
planning times for intimacy when a bowel movement is less likely. Although the ostomy pouch 
is typically changed when about one-third full, patients should be taught to empty the pouch 
sooner when anticipating sexual intimacy, traveling, and exercising. Patients may fear that the 
ostomy bag will interfere with sexual intimacy, become dislodged, or cause damage to the 
stoma. An empty and fl at ostomy bag will not become dislodged from the stoma and can be 
rolled up or taped down so that it will not get in the way of sexual intimacy. Decorative covers 
may also be worn (71,103). A much greater selection of products for ostomates exists today, 
including disposable pouches, reusable pouches that empty from the bottom or top while still 
attached, pouches with fi lters to control odors, and pouches that hang sideways instead of 
down for physical activity. Patients concerned about potential odor can use deodorant tablets or 
liquids in the bottom of the pouch or as recommended by the manufacturer (103).

A provider should help educate couples with practical suggestions to help overcome 
changes in responsiveness to sexual stimulation. Couples should allow plenty of time for 
sexual expression with suffi cient foreplay to develop the fullest possible sexual arousal. For 
some couples, early morning may be a good restful time for sexual expression. Conditions 
that facilitate sexual pleasure should be explored and may include relaxation, dreams, 
fantasy, breathing, and recalling positive experiences with partner.

When women experience changes in arousal, most notably vaginal dryness, vaginal 
moisturizers and water-based lubricants should be suggested. If changes in arousal are 
also associated with the endocrine changes of menopause, the option and evaluation of 
hormone replacement should be discussed. Some women may experience discomfort with 
penetration around the vaginal entrance and can learn to relax the pubococcygeus (PC) 
muscles with Kegel exercises (12,15,63). For women who have received radiation to the 
pelvis, instructions for use of a vaginal dilator and lubrication should be given; with regular 
use, considerable improvement in vaginal circumference and length can be obtained (12).
More specifi c information for the evaluation and treatment of female sexual dysfunction, 
including painful intercourse (dyspareunia), vaginismus, inhibited orgasm, sexual arousal 
and desire disorders is available in other resources (12,15,17,82,91).

When erectile functioning is impaired, counseling should initially focus on obtaining 
sexual pleasure and satisfaction without erections or intercourse. Because the nerves damaged 
in surgery may potentially regenerate for up to 2.5 yr after the operation, postsurgical erectile 
dysfunction may improve over time (103). Many men with erectile dysfunction are able 
to have orgasms with manual or oral stimulation; many partners are similarly satisfi ed and 
orgasmic with noncoital stimulation. Several treatment options are available depending 
on the cause and degree of dysfunction. If the desire for intercourse remains, treatment 
options include oral medication, topical or intraurethral medication, vacuum constriction 
device, intracavernous injection, and penile prosthesis. These treatment options should be 
discussed with professional consultation. Providers should educate patients that no medical 
intervention to restore erections is also a valid choice. Comprehensive reviews of the current 
management of erectile dysfunction are available (15,82,93,104–106). Ducharme and Gill 
(105), Kaplan (82), and Zilbergeld (107), provide further discussion on the management of 
inhibited sexual desire and other male sexual dysfunctions.
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The goal of this chapter has been to highlight the sexuality and fertility issues that a person 
with colorectal cancer may experience. The oncology professional should educate patients 
of the sexual morbidity risks as therapeutic decisions are being made and should screen all 
patients at follow-up sessions to determine if changes in their sexual response have occurred. 
Routine screening will enable a clinician to determine whether further evaluation and 
intervention is necessary before long-term consequences, including relationship dysfunction, 
develop. More clinical attention and research is needed on the sexual functioning of both 
men and women treated for colorectal cancer.

REFERENCES
 1. Vincent CE, Vincent B, Greiss FC, and Linton EB. Some marital-sexual concomitants of carcinoma of the 

cervix. South. Med. J., 68 (1975) 552–558.
 2. Singer PA, Tasch ES, Stocking C, et al. Sex or survival: trade-offs between quality and quantity of life.

J. Clin. Oncol., 9(2) (1991) 328–334.
 3. American Cancer Society. Cancer facts and fi gures—2000. American Cancer Society, Atlanta, 2000.
 4. Van de Wiel HBM, Weijmar Shultz WCM, Hengeveld MW, and Staneke A. Sexual functioning after ostomy 

surgery. J. Sex. Marital Ther., 6 (1991) 195–207.
 5. Chorost MI, Weber TK, Lee J, Rodriguez-Bigas MA, and Petrelli NJ. Sexual dysfunction: informed consent 

and multimodal therapy for rectal cancer. Am. J. Surg., 179 (2000) 271–274.
 6. Borwell B. The psychosexual needs of stoma patients. Profess. Nurse, 12 (1997) 250–255.
 7. Penson RT, Gallagher J, Gioiella ME, Wallace M, Borden K, Duska, LA, et al. Sexuality and cancer: 

conversation comfort zone. Oncology, 5(4) (2000) 336–344.
 8. Lauman EO, Gagnon JH, Michael RT, and Michaels S. The Social Organization of Sexuality: Sexual 

Practices in the United States. University of Chicago Press, Chicago, 1994.
 9. Lauman EO, Paik A, and Rosen RC. Sexual dysfunction in the united states: prevalence and predictors. 

JAMA, 281(6) (1999) 537–544.
 10. Masters WH and Johnson VE. Human Sexual Response. Little, Brown, Boston, 1966.
 11. Kaplan HS. The New Sex Therapy: Active Treatment of Sexual Dysfunctions. Random House, New York, 

1974.
 12. Auchincloss SS. Sexual dysfunction in cancer patients: issues in evaluation and treatment. In Handbook of 

Psychooncology: Psychological Care of the Patient with Cancer. Holland JC and Rowland JH (eds.), Oxford 
University Press, New York, 1989, pp. 383–413.

 13. Auchincloss S. Sexual dysfunction after cancer treatment. J. Psychosoc. Onc., 9(1) (1991) 23–42.
 14. Lamb MA and Woods NF. Sexuality and the cancer patient. Can. Nurs., 4 (1981) 137–144.
 15. Schover LR. Sexuality and Fertility After Cancer. Wiley, New York, 1997.
 16. Beckham JC and Godding PR. Sexual dysfunction in cancer patients. J. Psychosoc. Onc., 8(1) (1990) 1–16.
 17. Kaplan HS. The Sexual Desire Disorders. Simon & Schuster, New York, 1995.
 18. Laan E, Everaerd W, van Bellen G, and Hanewald G. Women’s sexual and emotional responses to male and 

female produced erotica. Behav. Res. Ther., 23 (1994) 153–170.
 19. Havenga K, Maas, CP, DeRutter, MC, Welvaart K, and Trimbos JB. Avoiding long-term disturbance to 

bladder and sexual function in pelvic surgery, particularly with rectal cancer. Semin. Surg. Oncol., 18
(2000) 235–243.

 20. Weijmar Schultz WCM, Van de Wiel, HBM, Hahn, DEE, and Van Driel MF. Sexuality and cancer in women. 
Ann. Rev. Sex. Res., 3 (1992) 151–200.

 21. Camilleri-Brennan J and Steele RJC. Quality of life after rectal cancer. Br. J. Surg., 85 (1998) 1036–1043.
 22. Ruo L and Guillem JG. Major 20th-century advancements in the management of colorectal cancer. Dis.

Colon Rectum, 42 (1999) 563–578.
 23. Cohen AM, Minsky BD, and Schilsky RL. Colon Cancer. In Cancer: Principles & Practice of Oncology, 5th 

ed., DeVita VT Jr, Hellman S, and Rosenberg SA (eds.), Lippincott, Philadelphia, 1997, pp. 929–967.
 24. Balslev I and Harling H. Sexual dysfunction following operation for carcinoma of the rectum. Dis. Colon 

Rectum, 26 (1983) 785–788.
 25. Fegiz G, Trenti A, Bezzi M, Ambrogi V, Papini Papi M, Tucci G, et al. Sexual and bladder dysfunctions 

following surgery for rectal carcinoma. Ital. J. Surg. Sci., 16 (1986) 103–109.
 26. Nesbakken A, Nygaard K, Bull-Njaa T, Carlsen E, and Eri LM. Bladder and sexual dysfunction after 

mesorectal excision for rectal cancer. Br. J. Surg., 87(2) (2000) 206–210.



Chapter 37 / Sexuality and Fertility in Patients with Colorectal Cancer 713

 27. Havenga K, Enker WE, McDermott K, Cohen AM, Minsky BD, and Guillem J. Male and female sexual 
and urinary function after total mesorectal excision with autonomic nerve preservation for carcinoma of the 
rectum. J. Am. Coll. Surg., 182 (1995) 495–502.

 28. Havenga K, Enker WE, McDermott K, et al. Male and female sexual and urinary function after total 
mesorectal excision with autonomic nerve preservation for carcinoma of the rectum. J. Am. Coll. Surg.,
182 (1996) 495–502.

 29. Hellstrom P. Urinary and sexual dysfunction after rectosigmoid surgery. Ann. Chir. Gynaecol., 77 (1988) 
51–56.

 30. Hidenobu M, Hideyuki I, Shigeki Y, Shigeo O, and Hiroshi S. Male sexual function after autonomic nerve-
preserving operation for rectal cancer. Dis. Colon Rectum, 39(10) (1996) 1140–1145.

 31. Hjortrup A, Kirkegaard P, Friis J, Sanders S, and Anderson F. Sexual dysfunction after low anterior resection 
for midrectal cancer. Acta Chir. Scand., 150 (1984) 687–688.

 32. Hojo K, Sawada T, and Moriya Y. An analysis of survival and voiding, sexual function after wide iliopelvic 
lymphadenectomy in patients with carcinoma of the rectum, compared with conventional lymphadenectomy 
in patients with carcinoma of the rectum. Dis. Colon Rectum, 32 (1989) 128–133.

 33. Kinn AC and Ohman U. Bladder and sexual function after surgery for rectal cancer. Dis. Colon Rectum,
29 (1986) 43–48.

 34. LaMonica G, Audisio RA, Tamburini M, Filberti A, and Ventafridda V. Incidence of sexual dysfunction in 
male patients with treated surgically for rectal malignancy. Dis. Colon Rectum, 23 (1985) 937–940.

 35. Leveckis J, Boucher NR, Parys BT, Reed MWR, Shorthouse AJ, and Anderson JB. Bladder and erectile 
dysfunction before and after rectal surgery for cancer. Brit. J. Urol., 76 (1995)  752–756.

 36. Santangelo ML, Romano G, and Sassaroli C. Sexual function after resection for rectal cancer. Am. J. Surg.,
154 (1987) 502–504.

 37. Sugihara K, Moriya Y, Akasu T, and Fujita S. Pelvic autonomic nerve preservation for patients with rectal 
carcinoma: oncologic and functional outcome. Cancer, 78 (1996) 1871–1880.

 38. Williams JT and Slack WW. A prospective study of sexual function after major colorectal surgery. Br. J. 
Surg., 67 (1980) 772–774.

 39. Zenico T, Neri W, Zoli M, Tamburini C, Fabri F, and Maltoni G. Sexual dysfunction after excision of the 
rectum. Acta Urol. Belg., 57 (1989) 213–216.

 40. Renner K, Rosen HR, Novi G, Holbling N, and Schiessel R. Quality of life after surgery for rectal cancer: do 
we still need a permanent colostomy? Dis. Colon Rectum, 42 (1999) 1160–1167.

 41. Yeager E and Van Heerden JA. Sexual dysfunction following protocolectomy and abdominoperineal 
resection. Ann. Surg., 191 (1980) 169–170.

 42. Leo E, Belli F, Baldini MT, Vitellaro M, Santoro N, Mascheroni L, et al. Total rectal resection: colo-endoanal 
anastomosis and colic reservoir for cancer of the lower third of the rectum. Eur. J. Surg. Oncol., 19 (1993) 
283–293.

 43. Aghaji MA and Obiekwe OM. Sexual function in males following abdomino-perineal resection in Nigeria. 
Cent. Afr. J. Med., 37 (1991) 301–303.

 44. Havenga K and Welvaart K. Sexual dysfunction in men following surgical treatment for rectosigmoid 
carcinoma. Ned. Tijdschr. Geneeskd., 135 (1991) 710–713.

 45. Cunsolo A, Bragaglia RB, Manara G, Poggioli G, and Gozzetti G. Urogenital dysfunction after abdomino-
perineal resection for carcinoma of the rectum. Dis. Colon Rectum, 33 (1990) 918–922.

 46. Cirino E, Pepe G, Pepe F, Panella M, Rizza G, and Cali V. Sexual complications after abdominoperineal 
resection. Ital. J. Surg. Sci., 17 (1987) 315–318.

 47. Neal DE. The effects on pelvic visceral function of anal sphincter ablating and anal sphincter preserving 
operations for cancer of the lower part of the rectum and or benign colo-rectal disease. Ann. R. Coll. Surg. 
Engl., 66 (1984) 7–13.

 48. Williams NS and Johnston D. The quality of life after rectal excision for low rectal cancer. Br. J. Surg.,
70 (1983) 460–462.

 49. Von Segesser L and Marti MC. Abdomino-perineal amputation: socio-ocupational reintegration and late 
postoperative complications. Schweiz. Med. Wochenschr., 113 (1983) 542–544 (in French).

 50. Deixonne B, Baumel H, and Domergue J. Sexual disorders following abdominoperineal resection of the 
rectum. Sem. Hop., 59 (1983) 677–682 (in French).

 51. Saito N, Sarashina H, Nunomura M, Koda K, Takiguchi N, and Nakajima, N. Clinical evaluation of nerve 
sparing surgery combined with preoperative radiotherapy in advanced rectal cancer patients. Am. J. Surg.,
175 (1998) 277–282.

 52. Masui H, Ike H, Yamaguchi S, Oki S, and Shimada H. Male sexual function after autonomic nerve-preserving 
operation for rectal cancer. Dis. Colon Rectum, 39 (1996) 1140–1145.



714         Fleming

 53. Moriya Y, Sugihara K, Akasu T, and Fujita S. Nerve-sparing surgery with lateral node dissection for advanced 
lower rectal cancer. Eur. J. Cancer, 31A (1995) 1229–1232.

 54. Pietrangeli A, Bove L, Innocenti P, Pace A, Tirelli C, Santoro E, et al. Neurophysiological evaluation of sexual 
dysfunction in patients operated for colorectal cancer. Clin. Autonom. Res., 8 (1998) 353–357.

 55. Leo E, Belli F, Baldini MT, et al. New perspectives in the treatment of low rectal cancer: total rectal resection 
and coloanal anastomosis. Dis. Colon Rectum, 37(Suppl.) (1994) S62–S68.

 56. Hurny C and Holland JC. Psychosocial sequelae of ostomies in cancer patients. CA, 36 (1985) 170–183.
 57. Huish M, Kumar D, and Stones C. Stoma surgery and sexual problems in ostomates. Sex. Mar. Ther., 13

(1998) 311–328.
 58. Sprangers MAG, Taal BG, Aaronson NK, and te Velde A. Quality of life in colorectal cancer: stoma vs. 

nonstoma patients. Dis. Colon Rectum, 38 (1995) 361–369.
 59. Bekkers MJTM, Van Knippenberg FCE, Van Dulmen AM, Van Den Borne HW, and Van Berge Henegouwen 

GP. Survival and psychosocial adjustment to stoma surgery and nonstoma bowel resection: a 4 year follow 
up. J. Psychosom. Res., 42 (1997) 235–244.

 60. Nugent K, Daniels P, Stewart SRN, Patankar R, and Johnson C: Quality of life in stoma patients. Dis. Colon 
Rectum, 42 (1999) 1569–1574.

 61. Gamagami R, Chiotasso P, and Lazorthes F. Continent perineal colostomy after abdominoperineal resection: 
outcomes after 63 cases. Dis. Colon Rectum, 42 (1999) 626–631.

 62. Parc R, Tiret E, Frilaux, P, Moszkowski E, and Loygue J. Resection and colo-anal anastomosis with colonic 
reservoir for rectal carcinoma. Br. J. Surg., 84 (1997) 1449–1451.

 63. Lamb MA. Sexuality and sexual functioning. In Cancer Nursing: A Comprehensive Textbook (2nd ed.). 
McCorkle R, Grant M, Frank-Stromberg M, and Baird SB (eds.), WB Saunders, Philadelphia, 1996,
pp. 1105–1127.

 64. Ooi BS, Tjundra JJ, and Green MD. Morbidities of adjuvant chemotherapy and radiotherapy for resectable 
rectal cancer: an overview. Dis. Colon Rectum, 42 (1999) 403–418.

 65. Roll MG. Colon cancer. In Oncology Nursing: Assessment and Clinical Care. Miaskowski C and Buchsel P 
(eds.), Mosby, St. Louis, MO, 1999, pp. 697–719.

 66. Krebs LU. Sexual and reproductive dysfunction. In Cancer Nursing: Principles and Practice. Baird SB, 
McCorkle R, and Grant M (eds.), Jones & Bartlett, Boston, 1993, pp. 697–719.

 67. Lamb MA. Effects of chemotherapy on fertility in long-term survivors. Dimens. Oncol. Nurs., 5(4) (1991) 
13–16.

 68. Yarbro CH and Perry MC. The effect of cancer therapy on gonadal function. Semin. Oncol. Nurs., 1(1)
(1985) 3–8.

 69. Gradishar WJ and Schilsky RL. Effects of cancer treatment on the reproductive system. Crit. Rev. Oncol. 
Hematol., 8(2) (1988) 153–171.

 70. Donnez J and Bassil S. Indications for cryopreservation of ovarian tissue. Hum. Reprod. Update, 4(3)
(1998) 248–259.

 71. Grunberg KJ. Sexual rehabilitation of the cancer patient undergoing ostomy surgery. J. Enterostomal. 
Ther., 13 (1986) 148–152.

 72. Linsenmeyer TA. Management of male infertility. In Sexual Function in People with Disability and Chronic 
Illness. Sipski ML and Alexander CJ (eds.), Aspen Publishers, Gaithersburg, MD, 1997, pp. 487–510.

 73. Welner SL. Management of female infertility. In Sexual Function in People with Disability and Chronic 
Illness. Sipski ML and Alexander CJ (eds.), Aspen Publishers, Gaithersburg, MD, 1997, pp. 537–556.

 74. Pal L, Leykin L, Schifren JL, Isaacson KB, Chang YC, Nikruil N, et al. Malignancy may adversely infl uence 
the quality of behaviour of oocytes. Euro. Soc. Hum. Reprod. Embryol., 13(7) (1998) 1837–1840.

 75. Colon JM. Assisted reproductive technologies. In Sexual Function in People with Disability and Chronic 
Illness. Sipski ML and Alexander CJ (eds.), Aspen Publishers, Gaithersburg, MD, 1997, pp. 557–576.

 76. Schover LR and Thomas AJ. Overcoming Male Infertility: Understanding its Causes and Treatments. John 
Wiley, New York, 2000.

 77. American Society for Reproductive Medicine. Fertility After Cancer Treatment: A Guide for Patients. Patient 
Information Series. American Society for Reproductive Medicine, Birmingham, AL, 1995.

 78. Granai CO, Amando PM, and Goldstein AS. The effects of cancer therapy on fertility. Clin. Adv. Oncol. 
Nurs., 3(1) (1991) 7–9.

 79. Medich DS and Fazio VW. Hemorrhoids, anal fi ssure, and carcinoma of the colon, rectum, and anus during 
pregnancy. Surg. Clin. North Am., 75 (1995) 77–88.

 80. Bernstein MA, Madoff RD, and Caushaj PF. Colon and rectal cancer in pregnancy. Dis. Colon Rectum,
36 (1993) 172–178.

 81. Paice JA, Penn RD, and Ryan WG. Altered sexual function and decreased testosterone in patients receiving 
intraspinal opiods. J. Pain Sym. Mgmt., 9(2) (1994) 143–148.



Chapter 37 / Sexuality and Fertility in Patients with Colorectal Cancer 715

 82. Kaplan HS. The Evaluation of Sexual Disorders: Psychological and Medical Aspects. Brunner/Mazel, 
New York, 1983.

 83. Annon JS. Behavioral Treatment of Sexual Problems, Vol 1. Brief Therapy. Enabling Systems, Honolulu, 
1974.

 84. Gallo-Silver L. The sexual rehabilitation of persons with cancer. Cancer Pract., 8 (2000) 10–15.
 85. Sipski ML and Alexander CJ. Impact of disability or sexual illness on sexual function. In Sexual Function 

in People with Disability and Chronic Illness. Sipski ML and Alexander CJ (eds.), Aspen Publishers, 
Gaithersburg, MD, 1997, pp. 3–9.

 86. Waldman TL and Eliasof B. Cancer. In Sexual Function in People with Disability and Chronic Illness.
Sipski ML and Alexander CJ (eds.), Aspen Publishers, Gaithersburg, MD, 1997, pp. 337–354.

 87. McNeff EA. Issues for the partner of the person with a disability. In Sexual Function in People with 
Disability and Chronic Illness. Sipski ML and Alexander CJ (eds.), Aspen Publishers, Gaithersburg, 
MD, 1997, pp. 595–616.

 88. Northouse LL, Mood D, Templin T, Mellon S, and George T. Couple’s pattern of adjustment to colon 
cancer. Soc. Sci. Med., 50 (2000) 271–284.

 89. Anderson BL. Sexual functioning morbidity among cancer survivors. CA, 60(Suppl.) (1985) 2123–2128.
 90. Wise TN. Sexual functioning in neoplastic disease. Med. Aspects Hum. Sex., 12 (1978) 16–23.
 91. Whipple B and McGreer KB. Management of female sexual dysfunction. In Sexual Function in People 

with Disability and Chronic Illness. Sipski ML and Alexander CJ (eds.), Aspen Publishers, Gaithersburg, 
MD, 1997, pp. 511–536.

 92. Schover LR and Jensen SB. Sexuality and Chronic Illness: A Comprehensive Approach. Guilford, New 
York, 1988.

 93. Lue TF. Contemporary Diagnosis and Management of Male Erectile Dysfunction. Handbooks in Health 
Care, Newton, PA, 1999.

 94. Sipski ML and Alexander CJ (eds.) Sexual Function in People with Disability and Chronic Illness. Aspen 
Publishers, Gaithersburg, MD, 1997.

 95. Crenshaw TL and Goldberg JP. Sexual Pharmacology: Drugs That Affect Sexual Functioning. WW Norton, 
New York, 1996.

 96. Weiner DN and Rosen RC. Medications and their impact. In Sexual Function in People with Disability 
and Chronic Illness. Sipski ML and Alexander CJ (eds.), Aspen Publishers, Gaithersburg, MD, 1997, 
pp. 85–118.

 97. The Medical Letter. Drugs That Cause Sexual Dysfunction. New York. 2000.
 98. Dunn KL. Sexuality education and the team approach. In Sexual Function in People with Disability 

and Chronic Illness. Sipski ML and Alexander CJ (eds.), Aspen Publishers, Gaithersburg, MD, 1997, 
pp. 381–402.

 99. Schover LR. Counseling cancer patients about changes in sexual function. Oncology, 13(11) (1999) 
1585–1595.

 100. Schover LR, Evans, RB, and von Eschenbach AC. Sexual rehabilitation in a cancer center: diagnosis and 
outcome in 384 consultations. Arch. Sex. Behav., 16 (1987) 445–462.

 101. Schover LR. Sexuality and Cancer: For the Man Who Has Cancer and His Partner. American Cancer 
Society, New York, 1998.

 102. Schover LR. Sexuality and Cancer: For the Woman Who Has Cancer and Her Partner. American Cancer 
Society, New York, 1998.

 103. Snow, B. The ostomist—self-image and sexual problems. Sex. Dis., 3 (1980) 156–158.
 104. Costabile RA. Cancer and male sexual dysfunction. Oncology, 14(2) (2000) 195–205.
 105. Ducharme SH and Gill KM. Management of other male sexual dysfunctions. In Sexual Function in People 

with Disability and Chronic Illness. Sipski ML and Alexander CJ (eds.), Aspen Publishers, Gaithersburg, 
MD, 1997, pp. 465–486.

 106. Rivas DA and Chancellor MB. Management of erectile dysfunction. In Sexual Function in People with 
Disability and Chronic Illness. Sipski ML and Alexander CJ (eds.), Aspen Publishers, Gaithersburg, 
MD, 1997, pp. 429–464.

 107. Zilbergeld B. The New Male Sexuality. Bantam Books, New York, 1992.



Chapter 38 / Complementary and Alternative Medicine in CRC 717

38 Complementary and Alternative Medicine
Approaches in Colorectal Cancer

Andrew J. Vickers and Barrie R. Cassileth

CONTENTS

INTRODUCTION

ALTERNATIVE (UNPROVEN) CANCER TREATMENTS

COMPLEMENTARY THERAPIES FOR SYMPTOM CONTROL AND ENHANCED

QUALITY OF LIFE

BOTANICALS

INTEGRATIVE MEDICINE

CONCLUSION

REFERENCES

717

From: Colorectal Cancer: Multimodality Management
Edited by: L. Saltz © Humana Press Inc., Totowa, NJ

1. INTRODUCTION

Complementary and alternative medicine (CAM) is now a highly visible feature of 
contemporary health care. No longer restricted to the lay sector and the medical fringe, 
CAM practices can be found in conventional care settings. They are widely and increasingly 
being subject to research and there is now good evidence that at least some techniques are 
potentially effective. In the United States, as in other countries of the developed world, many 
millions of patients spend billions of dollars each year on CAM.

In this review, we will start by discussing the terminology and sociology of CAM, 
describe some of the main CAM approaches, and discuss relevant research evidence. We 
will conclude by reviewing sources of further information.

1.2. The Terminology of CAM
Complementary and alternative medicine is a general term used to describe techniques as 

diverse as chiropractic medicine and yoga, iridology and meditation, colonic irrigation, and 
spiritual healing. As such, it resists a simple defi nition. Most published terminologies defi ne 
CAM simply as being anything that is not part of conventional medicine (1).

A more important terminological point is the difference within CAM between “comple-
mentary” and “alternative” medicine. “Alternative” therapies are typically invasive and 
biologically active and are promoted for use instead of mainstream therapy. Conversely, 
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“complementary” therapies are used as adjuncts to mainstream care for symptom manage-
ment and to enhance quality of life.

This distinction is especially important in oncology, where alternative methods are 
promoted as literal alternatives to conventional care, resulting in some patients selecting 
unproven methods instead of mainstream treatments following diagnosis. Most of these 
methods involve considerable travel and expense; furthermore, many are known to incur 
signifi cant risks of adverse events.

1.3. Public Use of CAM
The most widely quoted survey of CAM use in the US general population reported 

prevalence rates increasing from one-third in 1991 to 42% in 1997 (2). Similar rates have 
been reported in other recent US surveys (3,4). Relaxation, massage, and chiropractic are the 
most widely utilized therapies; homeopathy, acupuncture, and folk remedies were the least 
used. Similar fi gures have been reported found for other industrialized countries such as the 
United Kingdom (5), western Europe (6), Australia (7), and Canada (8).

Surveys have also looked specifi cally at CAM use by cancer patients. A recent systematic 
review of relevant published data (9) located 26 surveys of cancer patients from 13 countries, 
including 5 from the United States. The average prevalence across all studies was 31%. 
Subsequent investigations have reported similar fi ndings (10–12). All but one of the US 
surveys obtained information about specifi c therapies employed. There is some indication 
of a growth in CAM use by cancer patients in recent years. A secondary analysis of close to 
3000 cancer patients estimates a 64% increase since 1997 (13).

Although research evidence is scant, the vast majority of CAM users seek complementary, 
not alternative, medicine; approx 8–10% of tissue-biopsy-diagnosed cancer patients eschew 
mainstream therapy and seek only alternative care (14).

1.4. CAM in Mainstream Medicine
Data on oncologists’ referrals of patients to CAM practitioners are not available. However, 

there is evidence that nononcologists commonly make such referrals. A survey conducted 
in Massachusetts, Washington State, New Mexico, and Israel, for example, found that 
more than 60% of physicians had referred patients to alternative providers in the previous 
year (15). Primary care physicians were more likely than other specialists to use and to 
refer patients for complementary and alternative therapies, a fi nding also reported in other 
studies (16,17).

Referral for and delivery of CAM by doctors is probably more common abroad than in 
the United States. There are, for example, over 10,000 doctors practicing homoeopathy in 
France and Germany and nearly 2000 doctors practicing acupuncture in the United Kingdom 
(18). It is likely that application of these therapies to patients with cancer is infrequent and 
limited to symptom control.

Elective courses in CAM and portions of required courses are taught in at least 75 medical 
schools in the United States (19). This degree of activity displays broad interest, although 
an academic physician’s analysis of the quality of courses found that almost all present 
material uncritically (20).

1.5. Regulation of CAM
1.5.1. REGULATION OF CAM PRACTITIONERS

Regulation of CAM practitioners varies by therapy and by state. The most consistently 
regulated are chiropractors, who undergo a 4-yr training and are licensed in all 50 states. 
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Naturopaths are currently licensed in 11 states after 4 yr of post-B.A. training. Practitioners 
of acupuncture and herbal medicine are trained for 3 yr and licensed in 34 states; three 
additional jurisdictions permit practice under a medical doctor’s supervision. Regulation 
of massage practitioners also varies from state to state. While more than 30 states demand 
a state licensure, asking therapists to meet particular requirements, criteria, and exams, 
other states ask for less formal training, such as a certifi cate program, and others have 
no regulation at all. Many of those who practice hypnosis or relaxation techniques have 
conventional qualifi cations (e.g., nursing, clinical psychology). However, many without such 
qualifi cation also practice these techniques and regulation of these practitioners appears to 
be highly inconsistent. Music therapists are voluntarily regulated by the Certifi cation Board 
for Music Therapists. The title “Board-Certifi ed Music Therapist” is legally protected, but 
there is no state licensure.

1.5.2. REGULATION OF CAM PRODUCTS

No legal standards currently exist for the processing or packaging of botanicals in the 
United States. The content of botanicals often differs widely from one bottle to the next, 
even within the same brand. For example, samples of St. John’s Wort were analyzed recently 
by an independent laboratory commissioned by the Los Angeles Times. Three of 10 brands 
tested contained less than half the potency listed on the label (21).

Poor quality control standards also lead to contamination of botanical products. Typical 
examples of such contamination are steroids in Chinese herbs (22), heart problems resulting 
from digitalis-contaminated supplements (23) and atropine in herbal tea (24). Contamination 
appears to be a particular problem with products imported from outside the United States 
and Europe.

2. ALTERNATIVE (UNPROVEN) CANCER TREATMENTS

A large number of unproven, and often unusual, treatments have been recommended for 
the treatment of cancer. Many of these are promoted as alternatives to conventional care. 
For example, the chapter on cancer in the popular book Alternative Medicine criticizes 
chemotherapy, radiation, and surgery as “highly invasive” interventions that “may shorten 
the patient’s life” and recommends that therapy instead address the entire body and employ 
a “non-toxic approach…incorporating treatments that rely on biopharmaceutical, immune 
enhancement, metabolic, nutritional, and herbal, non-toxic methods” (25).

Such unusual and possibly dangerous ideas are in surprisingly wide circulation, particu-
larly with the advent of the Internet. A sophisticated search for alternative medicine for 
cancer typically results in between 250,000 and 500,000 hits. Many of the retrieved pages 
list dubious information, even though they appear to be from reputable sources. An article 
on alternative medicine for cancer published on Lycos’s “Web M.D.,” for instance, promotes 
a number of unusual and disproved therapies, advises against many common uses of 
chemotherapy, and accuses the conventional oncology community of extreme prejudice 
(26). A Boston University website claims that the Livingston-Wheeler regimen, a disproved 
alternative therapy (see Section 2.4.), leads to a “seventy to ninety-fi ve percent rate of 
remission” in early cancer and a 20% remission rate in terminal cancer (27).

Alternative medicine is a worldwide problem. A recent survey conducted by the Interna-
tional Union Against Cancer (28) reported alternative cancer treatments in all participating 
nations, even though these were as varied as the United States, the United Kingdom, Israel, 
China, Zimbabwe, Brazil, Latvia, Malaysia, and Japan. A large number of different and 
unusual therapies were reported, including traditional medical systems such as curanderismo, 
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botanicals such as aloe vera, unconventional drugs such as shark cartilage, combination 
regimes such as DiBella, and dietary approaches such as the “Breuss” diet. Some treatments 
were restricted to a single clinic in just one country.

Given the enormous range of alternative cancer treatments, it is beyond the scope of 
any text to give a comprehensive review. Described in the following subsections is a small 
selection of some of the more popular alternative cancer treatments.

2.1. Burzynski
Some alternative remedies for cancer are the invention of a single individual and are 

offered at a single site. An example is antineoplastons, developed by Stanislaw Burzynski, 
M.D. Initial laboratory analyses found no evidence that antineoplastons normalize tumor 
cells (29) and subsequent clinical trials have either failed to accrue patients or have been 
uninterpretable. Nonetheless, this remains a popular alternative therapy, especially for 
children with brain malignancies.

2.2. Di Bella
The Di Bella regimen, consisting of melatonin, bromocriptine, retinoids, and either 

somatostatin or octreotide, generated intense public interest in Italy in the late 1990s. In a rare 
example of strategically planned and rapidly implemented research in alternative medicine, 
two studies were completed. Both showed no benefi t for this treatment (30,31).

2.3. Laetrile
Laetrile is an interesting “alternative” cancer medicine because, like many conventional 

chemotherapeutics, it consists of a single compound isolated from a natural substance (in 
this case, apricot pits or almonds). Yet, unlike taxol, for example, it is promoted as natural. 
Proponents claim that laetrile is actually “vitamin B17,” an apparently fi ctitious nutrient, 
proper use of which could eradicate cancer entirely (32). This is despite a phase II trial 
showing no benefi t, and some toxicity, to laetrile (33). Although laetrile waned in popularity 
following that study, it was revived recently by new promoters who dismissed the study, 
along with the general efforts of conventional regulatory bodies, as the result of pressure 
exerted by vested interests trying to protect their profi ts in the cancer industry (32).

2.4. Livingston-Wheeler
Alternative cancer treatments appear subject to fashion and often rise and fall in popularity. 

A good example of a therapy that was popular in the 1980s but less so now is Livingston-
Wheeler. On the basis of an hypothesis tested and discarded in the 1930s, Virginia C. 
Livingston-Wheeler believed that cancer is caused by a bacterium, Progenitor cryptocides,
an entity that has not been described outside of her work. The cancer treatment offered 
at the Livingston-Wheeler clinic in San Diego, CA consisted of efforts to strengthen the 
immune system by “detoxifi cation” through diet and enemas and by the administration of 
special vaccines. A case-control study matched patients with advanced cancer treated at 
the Livingston-Wheeler clinic with those at a conventional cancer center. No difference 
in survival was found between the two sites, and Livingston-Wheeler patients had poorer 
quality of life (34).

2.5. Macrobiotics
Many diets have been suggested as cancer cures, with different diets popular in different 

countries. The macrobiotic diet, which is a common cancer diet in the United States has 
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three features that make it typical of many alternative cancer diets: First, unless followed to 
extremes, in which case it is nutritionally defi cient, macrobiotics is a relatively healthy diet, 
being high in fi ber and low in fat; second, although following such a diet may help to prevent 
cancer, there is no reason to believe that is of value as a cancer treatment; third, the diet is 
bulky and diffi cult to digest and so may be inappropriate for many cancer patients.

2.6. Megadose Vitamin C
Nobel Laureate Linus Pauling claimed that massive doses of vitamin C could cure cancer, 

most effectively in patients who had not received chemotherapy. A randomized trial was 
conducted that failed to support vitamin C for cancer (35). This was criticized by Pauling who 
claimed that the inclusion of patients who had prior chemotherapy invalidated the results. A 
further trial, this time including only patients without prior chemotherapy, similarly found 
no survival benefi t from vitamin C (36). Nonetheless, proponents still advocate vitamin C, 
apparently on the basis of epidemiological evidence, animal studies, and accusations of bias 
in the cancer research community (37).

2.7. Metabolic Therapy
Metabolic therapies are based on the belief that cancer and other illnesses result from 

an accumulation of toxins in the colon, which leads to liver failure and death. Treatment 
aims to counteract liver damage with a practitioner-specifi c low-salt, high-potassium diet, 
high doses of vitamins, minerals and enzymes, 1 gal of fruit and vegetable juice daily, and 
“detoxifi cation” using high colonic irrigation with herbs, coffee, or enzymes. Research 
purportedly showing a survival benefi t of “Gerson” metabolic therapy was grossly fl awed 
by nonrandomized comparisons and subgroup analysis (38). A more recent case-series of 11 
patients who received another variation of metabolic therapy reported encouraging fi ndings 
(39) and serves as the basis for an ongoing controlled trial.

2.8. Shark Cartilage
The clinical basis for the use of shark cartilage in cancer appears to be the erroneous belief 

that, in the words of a popular book, “sharks don’t get cancer.” Advocates base their therapy 
on its putative antiangiogenic properties, but a recent phase I–II trial of shark cartilage found 
no clinical benefi t (40). A study sponsored by the National Center for Complementary and 
Alternative Medicine is currently underway.

2.9. 714-X
A liquid medicine made from camphor, 714-X, contains nitrogen, ammonium salts, 

sodium chloride, and ethanol. It is generally given by injection. The treatment is based on 
an unusual set of theories about the biology of cancer, such as the importance of “somatids,”
particles essential to life that can be seen only with a special microscope, and a substance 
called “cocancerogenic K factor,” which is said to protect cancer cells from immune attack. 
There does not appear to be any systematic human research on 714-X.

3. COMPLEMENTARY THERAPIES FOR SYMPTOM CONTROL
AND ENHANCED QUALITY OF LIFE

A number of complementary therapies are recommended for adjunctive use to treat the 
side effects of cancer and cancer treatments.
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3.1. Pain
3.1.1. MIND–BODY MEDICINE

A wide variety of complementary therapies claim to relieve stress and enhance quality 
of life by producing relaxation. One popular relaxation technique, known as progressive 
muscle relaxation, involves sequential tensing and relaxing of muscles. Another is hypnosis, 
the induction of a deeply relaxed state, with increased suggestibility and suspension of 
critical faculties. Once in this state, sometimes called a hypnotic trance, patients are given 
therapeutic suggestions to encourage changes in behavior or symptom relief. Visualization 
and imagery techniques involve the induction of a relaxed state followed by use of a visual 
image, such as a pastoral scene, that enhances the sense of relaxation. Several randomized 
trials have shown effects of hypnosis on pain related to malignancy and to treatment 
procedures such as bone marrow aspiration. Both a recent systematic review (41) and an 
NIH technology assessment panel (42) have supported the use of hypnosis for cancer-related 
pain. There is also randomized trial evidence that relaxation and imagery reduce pain in 
cancer patients (43).

3.1.2. ACUPUNCTURE

Although details of practice may differ between individual schools, all traditional 
Chinese medical theory is based in the Taoist concept of yin and yang and the fl ow of Qi
(energy) along hypothesized channels in the body. Many health professionals who practice 
acupuncture dispense with such traditional concepts. Instead, they view acupuncture points 
as corresponding to physiological and anatomical features such as peripheral nerve junctions, 
and diagnoses are developed in purely conventional terms. Many randomized trials have 
examined, and largely supported, the use of acupuncture for both acute pain such as dental 
surgery (44) and chronic pain, such as migraine (45). As yet, there is no controlled study 
in the Western literature for cancer-related pain, and the value of acupuncture in reducing 
cancer pain remains to be documented.

3.1.3. MUSIC THERAPY

Music therapy is the controlled use of music to effect clinical benefi t. Although it is ideally 
provided live by trained therapists, music therapy often takes the form of recorded music, 
particularly in the research setting. There is randomized evidence that music therapy is of 
benefi t for acute pain, such as postoperative pain (46). However, there are insuffi cient data 
specifi cally for cancer-related pain. A small trial of 15 patients reported that improvements in 
cancer pain scores during music were twice those found with nonmusic sound (47).

3.1.4. MASSAGE

Therapeutic massage involves manipulation of the soft tissue of whole or partial body 
areas to induce general improvements in health, such as relaxation or improved sleep, 
or specifi c physical benefi ts, such as relief of muscular aches and pains. Despite many 
anecdotal reports that massage reduces pain, current research evidence is limited. One small 
randomized trial has been published that showed some benefi ts for pain in cancer patients 
(48), but the trial was underpowered for meaningful analysis.

3.2. Anxiety and Depression
3.2.1. MIND–BODY MEDICINE

A number of randomized trials have examined the effects of relaxation therapy on anxiety, 
depression, or mood in cancer patients. Bindemann et al., for example, randomized newly 
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diagnosed patients to relaxation training or control (49). Anxiety and psychiatric morbidity 
increased signifi cantly more in controls than in treated patients. There was also a positive 
effect on depression scores in women (49). In studies using similar designs in breast cancer, 
relaxation training has been shown to lead to better mood (50) and general quality of life 
(51). Relaxation training and hypnosis have been shown to have an effect on anxiety during 
treatment procedures, such as chemotherapy or bone marrow aspiration, in most (52–54)
but not all (55) randomized trials.

3.2.2. MASSAGE

A number of randomized trials suggest that massage reduces anxiety, in the short term 
at least, in groups as varied as adolescent psychiatric patients (56), intensive care unit 
patients (57), elderly people in care homes (58), and children suffering posttraumatic 
stress disorder (59). A high-quality trial of massage for patients undergoing autologous 
bone marrow transplantation found clinically and statistically signifi cant improvements 
in anxiety compared to controls. There were also improvements in nausea, fatigue and 
general well-being (60).

3.2.3. MUSIC THERAPY

In a study of the effects of music therapy on the mood of hospitalized cancer patients, 
50 patients were randomly assigned to receive either a live-music therapy session or a 
tape-recorded music. Patients receiving live music reported signifi cantly reduced anxiety 
scores (61).

3.3. Nausea and Vomiting
3.3.1. MIND–BODY MEDICINE

Hypnosis has been found effective for the treatment of anticipatory nausea in children 
(62). Trials have also generally found hypnosis and relaxation training to be benefi cial 
against chemotherapy-induced nausea in adults (63,64), although some studies fi nd no 
differences between groups (65). One of the more effective methods seems to be “systematic
desensitization.” Patients describe situations that cause anticipatory nausea and place these 
in a hierarchy (e.g., driving to the hospital is placed lower than sitting in the treatment 
room). Patients are then placed in a relaxed state and asked to imagine the nausea-inducing 
situations, which are presented in ascending order of intensity, while remaining relaxed 
(64). Hypnosis and relaxation techniques do not seem to be effective for reducing nausea 
associated with bone marrow transplantation (66).

3.3.2. ACUPUNCTURE

There is some good evidence that acupuncture can reduce nausea and vomiting in 
certain circumstances. A systematic review of acupuncture point stimulation for nausea 
and vomiting related to chemotherapy, pregnancy, or anaesthetics reported that 11 of 12 
placebo-controlled, randomized, double-blind studies favored acupuncture (67). A more 
recent meta-analysis combined data from 19 randomized trials of postoperative nausea and 
vomiting in 1679 patients (68). For adults, statistically signifi cant effects were found for 
both nausea and vomiting within 6 h of surgery. Acupuncture was also superior for vomiting 
within 48 h of surgery, but wide confi dence intervals failed to exclude no difference between 
groups. Acupuncture did not seem to be effective for postoperative nausea and vomiting in 
children. Despite these promising results, the role of acupuncture antiemesis in cancer is not 
fully understood. Trials of chemotherapy-related nausea tend to be of lower methodological 
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quality (67), and the best method of providing acupuncture antiemesis for chemotherapy 
sickness remains to be established.

3.3.3. MUSIC THERAPY

Music has been investigated for the treatment of nausea and vomiting in bone marrow 
transplant patients, who receive particularly high doses and emetogenic regimens. Patients 
randomized to pharmacological antiemetics plus music distraction reported signifi cantly less 
nausea and vomiting than those receiving antiemetics alone (69).

3.4. Other Symptoms
3.4.1. DYSPNEA

In an uncontrolled study (70), 14 of a series of 20 patients treated for cancer-related 
breathlessness with acupuncture reported marked symptomatic improvement. Subjective 
feelings of breathlessness reduced by about a third within 5 min of needle insertion. These 
results suggest that further hypothesis-testing research would be of value.

3.4.2. PERIOPERATIVE SYMPTOMS

3.4.2.1. Acupuncture. Acupuncture is the CAM modality perhaps most strongly associ-
ated with surgery, particularly after the publication of photographs showing operations in 
China being conducted apparently under acupuncture anesthesia. Acupuncture is not used 
as a stand-alone anesthetic technique in the West and its main role in surgery appears to be 
the treatment of postoperative pain and vomiting. There is good evidence from randomized 
controlled trials that acupuncture can be effective for both of these conditions.

The data for vomiting are described earlier. In the case of postoperative pain, most trials 
have taken place in dental surgery, in particular, third molar extraction. This is a good 
research model because of limited comorbidity, standardized treatment, and large patient 
population. A systematic review of 16 randomized trials concluded that acupuncture was 
better than placebo for postoperative pain (71). Studies of acupuncture for pain following 
pelvic surgery have come to similar conclusions. Randomized trials of electrical stimula-
tion of acupuncture points have reported significantly reduced use of analgesics, and 
associated side effects such as dizziness in women undergoing pelvic surgery (72,73).
A trial of electroacupuncture for postoperative pain in cancer patients undergoing pelvic 
or abdominal surgery had comparable fi ndings (74). However, one trial of acupuncture 
following hysterectomy found no signifi cant difference between groups (75).

3.4.2.2. Music Therapy. One of the fi rst recorded uses of music in the clinical setting was 
that of the surgeon Evan O’Neill Kane, who, in 1914, used a phonograph in the operating 
room for calming patients prior to the application of anesthesia. Recent clinical research has 
broadly supported the use of music for surgery. Typical fi ndings have been that music can 
reduce medication requirements during spinal anesthesia for urological procedures (76) or 
that music, particularly when combined with a relaxation procedure, reduces postoperative 
pain (77). A trial in which guided imagery was combined with music found reduced pain, 
anxiety, opioid use, and time to fi rst bowel movement in the treatment group compared 
to controls (78).

3.4.2.3. Hypnosis and Relaxation Techniques. A number of techniques have been 
used to reduce preoperative and postoperative anxiety and pain by attempting to promote 
relaxation. In a typical study, patients scheduled for day-case gynecological operations 
were randomized to a short hypnotic induction or an educational intervention. Patients 
undergoing hypnosis had lower anxiety scores and required less medication for induction 
of anesthesia (79). Similarly, a trial of a brief, nonhypnotic relaxation procedure reported 
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lower anxiety, more rapid induction of anesthesia and less anesthetic required to maintain 
anesthesia (80).

3.4.2.4. Massage. There is preliminary evidence that massage is of benefit in the 
postoperative period. In one study (81), 30 gynecologic oncology patients were randomly 
assigned to receive either standard postsurgical care alone or standard care plus a daily 
45-min therapeutic massage. Anxiety, depression, pain ratings, and patient-controlled 
analgesia use were lower, although not signifi cantly so, during hospital stays in the massage 
group. Additionally, no additional medical services were used by the massage treatment 
group during the 4-wk follow-up period, whereas 5 out of 15 standard care patients utilized 
additional physician visits (p = 0.02). A replication of this trial, of suffi cient size to permit 
adequately powered analyses, is warranted.

4. BOTANICALS

Many chemotherapeutic agents in contemporary clinical use were derived from natural 
products, predominantly from plants. One authority estimates that approximately two-
thirds of anticancer drugs approved worldwide up to 1994 were derived from natural, and 
predominantly plant, sources (82). Well-known examples include vincristine and vinblastine 
(from the Madagascan periwinkle) and paclitaxel (from the Pacifi c yew tree).

The standard method of developing anticancer agents from botanicals has been to isolate 
single active compounds that can be chemically synthesized. However, there are several 
reasons why whole botanical extracts may be of benefi t in cancer treatment. First, different 
components in a single complex mixture may have complementary activities. For instance, 
some components of sho-saiko-to, a traditional medicine consisting of several different 
botanicals, show antiproliferative effects on cancer cells (83), whereas a different set of 
components display moderate cytotoxic properties (84). Moreover, there is evidence that 
the remedy as a whole improves immune function (85). Any single compound isolated from 
sho-saiko-to may not retain the cytostatic, cytotoxic, and immune stimulant properties of the 
whole. It is also possible that separate components of botanical medicines act synergistically. 
The major component of huanglian, an extract from Coptis chinensis, is berberine. Although 
berberine shows antiproliferative effects on cancer cells, this effect is not as strong as whole 
huanglian, suggesting that different components of huanglian contribute to an anticancer 
effect (86).

Botanicals are attractive to cancer patients because they generally have low toxicity, 
particularly when compared with plant-derived chemotherapy agents. Described in the 
following subsections is a selection of botanical cancer treatments, chosen either because 
they appear in wide use among patients or because there is important scientific data 
concerning their value.

4.1. Popular Botanicals
4.1.1. ESSIAC

Essiac was developed initially by a native Canadian healer and popularized by a nurse, 
Rene Caisse. This product consists of four botanicals: burdock, Turkey rhubarb, sorrel, and 
slippery elm. A review reported in the Canadian Medical Association Journal reported no 
published research on essiac (87), but it remains in popular use.

4.1.2. MISTLETOE

Mistletoe extracts, which are more widely known by the trade names Iscador, Helixor, 
and Eurixor, are popular cancer treatments in Europe and are available in some mainstream 
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European cancer clinics. Unlike many herbal treatments, mistletoe extracts have been subject 
to randomized trials in cancer. A systematic review of these trials (88) reported serious 
methodological shortcomings in most studies. A more recent large and methodologically 
rigorous trial found no survival benefi t in patients with head and neck cancer (89).

4.1.3. NONI

A botanical currently of particular popularity among cancer patients in noni (Morinda
citrifolia). In many ways, it is a typical unproven therapy: It is a natural product; it is said to 
have been used for “thousands of years” by “traditional Polynesian healers”; the discovery 
of its use in cancer is somewhat colorful, involving a miraculous cure of a pet dog, claims 
made for noni are ambiguous and implausible, such as it being a “strong blood purifi er”
and “cleans(ing) the body of harmful bacteria” (90). Interestingly, there is at least some 
scientifi c evidence in favor of noni. Noni has been shown to increase the life-span of 
syngeneic mice implanted with Lewis lung carcinoma (91). Moreover, a compound has been 
extracted from noni that shows potent tyrosine kinase inhibition (92); an immunomodulatory 
polysaccharide has also been identifi ed (93). However, there do not appear to have been 
any human trials of this agent.

4.1.4. PAU D’ARCO TEA

Pau d’arco tea is said to be an old Inca Indian remedy for many illnesses, including 
cancer. Made from the bark of an indigenous South American evergreen tree, its active 
ingredient, lapachol, has been isolated. Although lapachol showed antitumor activity in 
animal studies (94), it does not appear to affect human malignancies (95). The tea can 
induce nausea and vomiting.

4.2. Botanicals of Promising Scientifi c Interest
4.2.1. KAMPO

Kampo medicines are traditional Japanese botanical formulas, each consisting of 5–12
different botanicals. Two kampo medicines of particular interest in cancer are sho-saiko-to 
and juzen-taiho-to. Sho-saiko-to has demonstrated marked antiproliferative effects on various 
cancer lines, particularly hepatoma (see, for example, ref. 96) and has been shown to inhibit 
development and metastasis of lung carcinoma (97) and melanoma (98). It is known to 
have immune stimulant properties in humans (99,100). In a phase III randomized trial, 260 
patients with cirrhosis were randomized to treatment with sho-saiko-to or control (101). At 
5 yr, sho-saiko-to led to a one-third reduction in the incidence of hepatocellular carcinoma 
(23% vs 34%) and a 40% reduction in deaths (24% vs 40%). Analyses of these data suggests 
that sho-saiko-to has multifactorial action, both reducing the incidence of hepatic cancer 
and acting as a hepatoprotective.

It is not known whether sho-saiko-to can prevent or treat colorectal metastases to the
liver. However, juzen-taiho-to has demonstrated this effect in mouse models (102,103).
Juzen-taiho-to has additionally been shown to reduce the toxicity of platinum agents, 
apparently without compromising their antitumor effects (104–106).

4.2.2. β-GLUCAN MUSHROOM EXTRACTS

Many mushrooms used in Oriental botanical medicine contain β-glucans, a class of 
polysaccharide molecule. The anticancer effects of these agents have been widely studied. 
Almost all of this research has taken place in Japan, where several mushroom extracts are 
licensed and used for cancer.



Chapter 38 / Complementary and Alternative Medicine in CRC 727

Mushroom-derived β-glucans appear to have strong immune stimulant effects in both 
animal (107–110) and human models (111,112). There are a large number of animal studies 
showing anticancer activity. Typical studies have found that mushroom extracts reduce tumor 
weight of both breast carcinoma (113) and sarcoma (114), prevent metastasis of prostate 
cancer (115), reduce hepatic and colon tumors in combination with cyclophosphamide (116),
and prevent induced bladder (117) and liver (118) tumors. An overview of these studies 
given by Borchers (119). There have been several reports of synergism between vaccine 
therapies and β-glucans. In one model, suppression of in vivo growth of a colon cancer 
line by a monoclonal antibody was enhanced by concurrent treatment with a mushroom 
extract (120).

Most human phase III trials of mushroom-derived β-glucans have studied PSK, an extract 
of Coriolus versicolor, or SPG, which is extracted from the culture medium of Schizophyllum 
commune Fries. Trials typically compared chemotherapy or radiotherapy plus β-glucan 
or conventional treatment alone. Trials have found superior survival on PSK compared to 
controls in both gastrectomy (121,122) and esophagectomy patients (123). Results have been 
less encouraging in breast cancer (124,125) and leukemia (126). SPG was slightly but not 
signifi cantly superior to control for gastrectomy, although in a subgroup analysis, improved 
survival was seen in patients with curative resection (127,128). The most encouraging results 
for SPG are for cervical cancer, with trials demonstrating improvements in survival (129)
and increased rates of tumor response (130).

There have been two randomized trials of mushroom extracts in colorectal cancer. In the 
fi rst, 120 patients with advanced colorectal cancer (Dukes’ C) undergoing curative resection 
were randomized to PSK or placebo starting 10–15 d after surgery. The 111 evaluable 
patients were followed-up for up to 10 yr. There were statistically signifi cant differences 
between groups for both disease-free and overall survival. Median survival in the PSK group 
was approx 5 yr compared to just over 4 yr in controls (131). A subsequent trial randomized 
462 colorectal cancer patients scheduled for curative resection to chemotherapy (mitomycin 
C and 5-fl uorouracil [5-FU]) alone or chemotherapy plus PSK (132). This trial included a 
wider range of patients, with approximately half being Dukes’ A or B. Both disease-free and 
overall survival were signifi cantly higher in the PSK group (3-yr rates 77.2% vs 67.7% and 
85.8% vs 79.25, respectively). Given these promising results, it is unclear why mushroom 
derived β-glucans such as PSK are not more widely studied, and possibly brought to clinical 
use, outside of Japan.

4.2.3. HUANGLIAN

An extract of Coptis chinensis, known as huanglian, has been shown to inhibit topoisom-
erase I at levels comparable to camptothecins (133). It has potent effects on growth and 
colony formation of gastric and colon lines, apparently by inhibiting cyclin B1 (86). A phase 
I trial of huanglian is currently underway at Memorial Sloan–Kettering Cancer Center.

4.2.4. GREEN TEA

Interest in green tea as an anticancer botanical originally stemmed from epidemiological 
studies demonstrating lower rates of various cancers, particularly colorectal cancer, in 
Chinese and Japanese green tea drinkers (134). In a typical study, tea consumption was 
compared in cancer patients and matched controls in Shanghai: Odds ratios for colon and 
rectal cancer among those with the highest consumption were 0.6–0.8 compared to those who 
did not consume tea regularly (135). Green tea has been shown to prevent induced colorectal 
tumors in animals models (136,137) and to have a direct, although moderate, inhibitory 
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effect on cell growth (138,139). Although green tea is being actively pursued for a possible 
chemopreventive role (140), its activity as a cancer treatment has yet to be defi ned.

4.3. Botanicals for Treatment of Cancer Symptoms
Botanicals are used for a very wide range of indications and it is not surprising that at 

least some of these overlap with cancer or treatment-related symptoms. For example, 
a meta-analysis of relevant trials incidates that St John’s Wort can be of benefi t in the 
treatment of mild to moderate depression (141), a condition that is not uncommon in cancer 
patients. In this report, it was found to be superior to placebo and of similar effi cacy to 
tricyclic antidepressants, although with a superior adverse effect profi le. Accordingly, at 
least one oncologist has recommended the use of St John’s Wort for depressed cancer 
patients (142).

There are two important problems with using botanicals for symptomatic treatment in 
cancer. The fi rst is that the biology of a particular symptom may vary between cancer and 
noncancer populations. Extrapolating from traditional use to use in cancer may therefore be 
invalid. For instance, there is evidence from randomized trials that aloe vera is effective for 
psoriatic dermatitis (143) and, apparently on this basis, it is recommended radiation-induced 
dermatitis. However, a randomized trial found no effect of aloe vera for this indication in 
radiotherapy patients (144). Similarly, although there is evidence that echinacea, a botanical 
with putative immunostimulant properties, may be effective in preventing respiratory 
infections in the general population (145), a small trial in women receiving radiotherapy 
found no effect on infection rates (146).

The second problem concerns interactions between botanicals and cancer drugs. There 
is evidence that St John’s Wort leads to the induction of cytochrome P-450. This results in 
increased metabolism of drugs metabolized on the P-450 pathway. There are experimental 
data showing reduced concentrations of indinavir resulting from St John’s Wort use 
(147). Decreased levels of chemotherapy agents such as taxanes has not been empirically 
demonstrated, but remains a worrying possibility. Botanicals and chemotherapy agents may 
also interact directly. For example, pretreatment of colon cancer lines with berberine, the 
main constituent of huanglian, markedly reduces Paclitaxel-induced apoptosis and cell-cycle 
effects (148). In short, botanicals may reduce the effectiveness of chemotherapy. This 
suggests that cancer patients should avoid using botanicals before and during conventional 
cancer treatment.

5. INTEGRATIVE MEDICINE

Some complementary therapies, such as acupuncture, traditionally have been available 
only outside of mainstream hospitals or cancer centers. Others, such as psychological support, 
humor therapy, or spiritual care, have been made available for decades as “supportive” care in 
oncology and other mainstream settings. In this sense, complementary medicine may be seen 
as an extension and an expansion of supportive care. In recent years, however, substantially 
greater integration of complementary and conventional medicine has occurred, often with 
both provided at the same site, and many additional therapies have been introduced.

At Memorial Sloan–Kettering Cancer Center, practitioners of massage, music therapy, 
mind–body relaxation therapies, and acupuncture work with inpatients following self-referral 
or referral by an oncologist or other health professional. These therapies and others are also 
available at outpatient sites, along with nutritional counseling and classes in yoga, tai chi, art 
therapy, and various exercise programs. Similar units have been established at other cancer 
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centers in the United States and elsewhere.
The availability of complementary therapies within the walls of mainstream cancer centers 

affords the added benefi t of integration at the academic and scientifi c level. Academic 
medical facilities provide a research infrastructure previously absent from CAM research. 
This has led, for example, to high-quality basic and clinical research in botanical cancer 
remedies for the fi rst time. A small number of botanicals show promise as anticancer 
agents. It is of interest that few of these have been promoted as cancer cures by alternative 
practitioners. Instead, they were developed through laboratory and epidemiologic research 
conducted by conventionally trained scientists. These considerations suggest that CAM is 
best researched as well as used clinically as an integrated component of oncology care.

6. CONCLUSION

This distinction between complementary and alternative medicines is an important one. 
Both the helpful and the problematic components of CAM are likely to persist in cancer 
medicine. The literature indicates that popular alternative therapies—cures promoted for 
use instead of mainstream treatment—do not improve survival and, indeed, they may reduce 
survival or quality of life when patients fail to receive needed care in a timely fashion. 
Conversely, many complementary therapies, when used in conjunction with mainstream 
medicine, have demonstrable, important benefits, including decreased symptoms and 
enhanced quality of life. The challenge for the physician and for the patient is to promote 
and utilize the benefi cial complementary therapies and to discard disproved or implausible 
alternatives. The challenge to the research community is to provide the data through 
controlled, high-quality studies, to allow us to make evidence-based decisions regarding 
the use of these therapies.
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1. FROM THE LABORATORY

When in 1998 a New York Times front-page article declared that a new class of drugs could 
potentially cure cancers by cutting off their blood supply, the eyes of the world turned to the 
fi eld of angiogenesis (1). Actually, it had been in 1966 when Folkman and his colleagues fi rst 
observed that in order to grow beyond a size of 1–2 mm3, tumors depended on new blood 
vessel growth, a process termed angiogenesis. Over 30 yr later, and after the expansion of 
this work in several laboratories around the world, more is known about angiogenesis and 
tumor biology and several drugs have been developed that interfere with various parts of 
this process. Although much of the success in 1998 was limited to preclinical models and 
the occasional anecdotal patient, currently large-scale human clinical trials are underway, 
some with quite promising results. Whatever we learn from this ongoing set of studies 
will undoubtedly help us understand the process by which new vessels are created, what 
mechanisms of resistance to therapy exist, if any, and whether existing anticancer therapy 
will work synergistically or in competition with these new agents. We will hopefully learn 
whether angiogenesis is a central part of all tumor growth or whether it might be restricted 
to certain disease types and stages. Above all, we will gain in our understanding of clinical 
trial design, as these agents have very different characteristics from conventional cytotoxic 
chemotherapy. This chapter attempts to summarize the current knowledge base with regards 
to these very challenging questions.
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2. THE ANGIOGENIC CASCADE

Our understanding of how tumors cause new blood vessels to be created has deepened over 
the past several years. This grouping of cellular and molecular events, although seemingly 
well characterized, may, in fact, be only part of as yet undiscovered processes. Table 1 
lists known proangiogenic and antiangiogenic factors and Fig. 1 depicts key steps of the 
angiogenesis cascade.

2.1. Angiogenic Growth Factor Production and Release
In response to tissue hypoxia among other stimuli, tumors secrete various angiogenic 

growth factors that bind to receptors on the endothelial cells of pre-existing capillaries and 
venules (2). Vascular endothelial growth factor (VEGF) and its receptors (VEGFR-1/Flt-1, 
VEGFR-2/KDR/Flk-1, VEGFR-3/KDR/Flt-1, VEGFR-3/Flt-4, VEGFR-4/neuropilin-1) 
have been extensively studied (3). Either the adult endothelial cells or circulating endothelial 
progenitor cells may be recruited to form new vessels (4).

2.2. Endothelial Receptor Binding and Activation
Once a growth factor binds to its receptor, a series of cellular events occurs. Receptor 

dimerization and the phosphorylation of tyrosine and other kinases are components of key 
signal transduction pathways that alter endothelial gene expression and cell proliferation 
(5–7). Antiapoptotic pathways (e.g., Bcl-2 and survivin) are also activated when VEGF 
and basic fi broblast growth factor (bFGF) bind to their respective receptors, promoting 
prolonged endothelial cell survival (8,9). Angiopoietin-1, attaching to the Tie-2 receptor 
and activating the phosphatidylinositol 3′-kinase/Akt signal transduction pathway, can also 
prolong cell survival (10).

2.3. Formation of Angiogenic Mother Vessel
Parent vessels change morphologically once the endothelial cells are activated. They 

will enlarge in cross-sectional area to form what can be called “mother vessels” (11). In 
preparation for neovascular sprouting, the “mother vessels” possess thinned endothelial 
cell lining, increased endothelial cell number, decreased numbers of pericytes with pericyte 

Table 1
Endogenous Regulators of Angiogenesis

Angiogenic factors Antiangiogenic factor

Vascular endothelial growth factor (VEGF) Angiostatin
Platelet-derived growth factor (PDGF) Endostatin
Acidic and basic fi broblast growth factor (FGF) Vasculostatin
Angiogenin Interferon α, β
Hepatocyte growth factor Maspin
Interleukin-8 (IL-8) METH-1, -2
Placental growth factor Platelet factor 4
Platelet-derived endothelial cell growth factor Prolactin fragment
Transforming growth factor α, β Thrombospondin
Tumor necrosis factor α TIMP
Insulin growth factor (IGF) Others
Others

Source: Modifi ed from Drug Discov. Today, 2 (1997) 50–63.
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detachment, and early degradation of the basement membrane. The “mother vessels” also 
become hyperpermeable in response to VEGF, with increased fenestrae and prominent 
collections of vesiculovacuolar organelles (12). The local microvascular dilatation, hyper-
permeability, extravascular fi brin deposition, and edema are among the earliest signs of 
angiogenesis.

2.4. Morphogenesis of the Mother Vessel
These “mother vessels” last only a few days. From there, growth occurs by at least four

divergent morphological pathways: (1) muscular artery or vein formation (occurring in
1–3 mo); (2) vascular bridging (occurring in 3 d to 3 wk); (3) intussusceptive microvascular 
growth (occurring in days to weeks); and (4) sprouting of “capillary-like” microvessels 
(occurring in days) (12). Through these mechanisms, the “mother vessels” can evolve 
into medium-sized arteries and veins or can eventually divide into smaller, separate well-
differentiated channels known as “daughter vessels.” The “mother vessels” can also split 
longitudinally (termed “intussusception”) following local invagination of connective tissue 
pillars within the vessels themselves (13,14). FGF can mediate this vascular branching (15).
However, the most well-characterized process of tumor angiogenesis is an actual sprouting 
of the endothelial cells themselves (16).

2.5. Basement Membrane Dissolution
In order for the sprouting to occur, the basement membrane must dissolve in areas 

of activated endothelium. The endothelium can secret a number of proteolytic enzymes, 
including plasminogen activator and matrix metalloproteinases, which enable the endothelial 
cells to exit the vessel abluminally (17).

2.6. Endothelial Cell Proliferation
Activated endothelial cells can proliferate rapidly, in contradistinction to the endothelial 

cells of nonpathologic blood vessels, which do not. This difference can be exploited to 

Fig. 1. The Angiogenesis Cascade.



742 Rosen and Li

design drugs that interfere with the angiogenic process in cancers, while not harming the 
normal vasculature.

2.7. Endothelial Cell Migration
The proliferating endothelial cells migrate out of the “mother vessel” into the extracellular 

matrix and toward the angiogenic stimulus (18). In the presence of VEGF, angiopoietin-2 
binds to the Tie-2 receptor, competitively displacing angiopoietin-1. This new ligand–
receptor interaction leads to a decoupling of endothelial cells, pericytes, smooth-muscle 
cells, and components of the extracellular matrix in these angiogenic regions (19,20). The 
angiogenic endothelial cells express adhesion molecules (the αvβ3 and αvβ5 integrins) that 
facilitate migration and improve vascular survival (21,22). As the new vessels continue to 
grow, the endothelial cells will secrete matrix metalloproteinases that enhance the ability 
to invade (23,24).

2.8. Vascular Tube Formation
For the sprouting endothelial cells to form a lumen, there must be interactions between 

cell-associated surface proteins and the extracellular matrix. Hybrid oligosaccharides 
galectin-2, PECAM-1 and VE-cadherin are among the identified cell surface proteins 
(25–27). Three populations of endothelial cells must migrate together as a single cordlike 
structure in order to create these vascular lumina. A second cell population containing 
numerous intracellular vacuoles surrounds an initial internal endothelial population. The 
internal population disappears within 12 h of formation. The surrounding vacuoles of the 
second population fuse with the plasma membrane and are secreted, resulting in extensive 
remodeling of the center of a solid vascular cord into a lumen. The third endothelial 
population combines with the newly formed endothelial outer layer and expands the luminal 
circumference (28). Tumors are reported to form vascular channels without endothelial cells, 
but this theory of “vasculogenic mimicry” remains poorly understood and controversial 
(29,30). If tumors are capable of a more direct means of increasing their blood supply, 
this might explain the observed resistance to therapy with several existing angiogenesis 
inhibitors in clinical testing.

2.9. Arterial–Venous Differentiation
The vascular tubes fuse to become vascular loops and defi ne functional arterial and venous 

components of the neovasculature. From knowledge of embryonic vascular development, it 
is suggested that molecular cues on the afferent and efferent arms of differentiating vessels 
are provided by the ephrin-B2 transmembrane ligand (arterial endothelium) and its receptor, 
Eph-B4 (venous endothelium) (31,32). The ephrin ligand–receptor interactions occur at the 
cell–cell juncture of arterio-venous anastamoses and along the length of a newly forming 
arterial vessel and an adjacent vein (33). The ephrin-B2/EphB4 interaction is thought to 
guide patterned development of arterial and venous boundaries (34).

2.10. Vascular Stabilization
Smooth-muscle cells and pericytes must be recruited by the developing blood vessel 

before blood fl ow can begin. These periendothelial cells are found in varying degrees 
throughout the vasculature. Binding of ephrin-Eph mediates signals between endothelial 
cells and these mesenchymal cells (35). The angiopoietins also play a role as angiopoietin-1 
binds to the Tie-2 receptor on angiogenic endothelium. This interaction leads to promotion 
of vascular tube formation, endothelial survival, and the secretion of PDGF and other 
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chemokines that recruit the smooth-muscle cells and pericytes to support the new vessel 
architecture (36–38). Pericytes or smooth-muscle cells grown together with endothelial cells 
in culture engage in paracrine signaling. Once the two populations of cells come into contact, 
activated tumor growth factor-β (TGF-β), itself an angiogenesis inhibitor, is secreted and 
endothelial cell proliferation is suppressed (39). Vascular stabilization can thus downregulate 
angiogenesis at a terminal maturation phase of new blood vessel growth. Angiopoietin-2 
is a competitive ligand for the Tie-2 receptor and, when bound, can destabilize vessels 
by uncoupling the periendothelial cells from the endothelial cells (40). In the presence 
of VEGF, angiopoietin-2 allows angiogenesis. If VEGF is withdrawn from the system, 
however, Ang-2/Tie-2 binding leads to endothelial cell apoptosis and regression of the 
neovasculature.

3. ANGIOGENESIS AND COLORECTAL CANCER

Experimental models that characterize the angiogenesis cascade ought to be generic to 
several tumor types. Specifi c evidence that angiogenesis is involved in or even required 
for colorectal cancer growth and spread has been generated from animal models of the 
disease and from studies of human tumor specimens. Several studies suggest correlations 
between angiogenic phenotypes and patient prognosis. However, considerable debate exists 
about how to measure angiogenesis, whether the measurements are reproducible, and how 
precisely the information can be used clinically.

3.1. Microvessel Density
Engel and colleagues examined a small series of resected colorectal cancer patients and 

concluded that tumor microvessel counts were an important predictor of tumor recurrence, 
even when controlled for Dukes’ staging (41). Others have used angiogenesis scores in order 
to standardize vessel counting, and have shown that higher scores (higher amounts of new 
blood vessel growth) are associated with higher recurrence rates and diminished survival 
(42). These angiogenesis scores have not yet been validated in examining metastases from 
colorectal cancer and it is not yet known if a correlation exists between primary lesions 
and metastases in the same patient. Contradictory reports have been published showing no 
signifi cant correlation between microvessel density and clinical outcome, although, at times, 
different techniques for measuring the microvessel density can account for the different 
conclusions in different studies (43). Until histopathologic techniques are standardized or 
image analysis algorithms are validated and used uniformly, microvessel density will remain 
a subjective measurement. Tumors are not uniform in microvessel density and the existence 
of so-called “angiogenic hot spots” is well known to pathologists. Current best practice 
studies of tumor microvessel density employ measurements of angiogenesis within these hot 
spots, which may vary even within a given tumor. Microvessel density analysis still requires 
tumor biopsies, which are clearly available at the time of surgical resection but may not be 
feasible to monitor the effects of treatment and subject patients to multiple serial biopsies. 
Although microvessel density measurements may provide some pathologic insights into 
the colorectal cancer disease process, they have not yet been fully validated as a clinical 
technique for evaluation or management of the disease.

3.2. VEGF Levels
The presence or level of VEGF in the serum, plasma, or expressed in the tumor is associ-

ated with patient prognosis, probability of recurrence and survival (44). Serum VEGF levels 
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appeared to increase as tumor size increased in a group of untreated advanced colorectal 
cancer patients receiving serial radiographic scanning (45). Preoperative VEGF levels were 
shown to be predictive of colorectal cancer staging (45). Plasma VEGF levels appeared to 
correlate with serum VEGF levels in a study of gastrointestinal cancers (46).

In patients not yet diagnosed with colorectal cancer, serum VEGF levels do not appear to 
be useful as a diagnostic marker on their own (47). Sensitivity can increase by combining 
the VEGF level with the carcinoembryonic antigen (CEA) blood marker in one small series. 
However, once the patient carried the colorectal cancer diagnosis, the VEGF levels here, too, 
did correlate with clinical stage and outcome.

The pathophysiologic role of VEGF in colorectal cancer is being investigated. Kondo 
et al. hypothesized that new blood vessels appeared to develop as tumors progressed from 
adenomas to noninvasive carcinomas, mediated in part as a result of VEGF (48). His group 
found no evidence of VEGF mRNA or protein in dysplastic adenomas, but 62% of the 
carcinomas did demonstrate VEGF protein. These observations suggest a rationale for 
using an anti-VEGF therapy to prevent colorectal cancer by intervening at an early stage 
of pathogenesis. The use of the COX-2 inhibitor celecoxib (Celebrex®, Pharmacia, Inc.) 
to prevent polyp formation in familial adenomatous polyposis coli (FAP) further supports 
this approach (49). Recent studies have shown that the COX-2 pathway mediates VEGF 
expression (50). Furthermore, COX-2 inhibition can inhibit angiogenesis (51).

VEGF, also known as vascular permeability factor (VPF), may play a role in the develop-
ment of malignant ascites by increasing the permeability between endothelial cells (52).
When compared to ascites in cirrhotic patients, the fl uid in those with metastatic colorectal 
cancer induced vascular hyperpermeability in vitro, using an assay of human umbilical vein 
endothelial cells (HUVEC). This activity was reversed by the addition of a neutralizing 
antibody to VEGF.

The VEGF levels in clinical specimens of serum and plasma are easy to measure using 
widely available commercial assay kits. However, larger clinical studies are needed to 
validate the role of VEGF measurements in assessing prognosis, staging or response to 
treatment in colorectal cancer.

4. TOWARD THE CLINIC

As scientists learn more about the angiogenesis cascade, new targets for drug development 
become readily apparent. The challenge of course lies in identifying drugs that are specifi c 
and learning how to overcome possible mechanisms of resistance. Since interferon-α2a was 
fi rst used in children in 1988 to treat pulmonary hemangiomatosis, more than 60 agents have 
been developed to interfere with the angiogenesis pathways (53). A list of agents now in 
various stages of clinical testing is listed in Table 2. The discussion that follows focuses on 
how angiogenesis inhibitors are being developed before describing the clinical data from 
human trials themselves.

5. CLINICAL TRIAL DESIGN

As a new class of anticancer agents, the angiogenesis inhibitors pose many challenges 
to investigators designing appropriate clinical trials to test hypotheses about effi cacy, 
mechanisms of action, and long-term safety. Some challenges are unique to this class of 
drugs and others are shared with different types of novel agent. Table 3 highlights some of 
the differences between conventional chemotherapy drugs, termed “cytotoxic” here, and 
the angiogenesis inhibitors termed “cytostatic” (54). This brief discussion can help the 
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Table 2

Angiogenesis Drugs in Clinical Testing, 2001

Drug Sponsor

Rhu Mab Anti-VEGF Genentech
Avicine AVI Biopharma
Carboxyamidotriazole (CAI) NCI
IM862 (Glufanide disodium) Cytran/Alza
Interferon alpha Hoffman-LaRoche
LDI-200 Milkhaus Laboratory
Neovastat AE-941 Aeterna Laboratories
Octreotide (Somatostatin) Novartis
SU5416 Sugen/Pharmacia
Tetrathiomolybdate (TM) U Michigan Comprehensive Cancer Center
Thalomid (Thalidomide) Celgene
Viraldon ML Labs
Prinomastat (AG-3340) Agouron/Pfi zer
SU101 (Lefl unomide) SUGEN
Angiozyme (RP4610) Ribozyme/Chiron
Aplidine PharmaMar
Apra(CT-2584) Cell Therapeutics
BMS275291 Bristol-Myers Squibb
CEP-701 Cephalon
EMD 121974 (cilengitide) Merck/ImClone
Flavopiridol NCI
GBC-590 SafeScience
Green Tea Extract (GTE) NCI
ImmTher Endorex
Interferon-alpha gene therapy Valentis
Interleukin-12 (Edodekin-alfa) Genetics Institute/Hoffman-LaRoche
Metaret (Suramin hexasodium) NCI
Panzem (2Methoxyestradiol) EntreMed
Penicillamine NCI
PI-88 Progen Industries, Ltd.
Solimastat (BB-3644) British Biotech
Suramin hexasodium NCI
Squalamine (MSI 1256F) Genaera
Suradista (FCE 26644) Pharmacia
TPA + Captopril Dana Farber Cancer Institute
Vitaxin II MedImmune
Angiostatin EntreMed
CC4047 Celgene Corporation
CC5013 Celgene Corporation
CC7085 Celgene Corporation
CDC801 Celgene Corporation
CGP-41251 (PKC412) Novartis
CM101 CarboMed
Col-3 (Metastat) CollaGenex
Combretastatin A-4 Prodrug OXiGENE/Bristol-Myers Squibb
CP-564,959 OSI Pharmaceuticals
Endostatin EntreMed
Genistein (GCP) Amino Up
INGN 241 Introgen Therapeutics
IMC 1C11 ImClone
Interleukin-12 NCI
NM-3 ILEX Oncology
Panzem (2-methoxyestradiol) EntreMed
PTK787A (ZK2254) Novartis
RO317453 Hoffman-LaRoche
SMART Anti-VEGF Protein Design Labs
Solimastat British Biotech/Schering-Plough
SU6668 Sugen/Pharmacia
UCN-01 NCI
ZD6126 AstraZeneca
ZD6474 AstraZeneca

Source: The Angiogenesis Foundation, Cambridge, MA.
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reader interpret information released in the early stages (phase I and II) of an antiangiogenic 
drug’s development.

Traditionally, oncology drugs are evaluated based on their ability to induce complete 
or partial remission, an activity evaluated with serial radiographic testing or clinical 
examinations. Treatment response has been used as a surrogate marker for survival, the end 
point that probably matters most to an individual patient. Recently, other end points such as 
quality of life, needs for pain medication, time to tumor progression or to treatment failure 
have been recognized as clinically meaningful as well. Angiogenesis inhibitors target the 
tumor vasculature, not the cancer cells directly. Thus, the predicted biologic response is the 
halting or delay of further tumor growth and not necessarily tumor shrinkage on a given 
X-ray or computed tomography (CT) scan. Accordingly, a classical defi nition of tumor 
response may not help investigators accurately determine a drug’s worthiness for further 
development in phase II or III studies. The use of principles originally designed to evaluate 
cytotoxic drugs may be inappropriate for evaluating cytostatic ones and lead to a premature 
discontinuation of an agent’s development (55,56). For this reason, an increasing emphasis 
is being placed on demonstrating a drug’s biological effi cacy at the preclinical stage of 
development, using surrogate markers that demonstrate that a drug is achieving its designated 
target or radiographic evidence that the drug is altering blood fl ow to a tumor through 
functional imaging studies. Clinical trials of an angiogenesis inhibitor should incorporate 
correlative studies that can help investigators accept or reject hypotheses about an agent’s
biological effi cacy and help plan for the further development of that agent or class of drugs. 
Finally, the agent’s biological effi cacy must be correlated with easily measured parameters 
of clinical effi cacy to show patient benefi t.

Although the scientifi c principles of angiogenesis have been characterized for more 
than 30 yr, the clinical study of angiogenesis inhibitors is still at its infancy. The fi rst 
antiangiogenic agents were placed into clinical trial in the early 1990s, with only preliminary 
knowledge of the mechanism of action of these agents, even less knowledge about required 
adaptations in clinical trial design, and virtually no information about safety, tolerability, 
and effi cacy. Early clinical efforts were principally guided by experimental studies in mice 
showing tumor suppression and, in some cases, tumor shrinkage, following treatment with 
angiogenesis inhibitors. From the last decade of trial experience in over 50 different agents, 
it is becoming clear that antiangiogenic therapy (1) is generally safer and better tolerated 

Table 3
Developing Cytotoxic and Cytostatic Drugs

Cytotoxic drugs Cytostatic drugs

Target = tumor Target may not be tumor
Acquired/intrinsic resistance Resistance may not be a concern
Traditional response criteria Need for surrogate markers
Intent to cure Intent to delay progression
Traditional dose escalation More may not be better
Maximum tolerated dose based on Maximum tolerated dose based on
    toxicity     chronicity
Short-term tolerability Long-term tolerability
Cautious dose escalation Rapid dose escalation

Source: Adapted from ref. 54.
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than conventional cytotoxic chemotherapy, (2) results more often in disease stabilization 
(cytostatic effect) than tumor regression when given as monotherapy, and (3) is compatible 
when coadministered with standard chemotherapy agents. With regard to establishing 
therapeutic effi cacy, there is more complexity ahead. Efforts are now underway to learn more 
about each agent’s mechanism of action, the possibilities for matching agents with specifi c 
molecular targets found in an individual cancer patient, or newer molecularly targeted 
therapy. Importantly, studies have been initiated to examine patterns of failure as well as 
success in antiangiogenic drug development. In this way, the next generation of compounds 
can be designed to be more specifi c and effective. Also, we can determine if we need only 
one type of angiogenesis inhibitor or several.

Cytostatic drugs, like the angiogenesis inhibitors, challenge our traditional notions of drug 
development in other ways as well. Lifelong, chronic treatment using angiogenesis inhibitors 
may be the norm for cancer patients. Accordingly, the routes of drug administration (e.g., 
oral, intravenous) and dosing schedule take on new importance. Studies of chronic toxicity 
and compliance must be conducted. The ability of the drug to achieve its target over longer 
courses of therapy must be assessed as well.

The development of acquired drug resistance is an important consideration in the fi eld 
of antiangiogenic therapy. The endothelial cells, because of their relative genomic stability, 
are thought to be less susceptible to the development of resistance compared to tumor cells. 
However, the redundancy of angiogenic mechanisms in both normal and neoplastic tissue 
makes it highly likely that resistance to antiangiogenic therapy is possible, at least to certain 
antiangiogenic strategies. Moreover, Kerbel and colleagues have recently demonstrated 
that hypoxic regions within experimental tumors may become less dependent on a vascular 
supply for growth (57). Other studies have suggested that clonal expansion of tumor-specifi c 
endothelial cells may yield blood vessels that are resistant to certain antiangiogenic agents, 
such as endostatin (58).

Once the longer-term safety issues of angiogenesis inhibitors and their effects on the 
normal vasculature are clarifi ed, it is likely that antiangiogenic therapy will be tested 
in increasingly earlier disease stages and even in chemoprevention. Presently, however, 
virtually all agents are tested in advanced disease populations, making it diffi cult to tell in a 
negative trial whether the drug was not effi cacious or if the patient population was simply too 
advanced for the drug to be effective. Similar challenges were faced in the early development 
of antibiotics for the treatment of life-threatening infections.

6. CLASSES OF ANGIOGENESIS INHIBITORS

Antiangiogenic agents can be classifi ed according to their reported mechanism of action 
(Table 4). A more comprehensive list of drugs currently in various stages of clinical testing 
is presented in Table 2.

6.1. Growth Factor Antagonists
These agents are characterized by their antagonism of growth factor production, transport, 

or receptor binding. Several drugs such as suramin, interferon-α, Neovastat, IM-862 and 
Angiozyme suppress growth factor production (59–61). Others have developed monoclonal 
antibodies and soluble receptors against VEGF (discussed in Section 7.1.) (62–64). VEGF 
targeting may also suppress production of paracrine survival factors and lead to endothelial 
cell apoptosis (65,66).
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6.2. Endothelial Cell Signal Transduction Inhibition
With advanced techniques in drug discovery, it is now possible to design small molecule 

inhibitors of endothelial cell signal transduction by interfering with ligand–receptor binding 
or kinase phosphorylation. Selective (against a single growth factor) and nonselective 
(against multiple growth factors) agents are in clinical trials. Examples of such agents 
include SU5416, SU6668, and ZD 6474.

6.3. Inhibitors of Endothelial Cell Proliferation
TNP-470 and squalamine are examples of drugs that inhibit endothelial cell proliferation. 

In the average adults, endothelial cells probably remain quiescent and, therefore, only 
tumor-associated vasculature is proliferating.

6.4. Matrix Metalloproteinase Inhibition
Inhibiting matrix metalloproteinase (MMP) activity interferes with both endothelial and 

tumor cell invasion into the extracellular matrix at primary and metastatic sites. There are 
at least 20 distinct enzymes in this family of proteins, of which MMP-2 and MMP-9 are 
thought to be most closely associated with angiogenesis (67–69). Selective and nonselective 
MMP inhibitors are now in advanced trials, with only one agent, Neovastat, showing benefi t 
in advanced clinical trials for non-small-cell lung cancer and renal cell carcinoma. Numerous 
MMP inhibitors have failed in phase III clinical trials including Marimastat, AG3349 
(Prinomostat), BAY129566 (Tamomastat), and MMI270.

6.5. Endothelial Surface Marker Targeting
Tumor angiogenesis may be interrupted by targeting markers specific to the tumor 

vasculature such as the integrins, cell surface adhesion receptors selectively expressed 

Table 4
Classes of Angiogenesis Inhibitors

Growth factor antagonists
• Inhibition of angiogenic factor production
• Anti-growth-factor ribozymes
• Soluble growth factor receptors
• Monoclonal antibodies directed against angiogenic factors

Endothelial cell signal transduction inhibition
• Receptor tyrosine kinase inhibition
• Protein kinase C inhibition

Inhibitors of endothelial cell proliferation
• Cell-cycle inhibitors

Matrix Metalloproteinase (MMP) inhibition
• Selective inhibitors of MMP-2 and MMP-9
• Nonselective MMP inhibition

Endothelial surface marker targeting
• Anti-integrin antibodies or cyclic peptides

Endothelial cell subpopulation inhibitors
• Suppression of endothelial progenitor cells

Endothelial cell destruction
• Vascular targeting agents

Source: From Li WW. Tumor angiogenesis. Acad. Radiol., 7 (2000) 800–811.
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on angiogenic endothelial cells (70). In addition to anti-migratory effects, disrupting the 
αvβ3 integrins with monoclonal antibodies or cyclic peptides can activate the p53 tumor 
suppressor gene and cause endothelial cell apoptosis (71). Vitaxin II (humanized LM609) 
and EMD121974 (cilentigitide) are two integrin antagonists in clinical development.

6.6. Suppression of Endothelial Progenitor Cells
Bone-marrow-derived endothelial progenitor cells contribute to tumor angiogenesis. The 

endogenous angiogenesis inhibitor angiostatin appears to target preferentially the endothelial 
progenitor cells over mature endothelial cells, although this molecule is thought to have 
other mechanism of action as well (72).

7. TRIALS SPECIFIC TO COLORECTAL CANCER

Presented in Table 5 is a list of angiogenesis inhibitors being tested specifi cally in 
colorectal cancer. Most of the agents are being tested in patients with advanced disease. 
Many are in phase I or early phase II testing, with no published results to date. As a class 
of drugs, the matrix metalloproteinase (MMP) inhibitors were the fi rst to reach phase III 
testing. In colorectal cancer in particular, the VEGF-based strategies are furthest along in 
clinical development and the available data will be discussed at length. Specifi cally excluded 
from this chapter’s discussion are the agents that inhibit the epidermal growth factor receptor 
(EGFR), such as IMC C225 and Iressa, which belong to their own distinct therapeutic class, 
although some EGF receptor inhibitors may indeed possess antiangiogenic properties.

7.1. VEGF-Based Antiangiogenic Strategies
Two different anti-VEGF molecules, the recombinant monoclonal antibody to VEGF 

(rhuMAb VEGF or Avastin®, Genentech) and SU5416 (Semaxanib®, Pharmacia/Sugen) are 
being studied in patients with advanced untreated colorectal cancer, comparing conventional 
chemotherapy with or without the experimental agent. The preliminary phase I and II studies 

Table 5
Major Antiangiogenic Agents Being Developed for Colorectal Cancer, 2001

Drug Phase Sponsor

Angiozyme I Ribozyme Pharmaceuticals
Anti-VEGF recombinant human  III Genentech
    monoclonal antibody
Avicine III AVI Biopharma
Celecoxib I Pharmacia Oncology
Combretastatin A4Prodrug I OXiGENE
CP1C11 I ImClone
GBC-590 II SafeScience
IM862 II Cytran
ImmTher* I Endorex
Interferon alpha* II Hoffman-LaRoche
Octreotide (somatostatin)* III U.S. National Cancer Institute
Metastat (Col-3) I CollaGenex
SU5416 III Sugen
Thalidomide* II Celgene Corporation

*Not pure angiogenesis inhibitors.
Source: The Angiogenesis Foundation Clinical Trials Database, 2001, Cambridge, MA.
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with these agents showed encouraging results and the fi eld awaits the results of these ongoing 
phase III trials to determine if these agents improve survival, time to progression, or quality 
of life when compared to standard chemotherapy alone.

7.1.1. RHUMAB VEGF
rhuMAb VEGF (Avastin, Genentech) was created by combining a human immunoglobulin 

IgG1 framework with a murine neutralizing the antibody’s VEGF-binding complementarity-
determining regions (73). It is a humanized monoclonal antibody that blocks the binding of 
all VEGF isoforms to their receptors. Anti-VEGF antibodies have been extensively studied in 
the laboratory and have inhibited a wide variety of tumor types, in a dose-dependent manner 
(74). Phase I studies reported the safety and tolerability of rhuMAb VEGF in patients with 
advanced cancers (75,76). The fi rst, using the antibody alone, reported that of 25 patients 
with advanced cancers treated with doses ranging from 0.1 to 10.0 mg/kg on d 0, 28, 35, 
and 42, no dose-limiting toxicities were observed. Gordon and colleagues described minor 
elevations in subjects’ blood pressure and two cases of serious bleeding at the 3.0-mg/kg 
dose that appear to have been disease related rather than drug related. No patients developed 
antibodies to rhuMAb VEGF during the 70-d study period. Although no objective responses 
were seen, there were two minor responses and disease stabilization was noted, consistent 
with cytostatic activity. The second trial, reported by Margolin et al., evaluated weekly doses 
of rhuMAb VEGF given concurrently with each of four different cytotoxic chemotherapy 
regimens. One cohort of four patients received 500 mg/m2 fluorouracil (5-FU) with
20 mg/m2 leucovorin (LV) weekly, for 6 wk out of 8 wk. There were no observed drug–drug
interactions between the antibody and the chemotherapy agents (on any arm) and no bleeding 
or thrombotic events were seen. Of the four colorectal cancer patients treated, one received 
the equivalent of 40 total doses of rhuMAb VEGF and fi ve 6-wk cycles of chemotherapy 
before disease progression occurred.

Based on these encouraging results, a randomized phase II trial was conducted comparing 
5-FU/LV alone (doses of 500 mg/m2 5-FU and 500 mg/m2 LV given weekly for 6 wk out 
of 8 wk) to 5-FU/LV with low dose (5 mg/kg) rhuMAb VEGF to 5FU/LV with higher dose 
antibody (10 mg/kg) (77). One hundred four patients with untreated advanced colorectal 
cancer were enrolled, with results (Table 6) showing that patients treated with both 5-FU/LV 
and rhuMAb VEGF had a statistically signifi cant improvement in response rate and time 
to tumor progression, with a trend toward an increased survival. With longer follow-up, 
the survival advantage may become signifi cant. The principal safety concern in this small 
trial was for thrombotic events, as 9% of the patients treated with chemotherapy alone 

Table 6
Phase II Trial of RhuMAb VEGF in Advanced Colorectal Cancer

 Control 5 mg/kg rhuMAb VEGF 10 mg/kg rhuMAb VEGF
 N = 36 N = 35 N = 33

Median time to 5.2 9.0 7.2
    progression (mo)      (p = 0.005)     (p = 0.217)
Median survival 13.8 >17.3 16.1
    (mo)      (p = 0.083)     (p = 0.97)
Response rate 17% 40% 24%
      (p = 0.03)     (p = 0.43)

Source: ref. 76.
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experienced such events, compared to 26% of the patients receiving 5 mg/kg rhuMAb VEGF 
and 13% of the patients receiving 10 mg/kg of the antibody (only some thromboses were 
classifi ed as grade 3 or 4 adverse events). The relationship between dose and effi cacy or dose 
and thromboses, if any, is not yet clear. However, based on these encouraging results, two 
larger trials are now underway (Table 7), comparing chemotherapy alone with chemotherapy 
plus rhuMAb VEGF in patients with advanced, untreated colorectal cancer.

7.1.2. SU5416
SU5416 (Semaxanib, Pharmacia/Sugen) is a selective inhibitor of the tyrosine kinase 

activity of the fl k-1/KDR receptor binding to VEGF (78). The drug competes directly with 
ATP at the intracellular kinase domain of fl k-1/KDR, preventing tyrosine phosphorylation 
and effective transduction of the extracellular signal (79). This agent was also found to be 
effective against a broad range of tumor types in vitro. Sixty-nine patients with advanced 
cancers were enrolled in the fi rst phase I trial of SU5416 (80). Two objective responses were 
seen, and 12 patients had stable disease for greater than 90 d. The drug was well tolerated, 
with observed toxicities including mild–moderate headaches, nausea, and vomiting (more 
severe forms of which were dose limiting). Thrombotic events were also seen, two of which 
were fatal, but the relationship to the antiangiogenic drug remains unclear. With more than 
600 patients worldwide now having received SU5416, alone or with various conventional 
chemotherapy agents, the incidence of clotting events appears below that which is reported 
for all cancer patients (81–83). Because clotting events were noted and because SU5416 
requires intravenous administration through a central venous access device, patients in 
subsequent studies have been placed on prophylactic low-dose (1 mg) warfarin to reduce the 
incidence of catheter-related deep venous thromboses (84–86).

Promising results from the phase I trial combined with preclinical studies showing that 
the combination of cytotoxic chemotherapy with SU5416 in colorectal cancer models was 
superior to either agent alone, led to a second phase I trial in patients with advanced and 
untreated colorectal cancer (87,88). In that study, 28 patients received 5-FU/LV on either 
the Mayo Clinic or Roswell Park chemotherapy regimens. Patients were able to tolerate full 
doses of all agents given simultaneously, with no observed drug–drug interactions. Results 
showed no adverse effects on response rate and some evidence for improved time to disease 
progression and overall survival (fi rst column in Table 8). This was not a randomized trial, so 
comparison with chemotherapy alone was made with historical controls. The small number 
of patients is another limiting factor in the interpretation of these results.

To place these results in context, this group of 28 patients has been compared with 1000 
randomized subsets of 28 patients from a large (600+ patient) multicenter phase III trial’s

Table 7
Phase III Trial of rhuMAb VEGF in Patients with Advanced, Untreated Colorectal Cancer

RANDOMIZE

n = 900
Endpoints: survival, response,
TTP, QOL
ECOG 0–1

    5FU/LV/CPT11

    5FU/LV/CPT11/rhuMAb VEGF

    5FU/LV/rhuMAb VEGF 

→

→

→
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irinotecan (CPT-11)/5-FU/LV and 5-FU/LV arms (90). To match for critical prognostic 
factors, subsets from the phase III study were chosen with the same baseline performance 
status (PS) and LDH distribution as in the pilot 5-FU/LV/SU5416 trial (91). The results 
depicted in Table 8 demonstrate the potential for SU5416-mediated tumor growth delay. 
The median time to tumor progression (TTP) with 5-FU/LV/SU5416 was similar to that 
of the now standard combination 5-FU/LV/CPT11 and was improved relative to the TTP 
seen with 5-FU/LV alone. The median survival with the small group of 5-FU/LV/SU5416 
patients has not yet been reached at this writing and approaches the median survival seen in 
the randomized subsets of patients treated with 5-FU/LV/CPT11 and exceeds the survival 
of those treated with 5-FU/LV alone.

Two phase III trials are now underway (Table 9). The fi rst compares 5-FU/LV, administered 
on the Roswell Park schedule, with or without SU5416 in patients with advanced, untreated 
colorectal cancer. This trial, begun in early 2000, has nearly completed accrual. However, 
because of the change in practice patterns in many countries to adopt 5-FU/LV/CPT11 as 
the standard of care for this patient population, a second phase III trial has been initiated 
comparing this combination with or without SU5416.

The emergence of yet other new molecularly targeted and traditional therapies and their 
impact on the standard of care in colorectal cancer and for clinical trial design is yet another 
challenge faced by developers of antiangiogenic drugs.

8. CONCLUSION

Three years have passed since the New York Times article prompted so much interest 
by the public, the oncology community, and the pharmaceutical industry in angiogenesis 
inhibition as a new approach to cancer therapy. Although extensive basic laboratory work 
has been conducted in this fi eld, relatively little is known about the therapeutic effects of 
angiogenesis inhibitors in cancer patients and how to optimize any clinical benefi t. Phase 
III trials of several agents are nearly completed in colorectal cancer and there is reason for 
optimism that early promising results from phase I and II trials will be validated in the larger, 
randomized, controlled setting. Even if they are not, various groups are already beginning 
to piece together patterns of failure with patterns of success, so that the current experience 
in antiangiogenic drug development will be analyzed to advance the fi eld’s next-generation 
agents and to bring direct benefi t to the patient. Based on the progress made so far, both 

Table 8
Phase I/II Trial of SU5416/5-FU/LV in Advanced Colorectal Cancer

(Compared to Historical Controls with 5-FU/LV and 5-FU/LV/CPT11)

 SU-5416/ CPT-11/
End Point 5-FU/LVa 5-FU/LVb 5-FU/LVb

Overall RR (%) 35.7 60.7 28.6
    95% CI 18.0–54.0 42.6–78.8 11.9–45.3
Median TTP (mo) 19.0 19.3 15.1
    95% CI 17.2–10.2 16.4–12.1 13.2–6.9
Median survival (mo) 22.6 26.4 16.2
    95% CI 18.8+ 18.7–34.1 11.3–21.0

aPhase I/II study (N = 28).
bMeans from 1000 random subsets (N = 28) from phase III study.
Source: ref. 89.
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participants and followers of the angiogenesis fi eld can anticipate the future treatment of 
colorectal cancer to incorporate new strategies aimed at the tumor vasculature.
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1. INTRODUCTION

There have been clear improvements in the outcome of patients with colorectal cancer, 
largely the result of the adjuvant use of “nonselective” cytotoxic chemotherapeutics such 
as the fl uoropyrimidines and the recent development and incorporation of new classes of 
“nonselective” cytotoxic agents (e.g., topoisomerase I inhibitors) into conventional treatment 
regimens. However, the overall clinical impact of these therapeutics has been modest and a 
point of “diminishing returns” has been reached.

Among the many new types of rationally designed agents are therapeutics targeting 
various strategic facets of growth signal transduction, malignant angiogenesis, survival, 
metastasis, and cell-cycle regulation. However, because the most common antitumor effects 
noted following targeting of these processes in preclinical studies is a decreased rate of 
tumor growth, the predominant clinical outcome of treatment is likely to be delayed tumor 
growth. This may not be readily detected or quantifi ed using the methodologies traditionally 
used in early nonrandomized studies of nonselective cytotoxics (1). Additionally, the results 
of preclinical studies of these therapeutics suggest that dose–toxicity relationships are not 
likely to be as steep as with nonselective cytotoxics, indicating that these agents may be 
usable with less toxicity. Therefore, both regulatory and clinical practice end points such as 
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increased time to progression and improvements in disease-related symptoms and quality 
of life, which are generally considered secondary end points, may evolve into primary end 
points for target-based therapeutics. The evaluation of these agents will likely require radical 
departure from the traditional paradigms in order to realize their full potential. At this time, it 
is diffi cult to predict which targets and associated therapeutic candidates will yield the most 
promising results in the treatment of colorectal cancer. This chapter will discuss several of 
the most promising targets for therapeutic development, particularly those related to cancer 
self-suffi ciency, growth signal transduction, and evasion of cell death.

2. TARGETING “SELF-SUFFICIENCY” IN GROWTH SIGNALING

Normal cells require mitogenic signals before they can transition from a quiescent state 
to an active proliferating state. These signals are transmitted into cells by transmembrane 
receptors that bind distinct classes of signaling ligands such as diffusible growth factors, 
extracellular matrix components, and cell-to-cell adhesion/interaction molecules. Unlike 
normal cells, which cannot proliferate in the absence of exogenous stimulatory signals, 
cancer cells have activated oncogenes and other aberrant components that lead to mimicking 
of normal growth signaling (2). In essence, cancer cells generate many of their own growth 
signals, thereby reducing dependence on stimulation from the microenvironment and 
disrupting a homeostatic mechanism that operates to ensure the proper behavior of the 
various cell types in any given tissue. Growth signaling pathways may be dysregulated in 
most human tumors (2–4). Human colon cancer is perhaps the best studied tumor with regard 
to dysregulated signaling and oncogenic mutations that confer self-suffi ciency.

2.1. The ErbB Growth Factor Receptor Family as a Target
2.1.1. GENERAL RELEVANCE

Binding of growth factors to their receptors induces receptor activation, initiating or 
modifying signal transduction processes. These growth-regulating molecules and their 
receptors modulate cell proliferation and differentiation in normal tissues. In many malignan-
cies, including colorectal cancer, growth factors or their receptors are overexpressed or 
aberrantly expressed. Such abnormal stimulation of growth factor signaling pathways 
results in unregulated cell signaling, which contributes to growth dysregulation, tumor 
initiation/promotion, and metastases. The degree to which tumors capitalize on these 
signaling pathways is illustrated by the large number of oncogenes related to cellular genes 
encoding growth factors (e.g., sis, hst), growth factor receptors (kit, trk, ErbB2), and tyrosine 
kinases (abl, src, lck) (5).

The ErbB growth factor receptor family is the best characterized of the tumor-related 
growth factor receptor families. Epidermal growth factor (EGF) receptor (EGFR; also know 
as ErbB1 or HER1) is one of four members of the ErbB family that also includes ErbB2 
(neu or HER2), ErbB3 (HER3), and ErbB4 (HER4) (6). All members of the ErbB family, 
particularly ErbB1 and ErbB2, are expressed by human colorectal cancer; however, the rela-
tive expression and functional importance of each type of receptor is unclear. Following ligand 
binding, all ErbB receptors, except ErbB3, undergo either homodimerization or preferential 
heterodimerization with other members of the ErbB receptor family, autophosphorylation, 
and activation of the receptor tyroisine kinase (TK) (RTK) (Fig. 1). These events lead to 
signal transduction through multiple intracellular pathways, resulting in the transcription of 
genes that modulate proliferation, survival, angiogenesis, motility, and invasion.
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The EGFR is the best characterized ErbB receptor. The EGFR gene encodes a 170-kDa 
membrane-spanning glycoprotein composed of an extracellular ligand-binding domain, a 
transmembrane region, and a cytoplasmic TK domain. Binding of specifi c ligands, such 
as EGF, to the extracellular domain results in EGFR autophosphorylation, activation of 
the receptor’s cytoplasmic TK domain, and initiation of multiple signaling events that lead 
to gene transcription.

The EGFR is expressed on the cell surface of many normal tissues, and elevated numbers 
of receptors (overexpression) have been detected on colorectal cancers and other epidermoid 
malignancies. EGFR expression or overexpression has been documented in 25–77% of 
human colon cancers (7,8). With regard to the clinical relevance of EGFR expression 
in patients with colorectal cancer, the percentage of EGFR-expressing cells has been 
inversely related to prognosis (8). Similarly, EGFR expression has been inversely related to 
sensitivity to chemotherapy and survival in patients with many other types of epidermoid 
malignancies.

2.1.2. EGFR AND EGFR LIGANDS

Ligands for EGFR include EGF, transforming growth factor-α (TGF-α), amphiregulin, 
heparin binding EGF, and betacellulin (7). EGFR and TGF-α appear to be the principal 
endogenous ligands that result in EGFR-mediated stimulation, although TGF-α may be 
more important in promoting angiogenesis (9). EGFR overexpression renders tumor cells 
more sensitive to low concentrations of growth factors (10). Ligands can be secreted by 
tumors in an autocrine manner and many cancers depend on EGFR stimulation for survival 
and proliferation. These observations support the concept that ligand binding to EGFR 
and subsequent TK activation may play a role in tumor promotion and progression (11).

Fig. 1. The epidermal growth factor receptor (EGFR). The EGFR is a 170-kDa membrane-spanning 
glycoprotein composed of an extracellular ligand-binding domain, a transmembrane region, and a 
cytoplasmic TK domain. Binding of specifi c ligands, such as EGF and TGF-α, to the extracellular 
domain results in EGFR autophosphorylation, activation of the receptor TK, and initiation of various 
signal transduction events that lead to gene transcription in the nucleus and stimulation of proliferative, 
antiapoptotic, metastatic, and angiogenic events.
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Consequently, inhibition of EGFR expression and/or function may potentially block one or 
more critical events in the growth and progression of tumors.

2.1.3. CELL SURVIVAL AND APOPTOSIS

In addition to modulating proliferation, experimental data indicate that the EGFR pathway 
regulates cell survival. Many EGFR-expressing tumors depend on EGF or TGF-α stimulation 
for survival. In some cell lines that overexpress, EGF has been demonstrated to prevent 
apoptosis and promote survival (12), which may be the result of cross-talk between pathways 
such as the PI3K survival pathway (see Section 2.2.2.) (4). Furthermore, EGF stimulation 
has been shown to protect against apoptosis triggered by Fas, a cell death receptor activated 
by many types of cytotoxic agents (13). In contrast, inhibition of EGFR through anti-EGFR 
antibodies, receptor tyrosine kinase (RTK) inhibitors, and EGFR antisense oligonucleotides 
(ASONs) induce arrest in the G1 phase of the cell cycle and apoptosis in human cancer cell 
lines and xenografts, including those derived from human colorectal carcinoma (12–18).

2.1.4. ANGIOGENESIS

Experimental data suggest that both EGF and EGFR play roles in angiogenesis. Coexpres-
sion of TGF-α and EGFR is highly correlated with microvessel density (19), and TGF-α
promotes expression of vascular endothelial growth factor (VEGF) that induces proliferation 
and permeability of blood vessels (20,21). In patients with stages I–III non-small-cell lung 
cancer, gender, nodal status, stage, tumor size, microvessel count, and EGFR overexpression 
are independent determinants of survival, with a lower probability in patients whose tumors 
express high levels of amphiregulin and have high microvessel counts (22). Conversely, 
blocking EGF binding by treating cells with anti-EGFR antibodies (e.g., IMC-C225; 
Imclone) and RTK inhibitors block malignant angiogenesis, as manifested in vitro by 
decreased production of VEGF, interleukin-9 (IL-9), and basic fi broblast growth factor 
(bFGF), and in vivo by tumor regression, inhibition of metastases, and reduced formation 
of microvessels (23,24).

2.1.5. CELL MOTILITY AND METASTASES

The epidermal growth factor receptor is involved in regulating tumor cell motility and 
metastases. Treatment of EGFR-transfected tumor cells in vitro with TGF-α increases cell 
motility, whereas treatment with EGF leads to invasiveness. EGF has also been demonstrated 
to enhance the motility of cancer cells in a concentration-dependent manner in vitro (25).
Some of these effects may be mediated by matrix metalloproteinases (MMPs), particularly 
MMP-9 (26). For example, treatment of nude mice bearing orthotopic transitional cell 
bladder carcinoma with the EGFR antibody IMC-C225 results in inhibition of tumor growth 
and metastases and decreased MMP-9 expression (27). EGFR TK inhibitors have also been 
demonstrated to downregulate the expression of MMP-9 in vitro. Furthermore, heregulin 
stimulation promotes physical attractions between p21-activated kinase 1, actin, and HER2, 
promoting cellular invasion via modifi cations in the actin cytoskeleton (28).

2.1.6. THERAPEUTICS TARGETING EGFR AND OTHER ERBB FAMILY MEMBERS

2.1.6.1. General. Because the ErbB family of receptors are integral components of the 
principal signaling cascade involved in regulating solid tumor growth, a rational therapeutic 
approach to treating colorectal and other epidermoid maligancies is to block ErbB function, 
thereby inhibiting cancer cell proliferation and tumor progression. As shown in Table 1, 
several therapeutic approaches to target ErbB are being pursued. One of the most attractive 
approaches are monoclonal antibodies (MAbs) directed against the extracellular domain 
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of the ErbB receptor to block ligand binding (EGF or TGF-α) and receptor-activated cell 
growth. Another approach involves small-molecule inhibitors of RTKs that act directly 
on the cytoplasmic domain of the ErbB receptor, preventing transduction of proliferative 
signals to the nucleus. Another effort involves synthesis of ligand conjugates, which bind 
specifi cally to the ErbB receptor and induce direct toxicity following internalization. To date, 
most efforts have been directed toward ErbB1 (EGFR) and ErbB2, but therapeutics targeting 
all members of the ErbB receptor family are also being evaluated.

2.1.6.2. Anti-EGFR Antibodies. Based on the clinical success of MAbs targeting ErbB2, 
MAbs directed against the EGFR are being evaluated. These antibodies block ligand binding 
to the EGFR and inhibit EGF-stimulated RTK activity (14–16,22–24,29–31). Initially, the 
EGFRs from epidermoid cancers were used to immunize mice to raise MAbs against the 
EGFR. Two such antibodies, M225 and M528, were found to compete with EGF binding 
to the EGFR, inhibit EGF-induced TK-dependent phosphorylation, and downregulate 
EGFR expression by inducing receptor internalization. These MAbs block EGF-induced 
anchorage-dependent and anchorage-independent growth of the EGFR-expressing cells 
and inhibit tumor growth, presumably by blocking signal transduction cascades required for 
survival. Early clinical trials using murine MAbs revealed that some patients develop a human 
anti-mouse antibody immune response against these foreign proteins, resulting in accelerated 
clearance and limited therapeutic utility. However, chimeric or partially “humanized”
MAbs that retain only the small portion of the murine sequences responsible for antigen 
binding, with the remainder of the molecule composed of the human immunoglobulin, 
have been developed. IMC-225, a chimeric MAb with a binding affi nity 10-fold greater 
than that of the natural EGFR ligand, has been shown to inhibit the growth of established 
tumor xenografts (29). Although IMC-C225 induces receptor dimerization, EGF-induced 
activation, autophosphorylation, and receptor internalization are also blocked (6). IMC-C225 
and totally humanized (ABX-EGFR; Abgenex) and bispecifi c (MDX-447; Medrinex) MAbs 
against the EGFR also inhibit the growth of EGFR-expressing human tumor xenografts 

Table 1
Therapeutic Approaches Targeting EGFR

Anti-EGFR Antibodies (Chimeric, Humanized, Bispecifi c)
• Antibody binds to EGFR on cell surface
• Ligand binding to receptor blocked
• Signal transduction cascade blocked
• Receptor–antibody complex internalized

Small-Molecule Inhibitors of Tyrosine Kinase (EGFR and Pan-ErbB)
• Inhibitors bind intracellularly to EGFR tyrosine kinase
• Receptor tyrosine kinase activity inhibited
• Signal transduction cascade blocked

Ligand Conjugates
• EGFR ligand (e.g., EGF, TGF-α) conjugated to a toxin (ricin, Pseudomonas

  exotoxin)
Immunoconjugates
• Anti-EGFR antibody complexed to a toxin 

Antisense Oligonucleotides
• EGFR or TGF-α antisense oligonucleotides bind to DNA or RNA
• May be delivered using liposome technology
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of pancreatic, colorectal, prostate, renal, and breast origin, with induction of apoptosis in 
some studies (6,15,22–24,29–31).

There is also evidence that MAbs to EGFR enhance the cytotoxic effects of many types of 
nonselective chemotherapeutics and radiation. One possible explanation for these favorable 
interactions is that alterations in the expression or activity of the EGFR or downstream 
molecular signals potentate the damage caused by these therapeutics and/or inhibit repair 
of cell damage (32). Enhanced cytotoxicity and inhibition of tumor growth have been noted 
following treatment with MAbs against the EGFR and cisplatin, doxorubicin, topotecan, and 
paclitaxel (6,17,33–35). Similar interactions between radiation and MAbs against EGFR 
have also been noted, and these effects have been associated with enhanced radiation-induced 
apoptosis and decreased EGFR autophosphorylation (36–38). Because DNA damage caused 
by many cytotoxic agents and radiation results in cell-cycle arrest in G1, in which cells 
repair damage, followed by apoptosis if DNA repair does not occur, growth factor restriction 
and treatment with DNA-damaging agents may preferentially enhance apoptosis in tumor 
cells (39).

In addition to EGFR overexpression, other common genetic mutations, such as those 
involving the p53 suppressor gene, may alter the cellular response to chemotherapy or 
radiation (40). Inhibition of EGFR TK activity by MAbs and small molecules also blocks 
activation of downstream cell signaling along the mitogen-activated protein kinase (MAPK) 
and PI3K pathways. In many tumor cell lines, inhibition of MAPK or PI3K enhances 
radiosensitivity, radiation-induced DNA damage, and apoptosis (40–43). There is also 
evidence indicating that the pathway from EGFR to MAPK serves not only as a proliferation 
pathway but also as a survival pathway. In tumor cells that depend on stimulation of the 
EGFR, inhibition of these pathways by specifi c MAbs or small-molecule inhibitors of 
RTK may abrogate these survival signals, thereby sensitizing cells to radiation. Because 
of the strong preclinical evidence for favorable interactions between MAbs against EGFR 
and traditional cytotoxic therapeutics, IMC-C225 is being developed in combination with 
radiation (head and neck cancer) and irinotecan (colorectal cancer) (44).

2.1.6.3. Receptor Tyrosine Kinase Inhibitors. Another approach to blocking the 
EGFR involves small-molecule inhibitors of RTK. Inhibition of RTK prevents receptor 
autophosphorylation and phosphorylation of downstream proteins. This approach may 
inhibit signaling induced by EGF and TGF-α, as well as signaling that is independent of 
growth factors. For example, deletion mutations resulting in constitutively active EGFR have 
been reported in several types of cancers (45–47). Many small-molecule inhibitors of EGFR 
have signifi cant antitumor activity, blocking both the proliferation of EGFR-overexpressing 
cells in vitro and growth of EGFR-expressing xenografts.

An important new class of RTK inhibitors is the quinazoline derivatives (48). These 
compounds are highly selective for EGFR, more selective for EGFR than for other ErbB 
RTKs, and competitive inhibitors of ATP. ZD1839 (Iressa®; AstraZeneca) is an oral 
anilinoquinazoline with an IC50 of 20 nM for the EGFR TK. The agent inhibits EGFR 
autophosphorylation and EGF-stimulated growth of cancer cells in vitro. ZD1839 has 
demonstrated signifi cant antitumor activity, both tumoricidal and tumoristatic, against 
many types of human tumor xenograft, including lung, colon, and prostate tumors (48–51).
The agent has also been demonstrated to induce regression of several well-established 
human tumor xenografts, but regrowth of the tumors generally occurs following cessation 
of treatment (50,51). OSI-774 (formerly CP-358,774 [Pfi zer]; OSI Pharmaceuticals Inc.) is 
another oral quinazoline analog with a nanomolar IC50 for inhibition of EGFR activity and 
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has high specifi city for the receptor (48,49). The agent inhibits proliferation of DiFi colorectal 
cells and leads to cell-cycle arrest (18). Both ZD1839 and OSI-774 have demonstrated 
tolerable safety profi les in early clinical trials, with skin toxicity and diarrhea precluding dose 
escalation on continuous daily oral schedules (52–54). Thus far, ZD1839 has demonstrated 
prominent clinical activity in phase I evaluations, with major regressions observed in 
previously treated patients with non-small-cell lung cancer, whereas patients with previously 
treated non-small-cell lung, head and neck, and renal cancers have had major responses 
following treatment with OSI-774 in phase I and II studies. Phase I studies of OSI-774 
and ZD1839 in combination with a variety of cytotoxic agents, including 5-fl uorouracil 
(5-FU)/leukovorin and/or irinotecan, are ongoing. In addition, other selective inhibitors 
of EGFR TK, such as PKI-166 (Novartis), are in early-stage clinical evaluations (48,50).
The ErbB TK inhibitors CI-1033 (Pfi zer) and EKB-549 (Wyeth-Genetics Institute) are also 
potent inhibitors of the EGFR TK , but these agents also inhibit the RTKs of other ErbB 
family members, particularly ErbB2, which may confer broader antitumor activity. Both 
agents are undergoing phase I evaluations.

2.1.6.4. Other Therapeutic Modalities Against EGFR. In addition to MAbs and 
RTK inhibitors, other approaches have been used to target the EGFR. A gene encoding a 
single-chain antibody that specifi cally binds to EGFR has been constructed and shown to 
inhibit EGF-induced activation and growth of EGFR-transformed 3T3 fi broblasts in vitro 
(55). Antisense therapy using DNA or RNA oligonucleotides has been designed to block 
translation of the specifi c mRNA transcripts into proteins. ASONs directed at oncogenes 
and/or growth factors have been demonstrated to inhibit the growth of several human cancers 
in experimental systems. When mice bearing EGFR-positive tumor xenografts have been 
treated with EGFR antisense RNA sequences, EGFR expression and tumor growth have 
been suppressed, whereas treatment with EGFR sense constructs has been ineffective (56).
Other EGFR ASONs that have demonstrated prominent antitumor activity in preclinical 
studies include ASONs in folate–polyethylene glycol liposomes, antisense constructs 
directed against mRNAs of TGF-α, and the EGF-related peptides amphiregulin and cripto 
(57–59).

Immunoconjugates linking toxins and immunomodulators to anti-EGFR antibodies have 
also demonstrated antitumor activity in preclinical studies. Conjugates of the anti-EGFR 
MAbs IMC-C225 and 528 with ricin A chain, a potent protein synthesis inhibitor, have been 
shown to preferentially inhibit the growth of EGFR-expressing tumor cells in vitro (60,61).
Because normal cells express the EGFR, selectivity may be problematic in the clinic, 
but the therapeutic index of these therapeutics may ultimately relate to the magnitude 
of EGFR expression in the tumor. Conjugates of toxins and EGFR ligands have been 
designed with the aim of specifi cally targeting EGFR-expressing tumors while minimizing 
nonselective toxicity. A conjugate composed of EGF and Pseudomonas endotoxin (PE) has 
been demonstrated to be toxic against the EGFR-expressing tumor cells in vitro (60–63).
Other conjugates against EGFR that had been demonstrated to inhibit tumor growth, induce 
apopotosis, and/or improve survival in preclinical studies include the following: a genetically 
engineered TGF-α–PE hybrid toxin; genistein, a soybean-derived general TK inhibitor 
coupled to EGF; a ligand fusion toxin, consisting of human EGF fused to the active moiety 
of diphtheria toxin (DAB389EGF), which kills cells by inhibiting protein synthesis; and an 
immunotoxin, in which an anti-EGFR antibody (B4G7) is conjugated to gelonin, a ribosome-
inactivating protein (64–66). Of the aforementioned conjugates, only DAB389EGF has been 
evaluated in a clinical trial (66).
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2.2. Rapamycin-Sensitive Signal Transduction as a Therapeutic Target
2.2.1. RAPAMYCIN

Rapamycin (sirolimus; Rapimmune®; Wyeth Ayerst-Genetics Institute), a macrolide fi rst 
identifi ed as a fungicide produced by the bacterium Streptomyces hygroscopicus, possesses 
antimicrobial, immunosuppressive, and antitumor properties. These properties are the result 
of its effects on signal transduction pathways that link mitogenic stiumuli to the synthesis 
of proteins involved in G1 to S cell-cycle traverse. In addition, a branch of the pathway 
also affects the phosphorylation (activation) status of key proteins involved in survival 
and apoptosis. Rapamycin has received regulatory approval as an immunsuppressant in the 
setting of organ transplantation; however, its effects on the PI3K pathway have served as an 
impetus for evaluations of rapamycin-related therapeutics in the treatment of cancer.

Rapamycin initially demonstrated antiproliferative activity in a variety of murine tumor 
systems, including B16 melanoma and P388 leukemia, in the late 1970s and was later shown 
to broadly inhibit growth of solid tumors (67–70). In addition to its growth inhibitory actions, 
rapamycin induces p53-independent apoptosis, augments the apoptotic effects of traditional 
cytotoxic agents, blocks cyclin D1 expression, and inhibits the proliferation of several types 
of malignant tumors, suggesting that it may affect essential components of the cell survival 
pathway and enhance the effi cacy of cytotoxic agents (70–72).

2.2.2. THE RAPAMYCIN-SENSITIVE SIGNAL TRANSDUCTION PATHWAY

2.2.2.1. General. A schematic representation of the principal rapamycin-sensitive signal 
transduction pathway is shown in Fig. 2. Similar to other natural immunosuppressants, 
rapamycin binds to members of the ubiquitous immunophilin family of FK506 binding 
proteins (FKBPs), inhibiting their enzymatic activity as prolyl isomerases (73). Although 
these enzymes plays an important role in altering protein conformation, this function is 
irrelevant to the effects of rapamycin. Instead, several lines of evidence suggest that FKBP12 
is the principal binding protein of rapamycin  and that the rapamycin-FKBP12 complex is the 
principal active intermediate (74). The rapamycin–FKBP12 complex blocks the activity of a 
large, highly conserved polypeptide kinase termed, mammalian target of rapamycin (mTOR) 
(74). Both mammalian and yeast mTOR are members of the PI3K-related kinases (PIKKs) 
family of protein kinases, which are involved in many essential cellular functions integral to 
cell-cycle progression, checkpoint control, DNA repair, and DNA recombination (75).

Following stimulation of quiescent cells by growth factors, there is an increase in 
translation of a subset of mRNAs, whose protein products are required for cell-cycle traverse 
through G1 (76), and mTOR regulates key pathways affecting the effi ciency of protein 
translation. PI3K/protein kinase B (Akt) appears to be the key modulatory factor in the 
upstream pathway by which growth factor–growth factor receptor interactions affect mTOR’s
phosphorylation state (77). Both PI3K and Akt are likely protooncogenes, and the pathway is 
inhibited by the tumor supressor gene PTEN, which is often mutated in human cancer (78).
Although other signaling pathways are activated downstream of PI3K, the Akt pathway is of 
interest because of its role in inhibiting apoptosis and promoting cell proliferation (78,79).
In mammalian cells, activated mTOR signals two separate sets of mRNAs, including the 40S 
ribosomal protein S6 kinase (p70s6k) and the eukaryotic initiation factor (e1F)-4E-binding 
protein-I (4E-BP1; also known as PHAS-I) (20,80,81). Among subset mRNAs regulated 
by these pathways are the encoding components of the protein synthesis machinery itself. 
Treatment of activated PI3K- or Akt-expressing cells with rapamycin blocks p70s6k and 
4E-BP1/PHAS-I phosphorylation, indicating that mTOR is required for these responses 
(81–84). Akt also appears to phosphorylate mTOR, contributing to its activation (82,83).
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2.2.2.2. Downstream Effects. The downstream effects of mTOR on protein translation 
have also been well characterized (85–89). Inhibition of these critical signaling pathways 
leads to ineffi cient translation of the mRNAs of proteins that are necessary for G1 traverse 
(e.g., cyclin D1, ornithine decarboxylase). Rapamycin also accelerates the turnover of cyclin 
D1, both at the mRNA and protein levels, resulting in a defi ciency of active cdk4/cyclin 
D1 complexes required for pRB phosphorylation, release of E2F transcription factor, and 
increased association of p27kip1 with cyclin E/cdk2. These two events, along with the 
inhibition of translation of other mRNAs, explain inhibition at the G1/S phase transition 
(89–92). There is also evidence that cells in which the p27 gene has been disrupted are only 
partially resistant to rapamycin, indicating that rapamycin can inhibit cell-cycle progression 
by p27-independent mechanisms (93).

2.2.3. RAPAMYCIN ANALOG DEVELOPMENT

2.2.3.1. CCI-779. Because poor aqueous solubility and instability compromised the 
development of rapamycin as an anticancer agent, soluble ester analogs were evaluated 
by Wyeth-Ayerst and CCI-779 was selected for development based on its mechanism of 
action and favorable preclinical effi cacy and toxicity data. In the National Cancer Institute 
human tumor cell-line screen, CCI-779 and rapamycin demonstrated similar profi les and 
potencies (Pearson correlation coeffi cient, 0.86), with IC50 values frequently less than
0.01 µM (94). Platelet-derived growth factor stimulation of the human glioblastoma line 
T98G was markedly inhibited, consistent with its proposed mechanism of action as an 
inhibitor of signal transduction, and growth-inhibited cells were arrested in G1 (94).
Several intermittent dosing regimens were effective in human tumor xenografts, and the 
immunosuppressive effects of CCI-779 were resolved within 24 h following treatment.

Fig. 2. Rapamycin-sensitive signal transduction pathways. Binding of rapamycin and/or rapamycin analogs 
to FKBP-12 forms a complex that inhibits kinase activity of mTOR and, consequently, its downstream 
mediators 4E-BP1/PHAS and p70s6k. This results in inhibition of proliferative signals mediated through 
the PI3K/Akt signal transduction pathway that leads to activation of antiapoptotoic (survival) proteins 
and translation of proteins that facilitate G1 to S phase traverse. Inhibitory proteins PTEN, p27kip, p15, 
and p16 are shown.
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Two treatment schedules have been evaluated in phase I trials: a weekly schedule and a 
daily × 5-d every-2-wk schedule (95,96). Doses levels ranging from 7.5 to 60 mg/m2/wk
have been well tolerated on the weekly schedule, and toxicity has generally been in the 
form of modest cutaneous and mucosal toxicity. On the daily × 5-d every-2-wk schedule, 
doses above 24 mg/m2/d have been associated with moderate myelosuppression and fatigue. 
Hyperlipidemia, elevated serum lactate dehydrogenase, hypophosphatemia, hypocalcemia, 
and hyokalemia have been observed. Partial responses in patients with non-small-cell lung 
and renal cell cancers have been documented and minor regressions in patients with other 
types of malignancies have been noted. Broad phase II evalutions, including studies in 
patients with colorectal cancer, are planned.

Given the current understanding of the mechanism of action of rapamycin and CCI-779 
and their spectra of activity, it is possible that drug-sensitive tumors may be those that rely on 
paracrine or autocrine stimulation of receptors that trigger the PI3K/Akt/mTOR pathway, or 
tumors with mutations that cause constitutive activation of the PI3/Akt pathway may depend 
on rapamycin-sensitive pathways for growth. In fact, abnormal activation of this pathway is 
relatively common because mutations of the tumor suppressor gene PTEN, which encodes 
for a lipid phosphatase that inhibits PI3K-dependent activation of PKB/Akt, occur in many 
tumor types with a frequency approaching that of p53 mutations.

2.3. Targeting Ras: Farnesylprotein Transferases and Other Modalities
2.3.1. WHAT IS RAS AND WHY TARGET IT?

Ras is critical intermediate in signal transduction pathways that mediate proliferative 
signals largely from upstream of RTK to a downstream cascade of protein kinases that 
control growth and regulatory processes that are aberrant in malignant cells (97–99). Because 
of its central role in regulating these processes, Ras and Ras effector pathways provide 
opportunities to develop novel therapeutics that specifi cally target the aberrant signaling 
pathways of malignant cells. Three ras protooncogenes have been identifi ed: the H-ras gene, 
the K-ras gene, and the N-ras gene, which encode four 21-kDa proteins, called p21ras or 
Ras (H-Ras, N-Ras, and K-Ras4A and K-Ras4B), that are localized to the inner surface of 
the plasma membrane (97–101). All Ras proteins have a specifi c amino acid sequence motif 
at the carboxyl (C) terminus that specifi es the intracellular localization of the Ras protein. 
This C-terminal motif is commonly referred to as the CA1A2X box, in which C represents 
a cysteine residue, A1 and A2 represent aliphatic amino acids, usually valine, leucine, or 
isoleucine, and X is either methionine or serine.

Ras proteins are an extended family of guanosine triphosphatases (GTPases), which are 
involved in protein synthesis and signal transduction (102). Ras functions as a chemical 
switch, cycling between inactive guanosine diphosphate (GDP)-bound and active guanosine 
triphosphate (GTP)-bound states. The processes by which Ras is activated and functions 
in intracellular signaling are depicted in Fig. 3. Ras is synthesized as an inactive cytosolic 
peptide and is localized to the inner surface of the plasma membranes only after it undergoes a 
series of posttranslational modifi cations at the C-terminus, which increases its hydrophobicity 
and facilitates association with the cell membrane (100–104). The fi rst and most critical 
step, farnesylation, catalyzed by the enzyme protein farnesyltransferase (FTase), adds a 
15-carbon farnesyl isoprenoid group to H-, K-, and N-Ras.

Ras transmits extracellular signals from cell surface receptors to the cytoplasm and 
nucleus, initiating a cascade of protein kinases that ultimately regulate nuclear, cytoskeletal, 
and cytoplasmic processes. Considerable progress has been made in characterizing the 
signaling pathways upstream of Ras, but less is known about downstream signaling. In 
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its wild-type state, Ras-GDP is rapidly and transiently converted to Ras-GTP in response 
to diverse extracellular stimuli, including growth factors such as those that stimulate (1) 
fi broblasts and related cells (e.g., EGFR, ErbB2, PDGF), (2) lymphocytes and hematopoietic 
cells (e.g., IL-2, IL-3, GM-CSF), (3) hormones (e.g., insulin), and (4) neurotransmitters (e.g., 
carbachol) (105,106). Typically, the cell surface receptors for these growth factors proximal 
to Ras are RTKs (107,108). In a similar manner, cytokines and other transmitters may bind to 
receptors that activate nonreceptor TKs (105,107). When stimulated by a cascade of events 
following phosphorylation of both RTKs and nonreceptor TKs, Ras becomes activated by 
binding GTP and is capable of promoting proliferation and other effects.

2.3.2. EFFECTORS OF RAS

During normal cell growth, stimulation by extracellular growth factors is required to 
maintain wild-type Ras in an activated state; otherwise, it reverts rapidly to its inactive form. 
Although wild-type Ras has low intrinsic GTPase activity, GTPase activator proteins enhance 
the hydrolysis of bound GTP to GDP, converting Ras to an inactive form. Biochemical 
studies suggest that although mutant Ras exhibits slightly less intrinsic GTPase activity 
than wild-type Ras, the principal functional effect conferred by mutant Ras is a marked 
decrease in the ability of Ras to interact with GAP (108). Instead of reverting to its inactive 
GDP-bound state, mutant Ras remains in an active GTP-bound state and continues to 

Fig. 3. Ras pathways. Ras is synthesized in the cytoplasma and undergoes a series of posttranslational 
modifi cations that increase protein hydrophobicity and facilitate its association with the inner surface of the 
plasma membrane where Ras cycles from an inactive GDP-bound state to an active GTP-bound state. The 
fi rst posttranslational modifi cation is catalyzed by Ftase, which results in the covalent addition of a farnesyl 
group from FDP onto the cysteine residue of the CAAX box of Ras. This reaction is the target of several 
classes of FTase inhibitors. Ras mRNAs are also being targeted with specifi c antisense oligonucleotides. 
In response to growth factor ligands and receptor stimulating, GTP is exchanged for GDP. Ras-GTP then 
activates multiple effector pathways, including Raf-1, MAPK pathway, Rac/Rho, and PI3K. Ras-GTP 
is then converted back it to an inactive Ras-GDP state; however, the stability of Ras-GTP is governed 
by the mutational status of Ras.
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activate downstream effectors despite the absence of growth factor stimulation. In its 
GTP-bound state, Ras activates several downstream effector pathways, particularly the 
Raf-1 serine–threonine kinase pathway. Once activated, Raf-1 phosphorylates two mitogen-
activated protein (MAP) kinase kinases, MEK1 and MEK2, which, in turn, phosphorylates 
the MAP kinases extracellular signal-regulated kinases 1 (ERK1) and 2 (ERK2). Upon 
activation, ERK1 and ERK2 translocate to the nucleus, where they phosphorylate several 
substrates, including the Elk1 nuclear transcription factor, ultimately leading to the activation 
of other kinases, transcription factors, c-fos, and other downstream target genes associated 
with proliferation (109).

There are multiple branch points in the Ras pathway and Raf is only one of many effectors 
of Ras signaling (104,105,109). Other effectors include the small GTP-binding proteins 
Rac and Rho, and PI3K, and MAP kinase kinase kinase (MEKK). Ras-GTP also activates 
the G-proteins Rac and Rho through an activation pathway often referred to as the cell 
morphology pathway (36–38). A principal function of Rho is to regulate the actin cytoskeleton 
(110). The activation of Rac and Rho by oncogenic Ras may lead to morphologic changes 
that increase the invasiveness properties of transformed cells (111–115). Ras also activates 
the downstream effector PI3K that plays a role in controling the actin cytoskeleton, motility, 
invasiveness, survival, and suppression of apoptosis (see Section 2.2.) (116,117).

2.3.3. RAS MUTATIONS IN CANCERS

In a large percentage of human tumors, one of the three ras genes harbor a point mutation 
that confers an aberrant protein with a single altered amino acid (97–99). Mutations of ras
occur in about 30% of all human cancers, including a signifi cant proportion of colorectal 
(approx 50%) and pancreatic (approx 70%) cancers (1,13). Most mutationally activated 
forms of ras in tumors result in disrupted guanine nucleotide regulation and constitutive 
activation of Ras (3). Of the three ras genes, mutation of K-ras is most commonly found in 
human tumors, whereas N-ras mutations are encountered less often, and H-ras mutations 
rarely (97–99). The clinical signifi cance of these different mutations is not completely 
understood, although there is evidence that each Ras isoform leads to distinct biochemical 
consequences because of differences in activation of the many downstream effector pathways. 
The type of ras mutation seems to correlate with tumor type (1,13,67,105).

For Ras to transduce the extracellular signals provided by growth factors and cytokines, 
the protein must be associated with the inner surface of the plasma membrane, which is 
facilitated by a series of posttranslational chemical modifi cations. Following its synthesis, 
Ras is sequentially modifi ed at the C-terminus. In the fi rst step of the process, farnesylation, 
FTase recognizes the CAAX motif and transfers a 15-carbon farnesyl isoprenoid from 
farnesyl diphosphate (FDP) to form a thioether bond with the Ras cysteine of the CAAX box 
(100,103,104,118–123). In another prenylation reaction relevant to cell signaling and many 
posttranslational protein processes, geranylgeranylation, protein geranylgeranyl transferases 
(GGTases) I and II transfer either one or two 20-carbon geranylgeranyl isoprenoids from 
geranylgeranyl diphosphate (GGDP) to proteins. The proteins modifi ed by GGTases-I and -II
are more hydrophobic than those modifi ed by farnesylation, and geranylgeranylation may 
also serve as part of a recognition sequence for protein–protein interactions. Strategies that 
are capable of blocking FTase and preventing farnesylation may inhibit the maturation of 
Ras into a biologically active molecule, thus turning off signal transduction. An in-depth 
understanding of other posttranslational processes related to Ras is emerging, along with 
studies designed to determine whether they have a role as strategic therapeutic targets.
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2.3.4. TYPES OF RAS INHIBITORS

2.3.4.1. FTase Inhibitors. The acquisition of detailed kinetic information about the 
FTase reaction from the elucidation of the crystalline structure of FTase has led to the 
rational design of FTase inhibitors (100,124–128). Four general types of small molecule 
inhibitors of FTase have been designed and evaluated: (1) FDP analogs that compete 
with the FTase substrate FDP (FDP analog FTase inhibitors); (2) peptidomimetics or 
CAAX mimetics that compete with the CAAX portion of Ras for FTase (peptidomimetics 
and nonpeptidomimetics); (3) bisubstrate analogs that combine the features of both FDP 
analogues and peptidomimetics; and (4) nonpeptidomimetic inhibitors. Most of the efforts 
targeting FTase have sought to selectively develop inhibitors that are more than 1000-fold 
more potent at inhibiting FTase than either GGTase-I or GGTase-II. It can be argued that 
selectivity is desirable to avoid toxicities that might result from GGTase inhibition, because a 
far greater number of physiologic proteins are known to be substrates for GGTase-I. Selective 
GTase inhibitors might be useful in determining the role of GGTase in cells (125–129).
The coordinate use of inhibitors of GGTase and FTase may be more effective against cells 
harboring mutated K-ras, which is a substrate for GGTase-I.

2.3.4.2. Antisense Compounds. Although most efforts aimed at blocking the activation 
of mutant Ras have focused on inhibiting FTase, ASONs that block Ras function have also 
been designed. Most research efforts have focused on short ASONs to target H-ras and 
K-ras RNA. ASONs against H-ras have selective activity against the mutant H-ras genes in 
vitro (130,131). One ASON reduced Ras expression in H-Ras transformed NIH 3T3 cells 
by greater than 90% and in vitro treatment for 3 d led to suppression of tumor growth for up 
to 14 d after inoculation of the antisense-treated cells. Direct in vivo antitumor activity has 
also been reported for some of the mutant ras selective constructs as well. The expression of 
mutant H-Ras can be inhibited by ASONs that interact with H-ras mRNA codon 12, where 
mutations most frequently occur (132). These ASONs were shown to inhibit the growth of 
tumors with mutant Ras implanted in nude mice. Another antisense construct, ISIS 2503 (Isis 
Pharmaceuticals), which is being evaluated alone and in combination with chemotherapy, 
does not selectively target the point mutations at codon 12,13, or 61 (133,134). Instead, it 
targets the initiation region of the H-ras message. In targeting H-ras broadly, the molecule 
seems to deliver antitumor activity in human tumor xenografts irrespective of ras gene status. 
Antitumor activity has been reported against pancreatic MiaPACA2 tumors, which bear 
K-rasB mutations and HT-29 colon tumors without ras muations. This broad activity, similar 
to that seen with pharmacological modulators of FTase, suggests an important role for the 
H-ras isoform in malignant signal transduction. In contrast to H-ras antisense strategies, 
most of the successful strategies targeting K-ras have not involved short ASONs, but 
large constructs that could be delivered as plasmids or in viral vectors (135,136). In early 
studies, a 2-kb antisense sequence of the K-ras gene was electroporated into H460A lung 
cancer cells, a cell line that bears a mutant (codon 61) K-ras gene (136). Cell proliferation, 
anchorage-independent growth, and growth of the in vitro transfected cells, as well as murine 
xenografts, were all suppressed by transfection of the K-ras plasmid. In addition to the 
biological responses, expression of the antisense RNA and reduction of K-ras mRNA were 
observed. The 2-kb K-ras antisense was also incorporated into an adenoviral vector, which 
was effective in generating the K-ras antisense RNA to levels which reduced K-Ras protein 
and inhibited proliferation and anchorage-independent growth of the H460a lung cancer cell 
line (137). Although the adenovirus K-ras construct was targeted for a codon 61 mutation, 
the adenovirus was also highly active in a cell line bearing a K-ras codon 12 mutation. 
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Transfection of H460A cells in cell culture with the K-ras adenovirus prior to inoculation 
in mice inhibited the growth of tumor cells implanted in an orthotopic intratracheal tumor 
model (138).

The AOSNs can also be used against other signaling proteins activated by Ras proteins, 
such as Raf (139–141). Although an advantage of this approach is specifi city of the ASON 
to the target gene, blocking only one of the downstream proteins will likely be insuffi cient 
to reverse the full effect of activated Ras expression.

2.3.5. ANTITUMOR EFFECTS OF FTASE INHIBITORS

FTase inhibitors block farnesylation of Ras in a dose-dependent manner in cancer cells 
in vitro, although most studies have been performed in tumor cells in which the substrate is 
a mutated form of H-Ras. FTase inhibitors also block farnesylation of many other protein 
substrates of FTase, but generally higher concentrations of FTase inhibitors are required. One 
caveat is that inhibitors of FTase are generally less effective at modulating the processing 
of K-Ras, whose gene is the most frequently mutated ras in human cancer (134). This 
phenomenon may refl ect the ability of GGTase-I to alternatively prenylate K-Ras in cells 
treated with FTase inhibitors (142,143). FTase inhibitors have been effective against a 
broader range of cancer cells than originally anticipated, including tumors whose growth 
rates were not solely dependent on the status of ras; however, their optimal activity has 
generally been against tumors expressing H-ras > N-ras >> K-ras, which may refl ect 
the ability of K-Ras to alternatively be prenylated by GGTase-I when farnesylation is 
blocked (144). Alternatively, the incomplete correlation between Ras mutational status and 
sensitivity to FTase inhibitors suggests that not all cells with ras gene mutations depend 
on Ras for transformed growth. Indeed, these cells may have other mutations that make 
mutant Ras functionally redundant. Another possible explanation that may have far-reaching 
ramifi cations is that farnesylation of other proteins, in addition to Ras, is important for cancer 
cell growth and that the cytotoxic actions of the FTase inhibitors are unrelated to their effects 
on Ras. Supporting this hypothesis is evidence that many other critical proteins are targets for 
FTase inhibitors and may play a role in conferring tumor sensitivity to FTase inhibitors. One 
putative target is RhoB, which is both farnesylated and geranylgeranylated in vivo; however, 
RhoB appears to be farnesylated primarily by GGTase-I in vitro (144).

Investigations of alternative or complementary mechanisms by which FTase inhibitors 
cause tumor regression are warranted. In ras-transformed cells, the peptidomimetic L-739,749 
(Merck) induces massive DNA degeneration and cell death that is independent of p53
but inhibited by the apoptosis suppressor Bcl-xl (145). Other FTase inhibitors have been 
demonstrated to augment the expression of the apoptosis-promoting proteins Bax and Bcl-xs 
and induce apoptosis in human ovarian cancer cells, suggesting that FTase inhibitors may 
inhibit tumor growth under certain conditions by promoting apoptosis.

Many types of FTase inhibitors have been demonstrated to block the growth of human 
tumor xenografts. Several agents that inhibit growth of tumors with and without activated 
ras oncogenes in vitro have shown impressive activity against a wide array of human tumor 
xenografts, including colon, lung, pancreas, prostate, and bladder cancers (116,146). FTase 
inhibitors have demonstrated effi cacy against human tumors expressing K-ras mutations, 
including LoVo human colon and CAPAN-2 pancreatic tumor xenografts (147,148). The 
nonpeptidomimetic FTase inhibitor R115777 (Janssen) predominantly inhibits malignant 
angiogenesis in LoVo tumors, whereas the principal effect in the CAPAN-2 tumors is growth 
arrest (145,147–149). These results indicate that FTase inhibitors block tumor growth by 
several mechanisms. The bisubstrate FTase inhibitor BMS-214662 (Bristol-Myers Squibb), 
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has also shown activity against human tumor xenografts of colon, bladder, pancreas, and 
lung origin (149).

Tumors arising in transgenic mice more closely resemble human tumors with regard 
to the cellular environment and natural history of tumor development than do xenograft 
models. One such transgenic mouse model that is ideal for the evaluation of FTase inhibitors 
is the mouse mammary tumor virus (MMTV)–H-ras transgenic mouse that develops both 
mammary and salivary adenocarcinomas at about 8 mo (150,151). Many FTase inhibitors 
have demonstrated substantial tumor growth inhibition and reduction of well-established 
tumors in this model (152).

2.3.6. TOXICITY IN PRECLINICAL STUDIES

An unexpected, but desirable, aspect of FTase inhibitors is their apparent lack of growth 
inhibitory activity against nonmalignant cells in vitro and their tolerance in both animal 
and human studies. Histologic examination of the tissues of animals treated with the 
peptidomimetics L-744,832 (Merck) and L-739,749 (Merck) for protracted periods has 
revealed no abnormalities in rapidly dividing tissues (e.g., bone marrow and gastrointestinal 
tissue) or in tissues in which farnesylated proteins appear to play critical physiologic roles 
(e.g., eyes and skeletal muscle) (150,153).

2.3.7. THE CHALLENGE OF EVALUATING FTASE INHIBITORS IN THE CLINIC

2.3.7.1. Single-Agent Phase I Studies. Several FTase inhibitors have entered early 
clinical evaluations. A major challenge in developing these compounds is the selection of an 
optimal dose for disease-directed studies, because antitumor activity may not correlate with 
toxicity, unlike conventional cytotoxic therapy, in which toxicity and antitumor activity are 
related, albeit weakly. Toxicity may not be evident at doses that inhibit Ras farnesylation 
or may not be quantifi able or even related to FTase inhibition. Pharmacologically guided 
studies may be used to assess whether biologically relevant plasma concentrations associated 
with maximal inhibition of Ras farnesylation and antitumor activity in preclinical studies are 
being achieved in patients. The development and validation of assays of protein prenylation 
in accessible tissues that refl ect farnesylation of Ras in tumors will facilitate the ability to 
defi ne the optimal doses of FTase inhibitors in phase I studies. Both immunohistochemical 
and gel mobility shift assays have been used to quantify prenylation of proteins that might be 
associated with a desirable target effects (e.g., lamin A, the hDJ2 chaperone protein) (139).
Inhibition of ERK phosphorylation and/or basal ERK phosphorylation have also been related 
to antitumor activity in leukemia patients in a phase I study of R115777 (154).

Determining the optimal schedule of administration of FTase inhibitors is an important 
challenge. There is experimental evidence indicating that continuous drug exposure, 
perhaps optimally achieved with continuous treatment, is required for maximal effi cacy. 
The use of protracted dosing schedules, however, raises concerns about both acquired drug 
resistance and toxicity. Preliminary clinical safety data for several different FTase inhibitors 
administered on various chronic treatment schedules are available.

R115777 (Janssen), the orally bioavailable methyl-quinolone nonpeptidomimetic inhibitor 
sharing structural similarities to the CAAX motif of Ras, was the fi rst FTase inhibitor to 
enter clinical evaluations. In a phase I study of patients with advanced solid malignancies, 
R115777 was administered twice daily for 5 d every 2 wk at escalating doses as a solution 
(25–850 mg twice orally) or as pellet capsules (500–1300 mg twice orally) (155). In this 
study, biologically relevant steady-state plasma concentrations were achieved within 2–3 d 
of initiating treatment. At doses below 1300 mg twice daily, R115777 was well tolerated, 
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although an unacceptably high rate of dose-limiting toxicity, consisting of neuropathy, 
fatigue with decreased performance status, and gastrointestinal complaints, were observed 
at the 1300-mg twice daily dose level. One patient with metastatic colorectal cancer treated 
at the 500-mg twice daily dose level had a 46% decrease in carcinoembryonic antigen 
(CEA), which was associated with improvement in symptoms and stable disease for 5 mo.
In contrast, neutropenia and thrombocytopenia were the principal dose-limiting side
effects when R115777 was administered twice daily for 3 wk at doses ranging from 60 to
420 mg/m2, with the maximum tolerated dose being 240 mg/m2 twice daily (156). Biologi-
cally relevant steady-state plasma concentrations were achieved within 3 d of beginning 
treatment. Neutropenia and thrombocytopenia were the principal dose-limiting toxicities. 
Stable disease of greater than 6 mo duration was noted in two patients with advanced 
carcinomas of the parotid gland and prostate.

The membrane permeable peptidomimetic L-778,123 (Merck) with a benzylimidazole 
core and low nanomolar activity against FTase has been administered as a continuous 
7-d intravenous infusion in phase I trials, with a view toward proceeding to a protracted 
administration schedule (157,158). Continuous intravenous administration of this agent at 
doses ranging from 35 to 1120 mg/m2/d for 7 d resulted in QTc prolongation and severe 
thrombocytopenia at 1120 mg/m2/d; the recommended phase II dose was 560 mg/m2/d. 
Plasma concentrations, capable of inhibiting Ras processing and growth of tumors with 
ras mutations in experimental studies, were achieved at the recommened phase II dose. 
Inhibition of farnesylation of a marker protein hDJ-2 in peripheral blood mononuclear cells 
was related to dose and plasma concentrations. Maximal inhibition of farnesylation was 
achieved between d 4 and 8, with rapid reversal following treatment.

Similarly, the tolerability and pharmacokinetic profi le of SCH66336 (Schering-Plough), 
an orally bioavailable tricyclic nonpeptidomimetic FTase inhibitor, are being evaluated 
(159–161). In a phase I study, in which SCH66336 was administered daily twice daily for
7 d every 3 wk, dose-limiting diarrhea, nausea, vomiting, and fatigue were noted at the 
400-mg bid dose level. Inhibition of farnesylation of prelamin A was also demonstrated 
in buccal mucosal cells (159). There was one partial response lasting 9 mo in a patient 
with previously treated non-small-cell lung carcinoma. The recommended phase II dose 
on this schedule was 350 mg twice daily. In another phase I trial, in which SCH66336 was 
administered twice daily for 2 wk every month (doses of 25–300 mg twice daily), the dose-
limiting toxicities were also diarrhea, nausea, vomiting, and fatigue (160). The recommended 
phase II dose was 200 mg twice daily. In phase I studies of SCH66336 administered on 
a twice daily continuous dosing schedule, vomiting, diarrhea, myelosuppression, fatigue, 
confusion, and disorientation were the principal toxicities at the 300- and 400-mg twice-
daily dose levels, and the recommended phase II dose was 240 mg twice daily (159–161).
Stable disease lasting longer than 9 mo was noted in patients with pseudomyxoma peritonei 
and thyroid carcinoma.

Phase I studies of the bisubstrate inhibitor BMS-214662 are evaluating single intravenous 
administration every 3 wk and fi ve daily intravenous treatments repeated every 3 wk (140).
To date, toxicities have included fatigue, nausea, vomiting, anorexia, hepatic transaminase 
elevations, and ataxia. The half-life is short (range, 2–4 h) and biologic correlative studies 
have demonstrated dose-related inhibition of FTase catalytic activity in peripheral blood 
mononuclear cells, with regeneration within 24 h.

Phase I studies of ASONs against H-Ras and K-Ras are also in progress. Thus far, 
pharmacodynamic assays reveal biological activity, but the overall development and assess-
ment of these therapies are complex, particularly in patients with advanced disease.
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2.3.7.2. Combination Studies with Other Agents and Therapeutic Modalities. Given 
the importance of multiple pathways in malignant transformation, it is likely that combination 
therapies will be more effective than single-agent regimens. These studies may be quite 
relevant, particularly because the nonpeptidomimetic R115777 has demonstrated prominent 
activity in patients with metastatic breast cancer, and the ErbB2 is expressed in both colorectal 
and breast cancer, establishing a rationale for evaluating combinations of ErbB2- and FTase-
targeting therapetuics (141). The FTase inhibitors may complement the activity of other 
anticancer therapeutics that may or may not affect Ras-mediated pathways. Additionally, 
although FTase inhibitors have the capacity to rapidly reduce the size of tumors in some 
preclinical studies (rather than simply decreasing the rate of tumor growth, which is their 
predominant preclinical effect), residual tumors generally proliferate following discontinu-
ation of treatment. Therefore, FTase inhibitors combined with cytotoxic agents may produce 
greater cytoreduction and reduce the need for protracted therapy. The overlapping antitumor 
spectra and nonoverlapping toxicity profi les of FTase inhibitors and cytotoxic agents also 
provide support for evaluations of combination regimens. The FTase inhibitor L-744,832 
and inhibitors of tubulin depolymerization, such as the taxanes and epothilones, have been 
demonstrated to inhibit the growth of several breast cancer cell lines in vitro in a synergistic 
manner, whereas interactions between the FTase inhibitor and antimicrotubule agents 
that induce tubulin depolymerization are much less pronounced, but still additive (162).
Furthermore, the results of mechanistic studies have indicated that L-744,832 enhances the 
mitotic block induced by agents that prevent tubulin polymerization. The combination of 
paclitaxel or cisplatin with minimally effective concentrations of R115777 was demonstrated 
to produce additive antiproliferative activity against human MCF-7 (breast), CAPAN-2 
(pancreatic), and C32 (melanoma) cells in vitro, as well as established tumor xenografts and 
tumors implanted into Wap-ras transgenic mice (162). In another study, the combination 
of the FTase inhibitor SCH66336 and paclitaxel demonstrated either synergistic or additive 
activity against a broad panel of human tumor cell lines and human tumor xenografts 
(163,164).

Combinations of FTase inhibitors and cytotoxic agents are being evaluated in early clinical 
trials. For example, the peptidomimetic FTase inhibitor L-778,123 has been combined with 
paclitaxel in a phase I trial (153,165). The maximum tolerated doses were 280 mg/m2/d
L-778,124 as a 7-d continuous infusion and 175 mg/m2 paclitaxel on d 1 every 3 wk. The 
combination of R115777 with 5-FU and leucovorin has been evaluated in patients with 
advanced colorectal and pancreatic cancers. Patients received R115777 at doses ranging 
from 200–500 mg twice daily, with a bimonthly fi xed dose of 5-FU/leucovorin (leucovorin 
mg/m2200/2 h, 400 mg/m2 5-FU intravenous bolus, 600 mg/m2 5-FU over 22 h on d 1 
and 2). Severe myelosuppression was observed at the 500-mg twice-daily dose level. The 
combination of R115777 with gemcitabine has also been studied. In one study, patients 
received R115777 at escalating doses from 100 to 300 mg twice daily, with gemcitabine at 
a fi xed dose (1000 mg/m2 on d 1, 8 and 15 every 4 wk). Neutropenia was the dose-limiting 
toxicity, and the recommended phase II doses were 200 mg R115777 twice daily with 
1000 mg/m2 gemcitabine on d 1, 8, and 15 every 4 wk. No drug–drug interactions were 
observed.

Oncogenic Ras is known to be involved in pathways of angiogenesis, and FTase inhibitors 
are capable of inhibiting angiogenesis (166,167). In one study, the peptidomimetic FTase 
inhibitor L-739,749 blocked expression of VEGF in H-ras transformed cells. H-ras and 
other oncogenes have also been demonstrated to confer resistance to the cytotoxic effects 
of radiation, and FTase inhibitors have demonstrated radiation-sensitizing properties in 
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tumors in vitro and in vivo (168). Furthermore, the radiosensitivity of normal cells is not 
enhanced, indicating a selective radiosensitizing effect, which provides a rationale for 
evaluations of FTase inhibitors and radiation, which are currently ongoing in patients with 
advanced neoplasms.

3. THERAPEUTICS TARGETING ABERRANT CELL DEATH
AND DEGRADATION

Because some cancer cells do not differ from normal cells in their rates of proliferation, 
but differ in their rates of turnover, agents targeting cellular features related to the prolifera-
tive index may have limited value. The complexity of cell death has recently become 
better understood, leading to the characterization of multiple pathways of cell death and 
development of therapeutics targeting pathways that govern cell death.

3.1. Targeting Proteosomes
3.1.1. UBIQUITIN PROTEOSOME PATHWAY

The regulation of protein activities by the proactive synthesis and degradation of specifi c 
protein molecules is vital to cellular metabolic integrity and proliferation. The ubiquitin 
proteasome pathway (UPP) consists of two distinct biochemical steps, which lead to cellular 
protein degradation (169–172). In a highly regulated cascade of enzymatic reactions, 
ubiquitin is covalently linked to ε-amine moieties of lysine residues in proteins in a processive 
manner, leading to multiubiquinated chains. Once a protein has been marked with ubiquitin 
conjugates, it is destined to be degraded by the 26S proteosome, a multicatalytic protease. 
The 26S proteosome, a large multimeric protease complex, plays a central role in cellular 
protein regulation through catabolism of a wide variety of proteins, resulting in activation 
of certain pathways and blocking of others (173–177). Although the UPP was previously 
believed to be merely a disposal system for damaged intracellular proteins, it now appears 
to be critical for regulating the amount of activated signal transduction proteins and protein 
activation of transcription (178). In addition, the UPP may play a role in the processing 
and presentation of MHC class-I-restricted antigens. Furthermore, the ubiquitin-proteasome 
pathway processes the p105 nuclear factor-κB precursor into the active p50 subunit of 
the transcriptional activator. Finally, there is also evidence that the UPP may be critical 
in cell-cycle regulation by degrading cyclins that act at several cell-cycle checkpoints 
(146,179–181).

Both naturally occurring and synthetic inhibitors of the UPP have been identifi ed (182–189).
The most promising class of UPP inhibitors for therapeutic development are boronic acid 
dipeptide derivatives, which have a high degree of selectivity for the proteasome and do 
not inhibit many common proteases. One specifi c boronic acid dipeptide derivative, PS-341 
(Millenium), has a Ki of 0.6 nM. Early studies using a hollow-fi ber tumor-screening assay 
revealed that PS-341 and other boronic-acid-based proteasome inhibitors are bioactive and 
exhibit signifi cant activity against many types of malignancy (190). Further investigations 
demonstrated that PS-341 is capable of signifi cantly reducing growth of both murine tumors 
(B16 melanoma, Lewis lung carcinoma) and human (HT-29 colon and PC-3 prostate) cancer 
xenografts (190,191). Negligible adverse effects on body weight were noted at doses capable 
of signifi cantly reducing tumor growth. The rationale for evaluating PS-341 as a candidate for 
cancer therapy also include the fact that it is a poor substrate for multidrug transporter proteins, 
it has not been associated with acquired drug-induced resistance in preclinical studies, and it 
has prominent activity against chemoresistant tumors that overexpress bcl-2 (190,192).
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To assist in evaluating the potential inhibition of target activity in clinical trials, an ex vivo
biassay of 20S proteosome activity has been developed (190,193). This assay may be useful 
in determining the effects of proteasome inhibitors on their principal biochemical target, 
the proteosome, in biopsies of both tumors and normal tissues. It may also be useful for 
pharmacokinetic profi ling. By following the inhibition of proteasome activity in blood, it may 
be possible to determine whether the drug is exerting its biochemical effects at any particular 
time and when drug effects have receded. Using this information, it may be possible to 
design treatment schedules associated with optimal therapeutic indices.

The rationale for combining traditional nonselective chemotherapeutics with proteosome 
inhibitors is supported by the preliminary preclinical results. The topoisomerase-I-targeting 
agent irinotecan is known to increase NFκB activity in tumor cells in vitro, which, in 
turn, may augment transcription of various antiapoptotic factors (194). Such activity may 
hypothetically nullify the antitumor activity of irinotecan elicited through inhibition of its 
target enzyme, topoisomerase I. By blocking NFκB activity, PS-341 and other proteasome 
inhibitors may enhance the antitumor activity of irinotecan. Because PS-341 alone has 
antitumor activity, then its addition to irinotecan-based regimens might result in favorable, 
possibly synergistic, antitumor activity. Such results have been demonstrated in preclinical 
studies, in which both agents signifi cantly reduce the growth of human LoVo colon xenografts 
(195). Furthermore, proteasomes have been shown to degrade toposomerase I–camptothecin
complexes, thereby releasing the enzyme from the critical intermediate complex and 
limiting drug activity (196). PS-341 could, therefore, enhance the antitumor activity of 
irinotecan by reducing the degradation of intermediate complexes and, hence, increasing the 
duration of its activity. Similar positive interactions have been shown with PS-341 and other 
chemotherapeutics, including 5-FU, paclitaxel, cisplatin, and doxorubicin (191).

Several dosing schedules of PS-341 as a single agent are being evaluated in phase I trials 
(197,198). In addition to defi ning the maximum tolerated dose, pharmacokinetics, and the 
toxicity profi le of PS-341, these studies are also examining the magnitude of proteasome 
inhibition in blood, which will be related to antitumor activity and toxicity. Broad phase II 
evaluations of PS-341 and phase I combination studies are also planned.

3.2. Targeting Bcl-2 Apoptotic Pathway
One molecular pathway that is commonly altered in colorectal cancer and other malignancies 

is the bcl-2 apoptotic pathway, with either overexpression of the bcl-2 gene, or inactivating 
mutations of the bax gene (199–202). The bcl-2 protooncogene, which was originally identifi ed 
at the chromosomal breakpoint of the translocation of a portion of chromosome 18–14 in B-cell 
lymphomas, belongs to a growing family of related genes whose proteins regulate programmed 
cell death in both normal and abnormal cells (200). The family of apoptotic regulatory gene 
products may be either death antagonists (bcl-2, bcl-x1, bcl-W, bfl -1, brag-1, Mcl-1) or death 
agonists (bax, bak, bcl-xs, bad, bid, bik, hrk) (201). The ratio of death antagonists to agonists 
is a determinant of cell sensitivity to apoptotic signals. The death/survival balance is mediated, 
at least in part, by the selective and competitive dimerization between pairs of antagonists 
(bcl-2) and agonists (bax). An excess of bcl-2 protein expression relative to that of bax inhibits 
apoptosis resulting from many types of proapoptotic signals, including those generated by 
cytoxics and radiation (201). In addition, bcl-2 expression confers a multidrug-resistant 
phenotype and bcl-2 transfection results in tumor cells that are resistant to radiation and many 
cytotoxic agents including irinotecan (202,203).

Bcl-2 overexpression has been reported in 30–94% of pathologic specimens of human 
colorectal cancer, whereas bcl-2 is only weakly expressed in the basal proliferative layer 
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of normal colonic epithelium (203–206). Furthermore, bcl-2 overexpression in primary 
colon cancer specimens has been reported to be a negative prognostic factor with respect 
to recurrence and survival. Bax expression or function may be reduced in colorectal cancer 
resulting from inactiving mutations within the bax gene (203–211). Colorectal cancers with 
the microsatellite mutator phenotype (MMP) frequently contain somatic frameshift mutations 
within the BAX gene. MMP is characterized by genomic instability that leads to deletions 
and muational insertions at simple repeat sequences (208–211). The majority of tumors of the 
hereditary nonpolyposis colon cancer syndrome and up to 10–15% of sporadic colon cancer 
exhibit the MMP (209–212). These tumors exhibit a high degree of bax mutations (51%) and 
concomitant reduction in bax protein expression or function (209–212).

Strategies directed at downregulation of bcl-2 may modulate resistance to chemotherapy. 
A specifi c strategy uses a bcl-2 ASON to hybridize to bcl-2 mRNA. One such ASON, G3139 
(Genta), an 18-mer ASON, targets the fi rst six codons of the bcl-2 mRNA open reading 
frame sequence 5′-tctcccagcgtgcgccat (213). Following hybridization, the mRNA undergoes 
degradative cleavage mediated through RNase H, which leads to a decrease in bcl-2 protein 
expression and signifi cant enhancement of chemosensitivity in vitro and in vivo (214). This 
effect is sequence-specifi c and does not occur with either 2-base mismatched or reverse-
polarity ASON contols. The results of preclinical and early clinical evaluations also indicate 
that G3139 enhances the chemosensitivity of malignant melanoma to dacarbazine (215).

The feasibility of administering G3139 and irinotecan is currently being evaluated in phase 
I and II studies in patients with advanced colorectal malignancies at the Cancer Therapy 
and Research Center (San Antonio). In the study, G3139 is administered as continuous 
intravenous infusion for 7 d, with irinotecan administered on d 6. Preliminary results indicate 
signifi cant downregulation of bcl-2 in peripheral blood mononuclear cells.

3.3. Targeting Death Receptors
3.3.1. APO2 LIGAND/TRAIL

Apo2 ligand (Apo2L; also called TRAIL), a member of the tumor necrosis factor (TNF) 
gene superfamily, was discovered concurrently by scientists at Genentech and Immunex on 
the basis of sequence homology to Fas/Apo1 ligand (Fas/Apo1L) and TNF (216,217). TNF 
and its relatives interact with corresponding members of the TNF superfamily to regulate 
diverse biological functions, including cell proliferation, differentiation, and apoptosis 
(218–223). Interestingly, many human tissues express Apo2L mRNA, suggesting that normal 
cells may be resistant to Apo2L (222,223).

Apo2L binds to death receptors (DR) 4 and 5, decoy receptors (DcR) 1 and 2, and 
osteoprotegerin (OPG). These receptors belong to the TNF receptor gene superfamily. DR4, 
DR5, DcR1, and DcR2 are closely related, and their encoding genes map together to human 
chromosome 8. DR4 and 5 are type 1 transmembrane proteins that contain a cytoplasmic 
death domain, through which they signal apoptosis. DcR2 is a type 1 transmembrane 
protein that contains a truncated cytoplasmic death domain that is not capable of apoptosis 
signaling. Upon expression, DcR1 and DcR2 inhibit the apoptosis-inducing activity of 
Apo2L, suggesting that they act as decoys that compete with DR4 and DR5 for ligand 
binding. OPG, a secreted soluble protein, is less closely related in sequence to the other 
receptors and appears to be an inhibitory molecule (223).

Several factors may contribute to the relative safety of Apo2L. First, Apo2L is a weak 
activator of the proinfl ammatory transcription factor NF-κB in comparison to TNF (224).
Second, unlike expression of TNF and Fas/Apo1L mRNA, which is restricted mainly to 
activated leukocytes and to immune-privileged sites, many tissues constitutively express 
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Apo2L mRNA (216,217). This suggests the existence of endogenous mechanisms that can 
protect normal cells against the cytotoxic effects of Apo2L. One such mechanism appears 
to be the decoy receptors, which are expressed in certain normal tissues, but infrequently 
in tumor cells. Other mechanisms that control sensitivity to Apo2L involve intracellular 
factors that can modulate the apoptosis-inhibitory protein FLIP whose expression seems to 
correlate with resistance of melanoma cell lines, but not colon cancer cell lines, to Apo2L 
(225). Most of the 60 cell lines in the National Cancer Institute tumor screen were sensitive 
to Apo2L, including leukemia, melanoma, and lung, colon, central nervous system cancer, 
ovarian, renal, prostate, and breast cancers (226). Sensitivity was independent of p53 status. 
Consistent with its p53 independence with regard to apoptosis induction, Apo2L produces 
favorable cytotoxic interactions in vitro when combined with traditional cytotoxic agents 
(226–228). Apo2L has demonstrated signifi cant growth inhibition against several types of 
human tumor xenografts and compares favorably with 5-FU in an HCT16 colon cancer 
model (225). Following treatment of athymic mice bearing HCT116 human colon carcinoma 
with Apo2L, tumor homogenates showed clear evidence of Apo2L-dependent cleavage of 
the caspase-3 substrate poly-ADP ribose polymerase (PARP). There was also a ninefold 
increase in the number of apoptotic cells in histologic sections of tumors taken from mice
3 h posttreatment compared to treatment with the vehicle alone (225). The agent has also 
been demonstrated to induce regression of well-established HCT116 colon xenografts and 
other human colon tumor xenografts (225). Favorable interactions between Apo2L and 5-FU 
and irinotecan have also been observed in preclinical studies.

Based on the unique mechanism of Apo2L and the potential diminished susceptibility of 
normal compared with malignant tissues, scientists at Genentech have developed methods 
to produce a soluble recombinant version of human Apo2L that will likely enter clinical 
evaluations in the near future.

3.3.2. NUCLEAR DEATH RECEPTORS

SR-45023A is a novel diphosphonate compound (Symphar), representing a new class of 
anticancer agents that activate the farnasoid X receptor (FXR). FXR is a nuclear receptor 
involved in the intracellular signaling and transcriptional control of processes that include 
cell proliferation, apoptosis, and reduction of HMG-CoA reductase activity. SR-45023A and 
several analogs activate FXR up to 3- to 40-fold more than the known standard, farnesol. 
Initially developed as a antihypercholesterolemic agent, SR-45023A reduces the activity 
of HMG-CoA to 8% of its original activity at concentrations of 0.6 µM. Broad screening 
conducted by Symphar and the National Cancer Institute demonstrated that SR-45023A has 
broad antiproliferative activity in a number of cell lines, including HT-29 (colon) and HOP 92 
and PC3 (prostate) (229–231). Preliminary investigations have demonstrated that the agent 
is not a substrate for common multidrug transporters and may enhance the cytotoxic effects 
of many types of chemotherapeutics (232). Moveover, SR-45023A possesses antioxidant 
activity, inhibits slow calcium channels, and inhibits DNA synthesis in smooth-muscle cells 
following mitogenic stimuli. These factors suggest a possible role for the agent in combina-
tion with other cytotoxic agents, as well as in chemoprevention. The agent is currently 
undergoing phase I evaluations in patients with multiple types of advanced cancer.

4. TARGETING ABERRANT CELL-CYCLE
AND CHECKPOINT CONTROL MECHANISMS

Cell-cycle traverse is very tightly regulated phases (233–239). Following a commitment 
to cell-cycle progression during the G1 phase, the genome is replicated during S phase. 



780      Rowinsky

This is followed by a second gap phase, G2, after which cells enter mitosis and divide. 
Over the last several years, many central features of the cell-cycle machinery, particularly 
cyclin-dependent kinases (CDKs), which are the enzymes that regulate transition between 
the cell-cycle phases, have been elucidated. CDK activity is controlled at multiple levels, and 
deregulated CDK activity occurs universally in human cancer (233–237).

Another hallmark of the transformed cell is aberrant cell-cycle checkpoint control 
(233–239). Following DNA damage, traverse through the cell cycle in normal cells will 
be delayed at critical checkpoints at the G1–S and G2–M boundaries to undergo DNA 
repair, avoiding replication of damaged DNA, whereas cancer cells frequently lack such 
vital checkpoint control features. If checkpoint control is compromised, the replication of 
damaged DNA can promote genetic instability and the eventual emergence of malignant 
clones. Cytotoxics that damage DNA and microtubules exploit defective checkpoint control 
mechanisms in cancer cells because unchecked cell-cycle progression in the presence of 
massive damage is frequently lethal (233–239).

The elucidation of the events regulating cell-cycle and checkpoint control has provided 
many molecular targets for novel drug design. One strategy is to treat specifi c errors that 
occur in transformed cells to restore cell-cycle control and halt tumor growth (238,239). An 
alternative strategy is to disrupt components of cell-cycle checkpoints that remain intact in 
cancer cells to render cancer cells even more susceptible to the damage caused by cytotoxic 
agents and radiation (238,239). These mechanism-based strategies may result in treatment 
that is more selective for tumor cells and less toxic to proliferating tissues with normal 
control functions.

4.1. Restoring Cell-Cycle Control with CDK Inhibitors
Among the strategic targets are those involved in the regulation of the activity of the 

retinoblastoma-susceptibility gene product, Rb (233–239). In its active, or hypophosphory-
lated, form, Rb prevents the progression from the G1 to the S phase by interacting with 
members of the E2F transcription factor family. To traverse the G1–S boundary, Rb must be 
inactivated. This is accomplished by the activity of several CDKs. As their name implies, 
CDKs are positively regulated by cyclins. D-Type cyclins pair with CDKs 4 and 6, and 
cyclin E complexes with CDK2 to sequentially phosphorylate Rb. This ultimately results in 
E2F activation, allowing the transcription of the genes required to progress through S phase. 
In addition, CDKs are regulated by their interactions with inhibitors, including members of 
the INK4 and Cip/Kip protein families.

Nearly all human cancers have an abnormality in at least one component of the Rb 
control pathway. Although a few cancers such as retinoblastoma and small-cell lung cancer 
lose Rb, most cancers retain wild-type Rb but have defects elsewhere in the pathway. For 
example, overexpression of cyclins D1 and E in mantle cell lymphoma and in breast and 
esophageal cancer promotes cell-cycle progression by maintaining CDK activity. Similarly, 
amplifi cation of CDK4 has been described in sarcomas and glioblastomas. However, the 
most common cell-cycle regulation defect in cancer is loss of CDK inhibitors. In tumor 
cells expressing wild-type Rb, the gene encoding p16INK4A is frequently inactivated by 
deletion, mutation, or promoter hypermethylation. Expression of p21Waf1/Cip1 and p27Kip1

is often compromised as well.
Pharmacologic replacement of lost CDK inhibitory activity is a rational therapeutic 

approach to cancer treatment. However, because normal cells retain CDK inhibitory activity, 
CDK inhibitors may have little effect on normal cells. Furthermore, genetic replacement 
of CDK inhibitors, including p16INK4A and p27Kip1, in tumor cells that lack the function 
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of these genes has resulted in cell-cycle arrest and, in some cases, cell death or apoptosis 
(233–239). This suggests that reconstituting CDK inhibitory activity may have cytotoxic as 
well as cytostatic effects on tumor cells. Also, because CDKs phosphorylate targets needed 
for cell-cycle progression in addition to Rb, inhibition of their activity also may be useful 
in tumor cells that lack Rb.

Many approaches to inhibiting CDK activity are feasible. Although several direct inhibi-
tors are in preclinical development, only fl avopiridol and UCN-01, to date, have been studied 
in clinical trials (reviewed in refs. 238 and 240). Experience with these fi rst-generation 
agents indicates what may be expected in the future. Flavopiridol is the fi rst CDK inhibitor 
to enter clinical trials in the United States. Flavopiridol inhibits the activities of CDKs 1, 2, 
4, and 6 involved in the G1–S and G2–M transitions, and it can also inhibit the activation 
of CDKs and repress transcription of the cyclin D1 gene. In the National Cancer Institute 
antitumor drug screen, fl avopiridol showed potent antiproliferative activity against a broad 
range of tumor cell lines, causing G1 and G2 cell-cycle arrest. Flavopiridol can also induce 
apoptosis in many types of cells, although this frequently requires prolonged exposure to 
high concentrations and may be the result of actions on targets other than the CDKs. Based 
on preclinical experience in which frequent administration was necessary for maximal 
antitumor effects, a 72-h continuous infusion every-2-wk schedule was adopted for phase 
I trials. The principal toxicity was manageable diarrhea. Drug concentrations potentially 
able to inhibit CDK activity were achieved during the infusion. In phase I trials, a complete 
response occurred in a patient with gastric cancer, and partial and minor responses occurred 
in patients with renal cell cancer, non-Hodgkin’s lymphoma, and colon cancer. Phase II trials 
are ongoing. Flavopiridol is synergistic with many standard chemotherapy agents (reviewed 
in refs. 238 and 239). Although the precise mechanisms are not clear, CDK inhibition 
following cell-cycle disruption with DNA or microtubule-damaging drugs may drive cells 
down apoptotic pathways. Combination trials of fl avopiridol with paclitaxel, cisplatin, and 
gemcitabine and irinotecan are currently underway. Other trials are investigating dose and 
schedule modifi cations of fl avopiridol to optimize its activity.

4.2. Abrogation of Checkpoint Control
Another approach to therapy is potentiation of the effects of DNA-damaging agents by 

forcing damaged cancer cells through cell-cycle checkpoints before lethal errors can be 
repaired. Normal cells respond to DNA damage by arresting the cell cycle for DNA repair at 
the G1–S or G2–M boundary. The tumor suppressor p53 is involved in both of these checkpoints 
through activation of the CDK inhibitor p21Waf1/Cip1. Whereas most cancers have lost p53 
function, other components of the checkpoints remain intact. Therefore, even p53-defi cient 
tumor cells exposed to DNA damage will transiently arrest at these boundaries as the cancer 
cell attempts to avoid entering S phase or mitosis with damaged DNA (238,240,241).

Arrest at the G2–M boundary following DNA damage involves a complicated cascade of 
events that results in the inactivation of cyclin B–CDK1(CDC2) (reviewed in refs. 238 and 
239). UCN-01, an analog of staurosporine, prevents the inactivation of cyclin B–CDK1 
in response to DNA damage, promoting the early entry of cells into mitosis. This results 
in the onset of apoptotic cell death. Therefore, when UCN-01 is combined with a DNA-
damaging agent, such as cisplatin, cell death is enhanced. Enhancement of cell death occurs 
only in cells lacking p53 function, because cells expressing wild-type p53 will arrest at 
the G2 boundary following DNA damage. This approach is therefore selectively toxic to 
transformed cells lacking p53 function. Nontransformed cells, in which p53 function is 
preserved, will simply arrest at the G2 boundary in response to this therapy (237,240,241).
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In phase I clinical studies, UCN-01 has shown an unexpectedly long half-life (approx 
30 d), 100 times longer than that observed in preclinical models, because of an avid species-
specifi c binding to α1acid glycoprotein (reviewed in ref. 239). Phase I studies also showed a 
relative lack of myelotoxicity or gastrointestinal toxicity, which were the DLTs in the animal 
models, despite high plasma concentrations of UCN-01. DLTs were nausea, vomiting, 
hyperglycemia as a result of induction of insulin resistance, and pulmonary toxicity. At 
the recommended phase II dose, plasma concentrations of UCN-01 were adequate to 
achieve G2 checkpoint abrogation. Clinical trials of UCN-01 combined with DNA-damaging 
chemotherapeutic agents are under way.

5. SELECTIVE IMMUNOCONJUGATES FOR COLORECTAL CANCER

Conventional chemotherapeutic agents are limited in their therapeutic effectiveness by 
severe toxicity because of their poor selectivity for tumors. The identifi cation of strategic 
tumor antigens and development of MAbs against these targets may enhance the selectivity 
of anticancer agents on the basis of selective delivery. However, several attempts using MAbs 
linked to many anticancer drugs (e.g., doxorubicin, methotrexate, Vinca alkaloids) have been 
unsuccessful because these conjugates are only moderately potent and usually less cytotoxic 
than the corresponding unconjugated drugs (233–244). In fact, antigen-specifi c cytotoxicity 
against tumor cells in vitro has rarely been demonstrated, and therapeutic effects in human 
tumor xenografts have been generally noted only when the treatment is commenced before 
the tumors are well established or when exceedingly large doses are used (244–246).
Intracellular concentrations of drugs necessary to kill the target cells are diffi cult to achieve 
with antibody–drug conjugates for the following reasons: (1) most commonly used anticancer 
drugs are only moderately cytotoxic; (2) the antigen targets are present on cell surfaces often 
in limited numbers; (3) the internalization processes for antigen–antibody complexes are 
generally ineffi cient; and (4) most linkers that have been used for the conjugation of drugs to 
antibodies do not effi ciently release drug inside tumor cell.

5.1. Targeting C242 with hC242–DM1
Conjugates of toxins and potent cytotoxics (Pseudomonas endotoxin [PE]), TGF-α–PE

hybrid toxin, genistein, diphtheria toxin, gelonin) to the EGFR ligands and MAbs to 
EGFR designed for specifi city against EGFR overexpressing tumors, have been discussed 
previously (see Section 2.1.6.). The immunoconjugate SB-408075 (huC242–DM1) consists 
of an extremely potent cytotoxic agent linked to an MAb against an antigen found in most 
gastrointestinal and epithelial malignancies. In essence, SB-408075 is a tumor-activated 
prodrug created by the conjugation of a derivative of maytansine (DM1), an extremely potent 
antimicrotubule agent, to a humanized version of the murine monoclonal antibody C242. 
Maytansine and DM1, which inhibit tubulin polymerization and microtubule assembly, have 
approx 100-fold more cytotoxic potency in vitro than most conventional anticancer agents. 
IC50 values for DM1 in a panel of human tumor cell lines have been reported to range from 
10 to 40 pM, which are 3- to 10-fold less values for maytansine.

The huC242 antibody is a genetically engineered humanized form of the parent complement-
binding MAb C242 (245), which defi nes an epitope that is sialidase sensitive, but
otherwise structurally unknown. The epitope is found on the CanAg antigen, a mucin-type 
glycoprotein expressed to varying degrees by virtually all human colorectal and pancreatic 
cancers and to a lesser degree by non-small-cell lung, renal, and cerival cancers (246–250).
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In animal tissue distribution studies using the C242 antibody and SB-408075, binding is 
predominantly to the surface epithelium of gastrointestinal tissue and the secretory ducts of 
various organs, largely the result of binding to secreted mucin. Early pilot studies evaluated 
the therapeutic effi cacy of a form of SB-408075, composed of a murine C242 MAb antibody 
instead of the humanized huC242 MAb, against human colon tumor xenografts in SCID 
mice (250). At doses which induced negligible toxicity, C242–DM1 cured mice bearing 
well-developed (200–500 mm3) subcutaneous COLO 205 tumor xenografts. Tumors in 
animals treated with mixtures of equivalent doses of “naked” antibody and free maytansinoid 
grew at the same rate as untreated controls. A nonbinding conjugate made with an irrelevant 
antibody had little effect, further supporting the antigen specifi city of the therapeutic effect. 
C242–DM1 has also induced complete remissions in subcutaneous LoVo and HT-29 colon 
tumor xenografts, although the tumors express the target antigen in a heterogenous manner; 
only 20–30% of these cells demonstrate antigen-positivity by immunohistochemical 
staining (250). The SB-408075 immunoconjugate has demonstrated similar activity, as 
well as an excellent therapeutic window, as the curative dose was below the toxic dose 
range. SB-408075 was also very effective in models of antigen-homogenous and antigen-
heterogeneous tumors, which simulates human tumors in the clinical setting. In addition, 
irinotecan and 5-FU plus leucovorin used at their maximum tolerated doses were less 
effective than SB-408075, with no complete remissions noted in the two aforementioned 
models. This background has served as the rationale to develop and evaluate SB-408075 
in patients with tumors expressing the C242 epitope and the agent is currently in phase I
clinical evaluations at the Cancer Therapy and Research Center in San Antonio and the 
University of Chicago; several patients with colorectal cancer who had been previously 
treated with 5-FU and irinotecan had decrements in carinembryonic antigen levels following 
treatment (251).

5.2. Immunocytokines
Several immunocytokines are also being developed to target colorectal and other relevant 

cancers (252). These compounds consist of antibodies to antigens, usually cell membrane 
receptors, membrane glycoproteins (EpCAM/17-A), or components of the extracellular 
matrix (e.g., ganglioside GD2), fused to cytokines like TNF-α and IL-2. In vitro and in vivo 
studies have demonstrated that huKS-IL-2, IL-2 fused to an antibody against EpCAM/17-A 
(Merck KgaA), a membrane glycoprotein overexpressed in many colorectal and many other 
cancers, is active against colorectal tumors. This agent is currently in phase I clinical trials.
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1. INTRODUCTION

Immune approaches to the therapy of colorectal cancer have substantially evolved over 
the past years, from treating patients with nonspecifi c immune stimulants to a focus on the 
use of tumor-associated antigens (TAA) either by passive immune therapy with antibodies 
targeted directly against tumor cells or by active immune therapy in which the patient’s own 
immune system is stimulated to attack the cancer, either via vaccination with tumor cells or 
tumor cell lysates, vaccination with peptides, carbohydrates, or gene constructs encoding 
proteins, or via the use of anti-idiotype antibodies that mimic tumor-associated antigens. A 
study from Germany in Dukes’ C patients who were randomized to a monoclonal antibody, 
designated 171A, demonstrated improved survival by 30% over patients on the observation 
control arm (1). One hypothesis to explain this result is that 171A may activate the idiotype 
network and thus, through activation of the immune response against the 171A antigen, 
generate a clinical response. A recent report refutes this hypothesis, however, and suggests 
that another immunologic mechanism, perhaps the stimulation of antibody-dependent 
cellular toxicity, may be involved (2). The opportunity to improve results in Dukes’ B2, C, 
and D patients with this passive immunotherapeutic approach in addition to chemotherapy 
is under investigation, and clinical results of these trials are eagerly awaited. This chapter, 
however, will focus primarily on vaccine approaches in colorectal cancer.

2. VACCINES

2.1. Specifi c Active Immunotherapy
Specifi c active immunotherapy differs from nonspecifi c immune-based therapies such as 

bacillus Calmette–Guérin (BCG), in that the goal is specifi c targeted activation to eliminate 
only the tumor cells and not affect surrounding normal tissue. Specifi c immunotherapy 
through vaccines activates a unique lymphocyte response (B- and/or T-cell), which has 
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both an immediate antitumor effect as well as a memory response against future tumor 
challenge.

The fi rst and most obvious type of vaccines are autologous or allogeneic whole tumor 
cell preparations. Alternatively, membrane preparations alone from tumor cells have been 
used. With advances in molecular biology, gene-modifi ed tumor cells that express antigens 
designed to increase immunogenicity or cells that have been gene modifi ed to secrete 
cytokines have been actively investigated. In addition, increase in our knowledge of TAA 
biology has led to the use of purifi ed TAAs, DNA-encoding protein antigens, and/or protein-
derived peptides. All of these approaches are being tested in the clinic.

2.2. Structure of the Immune System
Mechanistically, the ultimate aim of a vaccine is to activate a component of the immune 

system, such as antibodies or lymphocytes, against TAAs presented by the tumor. Antibodies 
must recognize antigens in the native protein state at the cell surface. Once bound, these 
molecules can mediate antibody-dependent cellular cytotoxicity (ADCC) or complement-
mediated cytotoxicity (CMC). T-Lymphocytes, on the other hand, recognize fragments of 
proteins, or peptides, presented in the context of major histocompatibility complex (MHC) 
antigens on the surface of the cells being recognized (3,4). The proteins from which the 
peptides are derived may be cell surface or cytoplasmic proteins (5,6). MHC antigens are 
highly polymorphic, and different alleles have distinct peptide binding capabilities. The 
sequencing of peptides derived from MHC molecules has led to the discovery of allele-
specifi c motifs that correspond to anchor residues that fi t into specifi c pockets on MHC 
class I or II molecules (7,8).

There are two types of T-lymphocytes, helper and cytotoxic, which recognize antigens 
through a specifi c T-cell receptor (TCR). The TCR is composed of both α- and β-subunits 
arranged in close conjunction to the CD3 molecule, which is responsible for signaling (Fig. 1).
CD4 helper T-cells secrete lymphokines and cytokines that enhance immunoglobulin 
production as well as activate CD8 cytotoxic T-lymphocytes (CTL). CD4 helper T-cells are 
activated by binding via their TCR to class II molecules, which contain 14–25 amino acid 
(mer) peptides in their antigen-binding cleft (9–11). Extracellular proteins are endocytosed 
and degraded (exogenous processing) into 14–25-mer peptides in endocytic compartments 
(acidifi ed endosomes) and bind to newly synthesized MHC class II molecules. The MHC 
peptide complex is transported to the cell membrane where it can be recognized by specifi c 
CD4 helper T-cells. In most cases, the MHC class II antigen containing peptide is presented 
to the CD4 helper T-cells by a specialized cell called an antigen-presenting cell (APC). 
A variety of cells are capable of processing and presenting exogenous antigen, including 
B-cells, monocytes, macrophages, and the bone-marrow-derived dendritic cell (DC). DCs are 
the most effi cient APC and express high levels of MHC class I and II molecules, costimula-
tory molecules such as CD80 and CD86, and specifi c markers such as CD83. Following 
antigen uptake, DCs migrate peripherally to lymph nodes, where antigen presentation to 
CD4 helper T-cells takes place (12,13).

There are two types of CD4 helper T-cells capable of generating either an antibody or a 
cell-mediated immune response. Th1 CD4 helper T-cells stimulate cell-mediated immunity 
(CMI) by activating CTLs through the release of lymphocytokines such as interleukin-2 
(IL-2). Th2 CD4 helper T-cells mediate an antibody response through the release of 
lymphocytokines such as IL-4 and IL-10. In some instances, the generation of one type of 
response may serve to inhibit the generation of the other (14) (i.e., IL-10 secretion by Th2 
helper T-cells inhibits the generation of CTLs).
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CD8-positive CTLs are activated in most cases by peptides derived from intracellular 
proteins that are cleaved to 9–10-mer peptides in the cytosol of tumor cells or APCs by 
protesomes. The peptides are then transported via specialized transporter molecules called 
TAP proteins to the endoplasmic reticulum, where they become associated with newly 
synthesized MHC class I molecules (15). The complex is then transported via the Golgi 
apparatus to the cell surface membrane, where the complex is recognized by CD8 cytotoxic 
T-cells via a specifi c TCR. Any endogenously processed protein can be presented to the 
immune system in this way. Several reports suggest that a subset of APCs can present 
exogenously processed proteins on MHC class I molecules to CTLs (16–20).

2.3. Vaccine Strategies
2.3.1. WHOLE TUMOR CELL VACCINES

The most straightforward means of immunization is the use of whole tumor cell prepara-
tions (either autologous or allogeneic tumor cells). The advantage to this approach is that 
all potential TAA are presented to the immune system for processing and presentation to 
the appropriate T-cell precursors. The diffi culty with this approach lies in the availability of 
fresh autologous tumor material and in the sparcity of well-characterized long-term tumor 
cell lines that are HLA typed and express high levels of MHC antigens. Regardless, whole 
tumor cell vaccines have been an area of intense interest.

In a prospective randomized trial, 98 patients with Dukes’ stage B2 through stage C3 
colon or rectal cancer were treated by resection alone or resection plus active specifi c 
immunotherapy with a whole tumor cell preparation (21). This study design was based on 
a highly successful guinea pig model (22–26). Vaccine administration consisting of 107

Fig. 1. T-Cell activation. T-Cells recognize antigens as fragments of proteins (peptides) presented with 
major histocompatibility complex (MHC) molecules on the surface of cells. The antigen-presenting cell 
processes exogenous protein from the vaccine or from the lysed tumor cell into a peptide and presents 
the 14/25-mer peptide to CD4 helper T-cells on a class II molecule. There are also data that suggests 
that exogenous proteins can be processed into 9/10-mer peptides that may be presented on MHC class I
molecules to CD8 cytotoxic T-cells. Activated Th1 CD4 helper T-cells secrete Th1 cytokines such as IL-2 
that upregulate CD8 cytotoxic T-cells. Activated Th2 CD4 helper T-cells secrete Th2 cytokines such as 
IL-4, IL-5, and IL-10 that activate B-cells.
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viable irradiated autologous tumor cells and 107 viable BCG organisms began 4–5 wk after 
tumor resection, beginning with one intradermal vaccination per week for 2 wk. In the 
third week, patients received 1 vaccination of 107 irradiated tumor cells alone. Overall and 
disease-free survival did not show a statistically signifi cant difference for the 80 eligible 
patients. However, the rectal cancer patients received postimmunotherapy radiation, which 
may have blunted the immune response. When these patients were separated from the colon 
cancer patients, with a median follow-up of 93 mo, a signifi cant improvement in overall 
and disease-free survival was seen in the colon cancer patients who received active specifi c 
immunotherapy. Correlations with immune responses were not reported.

In a recent phase III trial (27), 412 patients with colon cancer (297 with stage II disease, 
115 with stage III disease) were randomized to observation versus intradermal injections of 
irradiated autologous tumor cells mixed with BCG after surgical resection. After a 7.6-yr 
median follow-up, there were no statistically signifi cant differences in clinical outcomes 
between the treatment arms. However, there were disease-free survival (p = 0.78) and 
overall survival (p = 0.12) trends in favor of the vaccine arm for patients who received 
the intended treatment.

In another study, freshly thawed autologous colon cancer cells were inactivated with 
radiation and infected with Newcastle disease virus or mixed with BCG (28). All patients 
had resected Dukes’ B or C colorectal cancer. The 2-yr survival rate for patients treated with 
cells containing Newcastle disease virus was 98%, versus 67% for those treated with cells 
mixed with BCG. Delayed-type hypersensitivity skin reactions to Newcastle-virus-infected 
cells were reported in 68% of patients studied.

2.3.2. GENETICALLY MODIFIED TUMOR CELLS

Another approach to tumor cell vaccines is the introduction into tumor cells of foreign 
genes encoding cytokines such as IL-2, granulocyte-macrophage colony-stimulating factor 
(GM-CSF), tumor necrosis factor (TNF), or interferon-γ (29,30). Alternatively, molecules 
designed to increase tumor cell immunogenicity, such as CD80 and CD86, have proven to be 
very effective in murine models and are showing promise in vitro in allowing the generation 
of tumor-specifi c CTL (31–35). Gene transfer can be accomplished by transfection of 
plasmid constructs (electroporation, lipofectamine) or transduction utilizing a viral vehicle 
such as retroviruses or adenoviruses.

Retroviruses have been most widely used for gene transfer into fresh human tumor cells. 
Retroviral vectors have a high effi ciency of gene transfer as well as stable insertion and 
expression of the protein in the target cell (29,36). However, because retroviral vectors 
require actively proliferating cells for stable gene transfer, their usefulness in human clinical 
trials has been hampered. In most cases, this approach is most successful using tumor cell 
lines because they more readily take up foreign DNA and express the protein product than 
do fresh tumor cells.

Alternative gene delivery has been tested using other viral delivery systems such as 
adenovirus and poxviruses, where cell division is not a prerequisite for gene transfer, 
however, specifi city of binding of the virus to the target cell becomes an issue. In addition, 
other possible adverse effects of these viruses include potential adverse effects on antigen 
presentation through the downregulation of class I molecules and induction of antiviral 
responses that may limit subsequent immunization. There are also the safety concerns 
inherent in the use of attenuated viruses in human patients.

Another option that has been tested for gene transfer is physical gene delivery in which 
plasmid or “naked” DNA is delivered directly into tumor cells. Liposomes can serve as 
gene carriers. Use of a “gene gun,” electroporation, and calcium-phosphate-mediated gene 
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transfer are all alternative methodologies that have been evaluated for the physical delivery 
of genes into tumor cells. The primary problem with a nonviral gene delivery system is that 
gene expression in the transfected cells tends to be transient.

A murine colon carcinoma cell line that was transduced with the IL-2 gene generated 
active specifi c tumor immunity (bypassing T-helper function); implanted tumors were 
promptly rejected (37). In another animal model, recombinant vaccinia virus encoding the 
gene for GM-CSF (rV-GM-CSF) was used to transfect the MC38 murine colon carcinoma 
cell line (38). The rV-GM-CSF infected MC38 cell line suppressed the growth of MC38 
primary tumors, with long-lasting immunity that was dependent on the presence of both 
CD4 and CD8 T-cells. MC38 cells infected with recombinant vaccinia virus expressing IL-2 
or IL-6 did not mediate protection.

Overall, the tumor cell approach is most interesting in that the vaccine can have a profound 
effect on the infl ammatory infi ltrate. The granulocytes and macrophages that are contained 
therein serve to begin the rejection and destruction of tumor cells. Macrophages and DC 
precursors contained in the infi ltrate phagocytyze tumor debris and begin the presentation 
to TAA-specifi c lymphocyte precursors (Fig. 1). All of these activities may be enhanced in 
the presence of the cytokine delivered by the tumor cells. Alternatively, tumor cells gene 
modifi ed with lymphocyte costimulatory molecules (CD80/86) present TAAs directly to 
lymphocyte precursors. Ultimately, one looks for a localized antitumor response, that, if 
properly propagated, develops into a potent systemic antitumor immunity.

2.3.3. PEPTIDES, MUCINS, AND CARBOHYDRATES

An alternative to the above-described vaccine strategies is the use of purifi ed protein or 
peptide molecules as immunogens. The molecules themselves code for the relevant TAA. 
In most instances, these molecules can be manufactured in large quantities, and if delivered 
properly, they can result in a potent antitumor immune response. Whole proteins, as opposed 
to peptides, can be processed and presented by a wider array of class I and II molecules. 
Peptide vaccines have a potential advantage in that they can be more easily synthetically 
generated in a reproducible fashion. The major disadvantage of peptides, however, is that 
they are restricted to a single HLA molecule and are not, of themselves, very immunogenic 
(39). To increase their immunogenicity, peptides may be injected with adjuvants, cytokines, 
or liposomes or may be presented on dendritic cells (40–48). An extensive literature is 
beginning to amass on class I and II restricted protein antigens in melanoma (2,49–57).
Unfortunately, a less extensive literature exists for epithelial tumors, including colon cancer 
(58–65).

Mucins, such as MUC1, are heavily glycosylated high-molecular-weight proteins 
abundantly expressed on human cancers of epithelial origin (66–70). The MUC1 gene is 
overexpressed and aberrantly glycosylated on a variety of cancers, including colorectal 
cancer. Much of the glycosylation is found within regions of tandemly repeated sequences 
of 20 amino acids per repeat (70–72). Tumors derived from cells of epithelial origin often 
lose the carbohydrate side chains, exposing the tandemly repeated protein core of the mucin, 
resulting in antigenically active epitopes being exposed to the cell surface membrane (70).

Numerous mucin-specifi c antibodies have been generated following immunization of 
animals with epithelial cells (70,73,74). MHC-restricted and unrestricted recognition of 
mucin by T-cells has also been reported (75,76). In one study, patients were vaccinated with 
a 105 amino acid polypeptide that included 5 repetitions of the entire conserved tandem 
repeat of the MUC1 peptide (77). Sixty-three patients were vaccinated with 100 µg of the 
mucin peptide mixed with BCG. Two additional vaccinations were given at 3-wk intervals. 
Toxicity included local ulceration at the site of the vaccination. Delayed-type hypersensitivity 
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reactions were evaluated at 48 h and intense T-cell infi ltration was reported in the majority of 
patients. A limited number of patients had a twofold to fourfold increase in mucin-specifi c 
CTL precursors in the peripheral blood after vaccination. A 9-mer peptide spanning the 
MUC1 tandem repeat with an HLA-A11 MHC class I restriction association has been 
identifi ed. CTLs specifi c for this peptide have been identifi ed from peripheral blood of 
HLA-A11 donors (78).

The “Holy Grail” for successful tumor immunotherapy has been the induction of CTL 
rather than the generation or use of antibodies. In a recent study, however, it was determined 
that humans immunized with MUC1 produce good antibody responses, but poor CTL 
responses. This appears to be the result of the fact that humans do not express galα (1,3)gal 
on their tissues and, therefore, produce natural antibodies against exogenous galα (1,3)gal 
present in bacteria and food. These antibodies cross-react with MUC1 (79), causing the CTL 
response to switch to an antibody response. Mice do not produce these natural antibodies 
because they express galα (1,3)gal and, thus, generate CTL in response to MUC1.

Authors working on this approach have expressed disappointment in not being able to 
generate anti-MUC1 CTL in patients. In an accompanying editorial, Houghton and Lloyd 
(80) take issue with the general tone of negativism by these authors. They point out that 
the current era of “CTL chauvinism” is largely based on experiments in transplantable 
tumor models in mice, usually tumors produced by mutagens, which are rejected following 
CTL responses. They argue that although these models are extremely valuable for our 
understanding of tumor immunology in general, the direct relevance to slowly progressing 
cancers in humans is not clear. They point out that vaccines against infectious agents act 
through antibodies, not CTL. These antibodies likely prevent blood-borne dissemination 
to compensate for limited effi cacy against infection at tissue sites. They propose that 
antibodies may play an important role in preventing metastasis, which could be critical in 
the postsurgical adjuvant setting.

Immunization against tumor-associated carbohydrate antigen has also been attempted. 
Vaccine studies have been reported using the GM-2 disialoganglioside primarily associated 
with melanoma, sarcoma, and neural-derived tumors (81–83). Carbohydrate antigens 
typically bypass T-cell help for B-cell activation. Investigators have demonstrated that some 
carbohydrates may activate an alternative T-cell pathway (84–87). Thomsen-Friedenreich 
(TF) and Sialyl-Tn (sTn) antigens are blood-group-related disaccharides that are O-linked 
to serine and threonine residues of mucins on epithelial cancers including colorectal cancer 
(88–94). In normal tissues, TF and sTn antigens are restricted to the luminal surface of 
secretory cells, which is largely inaccessible to the immune system. Similar to the case 
with MUC-1, altered glycosylation leads to exposure of these core structures in malignant 
tissues. However, TF and sTn are poor immunogens because they are carbohydrates and 
autoantigens. It has also been hypothesized that altered mucins shed by cancer cells induce 
a T-suppressor lymphocyte response (94). Postsurgical patients who were disease-free but 
at high risk for recurrence were immunized with synthetic TF and sTn covalently linked to 
keyhole limpet hemocyanin (KLH), without adjuvant or mixed with the adjuvants Detox 
or QS-21 (95). The QS-21 mixture was most potent in inducing IgM and IgG titers against 
the respective synthetic disaccharide epitopes. However, the antibodies only weakly reacted 
against the natural antigens.

2.3.4. RECOMBINANT VACCINES EXPRESSING CEA
The carcinoembryonic antigen (CEA) gene has been sequenced. It is part of the human 

immunoglobulin supergene family located on chromosome 19 (96,97). CEA is highly 
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expressed on colorectal cancer and a variety of other epithelial tumors and is thought to be 
involved in cell–cell interactions. CEA is considered an adhesion molecule and may play an 
important role in the metastatic process by mediating attachment of tumor cells to normal 
cells (98,99). For all of the above reasons, we and others have found CEA to be a very 
attractive target antigen for immunotherapy. The immunogenic nature of CEA in humans 
is unclear, and there has been no evidence of cell-mediated responses to CEA in humans. 
Copresentation of CEA with a strong immunogen such as the vaccinia virus would be one 
logical approach to inducing an anti-CEA response. Vaccinia viruses are highly immunogenic 
and stimulate both humoral and cell-mediated responses. A recombinant vaccinia virus 
expressing human CEA (rV-CEA) was shown to stimulate T-cell responses in animal species, 
including nonhuman primates (100–102). A variety of CEA peptides selected to conform 
to human HLA-A2 motifs have been established. One 9-mer peptide designated CAP-1 
stimulated T-cell lines from the peripheral blood of patients vaccinated with rV-CEA 
(103). T-Cell lines were demonstrated to lyse HLA-A2-positive colon carcinoma cell lines. 
This study was important for a number of reasons. First, it was the fi rst to demonstrate 
human CTL responses to specifi c CEA epitopes. Second, it demonstrated class I HLA-A2-
restricted T-cell-mediated lysis. Third, it demonstrated the ability of human tumor cells 
to endogenously process CEA to present a specifi c CEA peptide in the context of a major 
histocompatibility complex for T-cell-mediated lysis.

In order to enhance the induced immune response, low-dose IL-2 was administered in a 
murine tumor model with rV-CEA (104). The addition of low-dose IL-2 enhanced immunity 
and resulted in complete tumor regression in the majority of animals. A DNA plasmid 
has also been constructed that encodes the full-length complementary DNA for CEA and 
can function as a polynucleotide vaccine (105). Following lingual injections in mice, this 
polynucleotide vaccine generated humoral and/or cellular immune responses specifi c for 
CEA. Clinical trials of this approach are in progress.

2.3.5. ANTI-IDIOTYPE ANTIBODIES

The idiotype network hypothesis of Lindenmann and Jerne offers an elegant approach 
to transforming epitope structures into idiotypic determinants expressed on the surface of 
antibodies (106,107). According to the network concept, immunization with a given tumor-
associated antigen will generate production of antibodies against this tumor-associated 
antigen, which are termed Ab1; Ab1 is then used to generate a series of anti-idiotype 
antibodies against the Ab1, termed Ab2. Some of these Ab2 molecules can effectively mimic 
the three-dimensional structure of the original tumor-associated antigen identifi ed by the 
Ab1. These antibodies, called Ab2β, fi t into the paratopes of Ab1 and express the internal 
image of the tumor-associated antigen. The Ab2β can induce specifi c immune responses 
similar to those induced by the original tumor-associated antigen and, therefore, can be 
used as a surrogate for tumor-associated antigens. Immunization with Ab2β can lead to 
the generation of anti-anti-idiotypic antibodies (Ab3) that recognize the corresponding 
original tumor-associated antigen identifi ed by Ab1. Because of this Ab1-like reactivity, 
the Ab3 is also called Ab1′ to indicate that it might differ in its other idiotopes from Ab1. 
The anti-idiotype antibody represents an exogenous protein that should be endocytosed by 
antigen-presenting cells, degraded to 14–25-mer peptides, and presented by class II antigens 
to activate CD4 helper T-cells (Fig. 2). Activated Th2 CD4 helper T-cells secrete cytokines 
such as IL-4 that stimulate B-cells that have been directly activated by the Ab3 to produce 
antibody that binds to the original antigen identifi ed by the Ab1. In addition, activation of 
Th1 CD4 helper T-cells secrete cytokines that activate T-cells, macrophages, and NK cells, 
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which directly lyse tumor cells and, in addition, contribute to ADCC. Th1 cytokines such as 
IL-2 also contribute to the activation of a CD8 cytotoxic T-cell response. This represents a 
second putative pathway of endocytosed anti-idiotype antibody. The anti-idiotype antibody 
may be degraded to 9/10-mer peptides to present in the context of class I antigens to 
activate CD8 cytotoxic T-cells (13–17), which are also stimulated by the IL-2 from Th1 
CD4 helper T-cells.

Several anti-idiotype antibodies that mimic tumor-associated antigens on colorectal 
cancer cells have been reported. One such antibody was generated against the murine 17-1A 
antibody, previously described. Following surgery for colorectal cancer, six patients were 
immunized with this human anti-idiotype antibody, which mimicks the GA733-2 antigen 
(108). All of the patients developed a long-lasting T-cell immunity against GA733-2 and 
fi ve mounted a specifi c IgG antibody response against GA733. Another group, using a rat 
anti-idiotype antibody generated to the 17-1A antibody, immunized nine colorectal cancer 
patients with aluminum-hydroxide-precipitated 17-1A; none of the nine patients developed 

Fig. 2. Potential immune pathways for anti-idiotype vaccines. Anti-idiotype antibodies are endocytosed 
by antigen presenting cells. They may be degraded to 14/25-mer peptides and presented on MHC class II 
molecules to CD4 helper T-cells. Activated Th2 CD4 helper T-cells secrete Th2 cytokines that stimulate 
B-cells that have been directly activated by the anti-idiotype antibody to produce the anti-anti-idiotypic 
antibody or Ab3 (Ab1) that binds directly to tumor cells. This antibody can mediate complement and 
antibody-dependent cellular cytotoxicity as well as a direct antimetastatic effect by opsonization. In 
addition, Th1 CD4 helper T-cells secrete Th1 cytokines that activate T-cells, NK cells, and macrophages. 
The activated macrophages and LAK cells may also serve as effector cells for antibody-dependent 
cellular cytotoxicity. All of these cells may mediate direct tumor lysis. There are also data to suggest that 
exogenously processed proteins can be degraded to 9/10-mer peptides that can be presented by MHC class I
molecules to activate CD8 cytotoxic T-cells. This is enhanced by Th1 cytokines such as interleukin-2. 
Activated CD8 cytotoxic T-cells make contact with tumor cells leading to direct tumor cell lysis.
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specifi c antibodies, although four patients developed delayed-type hypersensitivity (109).
Another group of investigators has developed both murine and human monoclonal anti-
idiotype antibodies that mimic the gp72 antigen (110–113). They demonstrated delayed-type 
hypersensitivity reactions when murine anti-idiotype antibody was injected without adjuvant 
(113). When the anti-idiotype was linked to KLH in the presence of Freund’s adjuvant, 
anti-gp72 antibodies were detected. Using the human equivalent anti-idiotype antibody 
precipitated in aluminum hydroxide, 9 of 13 patients with advanced colorectal cancer 
produced blastogenic responses to gp72-expressing tumor cells or produced detectable 
levels of IL-2 in their plasma (111). They suggested that survival correlated with immune 
responses. In another study, with the same human anti-idiotype antibody, six patients with 
rectal cancer were immunized preoperatively (112). This study demonstrated signifi cant 
killing of autologous tumor cells using cryopreserved lymphocytes or lymph node cells from 
patients 1–2 wk postimmunization.

We have had a major interest in an anti-idiotype antibody designated 3H1, or CeaVac 
(114). We generated the CeaVac anti-idiotype murine monoclonal antibody to an antibody 
designated 8019 that identifi es a specifi c epitope on CEA that is highly restricted to tumor 
cells and not found on normal tissues. We demonstrated that the CeaVac anti-idiotype 
antibody functioned as an internal image of CEA by generating anti-idiotypic (Ab3) 
responses that recognize CEA in mice, rabbits, and monkeys and had a major antitumor 
effect in a murine tumor model (115). Among 23 patients with advanced colorectal cancer, 
17 generated anti-anti-idiotypic Ab3 responses and 13 of these responses were proven to 
be true anti-CEA responses (Ab1′) (116,117). The antibody response was polyclonal and 
sera from 11 patients mediated antibody-dependent cellular cytotoxicity. Ten patients had 
idiotypic T-cell responses and fi ve had specifi c T-cell responses to CEA. None of the patients 
had objective clinical responses, but overall median survival for the 23 evaluable patients 
was 11.3 mo, with 44% 1-yr survival (95% confi dence interval: 23–64). Toxicity was limited 
to local swelling and minimal pain. The overall survival of 11.3 mo was comparable to other 
phase II data with advanced colorectal cancer patients treated with a variety of chemotherapy 
agents, including irinotecan, and had considerably less toxicity.

Thirty-two patients with resected colorectal cancer were randomized to treatment with 
2 mg of aluminum-hydroxide-precipitated CeaVac intracutaneously or 2 mg of CeaVac 
mixed with 100 µg of the QS-21 adjuvant subcutaneously every other week times four, 
then monthly until recurrent disease (Table 1) (118). Four patients were Duke’s B, 11 were 
Duke’s C, 8 were completely resected Duke’s D, and 9 were completely resected Duke’s D 
with minimal residual disease (MRD). Fifteen of the patients received 5-fl uorouracil (5-FU)-
based chemotherapy regimens simultaneously with CeaVac vaccine. Fifteen patients have 

Table 1
Resected Dukes’ B, C, and D Patients Treated with CeaVac

 Without progression With progression Death

Stage No. No. Months No. Months No. Months

B2 4 3 26–28 1 18 (lung CA) 0
C1 3 2 18, 23 1 35 0
C2 8 6 21–47 2 19, 24 1 48
DR 8 5 17–40 3 9–24 0
DIR 9 1 21 8 6–31 4 14–34
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relapsed or demonstrated disease progression at 6–35 mo (1 Duke’s B developed a secondary 
lung cancer, 3 Duke’s C, and 11 Duke’s D). All 32 patients had high-titer polyclonal anti-
CEA responses that mediated ADCC. The predominant Ab3 immunoglobulin was IgG, and 
the major subclass was IgG1. All 32 patients generated idiotypic-specifi c T-cell responses 
and 75% were CEA-specifi c. A linear peptide derived from the CDR2 light-chain region 
stimulated a CD4 proliferative response (119). These data demonstrate that 5-FU-based 
chemotherapy regimens do not adversely effect the immune response to CeaVac. In addition, 
this immune response can be maintained indefi nitely with monthly boosts with CeaVac. 
Injections were well tolerated with only minor local reactions and minimal systemic side 
effects. Although longer follow-up is required, there appears to be a biological effect on 
tumor progression suggested by one patient with MRD who continues on study without 
progression at 21 mo, and eight MRD patients who did not show signs of progression until 
6–31 mo. A planned phase III trial conducted by the American College of Surgeons Oncology 
Group will randomize Duke’s C patients to 5-FU and leucovorin vs 5-FU, leucovorin, 
and CeaVac.

Anti-idiotype vaccines are capable of inducing prophylactic and therapeutic immunity in 
animal models (120,121). It has been suggested that they may not be ready for the clinic 
because murine antibodies induce neutralizing antibody responses in humans, idiotype 
vaccines do not induce long-lasting immunity, and the predominant immune response to 
anti-idiotypes is IgM (122). Our data, however, clearly demonstrate that monthly injections 
of murine anti-idiotype antibodies can generate and maintain high titer IgG antibody and 
proliferative T-cell responses (123).
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1. INTRODUCTION

Gene therapy is a relatively young and rapidly developing fi eld in which, classically, 
the aim is to treat a disease, which is caused by an error in a particular gene, by replacing 
the defective gene with the correct DNA sequence. Early gene therapy applications were 
mainly focused on monogenic, inheritable diseases such as adenosine deaminase defi ciency, 
hemophilia, or familial hypercholesterolemia, but now more than half of the gene therapy 
clinical trials focus on cancer. In spite of the fact that (colorectal) cancer encompasses a 
multitude of changes in key regulatory genes, targeting only one of those essential genes 
can already result in an impressive reduction of tumor size and even in complete responses 
in preclinical models, giving hope that this will also occur in clinical practice. In addition 
to attacking tumors at the root of the problem (i.e., defective gene replacement), two other 
strategies can also be used. The fi rst strategy aims at localizing antitumor drugs (e.g., 
5-fl uorouracil [5-FU]) in tumor tissue by transfecting tumor cells with “suicide genes” that 
will convert a nontoxic prodrug into a toxic metabolite that will kill these cells. Commonly, 
systemic chemotherapy is limited by systemic side effects. Gene therapy offers opportunities 
to deliver chemotherapy more specifi cally to tumor cells. In addition, normal cells, such as 
the hematopoietic stem cell lines in the bone marrow, that are susceptible to chemotherapy, 
can be armored with “chemoprotective genes” in order to prevent toxicity from high-dose 
systemic chemotherapy (1).
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The second strategy aims at enhancing the body’s own antitumor defense (i.e., immune 
modulation). Although, tumor cells harbor a wide variety of genetic alterations, which result 
in the production of potentially immunogenic proteins, tumor cells also use a number of 
mechanisms to evade the immune system. Gene therapy can aid by vaccinating against 
certain altered proteins, by making the immune system more potent, or by enhancing the 
immunogenicity of tumor cells.

In this chapter, we will discuss the backgrounds of gene therapy, the different strategies in 
cancer treatment, achievements in colorectal cancer patients, and future prospects.

2. GENE THERAPY

2.1. The History of Gene Therapy
A number of historical landmarks are important on the road that has led to the present 

stage of gene therapy (2). One of the early clues that alterations or transformation of genetic 
information is possible stemmed from a study on DNA-mediated change in phenotype of 
pneumococci by Avery et al. (3). This eventually led to the technique of bacterial transforma-
tion, which is the basis for recombinant technology. However, stable transformation of 
mammalian cells was impossible until the early seventies, when the calcium phosphate-
precipitation technique was developed (4). With this method, it became possible to geneti-
cally transform cultured mammalian cells with DNA fragments (5). The discovery that 
infection of mammalian cells with viruses could lead to stable integration of viral DNA 
or of a DNA copy of a retroviral RNA genome, led to the idea that viruses could serve as 
a vehicle of genetic information (6,7). Another important milestone in the development 
of gene therapy was the establishment of recombinant DNA techniques (i.e., techniques 
to purify and manipulate specifi c parts of DNA). The combination of recombinant DNA 
techniques and viruses as vectors led to the concept of gene therapy as a feasible alternative 
or addition to the classical armamentum for treatment of various genetic diseases, which 
could now be approached curatively for the fi rst time. Although the early gene therapy 
trials showed disappointing results and certain experiments caused severe criticism from 
academic, political, and ethical institutions and from the general public, the proof of principle 
was demonstrated and further research into this up to then science-fi ction-held fi eld of 
technology increased tremendously.

2.2. The Techniques of Gene Therapy
Minute fl aws in the coding DNA sequences (e.g., mutations, translocations, or deletions) 

can have profound impact on the structure and function of the encoded protein. Many fl aws 
in a variety of genes have been identifi ed using sophisticated biochemical techniques and 
these errors are, in principle, correctable by introducing a correct copy of the gene to the 
affected cell. This immediately highlights the two most important challenges in gene therapy: 
(1) targeting the genes to the affected cells and (2) regaining physiological expression of the 
gene of interest. A number of techniques exist to transduce genetic information to a target 
cell (see Table 1). These can be roughly divided into nonviral and viral delivery methods. 
This distinction is of importance, because of the implications for using genetically modifi ed 
viruses that are potentially pathogenic to humans. The recent death of a youngster after 
treatment with virus-based gene therapy for a metabolic disorder further stresses this point 
(8). Although the nonviral delivery methods do not have these stringent concerns for safety, 
and in spite of the fact that these nonviral vectors can be produced safely, at low cost and 
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in high, purifi ed batches, viral vectors are most commonly used in colorectal cancer, and, 
therefore, these will be focused on in this chapter.

2.2.1. NONVIRAL DELIVERY METHODS

Direct injection into the target cells or tissues was the earliest and simplest method for gene 
transfer, but, as can be imagined, not many target cells are suitable for transfection by this 
method (9). An improvement was obtained with the introduction of the calcium phosphate 
technique (4). Unfortunately, permanent incorporation into the host-cell genome is only seen 
in less than 1% of the target cells and the method works best with cultured cells.

Another approach is the use of synthetic compounds that consist of DNA together with 
molecules that ensure the DNA delivery to target cells and protection from degradation once 
taken up inside a cell. For instance, liposomes consist of lipid “balloons,” which contain 
a plasmid with the DNA sequence of interest. They are especially useful when receptor-
mediated endocytosis is possible. Although transfection with liposomes or cationic lipids has 
led to an increase in the transfection of DNA, this is usually only transient and only low levels 
of expression are attained, which are mainly restricted to in vitro experiments. Nevertheless, 
progress is being made and the absence of potentially pathogenic particles, such as viral 
vectors, and the fact that they can be produced safely, inexpensively, and in highly purifi ed 
batches, make these nonviral delivery methods an important asset to gene therapy.

2.2.2. VIRAL VECTORS

The fi rst clinical use of viral vectors was performed in a noncancer setting using a 
Shope papilloma virus. This virus was assumed to encode an argininase that could cure 
hyperarginaemic patients, but, unfortunately, the trial failed (10). Since then, the retroviruses 
have received much attention, because of the discovery that parts of their genome integrate 
into target cells, thus offering potential to add genes of interest to these viruses.

2.2.2.1. Retroviral Vectors. These enveloped single-stranded RNA viruses cause a variety 
of biological effects in their hosts, ranging from benign, asymptomatic infections to lethal 

Table 1
Transduction Methods in Gene Therapy

Nonviral
    Direct injection of DNA
    CaPO4
    Liposomes
    Cationic lipids
    Ligand
    Electroporation
    DNA–polylysine–cell receptor conjugates
Viral
    Retrovirus
    Adenovirus
    AAV
    Herpesvirus
    Poxviruses (ALVAC, NYVAC, vaccinia)
    Lenti virus
    Polyoma virus
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diseases such as the acquired immune defi ciency syndrome and cancer. These viruses consist 
of seven genera that all have a similar structure: a lipid envelope and a nucleocapsid (core), 
consisting of an RNA genome encoding a distinct set of genes gag, pol, and env, of which 
pol encodes the essential enzymes reverse transcriptase and integrase (7). The viral life cycle 
can be divided into two stages. In the fi rst stage, the virus adheres to a specifi c receptor 
on the target cell and enters the cell. Subsequently, the RNA is reversely transcribed into 
double-stranded DNA by the enzyme reverse transcriptase, which is then transported to 
the nucleus and (randomly) integrated into the host cell genome by the enzyme integrase. 
The integrated viral genome is called the provirus, which, upon transcription, results in the 
assembly of new virions, which leave the cell by a budding process.

Interest in these viruses mainly stem from their ability to transduce almost 100% of the 
target cells if they are in the cell cycle. To construct a retroviral vector for gene therapy, 
the gag, pol, and env genes are removed from the viral genome and replaced by a gene of 
interest. By deletion of gag, pol, and env, it is virtually impossible for the virus to replicate 
in normal host cells. To multiply the viral vector, helper or packaging cells are used (i.e., 
host cells in which the viral genes gag, pol, and env are stably integrated. The viral proteins 
produced by these packaging cells will lead to the formation of progeny vector virus that 
contains viral proteins provided by the packaging cell and the genome containing the gene 
of interest. No replication-competent (wild-type) virus can be formed because no genetic 
information for viral reproduction is transferred from the packaging cell line. However, 
one must always remain cautious for spontaneous recombinations through which new 
replication-competent virus can be produced. A number of advantages and disadvantages 
are associated with the retroviruses. For instance, advantages include the high transduction 
effi ciency of almost 100% of target cells, that the viruses can be produced in fairly high titers, 
and the integration of the genome results in stable gene expression. Disadvantages include, 
among others, the random integration of the provirus into the host-cell genome, which 
raises concern with respect to oncogenicity. Indeed, lymphomas have been demonstrated in 
monkeys after infection with replication-competent retroviruses (11). In addition, the use of 
the retrovirus is restricted to dividing cells. There is also a size limitation for the inserted 
gene (7–8 kb), the virus is “labile” (loss of infectivity during purifi cation), it is rapidly 
inactivated in vivo, and it lacks target cell specifi city (12).

2.2.2.2. Adenoviral Vectors. These viruses were fi rst isolated and characterized as the 
etiologic agents of acute respiratory infections in the early 1950s. Since then, more than 
50 serotypes have been discovered, which can be divided into 6 subgroups based on their 
hemagglutination capability. Adenoviruses not only cause “the common cold” but also 
conjunctivitis and gastroenteritis in children.

The virion consists of a double-stranded, linear DNA genome encapsidated in an 
icosahedral protein shell. The genome is made up of fi ve early genes (E1A, E1B, E2, E3,
and E4), two delayed genes (IX, IVa2), and fi ve late genes (L1–L5) with distinct functions. 
For instance, the E1A gene, aided by E1B, is of importance in inducing the cell to enter the 
cell cycle. Other regions have functions to modulate the immune response of the host to the 
adenovirus and to regulate transcription and DNA replication.

The viral cycle can be divided into two parts, which are separated by the onset of viral 
DNA replication. The fi rst phase is primarily concerned with the infection of a host cell 
and expression of early viral genes, which prepare the infected host cell to produce new 
viral particles. In the second phase, viral DNA is replicated and the late genes are expressed 
followed by the production of progeny virions.
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Adenoviruses for gene therapy are made by replacing E1A, E1B, and E3 from the genome 
and replacing it with 7–8 kb of the foreign DNA of interest. High titers are obtained in a 
fashion similar to that used for the production of retroviruses, namely with a packaging or 
helper cell line (e.g., 293, 911, or perC6 cells), which express the E1A and E1B gene but do 
not pass these genes to the produced virions (13–15). The E3 gene is a nonessential gene 
and is not included in the packaging cell line.

The adenoviruses have a number of advantages; among others are the ability to infect 
dividing as well as nondividing cells, the fact that viruses can be grown to high titers, and 
gene expression is maintained for a long time. In addition, the virus is relatively stable 
and can be easily purifi ed and concentrated. However, the DNA does not integrate into 
the genome, but stays in an episomal state. A potential problem is that the viruses have 
transforming potential and that the transformed cells are oncogenic in immune-defi cient 
animals (nude mice, rats). This holds also true for human Ad5, the virus from which Ad 
vectors are usually derived. Other drawbacks include the fact that humans often carry 
anti-adenovirus antibodies (which may crossreact with the injected vector and inactivate it 
soon after injection), the rapid induction of antiadenovirus antibodies, and the capacity to 
replicate under certain conditions in spite of the E1 deletion. Nevertheless, the adenoviruses 
are attractive as vectors for gene therapy studies.

2.2.2.3. Other Viral Vectors. Less well-studied viral vectors include vectors based on the 
adeno-associated virus (AAV), herpesvirus, vaccinia, poxviruses, and several others (e.g., 
lentivirus, polio virus, sindbis virus) (16).

The adeno-associated virus is a small virus that can integrate its genome in both dividing 
and nondividing cells and has the advantage that it is not known to cause a particular disease. 
Of particular interest is the observation that it barely causes an anti-virus immunological 
reaction in the host organism and that its genome seems to have a preference to integrate 
in chromosome 19, a region that has been associated with chromosomal rearrangements in 
chronic B-cell leukemias (17). This is potentially worrysome, but none of the constructed 
vectors have so far been shown to keep this property.

Herpesvirus has a unique specifi city for the central nervous system, but diffi culties in 
producing replication-incompetent viral stocks hinder its use in clinical studies.

Poxviruses, such as the canarypoxvirus, are DNA viruses that replicate in the cytoplasm of 
vertebrate and invertebrate cells. In terms of safety and effi ciency, the canarypox virus is very 
attractive, because after infection of human cells, the virus undergoes abortive replication 
while the inserted genes are readily expressed. Indeed, a number of studies have shown 
positive results in the absence of signifi cant side effects, as will be discussed later.

3. PRECLINICAL MODELS AND CLINICAL TRIALS
FOR GENE THERAPY IN COLORECTAL CANCER

Basic research aimed at understanding the etiology of cancer has revealed a wide range 
of disrupted fundamental regulatory mechanisms of cellular homeostasis in cancer cells, 
varying from defects in oncogenes and tumor suppressor genes to the employment of various 
immune-escape mechanisms. Each of these pathophysiological defects can be potential 
targets for gene therapy. In the following subsection, the schematic interaction between 
tumor cell and the host in the process of tumorigenesis, as illustrated in Fig. 1, will be used 
to give an overview of the most commonly employed gene therapy strategies in colorectal 
neoplasms. Figure 1 schematically represents the attack of tumor cells by utilizing three 
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strategies: (1) gene replacement, (2) enhancement of chemotherapy and radiation therapy, 
and (3) augmentation of immunogenicity of tumor cells. Many other targets can also be 
used in gene therapy, such as the inappropriate activation of certain genes that are thought 
to promote cancer cell metastasis (uPA/uPA-R) (18), tPA (19), PT-1 (20), MIP-1 (21),
BCL-X (22), or the genes involved in the hereditary syndromes such as the Li–Fraumeni
syndrome (germline mutation in one p53 allele) and the hereditary nonpolyposis colon 
cancer syndrome (HNPCC or Lynch syndrome), which consist of errors at the mismatch 
repair genes.

3.1. Gene Replacement Strategies
Advanced techniques in molecular biology and recombinant DNA have provided us with 

tools to study carcinogenesis at the basic level of our genetic information. Currently, many 
critical changes in tumor DNA have been detected and their pathophysiological effects eluci-
dated. For instance, the pioneering adenoma–carcinoma model as proposed by Vogelstein and
co-workers show specifi c changes (e.g., alterations at important genes such as p53, K-ras,
deleted in colorectal carcinoma (DCC) and adenomatous polyposis coli (APC) (23) that
occur at different stages of carcinogenesis, although not always in the same order. Oncogenes
and tumor suppressor genes are the faulty counterparts of genes that normally orchestrate
activation and inhibition of cellular proliferation in response to intracellular and extracellular 
signals. Defects in these normal genes will lead to uncontrolled cellular proliferation and are, by 
themselves, not suffi cient to sustain malignant transformation, but they make them more susceptible 
to additional damage in other crucial genes, which can provide them with new properties of the 
malignant phenotypes, such as migration through the extracellular matrix, invasion of lymph
and vascular structures, and evasion and suppression of the immune system. A number of
important genes and their replacement strategies will be discussed in the following subsections.

Fig. 1. Schematic interaction between tumor cell and the host in the process of tumorigenesis.
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3.1.1. P53
Originally thought to be an oncogene, because overexpression of this nuclear 53-kDa 

phosphoprotein was associated with malignant transformation, this gene has, in fact, turned 
out to be a tumor suppressor gene (24). Also referred to as “the guardian of the genome”
(25), p53 performs its tumor-suppressive function in at least two ways: First, when a cell 
has incurred DNA damage (e.g., as a result of ultraviolet light, carcinogens, hypoxia, etc.), 
the damage is recognized, resulting in activation of p53 (accompanied by an increase in p53 
levels). As a result, the cell cycle is arrested at the G1–S interphase, so that the DNA damage 
can be repaired and the cell can continue the cell cycle subsequently. Second, if the DNA 
damage is too extensive to repair, p53 can activate an alternative route and the cell is driven 
into apoptosis, thereby preventing erroneous DNA from being passed on to the progeny (26).
When p53 is mutated or lost, damaged cells fail to arrest the cell cycle or induce apoptosis, 
which will lead to the accumulation of mutations and uncontrolled growth. It should be noted 
that both p53 genes must be inactivated before a cell can attain a growth advantage. This 
generally occurs by loss of one allele and a mutation in the remaining allele. The mutations 
occur almost exclusively within the conserved exons 5–8, and within those exons, there are 
approximately fi ve mutational hotspots (codons 175, 245, 248, 273, and 282) (27). Because 
of its essential role in controlling the integrity of the genome and taking into account the 
fact that p53 alterations are among the most common detected alterations in various types 
of malignancies (in up to 70% of colorectal cancers), restoring p53 function is an attractive 
target in cancer gene therapy.

A large amount of data has been collected with preclinical studies on p53 gene therapy 
in different malignancies. Several investigators have reported substantial growth-inhibitory 
effects using adenovirus–p53 constructs in head and neck cancer, breast (28), lung cancer 
(29), prostate carcinoma (30), and ovarian cancer (31). Similarly, in colorectal cancer, 
studies on cell lines and animals have demonstrated anti-tumor effects using p53, without 
negatively affecting healthy cells (32,33). p53-based strategies can be roughly divided 
into four categories:

 1. Gene replacement/restoration of p53 wild-type function
 2. Gene replacement as a sensitizer for chemotherapy/radiation therapy
 3. Selective replication in p53-defi cient/mutated tumor cells
 4. Immunotherapy against p53

3.1.1.1. Restoration of p53 Wild-Type Function. This strategy represents true gene 
therapy, which can be achieved in different ways. For instance, in one of the earlier studies, 
a colorectal cancer cell line was transfected with wild-type (wt) p53 using the calcium 
phosphate procedure. Although this approach is not feasible in patients, the approach resulted 
in regression of established tumors in vivo (32). Viruses are more applicable as vectors in 
humans. Almost all studies in colorectal cancer using p53 in a gene replacement strategy 
use adenovirus, because of its potential to infect proliferating and quiescent tumor cells and 
because of the ability to produce highly purifi ed batches of recombinant virus. Experiments 
on colorectal cancer cell lines and in vivo have demonstrated the effi cacy of adeno-p53 
to reduce tumor virulence and increase survival. Interestingly, in those cases in which 
tumor progressed, wild-type p53 was not detected or it was inactivated by rearrangement 
(34,35). Adeno-p53 has also shown similar effects in other malignancies, such as hepatocel-
lular carcinoma, osteosarcoma, ovarian carcinoma, breast carcinoma, nonsmall-cell lung 
carcinoma, and chronic myeloid leukemia (36).



818  Menon et al.

It is tempting to attribute all of these exciting results to the single action of reintroduced 
wild-type p53, but part of these results can be attributed to release of cytokines (tumor 
necrosis factor [TNF], interferon [IFN]) after infection of monocytes with adenovirus (37,38).
In addition, it has been shown that part of p53 effects are mediated by downregulation 
of vascular endothelial growth factor (VEGF) in tumors, thereby inducing hypoxia and 
tumor necrosis (39). In spite of these aspecifi c reactions, we gratefully make use of them, 
because a persistent problem with viral vectors is the ability to transduce all of the tumor 
cells. Using higher viral loads might have a dual action in being able to transduce more 
tumor cells and producing higher amounts of cytokines in the tumor tissue. In contrast 
to chemotherapy—which is the current standard treatment for disseminated colorectal 
cancer and is notorious for its negative affects on quality of life and limited gain in life 
expectancy—this p53-directed gene therapy has the advantage that it leaves nontransformed 
cells with wild-type p53 unharmed and, therefore, has side effects that are limited to the 
symptoms associated with a viral infection (i.e., fever and mild malaise).

These approaches seem simple and straightforward, but others have postulated that the net 
effect of the transfected wt-p53 depends on the extent of DNA alterations that the target cells 
have already undergone. Experiments by Vinyals and colleagues showed that the presence of 
mutated p53 causes the transfected wt-p53 soon to be mutated or deleted and thereby allows 
these cells to escape the effects of exogenous wt-p53 (31). Vice versa, this also implies that 
tumor cells that have wild-type p53 are also not attacked. This “dominant-negative” theory 
is indeed seen in a study by Wills and co-workers in which adenovirus-p53 infection of 
transformed cells with wild-type p53 failed to display any form of tumor regression (36).

This approach has been continued in a phase I clinical study in which virus was 
administered via the hepatic artery, but in spite of transduction of the hepatic metastases, no 
tumor regression was documented after treatment (40). However, in other studies in patients 
with hepatocellular carcinoma (41), head and neck carcinoma (42,43), and nonsmall-cell lung 
cancer (29,44), major tumor regressions have been documented objectively (45). Currently, 
a phase I/II study is ongoing in which the safety and effi cacy of hepatic artery infusion of 
adeno-p53-wt is evaluated in patients with colorectal liver metastases (46).

3.1.1.2. Gene Replacement as a Sensitizer for Chemotherapy and Radiation Therapy.
An important mechanism of chemotherapy- and radiation therapy-induced cell death is 
activation of the p53 apoptosis pathway (47–49). Therefore, another approach in the anti-
cancer battle could include the reintroduction of wild-type p53 into cancer cells, followed 
by cycles of chemotherapy or radiation therapy. In vitro experiments (50) on colorectal 
cancer cell lines using adenovirus-p53 (Adp53) demonstrated that Adp53 and chemotherapy 
or radiation therapy (51) had a synergistic antitumor effect on the tumor cells compared 
to single treatments, with a demonstrable increase in apoptosis. Furthermore, experiments 
in tumor-bearing mice showed that the combination therapy of Adp53 and chemotherapy 
also had a signifi cant synergistic growth-suppressive effect. However, no complete growth 
inhibition was observed, which is probably the result of the limitations of gene delivery to 
all tumor cells by local injection. Similar results with Adp53 have been obtained in an in 
vivo model of lung carcinoma and cisplatin (52).

Translation of these preclinical data of gene replacement to patients has not shown similar 
benefi cial results. In a phase I study, Venook et al. infused adeno-p53 in the hepatic artery 
of colorectal cancer liver metastasis patients, which failed to result in tumor regression 
radiographically, but, interestingly, some patients also received subsequent intra-arterial 
chemotherapy and a majority of patients showed a partial response, possibly refl ecting 
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the previously mentioned hypothesis of synergistic effects between chemotherapy and p53 
gene therapy (40).

3.1.1.3. Selective Replication in p53-Defi cient/Mutated Tumor Cells. A relatively new 
application that makes use of the absence of wild-type p53 is the use of an E1B-defective 
adenovirus. Adenoviruses contain a number of genes that interact with important tumor 
suppressor genes of its target cells. For instance, E1A inactivates the retinoblastoma protein 
(a tumor suppressor protein), which results in S-phase entry, necessary for viral replication. 
The 55-kb E1B gene product binds to p53 and prevents p53-mediated apoptosis, which is 
probably induced by E1A. By making a deletion and a point mutation in the E1B gene, this 
virus is unable to replicate in p53-positive cells, as the cells go into apoptosis, but it has 
acquired the ability to selectively proliferate and display its cytopathic effects in p53-defi cient 
or p53-mutant cells. A study performed by Bischoff and colleagues indeed demonstrated 
how infection with the described E1B mutant adenovirus, dl1520 (ONYX-015), resulted in 
slightly better or sometimes similar lysis of tumor cells as compared to infection with wild-
type adenovirus. However, the mutant adenovirus clearly has an advantage, because normal 
cells with wild-type p53 are unable to support viral replication (53). Using this approach, 
promising results in phase I/II clinical trials have been obtained (54).

3.1.2. RAS

The family of human RAS genes consists of three members, NRAS, HRAS and KRAS, that 
each encode related 21-kDa proteins (55). They are involved in the transduction of extracel-
lular growth signals to the nucleus. A variety of human malignancies have demonstrated 
abnormal activation of one or more of the RAS genes because of specifi c mutations in three 
hot spots (56,57). As a result, the transduction pathway is constitutively activated; thus, cell 
proliferation is continuously stimulated. The frequency and nature of specifi c mutations 
in these hot spots are often characteristic for certain tissue types or mutagens. Mutations 
can be detected in approx 90% of pancreatic cancers, but only 10% of gastric cancers and 
about 50% of colorectal cancers.

Inhibition of the mutated function or replacement of the defective KRAS gene are the 
targets of gene therapy in colorectal cancer (58). Sakakura and colleagues treated colorectal 
cancer cell lines with antisense oligonucleotides complementary to messenger RNA of 
K-ras, Only those cell lines with an activated KRAS gene showed dose-dependant inhibition 
of K-ras protein and inhibition of cell growth (59). Problems encountered in this approach 
include the low levels of uptake of the antisense oligonucleotides and the variability in 
growth-inhibiting effects of different oligonucleotides. No in vivo studies or phase I studies 
have been initiated to further test these promising results.

3.2. Suicide Gene Therapy
Limitations of currently therapies include, among others, the nontargeted action of the 

used agents, thereby also harming innocent normal cells. To circumvent these problems, it 
would be ideal to have a drug that would be restricted to the malignant tissue and would only 
perform its anticancer effects there, while leaving the healthy cells unharmed. Selectively 
transducing nonmammalian, prodrug-converting enzymes into malignant cells offers such a 
possibility, thereby enabling these enzymes to convert the nontoxic prodrug into an effective 
anti-cancer agent in or near cancer cells. Transduction of all malignant cells has thus far 
been the Achilles heel of gene therapy, but it has been observed that although only a small 
fraction of the tumor cells are transduced with a suicide gene, the effects of the produced 
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toxic metabolite traverse cellular boundaries and kill adjacent cells too. This effect, also 
known as the “bystander effect,” is thought to be effectuated by the diffusion of the produced 
toxic metabolite to neighboring cells through the gap junctions, the activation of the immune 
system, diffusion of apoptotic vesicles, or a combination of these mechanisms.

A number of prodrug-converting enzyme systems are currently in use, such as herpes
simplex–thymidine kinase, cytosine–deaminase, thymidine phosphorylase (60), nitro-
reductase (61), carboxypeptidase G2 (62), and UPRT (63). Thymidine kinase and cytosine–
deaminase are most commonly used and will be discussed in further detail.

3.2.1. HERPES SIMPLEX–THYMIDINE KINASE

The herpes simplex type 1 (HSV)–thymidine kinase (TK) gene has thus far been the most 
studied suicide gene. Expression of the HSV-TK gene renders cells susceptible to the anti-
herpetic drugs ganciclovir (GCV) and acyclovir by converting them into toxic nucleotide 
analogs that inhibit DNA replication. Upon entry into cells, ganciclovir is phosphorylated 
to ganciclovir phosphates (GCV-P). The initial step yields ganciclovir monophosphate; this 
step is rate limiting and is catalyzed by the thymidine kinases derived from herpesviruses. 
Subsequent further phosphorylation is catalyzed by cellular kinases. The triphosphate 
form of ganciclovir inhibits DNA synthesis. Although GCV is presumed to act as a chain 
terminator, there is compelling evidence demonstrating the presence of GCV, but not of 
acyclovir, incorporated internally into the DNA, leaving the precise mechanism by which 
GCV inhibits DNA replication enigmatic (64,65).

Cycling cells (e.g., tumor cells) are effectively killed by such an approach, whereas 
quiescent cells (e.g., hepatocytes, neurons) that express HSV-TK purportedly are hardly 
affected (66). This enzyme–prodrug system could therefore be ideal for the rapidly cycling 
tumor cells of colorectal metastases within the quiescent liver parenchyma.

Ex vivo transduction of colorectal tumor cells with HSV-TK transplanted into syngeneic 
rat livers failed to give rise to tumors in combination with systemic GCV treatment. Control 
rats with HSV-TK-transduced tumor cells in the liver treated with buffer instead of GCV all 
grew tumors (67). Also, intra-peritoneal or intra-tumoral treatment of mice bearing colorectal 
cancer metastases with HSV-TK has been shown to induce signifi cant tumor regression 
and even total eradication of liver metastases. Interestingly, many of these tumors were 
infi ltrated with large amounts of CD-4- and CD-8-positive lymphocytes and signifi cantly 
less lung metastases were observed in the mice treated with HSV-TK as compared to control 
mice (either not treated or treated with wt virus) (68,69). These observations have led to 
the hypothesis that by using suicide genes, tumor-associated antigens are revealed once 
tumor cells are lysed, which are able to induce effective immune responses and, therefore, 
could potentially be further enhanced by additional immune stimulation. Chen et al. used a 
combination of suicide gene therapy and immunotherapy for the treatment of these hepatic 
metastases. The bystander effect was demonstrated: As few as 3.3% of tumor cells transduced 
with HSV-TK resulted in the death of over 90% of tumor cells. Additionally, they showed 
that the addition of interleukin (IL-2) to HSV-TK resulted in a statistically signifi cant 
extra reduction in tumor size and in a 100% protection to subsequent tumor challenge 
with parental tumor cells at a different site. This latter effect is associated with a specifi c 
increase in cytotoxic T lymphocyte (CTL) activity against the parental tumor cells in the 
HSV-TK/IL-2-treated animals only, and not in HSV-TK-treated animals or those treated 
with adeno-IL-2 alone (70). Not all reports are in agreement with each other on the subject 
of side effects and the amount of bystander effect. Toxicity has been reported by several 
investigators in mice and rats with HSV-TK and GCV treatment, leading to the death of 
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a considerable number of animals. High doses of recombinant adenovirus carrying the 
HSV-TK gene in combination with systemic GCV leads to severe liver toxicity (67,71).
Options to further improve HSV-TK responses include pharmacological enhancement of 
the bystander effect (72), the use of replication-competent vectors (73,74), the use of 
more active HSV-TK mutants (75), and combination treatment with other modalities (e.g., 
immunotherapy, combination of suicide genes with chemotherapy).

The HSV-TK suicide gene strategy has not yet been tested in colorectal cancer patients. 
Clinical trials have been undertaken for other cancer types such as mesothelioma and brain 
cancer. Encouraging results have been found in a phase I clinical trial for mesothelioma 
(76). However, disappointing results have been found in a large phase III multicenter study 
in malignant brain tumors (77).

3.2.2. CYTOSINE–DEAMINASE

Cytosine–deaminase (CD) is a nonmammalian enzyme, which converts cytosine to uracil 
and the nontoxic prodrug 5-fl uorocytosine (5-FC) into the toxic 5-fl uorouracil (5-FU) (see
Chapter 25). The expression of CD in bacteria and yeasts but not mammals makes the use of 
5-FC an effective therapy for bacterial and fungal infections. This also gives opportunities 
to create a large therapeutic window if this gene can be transfected into malignant cells and 
subsequently treated with 5-FC (78). This is even more so because the CD/5-FC system 
is also known to have a bystander effect, which some believe is more potent than that 
observed with the HStk/GCV system (79). Furthermore, it is able to induce an immune 
reaction that is able to inhibit the growth of and even eradicate synchronous, untransduced 
liver metastases and inhibit subsequent rechallenges with untransduced parental tumor cells 
(80). Similar distant bystander effects have also been obtained in head and neck cancers 
(81) and breast cancers (82).

Three strategies can be employed to attack tumor cells using the CD/5-FC system. It 
can either be transduced into (1) tumor cells or (2) healthy, tumor-surrounding cells or (3) 
it can act as a sensitizer for chemotherapy or radiation therapy (83). In the fi rst approach, 
selective expression of the CD gene in tumor cells only can lead to a high concentration of 
5-FU in these cells, without affecting healthy cells, because they do not proliferate or they 
proliferate at a considerably slower pace than tumor cells. In one of the fi rst studies applying 
the CD/5-FC to malignancies, CD-containing capsules were placed near subcutaneously 
implanted glioma cells and anti-neoplastic effects were observed after 5-FC treatment (84).
This strategy was improved by using a retroviral vector to colorectal cancer with success in 
vitro (85). Further translation of these data to animal experiments showed prolongation of 
survival, evidence of the bystander effect in vivo, and eradication of nontransduced tumors 
by activation of the immune system (85). Similar results have been reported by others 
with impressive bystander effects (signifi cant effects when only 2–4% of cancer cells were 
transduced!) and negligible toxicity (86,87). Alternatively, other viral vectors can be used, 
such as vaccinia, which has more affi nity for tumor cells than normal surrounding liver 
tissue, or adenovirus, which has distinct hepatotropic characteristics. Both viruses that 
encode CD have demonstrated effectivity in vitro and in vivo, although overall survival of 
rV-CD treated mice is still limited (88–90).

The second approach was born out of the experience of some investigators that tumor 
cells were more diffi cult to transduce than normal tissue. Therefore, it was hypothesized that 
transducing the healthy cells surrounding the tumor cells with CD would result in a high 
local production of 5-FU after treatment with FC, practically drenching tumor cells in high 
concentrations of 5-FU. This second approach can be utilized in a metastasis model (e.g., 
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liver metastases) in which there is a difference in proliferation rate between tumor cells 
and the surrounding normal cells. The quiescent state of the hepatocytes causes them to 
hardly incorporate any of the produced toxic metabolite, so that it can diffuse to the rapidly 
proliferating tumor cells. Animal experiment with this approach show complete suppression 
of tumor growth and tumor necrosis in the treated mice, in the absence of signifi cant liver 
toxicity, measured histologically and serologically (91). Targeting hepatocytes has been 
achieved by taking advantage of the hepatotrophic characteristics of adenoviruses (92,93).
Applications using the cytosine–deaminase/5-FC system have not yet moved into phase I 
studies in patients in spite of impressive antitumor effects without grave side effects.

3.2.3. OTHER PRODRUG THERAPIES

Other prodrug therapies include uracil phosphoribosyltransferase (UPRT, which enhances 
the ability of transduced cancer cells to metabolize 5-FU) (63), nitroreductase {which 
reduces CB1954 [5-(aziridin-1-yl)-2,4-dinitrobenzamide] to the cytotoxic 4-hydroxy-lamino 
derivate (61,94)}, thymidine phosphorylase [activation of 5-FU (60,95)], carboxypeptidase 
G2 {activated the prodrug 4-[(2-chloroethyl)(2-mesyloxyethyl)amino]benzo-L-glutamic acid 
[CMDA] that crosslinks DNA (62)}. These systems have shown promising results in vitro 
and some have moved in phase I trials (96).

4. IMMUNOMODULATION

The immune-surveillance theory was postulated in the late 1960s by Burnett and states 
that the host’s immune system scrutinizes its cells for (pre-)malignant transformations and 
is capable of eliminating these (pre-)malignant cells (97). Two types of immune reaction can 
be discriminated: (1) the humoral (or antibody) response and (2) the cellular (or cytotoxic 
T-cell response). Three “ingredients” are essential to cook up an effective immune response: 
(1) human leucocyte antigen (HLA) with a peptide, (2) stimulatory cytokines, and (3)
co-stimulatory signals. This immune-surveillance theory is opposed to the long-held 
paradigm that the body will not mount an immune reaction to self-antigens under normal 
conditions because of (central and peripheral) tolerance. However, there is evidence that for 
a host to react to a self-antigen, the microenvironment (especially the type of cytokine) in 
which it is presented to the immune system, directs the immune response to that particular 
antigen into a “real” immune response (IL-2, IL-12, IFN-γ, TNF-α), or to a state in which 
the immune system will no longer be able to mount an immune reaction to that antigen 
(IL-4, IL-5, IL-10, TGF-β) (i.e., anergy or tolerance) (98).

On one hand, the mere fact that cancers arise and progress to a detectable stage indicates 
that these transformed cells have deployed certain mechanisms to escape recognition by 
the immune system, but, on the other hand, several studies have demonstrated an improved 
clinical outcome in patients with marked lymphocytic tumor infi ltrate in colorectal cancer 
(99–101). In addition, other studies have demonstrated that stimulation of the immune 
system in these patients can improve survival (102–105). Therefore, immuno-gene therapy 
can be a feasible treatment option for colorectal cancer and this can be realized through 
different approaches:

 1. Enhance HLA expression
 2. Ensure appropriate cytokine production (IL-2, IL-12, IFN-γ, GM-CSF)
 3. Provide adequate co-stimulatory signals (B7.1, B7.2)
 4. Vaccination against (tumor-associated) antigens
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4.1. Enhance HLA Expression
HLA downregulation is frequently observed in malignancies; it prevents the induction 

of humoral and cellular immune responses. In theory, this downregulation would activate 
nonspecifi c immune cells, such as natural killer (NK) cells (because certain HLA elements 
that inhibit NK cells are no longer present). However, it has also been acknowledged 
that partial downregulation of HLA can keep these NK-cell-inhibiting HLA fragments 
intact while deleting the required HLA fragments for T-cell activation. Reintroduction of 
(allogeneic) HLA is thought to improve the immunogenicity of tumor cells. This has been 
performed successfully with allogeneic HLA using liposomes in vivo, and even although 
the transduction effi ciency was very poor (<1%), specifi c CTLs were induced and systemic 
immunity against the nontransduced parental cells was present. Unfortunately, this was not 
accompanied by an improved survival in these mice (106). A phase I/II trial has shown 
effectivity in melanoma patients but not in colorectal cancer and renal carcinoma patients 
(107,108).

4.2. Ensure Appropriate Cytokine Production
Cytokines comprise a variety of molecules that play a crucial role in directing the immune 

system into either a stimulatory response or an inhibitory response. It is known that this 
process is deregulated in patients with malignancies, with either insuffi cient production of 
stimulatory cytokines or inappropriate expression of inhibitory cytokines. Therefore, it is 
thought that increasing the production of stimulatory cytokines at the tumor site will result 
in immune stimulation and tumor eradication. A number of cytokines are thought to be able 
to enhance or induce antitumor immune reactions.

4.2.1. INTERLEUKIN-2
Interleukin-2 is a potent immunostimulant, which is capable of, among others, stimulating 

the proliferation of NK cells, lymphokine-activated killer (LAK) cells and helper (TH) and 
cytotoxic T-cells (TC). However, systemic use of IL-2 in man is associated with considerable 
toxic side effects, and this, in combination with the short half-life of IL-2, limits the dose 
and therefore effi cacy. Limiting IL-2 expression to its place of action is essential and can 
be achieved with gene therapy. Two approaches are possible to enhance IL-2 concentrations 
locally, namely transduction of the tumor cells or transduction of tumor-adjacent cells (e.g., 
fi broblasts). Fearon et al. transduced a poorly immunogenic colorectal cancer cell line with 
IL-2 and observed that subcutaneous implantation of these tumor cells resulted in rejection 
of the transduced tumor cells and, moreover, a rechallenge with nontransduced, wild-type, 
parental tumor cells (109).

This approach has been tested in murine and human colorectal cancer in vitro and in 
vivo. The majority of studies demonstrate that IL-2 expression by tumor cells or tumor-
adjacent cells (e.g., fi broblasts) leads to prevention of growth in tumor-challenge studies or 
to complete disappearance of tumor deposits. Even distant lesions and rechallenges with 
nontransduced (wild type) tumor cells are eliminated. Although not all investigators found as 
encouraging results, alternatives such as the addition of other cytokines (IL-12, GM-CSF) or 
co-stimulatory signals (B7.2) can overcome these disappointing results (110–118).

A number of phase I studies have been executed in which safety is clearly demonstrated, 
but almost no colorectal cancer patients benefi t from this approach. Similar results have 
been shown in renal cell carcinoma, melanoma, and glioblastoma. However, a complete 



824  Menon et al.

response has also been documented in a patient with a lymphoma and it must be borne in 
mind that the investigated patient population is severely impaired immunologically and has 
a tremendous tumor burden (119–123).

4.2.2. INTERLEUKIN-12
Interleukin-12 is a heterodimeric 70-kDa cytokine composed of a 35-kDa subunit and two 

40-kDa subunits and is mainly produced by antigen-presenting cells and is known to enhance 
cytolytic activity of macrophages, LAK cells, NK cells, and T cells through stimulating 
IFN-γ production by NK cells and T-cells (124,125). Preclinical studies have demonstrated 
anti-neoplastic effects in different tumors (126,127). However, systemic use of IL-12 in 
humans has produced serious toxicity in the majority of patients and even mortality in some 
patients (128). Therefore, limiting IL-12 production to the site of action by gene therapy 
is a major focus of attention.

The IFN-γ mediated effects of IL-12 make the liver an ideal target for this approach, 
because of a large pool of NK cells in the liver. Testing adeno-IL-12 in a liver metastases 
model indeed resulted in long-term survival in several mice (129). The inability to cure all 
mice probably results in part from the inability to infect all tumor cells, but also from the 
selection of NK-sensitive tumor cells. The NK-resistant cells might be more sensitive to 
TC-mediated kill, which can be augmented by IL-2. This approach is under investigation. 
Further improvements can be expected by specifi cally depleting CD4+ lymphocytes because 
these are known to inhibit the effi cacy of IL-12 (130).

4.2.3. OTHER CYTOKINES

Other cytokines that are frequently used in (immuno-) gene therapy include granulocyte–
macrophage–colony-stimulating factor (GM-CSF) (131,132), IFN-γ (133), IL-4 (134), TNF 
(135), and IFN-α (136).

4.3. Provide Adequate Co-Stimulatory Signals
In addition to HLA with a peptide in its peptide-binding groove and the right cytokines, 

co-stimulatory signals are important for an effective immune response to ensue. A number
of these receptor–ligand pairs have been identifi ed (CD11/18-CD54, CD2-CD58, CD29/49-
CD106, CD28-CD80/CD86). Of these, the B7.1/B7.2 have been investigated most thor-
oughly. B7.1 (CD80) and B7.2 (CD86) interact with the CD28 receptor on T-cells and 
provide additional signals for an incipient immune reaction. In addition, it can bind to 
CTLA-4 (CD152), which inhibits T-lymphocytes (137–139). Unfortunately, tumor cells 
and antigen-presenting cells present in the colorectal cancer stroma hardly express these 
costimulatory molecules, so that instead of an immune response being initiated, the
T-cells become unresponsive to the presented (tumor) antigens (140). It is hypothesized that 
transduction of genes encoding these co-stimulatory signals into cancer cells will overcome 
T-cell anergy and initiate a potent anti-tumor response. This has indeed been shown in 
a number of pioneering studies in among others melanoma, in which rechallenges with 
unmodifi ed tumor cells were also effectively attacked (141–144).

Similar studies in colorectal cancer have also shown the induction of tumor-specifi c 
immune reactions mediated by CD8+ lymphocytes (145). However, others were not able to 
confi rm these fi ndings (146,147). Options to further improve these results lie in the addition 
of extra (co-) stimulatory signals, such CD54 (which not only increases CD28 expression 
but also improves CD80–CD28-mediated costimulations and directly induces co-stimulatory 
signals), or the addition of IL-2, IL-12, GM-CSF, or B7.2 (145,148,149).
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4.4. Vaccination Against (Tumor-Associated) Antigens
Mutation occurring in many genes during carcinogenesis results in the production of 

abnormal proteins that could be immunogenic. However, the immunosuppressed condition 
of cancer patients and the utilization of all kinds of immune-escape mechanisms prevent 
adequate immune responses to be initiated. Vaccination strategies against specifi c genes that 
are overexpressed in many colorectal cancers during carcinogenesis are attractive targets for 
the immune system. Although different vaccination targets exist (mutated ras, APC, p53, 
CEA), we will discuss p53 and CEA in the following subsections.

4.4.1. P53
In addition to the gene replacement strategy (with or without subsequent chemotherapy or 

radiation therapy) and the p53-alteration-selection-strategy (adenovirus dl1520 [ONYX-015]),
another way to attack p53 is immunologically. Although p53 is an autoantigen, studies have 
shown that tolerance to p53 is not absolute, illustrated, for instance, by the presence of 
circulating p53 antibodies in approx 25% of colorectal cancer patients (150). p53 mutations 
(which are present in up to 70% of colorectal cancers) result in overexpression of p53, 
making it a distinguishable target from p53 in normal cells, in which it has a rapid turnover 
rate and very low expression levels. Roth and colleagues showed that vaccination with p53 
using an attenuated canarypox virus (ALVAC-p53) as vector resulted in a prevention of 
tumor outgrowth after challenging with p53-overexpressing tumors in mice. Similarly, the 
reverse situation in which tumor vaccinations were given prior to vaccination also resulted 
in total regression of the established tumors, albeit that only small tumor loads could be 
eradicated (151). This study has recently moved into a phase I/II clinical trial with end-stage 
colorectal cancer patients.

4.4.2. CEA
The carcinoembryonic antigen (CEA) gene was fi rst described in 1965 (152). It has 

been mapped to chromosome 19 and encodes a 180,000-kDa protein. It is a member of 
the human immunoglobulin gene superfamily and therefore shares some homology with 
other molecules found on normal human tissues, for instance with nonspecifi c crossreacting 
antigen (NCA), which is expressed on granulocytes (153,154). It is thought that it plays a role 
in intercellular recognition and as an adhesion molecule (155). During fetal development, it 
is expressed in abundance in epithelial tissues of the digestive tract, breast, lung, and ovaries, 
but in the adult, the expression is almost totally downregulated.

Almost all adenocarcinomas of the colon and rectum show overexpression of CEA, 
making it an attractive target for immunotherapy (in spite of the fact that it is a self-antigen) 
(156–158). Although immunotherapy is the aim of most CEA-related studies, gene therapy 
is used often to reach this goal. So far, the CEA gene (with or without other genes) has been 
cloned into two related vectors, vaccinia virus and avipox virus (ALVAC) and it has been 
possible to overcome tolerance to CEA (159,160).

Preclinical studies using recombinant vaccinia–CEA (rV-CEA) have been performed in 
mice and rhesus monkeys. Vaccinations with rV-CEA in mice followed by tumor challenge 
with CEA-expressing tumors resulted in tumor protection in 50% of mice, whereas all 
control mice developed tumors (161–163). This model is artifi cial in several ways, among 
others because CEA is not expressed in rodents, mouse major histocompatibility complex 
(MHC)-binding motifs are different from human MHC-binding motifs, and humans are 
tolerant to CEA. Therefore, additional experiments were performed in which vaccinations 
with rV-CEA were only performed after fairly large tumors had developed in mice. In these 
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latter experiments, a signifi cant delay in tumor growth was observed with CEA-expressing 
tumors, which corresponded with the induction of a humoral and cellular immune response 
against CEA (expressing tumors). Similar results have been demonstrated by Kass and 
co-workers (163).

The fi rst clinical trial with recombinant vaccinia–CEA was conducted in 1993 with 26 
patients, of whom 17 had colon cancer. All patients had been inoculated with vaccinia in 
childhood against smallpox and now received three 4-weekly dermal scarifi cations with 
varying doses (2 × 105, 2 × 106, 1 × 107 pfu (plaque-forming units). Adverse effects 
consisted of mild local (pustules and erythema) and systemic infl ammatory reactions (fever, 
fatigue). On follow-up, only 1 patient had stable disease, whereas 13 out of 14 patients who 
received the fi rst two dose levels demonstrated progressive disease (164). Their results failed 
to show a proliferative response against CEA protein following vaccination, but additional 
experiments demonstrated the possibility of inducing cytotoxic T-cells capable of lysing 
autologous tumor cells in a peptide-specifi c, MHC-restricted manner (159). Other phase I 
studies failed to demonstrate effectivity as well (see Table 2) (165,166). These disappointing 
results are not entirely surprising for a number of reasons. First, it is a well known that cancer 
patients are immune compromised and are severely set back when stimulated to induce a new 
immune response. This is even more compelling when the target antigen is a self-antigen, to 
which tolerance usually exists. In addition, even if tolerance were not present, tumor cells are 
poor antigen-presenting cells, often lacking essential prerequisites, such as class I HLA and 
co-stimulatory molecules, and are known to produce immune-suppressive cytokines. Finally, 
the “average” colorectal cancer patient will have been exposed to vaccinia in childhood as part 
of the WHO smallpox eradication program. This will undoubtfully have produced memory 
immune cells against vaccinia that will inactivate the recombinant vaccinia virus well before 
it has been able to do its job of inducing an immune response against CEA. Therefore, 
alternative strategies have been employed, such as using different less immunogenic vectors, 
priming the immune response with one vector and boosting with another vector, the addition 
of co-stimulatory molecules or immune-enhancing cytokines to the vaccine (167), or a 
combination of these strategies. For instance, in one study, the immune reaction against CEA 

Table 2
Gene Therapy Studies with CEA in Colorectal Cancer Patients

  Route of Clinical  Immune 
n Vector injectiona responseb CEA levelc responsed Ref.

20 Adeno-CEA sc, im All PD Majority ↑ Humoral + 164
     ALVAC-CEA    Cellular +     
17 Vaccinia–CEA id 11 SD na Cellular + 159
   16 PD
20 Vaccinia–CEA id, sc 14 SD All ↑ Humoral – 165
     Cellular –
17 Vaccinia–CEA id All PD ↓ in a few na 166
        patients
20 ALVAC–CEA im All PD  + 104,170

aid: intradermal injection; im: intramuscular; sc: subcutaneous injection.
bPD: progressive disease, SD: stable disease.
c↓: declining CEA, ↑: rising CEA.
dna: not available.
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was primed with vaccinia–CEA mixed with a co-stimulatory molecule (vaccinia–B7.1) and 
boosted with a different vector, attenuated canarypox virus (ALVAC) encoding CEA and 
B7.1. Indeed, this approach has shown superior effects after one vaccination (as compared 
to the use of both constructs separately), resulting in enhanced CEA-specifi c, cellular, long-
term antitumor immunity (168). Likewise, similar exciting results have been documented 
in such a prime and boost strategy using vaccinia and ALVAC, with both vectors encoding 
CEA (169).

A powerful alternative for vaccinia-based gene transfer is the availability of an attenuated 
canarypox virus that can be produced to encode several genes and has several advantages 
such as the fact that hardly anyone will have pre-existing antibodies to ALVAC and that it is a 
nonhuman pathogen. Moreover, there is evidence that once ALVAC has been administered to 
a patient, additional vaccinations with ALVAC can still further enhance an immune response 
against the encoded gene of interest, in spite of possible negative effects of an induced 
anti-ALVAC immune response. A phase I study using ALVAC–CEA was safe and induced an 
immune response, but this was of no clinical avail (see Table 2) (104,170).

In summary, encouraging preclinical and clinical data have been obtained to justify further 
investigations, for instance in cancer patients with minimal residual disease (i.e., as adjuvant 
treatment after “curative” colorectal cancer surgery). This effect could be even more specifi c 
when used in combination with a CEA promotor and can be used to treat the primary tumor 
as well as metastases (171,172).

5. CONCLUSION AND FUTURE PROSPECTS

Since the discovery of DNA by Watson and Crick in 1953, the possibilities of using 
these molecules for the diagnosis and treatment of human diseases have been increasing 
exponentially. The human genome project and recent advances in the fi eld of technology 
and molecular biology will offer even more possibilities for the identifi cation and treatment 
of diseases. In the past 10–15 yr, these possibilities have slowly moved from the laboratory 
testing phase to use in the clinic. Future research will have to focus on remaining challenges 
in several fi elds such as the safety and effi cacy of viral and nonviral vector systems and the 
decreasing impedement of viral vectors by the immune system. Other fi elds that deserve 
attention include the identifi cation of new vectors or the production of improved vectors 
that are able to carry large genes and can facilitate long-term expression. Although there are 
still many obstacles to overcome, progress is being made rapidly and the general attitude 
toward gene therapy is one of optimism.
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psychological therapy, 679
sedation as pain therapy, 683, 684
Three-step Analgesic Ladder, 661
transcutaneous electrical nerve stimulation, 679

Angiogenesis,
cascade,

arterial–venous differentiation, 742
basement membrane dissolution, 741
endothelial cell proliferation and

migration, 741, 742
endothelial receptor binding and

activation, 740
growth factor production and release, 740
mother vessel formation and

morphogenesis, 740, 741
vascular stabilization, 742, 743
vascular tube formation, 742

clinical trials,
design, 744, 746, 747
drugs and sponsors, 745, 749
vascular endothelial growth factor level

antagonists,
rhuMAb VEGF, 750, 751
SU5416, 751, 752

history of therapeutic targeting, 739, 744
inhibitor therapy,

classification of inhibitors, 747, 748
endothelial cell proliferation inhibitors, 748
endothelial cell signal transduction

inhibition, 748
endothelial surface marker targeting,

748, 749
endothlial progenitor cell suppression, 749
growth factor antagonists, 747
matrix metalloproteinase inhibitors, 748
prospects, 752, 753

microvessel density in tumors, 743
regulators, 740
vascular endothelial growth factor levels in

colorectal cancer, 743, 744
Antibiotics,

pain relief, 660
surgery prophylaxis, 270

Anticonvulsants, adjuvant analgesia, 677, 678
Anti-idiotype antibody, therapeutic application,

801–804
Antioxidants, colorectal cancer protection

studies, 90
Antisense inhibition,

Bcl-2, 778
epidermal growth factor receptor, 765
Ras, 771, 772

APC,
Asef interactions with protein, 11
Ashkani Jew studies, 12
β-catenin degradation role, 10, 11
genotype–phenotype correlations, 12
locus, 30
mutations in colorectal cancer, 7–10, 30
structure, 12

Apo2L, see TRAIL
Appendix,

prophylactic resection, 279
tumors and management, 285, 286

APR, see Abdomino-perineal resection
Asbestos, occupational risks of colorectal

cancer, 36
Aspirin, colorectal cancer protection, 15, 35, 88

B
Barium enema, computed tomography

colonography comparison, 136
Bcl-2,

antisense inhibition, 778
apoptosis pathway, 777
overexpression in tumors, 777, 778

Biopsy,
diagnostic yield, 247, 248
ultrasound guidance, 121

Birth control, during cancer treatment, 704
BMI, see Body mass index
Body mass index (BMI), colorectal cancer

correlation, 38, 54, 55
Bone pain,

adjuvant analgesia, 678
back pain and epidural spinal cord

compression, 649, 650
hip joint syndrome, 650
metastasis, 648–650
pelvis and hip, 650
sacral syndrome, 649, 650

Brain, metastasis, 651

C
C242, targeting with SB-408075, 782, 783
Calcium,

colorectal cancer protection, 88
intake and colorectal cancer, 52, 81

CAM, see Complementary and alternative
medicine

Cancer pain syndromes, see Pain
Capecitabine,

clinical trials in colorectal cancer, 506–508
metabolism, 505
oxaliplatin combination therapy, 555, 556
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radiation combination therapy, 509
structure, 505

Carboplatin, structure, 526
Carcinoembryonic antigen (CEA),

anti-idiotype antibodies, 803, 804
lung metastasis evaluation, 394
positron emission computed tomography

antibody tracer, see Positron emission
computed tomography

postoperative surveillance, 283
tumor burden reflection, 168
vaccine expression, 800, 801, 825–827

Carcinoid, colon, 285
β-Catenin,

degradation role of APC, 10, 11
mutations in colorectal cancer, 12, 16

CB3717, thymidylate synthase inhibition, 571
CCI-779, rapamycin analog for therapy, 767, 768
CC score, see Completeness of cytoreduction

score
CDK, see Cyclin-dependent kinase
CEA, see Carcinoembryonic antigen
Celecoxib, colorectal cancer protection, 87
Celiac plexus block, pain management, 681
Chemoprevention, colorectal cancer,

antioxidants, 90
calcium and vitamin D, 88
clinical trials,

endpoints, 84, 85
examples, 85, 86
study populations, 83, 84

definition, 82
epidemiology studies, 82, 83
fiber, 92
folate, 89
hormone replacement therapy, 89, 90
mechanisms of action, 86, 87
nonsteroidal anti-inflammatory drugs, 86–88
olitpraz, 91, 92
polyamine inhibitors, 91
recommendations, 92, 93
selenium, 91
ursodeoxycholic acid, 89

Chromosomal instability pathway, cancer
pathogenesis, 9, 16

Chronic intestinal obstruction, chronic pain
syndrome, 645

Cisplatin,
5-fluorouracil interactions, 473
structure, 526

Codeine, pain management, 666
Colectomy, see Surgery
Colon anatomy, see Surgery

Colonoscopy,
screening, 67, 68
surveillance, 121, 123
virtual colonoscopy, 118, 119

Colostomy, sexual function of patients, 700,
703, 711

Complementary and alternative medicine (CAM),
anxiety and depression,

massage, 723
mind–body medicine, 722, 723
music therapy, 723

botanicals,
anticancer agent screening, 725
cancer symptom treatment, 728
essiac, 725
β-glucan mushroom extracts, 726, 727
green tea, 727, 728
huanglian, 727
kampo, 726
mistletoe, 725, 726
noni, 726
pau d'arco tea, 726
popularity, 725

complementary vs alternative therapies,
717, 718

definition, 717
dyspnea management with acupuncture, 724
mainstream medicine referrals and

integrative medicine, 718, 728, 729
nausea and vomiting,

acupuncture, 723, 724
mind–body medicine, 723
music therapy, 724

pain therapy,
acupuncture, 722
massage, 722
mind–body medicine, 722
music therapy, 722

perioperative symptom management,
acupuncture, 724
hypnosis and relaxation, 724, 725
massage, 725
music therapy, 724

prevalence of use, 718
regulation of practioners and products,

718, 719
unproven treatments,

Burzynski regimen, 720
Di Bella regimen, 720
Laetrile regimen, 720
Livingston-Wheeler regimen, 720
macrobiotics, 720, 721
metabolic therapy, 721
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scope of problem, 719, 720
714-X, 721
shark cartilage, 721
vitamin C, 721

Completeness of cytoreduction (CC) score,
peritoneal carcinomatosis, 411

Computed tomography (CT),
chronic intestinal obstruction, 645
computed tomography colonography for

screening,
advantages, 138, 139
barium enema comparison, 136
incomplete colonoscopy as indication, 136
overview, 121, 123
problems and pitfalls, 137
prospects for study, 138
rationale, 127, 128
technique from University of Chicago,

128–130
three-dimensional vs two-dimensional

imaging, 130, 134
total colonic examination performance, 134

endorectal imaging, 144
extraintestinal findings, 136, 137
hepatic distention syndrome, 644
hepatic metastasis, 378, 379, 424, 425
lumbosacral plexopathy, 647, 648
lung metastasis, 394
midline retroperitoneal syndrome, 645
multislice helical scanning, 117, 118
peritoneal carcinomatosis, 645
principles, 117
staging of colorectal cancer, 119, 121, 136
ureteric obstruction, 646
virtual colonoscopy, 118, 119, 128–130

Cordotomy, pain management, 681, 682
Corticosteroids, adjuvant analgesia, 676, 677
Cowden syndrome,

clinical manifestations, 110
management, 111

COX-2, see Cyclooxygenase-2
CPT-11, see Irinotecan
Crail's syndrome, gene mutations, 8
Cryosurgery, see Hepatic metastasis
Crypt,

cell types, 4, 5
epithelial cell turnover, 5
functional zones, 4

CT, see Computed tomography
Cyclin-dependent kinase (CDK),

abrogation of checkpoint control, 781, 782
cell cycle regulation, 779, 780
dysregulation in cancer, 780

inhibitor therapy, 780, 781
Cyclooxygenase-2 (COX-2),

colorectal cancer role, 3, 15
expression levels, 15, 16
inhibition effects, 15, 35, 87, 88, 93

Cytosine deaminase–5-fluorocytosine system,
suicide gene therapy, 821, 822

D
DCBE, see Double-contrast barium enema
DCC,

functions, 13
locus, 31
mutations in colorectal cancer, 13, 30, 31

DFMO, see Difluoromethylornithine
DHFR, see Dihydrofolate reductase
Diarrhea, management in chemoradiotherapy,

189–191
Dibromochloropropane, occupational risks of

colorectal cancer, 36
Diet, colorectal cancer risks and protection,

calcium, 52
epidemiological studies, 33, 40, 47–49, 56
fat, 53
fiber studies, 49, 50
folate, 51, 52
fruits and vegetables, 50, 51
meat, 53
prospects for study, 56, 57
vitamin D, 52, 53

Difluoromethylornithine (DFMO), colorectal
cancer protection, 91

Dihydrocodeine, pain management, 666
Dihydrofolate reductase (DHFR),

edatraxate inhibitor chemotherapy, 570
inhibitor modulation of 5-fluorouracil,

methotrexate, 569
trimetrexate, 569, 570

piritrexim inhibitor chemotherapy, 570
Dihydropyrimidine dehydrogenase (DPD),

activity variability between individuals,
493, 500

5-fluorouracil,
catabolite toxicity and inhibition, 494–496
chemotherapy response marker, 627, 628
importance in drug pharmacology,

490–493, 496, 500, 501
rate-limiting step in drug catabolism,

489, 496, 500
inhibitors,

Eniluracil, 494, 503–505
overview, 494
rationale for use, 493–496
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UFT, 494, 501–503, 509
Dipyridamole, 5-fluorouracil modulation, 471
DNA mismatch repair, gene mutations in

colorectal cancer, 13–15, 31, 32
Double-contrast barium enema (DCBE),

screening, 68
DPD, see Dihydropyrimidine dehydrogenase
Dyspnea, management with acupuncture, 724

E
Edatraxate, chemotherapy, 570
Edrecolomab,

phase III trial, 592
toxicity, 592

EGFR, see Epidermal growth factor receptor
Electrofulguration, early-stage rectal cancer,

360, 361
Endoscopy, see also Colonoscopy,

cancer in a polyp, 327–329
Eniluracil, dihydropyrimidine dehydrogenase

inhibition with 5-fluorouracil therapy,
494, 503–505

Epidemiology, colorectal cancer,
age of onset, 25
comparison with other cancers, 23, 24
international incidence and morality, 24,

25, 39
left-to-right shift trends in colon cancer,

32, 33
lifetime risk, 65
migrant data, 29, 30
race and ethnicity effects, 28, 29
risk factors,

alcohol, 37, 38
diet, 33, 40
genetics, 33, 34
inflammatory bowel disease, 34
medications, 35
obesity, 38
occupation, 36
physical activity, 38, 39
reproductive factors, 39
smoking, 36, 37

sex differences, 23, 25, 26
time trends, 27, 28, 39
United States incidence and morality, 24, 81

Epidermal growth factor receptor (EGFR),
expression in colon cancer, 593, 761
ligands, 761
mediation,

angiogenesis, 762
cell motility and metastasis, 762
cell survival and apoptosis, 762

structure, 761
therapeutic targeting,

antibodies, 763, 764
antisense therapy, 765
approaches, 762, 763
immunoconjugates, 765
receptor tyrosine kinase inhibitors,

764, 765
ZD1839, 593, 765

Epidural analgesia, pain management, 680
ErbB,

family of receptors, 760
therapeutic targeting,

antibodies, 763, 764
antisense therapy, 765
approaches, 762, 763
immunoconjugates, 765
receptor tyrosine kinase inhibitors,

764, 765
ZD1839 targeting, 593

Essiac, complementary and alternative
medicine, 725

Ethylacrylate, occupational risks of colorectal
cancer, 36

Exercise, see Physical activity

F
Familial adenomatous polyposis (FAP),

APC mutations, 7–10, 34
clinical manifestations, 7, 8, 34, 71, 99, 100
colorectal cancer penetrance, 7
prevalence, 7
regression, 83
screening for colorectal cancer, 75
segmental resection management,

abdominal colectomy and ileorectal
anastomosis, 101, 103, 104

comparison of approaches, 101, 106
total abdominal colectomy, mucosal

protectomy, and ileoanal pouch
anastomosis, 103–106

total proctocolectomy and ileostomy, 100
Familial juvenile polyposis syndrome,

clinical manifestations, 72
screening for colorectal cancer, 75

FAP, see Familial adenomatous polyposis
Farnesyltransferase inhibitors,

antitumor effects, 772, 773
combination therapy trials, 775, 776
phase I studies, 773, 774
toxicity, 773
types, 771

Fat, intake and colorectal cancer, 53
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Fecal occult blood test, screening, 66
Fentanyl, pain management, 667
Fertility, see Sexual function
Fiber, intake and colorectal cancer, 49, 50, 92
Flavopiridol, cyclin-dependent kinase inhibitor

therapy, 780, 781
Fluorodeoxyglucose positron emission

computed tomography, see Positron
emission computed tomography

5-Fluoro-2-deoxyuridine (FUDR), hepatic
artery infusion,

resectable metastasis treatment, 606–608
unresectable metastasis treatment,

costs, 604, 605
extrahepatic recurrence, 604
hepatic toxicity, 604
indications, 605, 606
trials, 601–604

5-Fluorouracil (5-FU),
absorption variability, 492
adjuvant therapy trial overview, 586, 587
cisplatin interactions, 473
continuous infusion, 469, 470
dihydrofolate reductase inhibitor modulation,

methotrexate, 569
trimetrexate, 569, 570

dihydropyrimidine dehydrogenase,
activity variability between individuals,

493, 500
catabolite toxicity and inhibition, 494–496
chemotherapy response marker, 627, 628
importance in drug pharmacology,

490–493, 496, 500, 501
inhibitors,

Eniluracil, 494, 503–505
overview, 494
rationale for use, 493–496
UFT, 494, 501–503, 509

rate-limiting step in drug catabolism,
489, 496, 500

dipyridamole modulation, 471
dosing schedules, 461
fertility effects, 705
gemcibitabine interactions, 474, 475
hepatic artery infusion, 608
hepatic metastasis,

cryosurgery adjuvant therapy, 433
radiation therapy adjuvant treatment,

238, 240
resection adjuvant chemotherapy, 383, 384

hydroxyurea modulation, 471, 472
indications for tumor chemotherapy, 499
interferon-α modulation, 471

intraperitoneal therapy, 591, 592, 615–617
irinotecan combination therapy,

clinical trials with leucovorin, 517–519
concurrent vs sequential treatment,

519, 520
interactions, 476, 477
postsurgical use, 520
prospects, 510, 521, 522
radiation adjuvant therapy, 520
rationale, 516, 517

leucovorin adjuvant therapy,
clinical trials, 588, 589
high-risk colon cancer outcomes, 465
infusional regimens, 469, 470
modulation mechanisms, 462, 463
regimens, 463–467
rescue therapy, 468, 469
stereoisomer formulations, 466, 467

levamisole modulation, 587
mechanisms of action,

DNA/RNA-directed mechanisms, 461
radiosensitization mechanisms, 181,

182, 223
RNA incorporation, 458, 459
thymidylate synthase inhibition, 459,

460, 567, 568, 622
meta-analysis of colorectal cancer treatment,

499, 500
metabolism, 457, 458, 489, 500, 501, 622, 623
methotrexate combination therapy,

advanced colorectal cancer trials, 468
mechanisms, 467

oral vs intravenous therapy, 508, 509
oxaliplatin combination therapy,

interactions, 473, 474
oxaliplatin/irinotecan/5-fluorouracil, 555
pharmacokinetics, 533
phase II trials,

bolus regimens with leucovorin,
545, 546

chronomodulated infusion regimens,
542, 543

flat infusion strategy, 543–545
high-dose infusion, 546
overview, 541, 542

phase III trials,
chronomodulated infusion, 546–549
flat infusion, 549, 550

preclinical studies, 532
p53 status as response marker, 625, 626
paclitaxel interactions, 475, 476
peritoneal carcinomatosis postoperative

chemotherapy, 415
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pharmacokinetics, 461, 462
N-phosphonoacetyl-L-aspartic acid

modulation, 471
portal vein infusion, 590, 591
portal vein infusion, 590, 591, 612–615
prospects for oral fluoropyrimidines, 510
radiation combination therapy for locally

resectable rectal cancer,
bowel management program from

University of Texas, 188–191
clinical trial design, 182
conservative surgery, 365–370
diarrhea management, 189–191
infusion schedule, 187, 188, 197
later treatment-related complications,

191
oral administration, 197, 198
preoperative radiotherapy, 195–197
toxicity, 187, 188

radiation combination therapy for locally
unresectable rectal cancer,

postoperative therapy, 222, 223
preoperative therapy, 215, 216

radiation therapy interactions, 474
raltitrexed combination therapy, 576, 577
response variability, 621
SN-38 interactions, 477
thymidine phosphorylase as response

marker, 627
thymidylate synthase expression response,

hepatic artery infusion, 624, 625
immunohistochemical staining, 629–631
metastasis, 625
protracted infusion, 623, 624
reverse transcription–polymerase chain

reaction assay, 623
toxicity, 492

Folate,
colorectal cancer protection, 89
intake and colorectal cancer, 51, 52
transport and metabolism, 568

5-FU, see 5-Fluorouracil
FUDR, see 5-Fluoro-2-deoxyuridine

G
G3139, Bcl-2 targeting, 778
Gallbladder, prophylactic resection, 278, 279
Ganglion impar block, pain management, 681
Gardner's syndrome,

clinical manifestations, 71
screening for colorectal cancer, 75

GARFT, see Glycinamide ribonucleotide
formyltransferase

Gastrointestinal stromal tumor (GIST), colon,
284, 285

Gemcibitabine, 5-fluorouracil interactions,
474, 475

Gene therapy, colorectal cancer,
antisense, see Antisense inhibition
approaches, 811, 812, 815, 816
carcinoembryonic antigen vaccine

expression, 800, 801, 825–827
genetically-modified tumor vaccines, 798, 799
historical perspective, 812
immunomodulation,

costimulatory signals, 824
human leukocyte antigen enhancement, 823
interleukin-2, 823, 824
interleukin-12, 824
rationale, 822

p53,
rationale for targeting, 817
restoration of wild-type function, 817, 818
selective replication in defective cells, 819
sensitization for chemotherapy and

radiation therapy, 818, 819
vaccination, 825

prospects, 827
Ras, 819
suicide gene therapy,

cytosine deaminase–5-fluorocytosine
system, 821, 822

herpes simplex–thymidine kinase, 820, 821
miscellaneous prodrug systems, 822
rationale, 819, 820

transduction,
adeno-associated virus vectors, 815
adenovirus vectors, 814, 815
classification of methods, 812, 813
herpesvirus vectors, 815
nonviral techniques, 81
poxvirus vectors, 815
retrovirus vectors, 813, 814

GIST, see Gastrointestinal stromal tumor
Glycinamide ribonucleotide formyltransferase

(GARFT),
AG2034 inhibition and trials, 579
lometrexol inhibition, 577, 578
LY309887 inhibition and trials, 578

Green tea, complementary and alternative
medicine, 727, 728

H
HAI, see Hepatic artery infusion
Headache and facial pain,

base of scull metastasis, 651, 652
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brain metastasis, 651
cranial neuralgia, 651
leptomeningeal metastasis, 651

Hepatic artery infusion (HAI),
implantable pump,

characteristics, 598
complications, 601
operative placement, 598–601

prospects, 608, 609
resectable metastasis treatment,

5-fluoro-2-deoxyuridine trials, 606–608
5-fluorouracil with leucovorin, 608
oxaliplatin, 551, 552

unresectable metastasis treatment,
5-fluoro-2-deoxyuridine,

costs, 604, 605
extrahepatic recurrence, 604
hepatic toxicity, 604
indications, 605, 606
trials, 601–604

rationale, 601
Hepatic distention syndrome, chronic pain

syndrome, 644
Hepatic metastasis,

chemotherapy delivery, see Hepatic artery
infusion; Portal vein infusion

computed tomography, 378, 379, 424, 425
cryosurgical ablation of unresectable masses,

clinical trials, 421
complications, 427–429
cryoinjury mechanisms, 420, 421
follow-up, 429–431
historical perspective, 420
patient selection, 423, 424
preoperative evaluation, 424, 425
principles, 423, 424
prospects,

adjuvant chemotherapy, 433
antifreeze proteins, 432, 433
intraoperative ultrasound, 432

radiofrequency ablation comparison, 422,
423, 451

technique, 425–427
fluorodeoxyglucose positron emission

computed tomography, 163, 164, 378, 425
incidence, 419, 550, 597, 611
oxaliplatin trials,

hepatic artery infusion in resectable
disease, 551, 552

unresectable disease, 551
radiation therapy,

adjuvant treatment, 238, 240
focal liver treatment, 238

palliative treatment, 235, 236
planning, 233, 234
primary treatment, 236, 237
prospects, 240, 241
radiation-induced liver disease, 234,

235, 241
toxicity, 233
whole-liver treatment, 237

radiofrequency ablation,
bipolar probe, 422
clinical trial prospects, 452, 453
cryosurgery comparison, 422, 433, 451
historical perspective, 438, 439
instrumentation, 439, 441, 452
intraoperative ultrasound, 444
lesion characterization, 443, 444
outcomes, 446, 448, 449, 451
principles, 421, 422, 437
technique,

facilitation techniques, 444–446
laparoscopy, 443
surgical approaches, 441–443

surgical resection,
adjuvant chemotherapy, 383, 384
anatomy, 381, 382
complications, 383
cure rate, 375
follow-up, 384, 385
hepatic vascular isolation, 382
laparoscopy evaluation of

contraindications, 380
outcomes, 376, 377
overview, 282, 375, 376, 597, 598
preoperative evaluation,

age of patient, 377
extent of disease, 377–379
multiple tumors, 379
patient predictors of outcome,

379, 380
pulmonary and hepatic metastesectomy

outcomes, 396, 397
resection technique, 380–383

survival, 375, 376, 419, 550
Hereditary nonpolyposis colorectal cancer

(HNPCC),
clinical manifestations, 8, 34, 106
colorectal cancer penetrance, 7, 72
diagnostic criteria, 72
gene mutations, 13–15, 34, 72
management, 106–108
prevalence, 7, 72
screening, 69, 72, 73, 75, 76, 108
time to carcinoma progression, 69
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Heredity, colon cancer,
familial syndromes, see specific syndromes
first-degree relatives, 33, 69
germline mutations, 7
high-risk familial colorectal cancer, 8, 9
screening of at-risk individuals, 69, 70
twin studies, 7

Herpes simplex–thymidine kinase, suicide
gene therapy, 820, 821

Herpesvirus, gene therapy vectors, 815
HLA, see Human leukocyte antigen
hMLH1

mutations in colorectal cancer, 13, 14
promoter hypermethylation, 14

hMSH2, mutations in colorectal cancer, 13
HNPCC, see Hereditary nonpolyposis colorectal

cancer
Hormone replacement therapy (HRT), colorectal

cancer protection, 39, 89, 90
HRT, see Hormone replacement therapy
Huanglian, complementary and alternative

medicine, 727
Human leukocyte antigen (HLA), enhancement

with gene therapy, 823
Hydromorphone, pain management, 666
Hydroxyurea, 5-fluorouracil modulation, 471, 472

I
IBD, see Inflammatory bowel disease
IFN-α, see Interferon-α
IGF, see Insulin-like growth factor
IL-2, see Interleukin-2
IL-12, see Interleukin-12
Immune-surveillance theory, 822
Immunoconjugates,

C242 targeting with SB-408075, 782, 783
cytokine fusions, 783
rationale for therapy, 782

Inflammatory bowel disease (IBD),
colorectal cancer risks, 34
screening for colorectal cancer, 70, 74, 75

Insulin-like growth factor (IGF), colorectal
cancer role, 55, 56

Interferon-α (IFN-α), 5-fluorouracil
modulation, 471

Interleukin-12 (IL-12), gene therapy, 824
Interleukin-2 (IL-2), gene therapy, 823, 824
Intraperitoneal chemotherapy,

clinical trials in colon cancer,
hyperthermic intraoperative intraperitoneal

chemotherapy, 617
5-fluorouracil, 615–617
systemic therapy combination, 616, 617

peritoneal carcinomatosis,
mitomycin C intraoperative intraperitoneal

chemotherapy, 408, 412–414
postoperative intraperitoneal

5-fluorouracil, 415
prevention in high-risk groups, 407,

591, 592
peritoneal–plasma barrier, 408
rationale, 615

Irinotecan (CPT-11),
5-fluorouracil combination therapy,

clinical trials with leucovorin, 517–519,
592, 593

concurrent vs sequential treatment,
519, 520

interactions, 476, 477
postsurgical use, 520
prospects, 510, 521, 522
radiation adjuvant therapy, 520
rationale, 516, 517

colorectal cancer chemotherapy trials,
514, 515

mechanism of action, 513
metabolism, 628
oxaliplatin combination therapy, 532, 533, 553
raltitrexed combination therapy, 575, 581
scheduling, 516
thymidylate synthase levels as predictor of

response, 628, 629
tolerance, 520, 521
toxicity, 515, 516

J
Juvenile polyposis syndrome,

clinical features, 109
familial, see Familial juvenile polyposis

syndrome
management, 109
screening, 109, 110

K
Kampo, complementary and alternative

medicine, 726

L
Laparoscopy, colorectal cancer,

benefits, 315, 316, 318
complications, intraoperative, 308, 310, 311
conversion rates, 313, 314
costs, 318
equipment, 296, 297
hepatic metastasis, 380, 383
historical perspective, 291, 292
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learning curve, 311–313
left colon resection, 301–303
limitations,

resection margins, 292
staging, 292
tumor cell implantation in trocar sites,

293, 294
morbidity and mortality outcomes, 314
patient positioning, 297
postoperative management, 311
preoperative management, 294–296
prospective randomizd trials, 318–320
radiofrequency ablation of hepatic

metastasis, 443
right colon resection, 298–301
sigmoid colon resection, 303–306

LAR, see Low anterior resection
Leptomeningeal metastasis, pain features, 651
Leucovorin,

5-fluorouracil adjuvant therapy,
clinical trials, 588, 589
high-risk colon cancer outcomes, 465
infusional regimens, 469, 470
modulation mechanisms, 462, 463
regimens, 463–467
rescue therapy, 468, 469
stereoisomer formulations, 466, 467

hepatic artery infusion, 608
Levamisole, 5-fluorouracil modulation, 587
Levorphanol, pain management, 667
Liver metastasis, see Hepatic metastasis
Lometrexol, glycinamide ribonucleotide

formyltransferase inhibition, 577, 578
Loperamide, diarrhea management, 189, 190
Low anterior resection (LAR), rectal cancer,

341, 343, 351
Lumbosacral plexopathy, pain syndromes,

646–648, 652, 653
Lung metastasis,

incidence, 393
prognostic groups, 392, 393
surgical resection,

historical perspective, 391–393
pathology, 393
preoperative evaluation, 393, 394
prospects, 397
pulmonary and hepatic metastesectomy

outcomes, 396, 397
pulmonary metastesectomy outcomes,

395, 396
technique, 394, 395

thymidylate synthase expression, 625
LY231514, oxaliplatin combination therapy, 557

LY309887, glycinamide ribonucleotide
formyltransferase inhibition and
trials, 578

Lymph node,
colon anatomy, 271, 272
evaluation and tumor staging, 256–258
lymphadenectomy, 273, 274
rectal cancer involvement, 146, 147
sentinel node evaluation in colon cancer, 278

Lymphoma, colon, 284

M
Magnetic resonance imaging (MRI),

chronic intestinal obstruction, 645
endorectal magnetic resonance imaging,

accuracy, 152–154
interpretation, 150, 151
limitations, 154
pelvic coil, 150, 154

lumbosacral plexopathy, 648
midline retroperitoneal syndrome, 645
staging of colorectal cancer, 119
surveillance, 121, 123
virtual colonoscopy, 118, 119

Massage,
anxiety and depression management, 723
pain therapy, 722
perioperative symptom management, 724

Matrix metalloproteinase (MMP), inhibitors, 748
Meat, intake and colorectal cancer, 53
Meperidine, pain management, 666, 667
Metastasis, see Hepatic metastasis; Lung

metastasis; Pain
Methadone, pain management, 667
Methotrexate, 5-fluorouracil combination therapy,

advanced colorectal cancer trials, 468
mechanisms, 467
modulation, 569

Methyl methacrylate, occupational risks of
colorectal cancer, 36

Microsatellite instability pathway, cancer
pathogenesis, 9, 14, 16

Midline retroperitoneal syndrome, chronic pain
syndrome, 644, 645

Mistletoe, complementary and alternative
medicine, 725, 726

Mitomycin C,
peritoneal carcinomatosis intraoperative

chemotherapy, 408, 412–414
portal vein infusion, 612

MMP, see Matrix metalloproteinase
Morphine, pain management, 666
MRI, see Magnetic resonance imaging
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alternative medicine, 726, 727

Music therapy,
anxiety and depression management, 723
nausea and vomiting management, 724
pain therapy, 722
perioperative symptom management, 724

N
Nolatrexed,

clinical trials, 575
structure, 572
thymidylate synthase inhibition, 575

Noni, complementary and alternative
medicine, 726

Nonsteroidal anti-inflammatory drugs (NSAIDs),
adverse effects, 662, 663
colorectal cancer protection, 15, 35, 81, 82,

86–88, 92, 93
mechanism of action, 87, 88, 662
types, 662, 663

NSAIDs, see Nonsteroidal anti-inflammatory
drugs

O
Obesity, colorectal cancer risks, 38, 54, 55
Occupation, colorectal cancer risks, 36
Octreotidediarrhea management, 190, 191
Olitpraz, colorectal cancer protection, 91, 92
Oncoscint CR/OV, positron emission

computed tomography, 170, 171
Opioids, see Analgesia
Ovary, prophylactic resection, 279, 280
Oxaliplatin,

adjuvant therapy trials, 552, 553
biotransformation, 530, 531
capecitabine combination therapy, 555, 556
circadian rhythm effects on toxicity, 531
Federal Drug Administration approval, 526
5-fluorouracil combination therapy,

interactions, 473, 474
oxaliplatin/irinotecan/5-fluorouracil, 555
pharmacokinetics, 533
phase II trials,

bolus regimens with leucovorin,
545, 546

chronomodulated infusion regimens,
542, 543

flat infusion strategy, 543–545
high-dose infusion, 546
overview, 541, 542

phase III trials,
chronomodulated infusion, 546–549

flat infusion, 549, 550
preclinical studies, 532

hepatic metastasis trials,
hepatic artery infusion in resectable

disease, 551, 552
unresectable disease, 551

history of development, 526, 527
irinotecan combination therapy, 532, 533, 553
LY231514 combination therapy, 557
mechanism of action, 528, 529
peripheral neuropathy, 651
pharmacokinetics, 531, 532
phase I trials, 533–537
phase II trials, 537–541
preclinical studies, 526–529
prospects for use, 560
radiation sensitization, 557, 558
raltitrexed combination therapy, 556, 557,

576, 581
resistance, 530
structure, 525, 526
topotecan combination therapy, 557
toxicity, 558, 559
tumor type responsiveness, 527, 528
UFT combination therapy, 555, 556
ZD1839 combination therapy, 557

Oxycodone, pain management, 666
Oxymorphone, pain management, 667

P
p53

5-fluorouracil response marker, 625, 626
functions, 12, 13
gene therapy,

rationale for targeting, 817
restoration of wild-type function, 817, 818
selective replication in defective cells, 819
sensitization for chemotherapy and

radiation therapy, 818, 819
vaccination, 825

locus, 31
mutations in colorectal cancer, 12, 13, 30,

31, 817
Paclitaxel, 5-fluorouracil interactions, 475, 476
Pain,

acute pain syndromes, 638, 639, 643
analgesic therapy, see Analgesia
assessment,

acute vs chronic, 640, 641
breakthrough pain, 641
distribution, 639, 640
formulation and therapeutic planning, 643
intensity, 638
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measurement, 643
objectives, 638
patient history, 642
physical examination, 642
provisional assessment, 642, 643
quality, 638

chronic pain syndromes,
chronic intestinal obstruction, 645
hepatic distention syndrome, 644
midline retroperitoneal syndrome, 644, 645
overview, 638, 640, 643
perineal pain, 645
peritoneal carcinomatosis, 645
ureteric obstruction, 645, 646

complementary therapy,
acupuncture, 722
massage, 722
mind–body medicine, 722
music therapy, 722

consequences, 637
peripheral nervous system pain syndromes,

bone pain,
back pain and epidural spinal cord

compression, 649, 650
hip joint syndrome, 650
metastasis, 648
pelvis and hip, 650
sacral syndrome, 649, 650

headache and facial pain from metastasis,
base of scull metastasis, 651, 652
brain metastasis, 651
cranial neuralgia, 651
leptomeningeal metastasis, 651

lumbosacral plexopathy, 646–648
oxaliplatin peripheral neuropathy, 651
postsurgial pain syndromes, 652
radiation therapy pain syndromes,

burning perineum syndrome, 653
chronic radiation myelopathy, 653
enteritis and proctitis, 653
lumbosacral plexopathy, 652, 653

prevalence in colorectal cancer, 637
primary therapy,

antibiotics, 660
chemotherapy, 660
radiotherapy, 659, 660
surgery, 660

referral sites, 641
types,

idiopathic, 642
neuropathic, 641, 642
nociceptive, 641

PALA, see N-Phosphonoacetyl-L-aspartic acid

Pathology, colorectal cancer,
anatomic site, 249, 250
cancer in a polyp,

invasiveness characterization, 329–331
margins, 330
metastasis predictors, 330, 331

configuration of tumor, 250
grading, 252, 253
histologic type, 250–252
lung metastasis, 393
malignant polyp evaluation, 248, 249
prognostic significance,

host lymphoid response, 261
lymph node involvement, 260
surgical resection margins, 259, 260
tumor border configuration and perineural

invasion, 260, 261
venous invasion, 260

size of tumor, 250
staging, see Staging

Pau d'arco tea, complementary and alternative
medicine, 726

Pemetrexed, enzyme inhibition profile, 579
Perineal pain, features, 645, 653
Peritoneal carcinomatosis,

chronic pain syndrome, 645
peritoneal cancer index, 409–411
peritoneal–plasma barrier, 408
prevention in high-risk groups, 407, 591, 592
treatment,

completeness of cytoreduction score, 411
complications, 416
ethical considerations, 416, 417
high-voltage electrosurgery, 407, 408
mitomycin C intraoperative intraperitoneal

chemotherapy, 408, 412–414
mortality, 416
patient selection, 409
postoperative abdominal lavage, 414, 415
postoperative intraperitoneal

5-fluorouracil, 415
second-look surgery, 415, 416

tumor cell entrapment theory, 408, 409
PET, see Positron emission computed tomography
Peutz–Jeghers syndrome (PJS),

clinical manifestations, 71, 72, 110
management, 110
screening for colorectal cancer, 75

N-Phosphonoacetyl-L-aspartic acid (PALA),
5-fluorouracil modulation, 471

Physical activity, colorectal cancer protection,
38, 39, 55, 56

Piritrexim, chemotherapy, 570



Index 849

PJS, see Peutz–Jeghers syndrome
Polyamine inhibitors, colorectal cancer

protection, 91
Polyp,

aberrant crypt foci, 6, 82
benign, 5
cancer in a polyp,

adenoma feaures, 326, 327
endoscopic assessment, 327–329
invasive carcinoma, 326
management,

distal rectum polyps, 333, 334
follow-up, 334
polypectomy and observation, 332, 333
radical resection, 332, 333
stages of treatment, 331
team, 325

noninvasive carcinoma, 326
pathology, 329–331
rectal vs colonic polyps, 328
staging, 326

clonality of adenomas, 6
epidemiology of carcinoma development,

6, 82
histology of carcinoma development, 6
neoplasm features, 5, 6
pathological evaluation of malignant polyp,

248, 249
Portal vein infusion (PVI),

clinical trials in colorectal cancer,
5-fluorouracil, 590, 591, 612–615
historical perspective, 612
mitomycin C, 612
systemic therapy with portal vein fusion,

614, 615, 618
rationale, 611, 612
regimen optimization, 618

Positron emission computed tomography (PET),
colorectal cancer imaging,

accuracy, 173
fluorodeoxyglucose imaging,

advantages, 167, 173
cost-effectiveness, 166
half-life, 158
hepatic metastasis, 163, 164, 378, 425
instrumentation, 158
limitations, 166
metabolism and transport, 158
recurrent cancer,

carcinoembryonic antigen level
correlation, 165, 166

hepatic and abdominal metastasis,
163, 164

local/pelvic recurrence, 162, 163
overview, 161, 162
whole-body evaluation of distant

metastases, 164, 163
staging, 160, 161
therapy response monitoring, 166

intraoperative radiation probes, 159, 160
monoclonal antibody radiolabeled tracers,

advantages, 171
applications, 167
CEA-Scan, 168–170, 173, 174
Oncoscint CR/OV, 170, 171
tracer features, 159, 167, 168

overview, 124
radioimmunoguided surgery, 171, 172
tracers, 157, 158

Poxvirus, gene therapy vectors, 815
Pregnancy, colorectal cancer, 706, 707
Propoxyphene, pain management, 666
Ps-341, ubiquitin proteasome pathway targeting,

776, 777
PVI, see Portal vein infusion

R
Radiation therapy, hepatic metastasis,

adjuvant treatment, 238, 240
focal liver treatment, 238
palliative treatment, 235, 236
planning, 233, 234
primary treatment, 236, 237
prospects, 240, 241
radiation-induced liver disease, 234, 235, 241
toxicity, 233
whole-liver treatment, 237

Radiation therapy, rectal cancer,
belly board technique, 185, 186
brachytherapy, 199, 200, 202
chronic pain syndromes,

burning perineum syndrome, 653
chronic radiation myelopathy, 653
enteritis and proctitis, 653
lumbosacral plexopathy, 652, 653

early-stage rectal cancer, 360, 361
endocavitary radiation, 199, 200
5-fluorouracil combination therapy for

locally resectable rectal cancer,
bowel management program from

University of Texas, 188–191
clinical trial design, 182
conservative surgery, 365–370
diarrhea management, 189–191
infusion schedule, 187, 188, 197
interactions, 474
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later treatment-related complications, 191
oral administration, 197, 198
preoperative radiotherapy, 195–197
radiosensitization mechanisms, 181, 182
toxicity, 187, 188

fractionation approaches, 224
goals, 182, 183
hyperthermia, 223
intraoperative radiation therapy for locally

unresectable rectal cancer,
brachytherapy, 211, 212
complications of electron beam therapy,

212, 215
primary unresectable disease, 212
recurrent disease, 212
residual disease, 218, 222

local excision with radiotherapy, 198, 199
metastatic disease management in unresectable

cancer patients, 225
neutron beam radiation therapy, 223
oxaliplatin,

adjuvant therapy trials, 552, 553
radiation sensitization, 557, 558

palliative therapy, 220, 222, 659, 660
postoperative radiation,

adjuvant therapy with conservative
surgery, 365–368

locally resectable rectal cancer,
advantages and limitations, 192
outcomes and toxicities, 193, 194

locally unresectable rectal cancer,
combination therapy, 222, 223
residual disease, 218
subtotal resection outcomes, 218, 220

preoperative radiation,
adjuvant therapy with conservative

surgery, 364
locally resectable rectal cancer,

advantages and limitations, 194, 195
outcomes and toxicities, 193, 194
rationale, 192, 193
relapse studies, 197
sphincter preservation goal and

studies, 195–197
tumor downstaging and prognosis, 197

locally unresectable rectal cancer,
combined-modality therapy, 215, 216
outcomes, 210, 211
reirradiation with external beam, 220
response rate relationship with

survival, 216
tumor downstaging and prognosis, 216
tumor markers and prognosis, 216, 218

radioprotectors, 223, 224
radiosensitizers, 223
recurrent rectal cancer,

brachytherapy, 202
combination therapy, 202, 203
dosing, 201
intraoperative radiation therapy,

200–203, 212
outcomes, 200, 201

sexual function effects, 704, 705
survival with multimodal therapy, 179–181
technique and side-effect reduction, 183–188
three-dimensional treatment plannng, 224, 225
toxicity, 183, 184

Radiofrequency ablation (RFA), hepatic
metastasis,

bipolar probe, 422
clinical trial prospects, 452, 453
cryosurgery comparison, 422, 433, 451
historical perspective, 438, 439
instrumentation, 439, 441, 452
intraoperative ultrasound, 444
lesion characterization, 443, 444
outcomes, 446, 448, 449, 451
principles, 421, 422, 437
technique,

facilitation techniques, 444–446
laparoscopy, 443
surgical approaches, 441–443

Raltitrexed,
5-fluorouracil combination therapy, 576, 577
irinotecan combination therapy, 575, 581
mechanism of action, 556
oxaliplatin combination therapy, 556, 557,

576, 581
phase I studies, 571
phase II studies, 571, 572
phase III studies, 572–574
structure, 572
thymidylate synthase inhibition, 571
toxicity, 573

Rapamycin,
antiproliferative activity, 766
CCI-779 analog, 767, 768
mammalian target of rapamycin and signal

transduction, 766, 767
therapeutic applications, 766, 767

Ras,
gene therapy, 819
GTPase and effectors, 768–770
inhibitors,

antisense, 771, 772
antitumor effects, 772, 773
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combination therapy trials, 775, 776
farnesyltransferase inhibitors,
phase I studies, 773, 774
toxicity, 773
types, 771

mutations in colorectal cancer, 1, 30, 31, 770
protooncogenes, 768, 819
signal transduction, 768, 769

Rectum anatomy, see Surgery
Recurrent colorectal cancer,

fluorodeoxyglucose positron emission
computed tomography,

carcinoembryonic antigen level correlation,
165, 166

hepatic and abdominal metastasis, 163, 164
local/pelvic recurrence, 162, 163
overview, 161, 162
whole-body evaluation of distant

metastases, 164, 163
iatrogenic recurrence causes, 403, 404
radiation therapy for recurrent rectal cancer,

brachytherapy, 202
combination therapy, 202, 203
dosing, 201
intraoperative radiation therapy, 200–203
outcomes, 200, 201

rates, 161
staging, 157, 161–163

Resectability, rectal cancer, 209
Resection, see Surgery
Retrovirus, gene therapy vectors, 813, 814
RFA, see Radiofrequency ablation
Rhizotomy, pain management, 681
RhuMAb VEGF, clinical trials, 750, 751

S
SB-408075, C242 targeting, 782, 783
Screening and surveillance, colorectal cancer,

average-risk individuals,
colonoscopy, 67, 68
definition, 65
double-contrast barium enema, 68
fecal occult blood test, 66
guidelines for screening, 73
sigmoidoscopy, 66, 67

cost-effectiveness, 76
endorectal ultrasound, 149
hereditary syndrome patient screening, 69,

71–73, 75, 76
imaging,

computed tomography colonography,
advantages, 138, 139
barium enema comparison, 136

incomplete colonoscopy as
indication, 136

problems and pitfalls, 137
prospects for study, 138
technique from University of Chicago,

128–130
three-dimensional vs two-dimensional

imaging, 130, 134
total colonic examination

performance, 134
overview, 121, 123
rationale, 127, 128

increased-risk individuals,
adenoma patients, 69, 73, 74
family history, 69, 70, 74
inflammatory bowel disease patients, 70,

74, 75
recurrent cancer, 71, 75
risk factors, 68, 69

insurance coverage, 76
SEER, see Surveillance, Epidemiology, and

End Results Program,
Selenium, colorectal cancer protection, 91
Sexual function,

assessment,
P-LI-SS-IT model, 707
pharmacologic aspects, 709
premorbid sexual functioning, 708
psychological status, 708
relationship status, 708
time constraints, 709, 710

chemotherapy effects, 703, 704
counseling, 710–712
fertility issues,

birth control during treatment, 704
5-fluorouracil effects, 705
pregnancy, 706, 707
preventative strategies, 706
procreative alternatives, 705, 706
radiation and infertility, 705

importance of sexual health and expression,
695–697

indirect effects of treatment, 707
informed consent in disease treatment, 696
radiation therapy, 704, 705
response phases,

arousal, 697
desire, 697
orgasm, 698
resolution, 698

surgery effects,
colostomy, 700, 703
improvement over time, 711
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neuroanatomy, 699
postoperative predictors, 698
rectal cancer, 699

Sigmoidoscopy, screening, 66, 67
Single-photon emission computed tomography

(SPECT), colorectal cancer imaging,
124, 173

Smoking, colorectal cancer risks, 36, 37, 54
SN-38, 5-fluorouracil interactions, 477
SPECT, see Single-photon emission computed

tomography
Sporadic colorectal cancer, pathogenesis, 9
SR-45023A,

antiproliferative activity, 779
farnasoid X receptor activation, 779

Staging,
cancer in a polyp, 326
carcinoma in situ, 253–255
colorectal cancer imaging, 119, 121, 136
definitions and stage groupings, 253, 254
fluorodeoxyglucose positron emission

computed tomography, 160, 161
grading of tumors, 252, 253
lymph node evaluation, 256–258
metastasis definition, 258
prognostic value in colon cancer, 585, 586
rectal cancer,

accuracy of imaging modes, 144
endorectal magnetic resonance imaging,

accuracy, 152–154
interpretation, 150, 151
limitations, 154
pelvic coil, 150, 154

endorectal ultrasound,
accuracy, 149, 150
chemoradiation patients, 148
interpretation, 145
lymph node involvement determination,

146, 147
probes, 144, 145
staging, 145, 146
surveillance, 149
technique, 144
tumor proximity to sphincter muscles

and adjacent structures, 147, 148
locally unresectable cancer, 210
overview, 341, 342
rationale for staging, 143, 144

recurrent tumors, 157, 161–163, 259
residual colorectal carcinoma, 258, 259
stage II patient management, 589, 590
survival correlation, 255

T3 subclassification, 255
T4 subclassification, 255, 256
TNM system, 253, 273

SU5416, clinical trials, 751, 752
Suldinac, colorectal cancer protection, 86, 88
Superior nypogastric nerve plexus block, pain

management, 681
Surgery,

appendix tumors, 285, 286
carcinoembryonic antigen surveillance, 283
colon cancer,

abdominal exploration, 272
anastomosis, 277
anatomy, 271, 272
antibiotic prophylaxis, 270
bowel preparation, 270
carcinoids, 285
complications,

anastomotic leak, 283
anastomotic stricture, 283
infection, 284
small bowel obstruction, 283, 284

contiguous organ involvement, 281
gastrointestinal stromal tumors, 284, 285
lymphoma, 284
metachronous colon cancer, 282, 283
obstructing carcinomas, 280, 281
perforating cancers, 281
preoperative assessment,

clinical presentation, 267
comorbidity and operative risk, 269
diagnosis, 267
extent of disease, 268
familial syndromes, 268, 269
inflammatory bowel disease, 268, 269
laboratory evaluation, 269, 270
polyp identification, 268

resection,
descending colon, 276
goals, 273
lymphadenectomy, 273, 274
right colon, 275
sigmoid colon, 277
transverse colon, 275, 276

sentinel node evaluation, 278
small tumors, 280
synchronous primary tumors, 281
technique, 272
venous thromboembolism prophylaxis, 270

complementary therapy for perioperative
symptom management,

acupuncture, 724
hypnosis and relaxation, 724, 725
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massage, 725
music therapy, 724

failure analysis of primary colorectal cancer
operations, 403, 404

familial adenomatous polyposis, segmental
resection management,

abdominal colectomy and ileorectal
anastomosis, 101, 103, 104

comparison of approaches, 101, 106
total abdominal colectomy, mucosal

protectomy, and ileoanal pouch
anastomosis, 103–106

total proctocolectomy and ileostomy, 100
hepatic metastasis, see Hepatic metastasis
intraoperative ultrasound, 278
laparoscopy, see Laparoscopy, colorectal

cancer
lung metastasis, see Lung metastasis
neurosurgical analgesia, see Analgesia
optimization of colorectal cancer resection,

404–407
pain relief, 660
peritoneal carcinomatosis, see Peritoneal

carcinomatosis
postsurgial pain syndromes, 652
prognostic significance of surgical resection

margins, 259, 260
prophylactic resections,

appendix, 279
gallbladder, 278, 279
ovary, 279, 280

radioimmunoguided surgery, 171, 172, 278
rectal cancer,

abdomino-perineal resection, 341, 343,
351, 357–359

anatomy,
arterial supply, 339
fascial relationships, 339
pelvic nerves, 340, 341
segments, 338
venous and lymphatic drainage, 339, 340

complications, 350, 351, 359
conservative management of early-stage

cancer,
chemoradiotherapy adjuvant treatment

outcomes, 364–368
goals, 358
indications, 359, 360
outcomes, 363, 364
preoperative radiotherapy, 368
prospects, 370, 371
salvage surgery, 368, 369
transanal excision, 3651, 362

transcoccygeal or transsacral excision,
361, 362

transsphincteric excision, 361, 362
treatment guidelines, 369, 370

historical perspective, 337, 338
locally advanced cancer, 352, 353
low anterior resection, 341, 343, 351
margins, 344
mortality, 359
nerve preservation, 346, 347
outcomes by resection techniques, 342
radiation therapy adjunct, see Radiation

therapy, rectal cancer
reconstruction, 348–350
staging, 341, 342
surgeon-related factors, 352
technique, 343, 344
total mesorectal excision, 344–346, 351

sexual function effects,
colostomy, 700, 703
improvement over time, 711
nerve preservation, 699, 700
neuroanatomy, 699
postoperative predictors, 698
rectal cancer, 699

surgeon skill as prognostic variable,
401–403

Surveillance, see Screening and surveillance,
colorectal cancer

Surveillance, Epidemiology, and End Results
Program (SEER), left-to-right shift trends
in colon cancer, 32

T
TCAs, see Tricyclic antidepressants
T-cell, vaccine response, 796, 797
Tegafur, see UFT
TENS, see Transcutaneous electrical nerve

stimulation
Thymidine phosphorylase (TP), 5-fluorouracil

response marker, 627
Thymidylate synthase (TS),

catalytic reaction, 567
expression levels,

chemotherapy response, 577
E2F expression correlation, 628, 629
5-fluorouracil effects on expression

response,
hepatic artery infusion, 624, 625
immunohistochemical staining,

629–631
metastasis, 625
protracted infusion, 623, 624
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irinotecan therapy, predictor of response,
628, 629

inhibitors, see specific inhibitors
TME, see Total mesorectal excision
Topotecan, oxaliplatin combination therapy, 557
Total abdominal colectomy, mucosal protectomy,

and ileoanal pouch anastomosis, familial
adenomatous polyposis management,
103–106

Total mesorectal excision (TME), rectal
cancer, 344–346, 351

Total proctocolectomy and ileostomy, familial
adenomatous polyposis management, 100

TP, see Thymidine phosphorylase
TRAIL (Apo2L),

death receptor binding, 778
therapeutic applications, 778, 779

Transcutaneous electrical nerve stimulation
(TENS), pain management, 679

Transforming growth factor-β II receptor,
mutations in colorectal cancer, 14, 15

Tricyclic antidepressants (TCAs), adjuvant
analgesia, 677

Trimetrexate, 5-fluorouracil modulation, 569, 570
TS, see Thymidylate synthase
Turcot's syndrome, gene mutations, 8, 14
Two-hit hypothesis, cancer pathogenesis, 9

U
Ubiquitin proteasome pathway, therapeutic

targeting, 776, 777
UCN-01, phase I trials, 782
UFT,

components, 555
dihydropyrimidine dehydrogenase inhibition

with 5-fluorouracil therapy, 494,
501–503, 509

oxaliplatin combination therapy, 555, 556
Ultrasound,

biopsy guidance, 121
endorectal ultrasound,

accuracy, 149, 150
chemoradiation patients, 148
interpretation, 145
lymph node involvement determination,

146, 147
probes, 144, 145

staging, 145, 146
surveillance, 149
technique, 144
tumor proximity to sphincter muscles and

adjacent structures, 147, 148
intraoperative ultrasound,

colorectal cancer, 278
hepatic metastasis, 432

principles, 118
staging of colorectal cancer, 119, 121
surveillance, 121, 123

Ureteric obstruction, chronic pain syndrome,
645, 646

Ursodeoxycholic acid, colorectal cancer
protection, 89

V
Vaccination, colorectal cancer,

anti-idiotype antibodies, 801–804
carbohydrate vaccines, 800
carcinoembryonic antigen-expressing

vaccines, 800, 801
genetically-modified tumor vaccines, 798, 799
immune system structure, 796, 797
mucin vaccines, 799, 800
peptide vaccines, 799
specific active immunotherapy, 795, 796
whole tumor cell vaccine, 797, 798

Vascular endothelial growth factor (VEGF),
antagonists, 747, 749–752
levels in colorectal cancer, 743, 744

VEGF, see Vascular endothelial growth factor
Virtual colonoscopy, see Computed tomography;

Magnetic resonance imaging
Vitamin D,

colorectal cancer protection, 88
intake and colorectal cancer, 52, 53, 81
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epidermal growth factor receptor targeting,
593, 765

mechanism of action, 593
oxaliplatin combination therapy, 557
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structure, 572
thymidylate synthase inhibition, 573
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