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ABSTRACT

Background: Diet, lifestyle and heritable factors have been related to colorectal cancer risk; to 
date, their relevance to the overall scope of colorectal carcinogenesis, has not been clearly established.

Aim and Methods: To evaluate whether distinguishing colorectal tissue by its histopathological 
and molecular characteristics sheds further light on the etiology of colorectal cancer. Five 
research questions addressed associations between diet, lifestyle and heritable factors, and 
specific tissue characteristics.

Results: First, we observed that consumption of fruits, in particular citrus fruits, was 
associated with increased rectal glutathione S-transferase activity in a cross-sectional study of 
94 Dutch individuals. Consumption of cruciferous vegetables was also associated with increased 
activity, but only among individuals who carried the GSTM1 genotype. 

Second, we observed that intake of vitamin B2 was inversely associated with adenomas with 
a K-ras mutation (n=81) but not with adenomas without a K-ras mutation (n=453) in a case-
control study conducted in the Netherlands. A positive association with monounsaturated 
fat was confined to K-ras mutation-negative adenomas. We found indications for differential 
associations with some additional factors, but the epidemiological evidence on risk factors and 
K-ras mutations remains inconsistent.

Third, in a cohort study of 26,769 American men, we observed that most risk factors were 
similarly associated with advanced (≥1cm or with any villous characteristics or carcinoma in 
situ) and non-advanced colorectal adenomas after 17 years of follow-up. However, smoking had a 
stronger positive association with advanced adenomas than with non-advanced adenomas, and a
high glycemic index was inversely associated with advanced but not with non-advanced 
adenomas. 

Fourth, associations with family history of colorectal cancer were stronger for men with 
multiple distal adenomas than for men with a single distal adenoma at first diagnosis, in the 
aforementioned cohort study among US men. Associations between family history, and advanced 
and non-advanced adenomas, were of similar strength, but a tendency towards a somewhat 
stronger association with non-advanced adenomas was found. 

Fifth, fruit consumption was inversely associated with hMLH1 protein-deficient colon cancer 
(n=54) but not with hMLH1 protein-proficient colon cancer (n=387) in a cohort study of 120,852 
people who were followed-up over 7.3 years, while ignoring information from the initial 2.3 years 
of follow-up. Clear associations with consumption of vegetables, or nutrients related to fruits and 
vegetables, could not be detected. 

Conclusions: We showed that distinguishing colorectal tumors by their histopathological and 
molecular characteristics may indeed shed further light on the role of diet, lifestyle and heritable 
factors in colorectal carcinogenesis. Such an approach may alleviate some of the weaknesses of 
traditional epidemiology, but also adds another layer of complexity. It is a challenge for the future 
to develop a framework into which specific associations can be integrated, using risk markers 
signaling the molecular and biochemical pathways from normal to cancerous tissue.
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This chapter intends to provide a comprehensive introduction to how studies using 
histopathological and molecular markers, such as those described later in this thesis, may 
improve the understanding of the role of dietary, lifestyle and heritable factors in the causation 
of colorectal cancer. The chapter consists of four main parts:

• Part I: focuses on cancer in general. It gives an overview of the main characteristics of 
cancer development, and it introduces relevant medical and scientific terminology at a basic 
level. If you are already familiar with this, you can skip this part and continue with part II, 
III or even IV. 

• Part II: focuses on colorectal cancer. It explains what colorectal cancer is and how often it 
occurs; it mentions the main characteristics of various steps and stages that are involved in 
its development. Postulated risk factors are also mentioned.

• Part III: describes how studies incorporating histopathological and molecular markers 
may help to improve the understanding of the role of risk factors in (colorectal) 
carcinogenesis. 

• Part IV: describes the aims and outline of this thesis, and broad and specific research 
questions are formulated. 

An index, containing a listing of the terminology introduced in this chapter and their 
corresponding page numbers, can be found at the last page of this chapter. 

Preamble
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PART I: WHAT IS CANCER? 

To many people, cancer is one of the most feared diseases. They believe that cancer is always 
painful, that the treatment is worse than the disease and that death is inevitable. Besides, the fact 
that something grows in the body over which one has no control is fearful to many, and once 
being diagnosed with the disease, cancer is a sword of Damocles that often continues to hang 
over the patient for the rest of his life1. 

CANCER is a group of diseases characterized by abnormal growth and unlimited division of 
CELLS, which are the basic structural and functional units of our body. Groups of cells form 
masses, TUMORS, which may be benign or malignant. Cancer is a synonym for malignant tumors, 
and they may eventually spread to other parts of the body. 

Cancer is a major public health problem. In many countries, cancer causes more than a quarter 
of the deaths. Cancer accounted for about 12.5% of the deaths worldwide in 20022, when seven 
million people died of cancer3. In the same year, 11 million people were diagnosed with cancer 
and nearly 25 million people were alive with cancer (within three years of their diagnosis)3. In 
2020, there could be as many as 15 million new cases per year2.

But there is good news too. At least a third of all cancers are likely to be preventable4, as 
many cancers are due to modifiable risk factors. Cancer prevention strategies include increasing 
awareness of people of unhealthy behavior (e.g. warning people of eating blackened meat), 
enhancing healthy behavior (e.g. promoting physical exercise and consumption of fruits and 
vegetables), and governmental actions such as banning smoking from public places. However, 
evidence on which risk factors are involved in the causation of cancer is not entirely consistent, 
and the story becomes more complex because genetic factors play a role in cancer causation, 
either directly or by modulating the effect of environmental factors on the development of 
cancer. 

In this part, we explain the basics of cancer development and how dietary, lifestyle and heritable 
factors may interfere with cancer development. 

From Normal Cells to Cancer
Processes involved in the transformation of a normal cell to a cancerous cell are not completely 

understood. Most knowledge on this transformation process, which is called CARCINOGENESIS, 
has been gained through careful comparison of cancerous tissue with normal tissue. 

Changes that occur during carcinogenesis can be classified according to the level at which they 
are visible. HISTOPATHOLOGICAL CHANGES may occur in the organization of groups of cells that are 
similar in structure and that perform one or more common functions: a TISSUE. When we have 
a closer look at what happens within the tissue, we observe that cancerous cells look and behave 
differently than normal cells: CYTOPATHOLOGICAL CHANGES have occurred in the cancerous cells. 
The genetic makeup of cancerous cells also differs from the genetic makeup of normal cells. We 
summarize the most important changes for each of these levels separately below. 
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HISTOPATHOLOGICAL CHANGES: CHANGES TO THE TISSUE

A common first signal of carcinogenesis is the occurrence of HYPERPLASIA, which refers to the 
presence of an abnormally high amount of cells in a specific area. When the transformation to 
cancer goes on, normal cellular architecture and orientation are gradually lost and the tissue 
loses its normal organization little by little; DYSPLASIA is said to occur. Hyperplasia and dysplasia 
can occur in many types of cells, but they occur most frequently in EPITHELIAL CELLS, which are 
the cells that form the skin and line the organs. Cancers that arise from such cells are called 
CARCINOMAS.

It is very hard to distinguish between a benign tumor with severe dysplasia and CARCINOMA IN 
SITU. Carcinoma in situ is cancer that is confined to the very local area where the cancer first 
developed, and it has not yet spread to surrounding areas or other tissues. When the tumor 
grows through the thin layer that separates the epithelial cells from the underlying supporting 
framework, it is called INVASIVE or INFILTRATIVE CANCER. Invasive cancers have a poorly defined 
boundary, their surrounding area is frequently inflamed, and they are often surrounded by a 
network of blood vessels. The cancer is able to create such blood vessels itself, the process of 
which is called ANGIOGENESIS; by doing so, the tumor ensures its own oxygen and nutrients 
supplies. 

Invasive cancers may eventually grow into blood or LYMPH vessels, which transport cells that 
are important in the defense against infections. When a cancerous cell enters the bloodstream 
or lymph, it may be transported to other parts of the body, where the cancerous cell may settle 
down and divide. This may result in the creation of new tumors, which are called METASTASES. 
How large a cancer has grown and how far it has spread are reflected in the cancer’s STAGE. The 
stage of a cancer is closely related to the PROGNOSIS, the expected clinical course and predicted 
outcome of the disease. 

CYTOPATHOLOGICAL CHANGES: CHANGES TO THE CELL

Under healthy conditions, most cells divide from time to time to replace cells that die. In 
cancer, the balance between cell division and cell death is disturbed: the cancer cells stimulate 
themselves to grow and divide, they do not respond to signals that tell them to stop dividing 
and they often escape APOPTOSIS, which is programmed cell death5. Consequently, fewer cells die 
than new cells are formed, which is called increased PROLIFERATION. Cells that allow the cancer to 
grow faster or let it survive longer are selected, and these cells proliferate further. 

Whereas hyperplastic cells still preserve normal architecture and retain a normal shape, these 
are gradually lost in dysplasia. Cancer cells also often have an abnormal size as well as a much 
larger and irregularly shaped NUCLEUS, which is the cell’s controlling centre responsible for 
growth and reproduction. As a result of containing an overload of DNA - the genetic material 
that carries all the instructions for the composition, growth and development of our body - the 
nuclei of tumor cells often appear to be darker under the microscope after coloring with certain 
dyes than those of normal cells. 

Cancer cells lack the ability to communicate well with their neighboring cells6 and cancer cells 
adhere to their neighbors badly; the latter partly accounts for their ability to metastasize. Cancer 
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cells also stop maturing early on; they lack the specialized functions of normal adult cells and are 
said to show lack of DIFFERENTIATION.

 MOLECULAR CHANGES: CHANGES TO THE GENETIC MAKEUP OF A CELL

During cancer development, the genetic makeup of a cell undergoes several changes. In this 
section, we briefly explain the structure and function of the DNA. Thereafter, we describe the 
different types of genetic alterations and their possible relation to cancer causation. 

Background: the DNA
Each cell contains a complete package of someone’s genetic blueprint, the GENOME, the vast 

majority of which is found in the nucleus. The human genome is organized in 46 CHROMOSOMES 
that are arranged in 23 pairs, with one member of each pair inherited from each parent at the 
time of conception. Each CHROMOSOME consists of a long string of coiled-up DNA. This string 
consists of two long chains of NUCLEOTIDES, the basic units of the DNA, which are twisted into 
a double helix and are joined by so-called hydrogen bonds7. Each nucleotide consists of a sugar 
component, a phosphate molecule and one of four molecular building blocks, BASES, which 
are GUANINE (G), CYTOSINE (C), THYMINE (T) and ADENINE (A). Related to their comparable 
chemical structure, adenine and guanine are classified as PURINES, and cytosine and thymine as 
PYRIMIDINES. An adenine at one chain of the helix always combines with a thymine at the other 
chain, and a cytosine always pairs with a guanine base7. 

Each person has a unique genetic blueprint as defined by a unique sequence of nucleotides, 
which defines the hereditary characteristics. The major part of the sequence does not vary 
between people however, as humans share many basic characteristics. Around one percent of the 
DNA is CODING DNA that determines which PROTEINS are produced; proteins are required for 
the structure, function and regulation of the body’s cells and tissues, and consist of amino acids. 
There are 20 different AMINO ACIDS, which are simple organic compounds containing carbon, 
hydrogen, oxygen, nitrogen and sometimes sulphur. Three adjacent nucleotide bases determine 
which amino acid might be formed; the next three bases determine the next amino acid, etcetera. 
GENES, consisting of a sequence of nucleotides, dictate which protein is produced. There are two 
copies of each gene, called ALLELES, in each cell as chromosomes come in pairs. 

Genes have to be turned on before protein production can start. Protein production starts by 
TRANSCRIPTION, during which a single strand of DNA is copied in a single strand of nucleotides 
called RNA. After a few intermediate steps, the RNA gives off a message to produce specific 
proteins, and this process is called TRANSLATION. The function of the majority of the NON-CODING 
DNA is unknown, but many non-coding sequences are thought to have regulatory roles8. 

Types of Genetic Alterations
During the development of cancer, many genetic alterations occur. These alterations comprise 

MUTATIONS, which are direct alterations to the nucleotide sequence, and EPIGENETIC MODIFICATIONS, 
which are changes that may indirectly influence the function of a gene without affecting the 
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nucleotide sequence. If mutations or epigenetic modifications occur, altered versions of proteins 
may be produced and their function in the body could be affected. 

Mutations can be inherited or can be acquired over the course of life. Inherited mutations are 
called GERMLINE MUTATIONS, and they already occur in sperm and egg. However, the majority of 
the mutations are acquired during lifetime and they occur in cells other than sperm and egg. 
These are called SOMATIC MUTATIONS. 

Many different types of mutations exist. POINT MUTATIONS are also called BASE SUBSTITUTIONS 
because one nucleotide base is converted into another one. Point mutations can be further 
subdivided into four subtypes according to the functional change: missense, nonsense, silent 
and frameshift mutations. A NONSENSE MUTATION is a specific type of point mutation that results 
in an incomplete protein. A MISSENSE MUTATION refers to the replacement of one amino acid 
by another one, which may lead to a protein with altered function. However, a point mutation 
is not always harmful; the same amino acid is still produced when a SILENT MUTATION occurs. 
FRAMESHIFT mutations occur when a nucleotide is deleted or inserted in the coding section of a 
gene. Frameshift mutations are likely to result in a protein that was not intended to be produced; 
as a sequence of three adjacent nucleotide bases determines which amino acid is produced, 
insertion and deletions change the reading frame of the nucleotide sequence and thereby easily 
the proteins that are produced.

Alternatively, point mutations can be classified according to the bases that are substituted. 
When a purine base is exchanged for another purine or a pyrimidine base is exchanged for 
another pyrimidine, i.e. A for G, G for A, C for T, or T for C, a TRANSITION MUTATION has 
occurred. When a purine is exchanged for a pyrimidine, or vice versa, a TRANSVERSION MUTATION 
has occurred. 

Mutations can also occur at the chromosomal level. They comprise TRANSLOCATIONS, where a 
segment of a chromosome is moved to another chromosome, typically to one of a different pair; 
LOSS OF HETEROZYGOSITY (LOH) when part of a chromosome is deleted; and gene AMPLIFICATIONS, 
where there is an increase in the number of copies of a specific DNA fragment. 

Epigenetic modifications form a different type of category of genetic alterations. Epigenetic 
modifications refer to changes in the PHENOTYPE, the observable traits or characteristics of a 
person, without accompanying changes in the GENOTYPE, the specific genetic makeup of an 
individual. Many epigenetic events are part of normal cell function, but may be deregulated 
in carcinogenesis. They include DNA METHYLATION. METHYL GROUPS, small organic group 
consisting of one carbon which is single-bonded to three hydrogen molecules, may bind to the 
DNA and block expression of a specific gene thereby acting as a switch to turn genes on and off, 
to control which proteins are produced and at which moment. Furthermore, such binding affects 
the structural stability of the DNA. When such regulatory functions are deregulated, such as in 
HYPO- (too few methyl groups attached to the DNA) or HYPERMETHYLATION (too many methyl 
groups attached to the DNA), they can contribute to the development of cancer9, together with 
mutations. 

Fortunately, not all mutations are harmful. Besides, our body does its utmost best to protect 
itself against DNA damage. For instance, a class of proteins checks whether the DNA was 
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replicated well during cell division, repair proteins mend mistakes that occur during this 
replication process and the immune system kills cells that are severely damaged or such cells 
commit suicide themselves. Nevertheless, if DNA errors are not repaired or cells with severe 
damage are not killed, cancer could start developing if the errors occur in certain critical genes.

Mutations in Critical Cancer Genes
Alterations to three classes of genes are thought to be important in turning a cell into a 

cancerous one: genes that produce proteins which stimulate the cell to divide, genes that produce 
proteins that stop cell division, and stability genes that keep genetic alterations to a minimum10.

Genes that produce proteins that stimulate the cell to divide into two are called ONCOGENES. 
Under normal circumstances, signals for cell division are given from time to time. However, 
when a genetic alteration occurs in a PROTO-ONCOGENE, which then becomes an oncogene, the 
cell constantly keeps getting signals to divide, and cell division gets out of control. 

Genes encoding for proteins that restrain cell growth and division are called TUMOR SUPPRESSOR 
GENES. If both alleles of a specific tumor suppressor gene are genetically altered, the cell does not 
give off a signal to stop division. Again, cell division gets out of control. 

The class of STABILITY GENES includes DNA REPAIR GENES, which correct errors that occur in the 
DNA10, and genes that constantly monitor chromosomes and the DNA. However, mutations may 
also occur in these genes. If this happens, mutations in other genes may start accumulating11. 

It takes mutations in several oncogenes, tumor suppressor genes or stability genes in a single cell 
before this cell turns into a malignant one and starts replicating. Because of this, not everyone 
who inherits a mutation in one such a gene will eventually develop cancer. 

Carcinogens, Mutations, Defense Mechanisms and Cancer Development
Somatic mutations may occur spontaneously, typically because errors are made during cell 

division when the entire genome has to be replicated and distributed to both daughter cells. 
Insertion of the wrong base, a so-called MISMATCH, is the most common error. Mutations may 
also be induced by cancer-causing agents that are ingested, inhaled, enter the body via the skin, 
or are produced by the body itself: CARCINOGENS. Carcinogens attack the DNA and may alter 
its structure. The good news is that damage can be prevented by substances present in the 
environment assisted by the body’s defense mechanisms, even after a cell is hit. 

Let us have a look at what happens when a spontaneous mutation occurs or when the body is 
exposed to a harmful compound (Figure 1-1). A spontaneous mutation may directly result in 
DNA damage if the damage is not repaired. Harmful compounds generally need to be activated 
in the body before they can exert their carcinogenic action. The non-activated carcinogen is 
called the PROCARCINOGEN and the activated carcinogen is called the ULTIMATE CARCINOGEN. 

To protect itself from potential damage, our body does its utmost best to dispose of such 
compounds: special proteins, PHASE I ENZYMES, detect procarcinogens and make them more 
reactive. Subsequently, PHASE II ENZYMES attack these ultimate carcinogens, inactivate them, 
enhance their water-solubility and guide them from the body. Some factors present in the 
environment may modulate the activity of phase I and II enzymes; for instance, tobacco smoke 
may induce phase I enzymes with potentially deleterious effects12, whereas substances from 
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broccoli may prevent carcinogenic damage by increasing the activity of phase II enzymes13, 14. 
ANTIOXIDANTS such as VITAMIN C, E and CAROTENOIDS that are present in our diet may also help 
to prevent DNA damage. They attack and render REACTIVE OXYGEN SPECIES inert; these highly 
reactive compounds are constantly formed in the body during normal processes but they may 
also be derived from environmental factors, such as tobacco smoke15.

Figure 1-1. Carcinogens, spontaneous mutation and the process of the causation of cancer. After Figures 3-19 and 
3-21 in Casarett, 199616 and Figure 2.7 in the WCRF report, 199717.

In spite of this, ultimate carcinogens may escape inactivation or the carcinogen may cause 
damage before inactivation can take place. The ultimate carcinogens may bind to the DNA and 
form complexes, ADDUCTS, or induce other types of DNA damage. If the damage by ultimate 
carcinogens or the spontaneous mutations are fixable, the cell sends in its DNA repair machinery. 
If the damage is too extensive, the cell triggers its own death. However, when a mutated cell 
replicates before it is repaired or fails to die, the mutation is passed on to the two new daughter 
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cells and becomes permanent. If such an irreversible mutation occurs in a tumor suppressor 
gene or oncogene, INITATION18 is said to have taken place. PROMOTION18 follows initiation, and 
leads to clonal expansion and tumor development; this process might be reversible if exposure 
to promoting agents discontinues. As the cells continue to proliferate, additional mutations may 
lead to PROGRESSION18 towards cancer. The terminology of initiation, promotion and progression 
is mainly used for data from the laboratory, but in humans, carcinogens can also act at more than 
one stage, e.g. early and late in carcinogenesis19.
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PART II: COLORECTAL CANCER 

Having introduced the basic concepts of cancer development, we next focus on colorectal 
cancer only. We explain what colorectal cancer is and how often it occurs, and we highlight the 
main characteristics of the multistep process of colorectal carcinogenesis. Thereafter we discuss 
whether colorectal cancer is caused by environmental or genetic factors or a combination of 
both.

What Is Colorectal Cancer and How Often Does It Occur? 
COLORECTAL cancer is the medical term for cancer that occurs in the LARGE BOWEL, which forms 

the last part of the digestive tract. Here, water and useful compounds are removed from digested 
food passing through, and transferred back into the body. The waste is excreted through the 
ANUS, where it leaves the body.

Colorectal cancer accounted for about 1 million of new cancer diagnoses and about 529,000 
deaths in 200220. It is the third most common cancer in women and the fourth most common 
cancer in men worldwide, although among both men and women about 9.4% of all new cancers 
occur in the large bowel20. The disease becomes more common with age: around age 40, the 
risk of colorectal cancer begins to rise, and this risk is highest around age 7021, 22. The risk that 
someone develops colorectal cancer over their lifetime is 5.6% in the Western world22. The 
disease occurs in all regions of the world, but occurs more frequently in the Western world 
compared with the non-Western world20. 

The large bowel can be subdivided into the colon, the rectosigmoid, and rectum or even 
further, as illustrated in Figure 1-2. The COLON is the part of the large bowel that starts where the 
small bowel ends. It is 1.5-1.8 meters long when stretched. The RECTUM forms the final 10-15 cm 
of the large bowel, and it opens to the outside at the anus. The RECTOSIGMOID is the transitional 
zone between the colon and the rectum.

Figure 1-2. Distribution of colorectal cancer over the different areas of the large bowel, based on cancer registrations 
in the Netherlands Cancer Registry in 2003.
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Figure 1-2 also illustrates that colorectal cancer can occur almost everywhere in the large bowel. 
Although colon cancer occurs more frequently than rectum cancer, the number of patients with 
rectum cancer is high given the length of this organ. Within the colon, the disease occurs most 
frequently in the part between the rectum and splenic flexure, the so-called DISTAL COLON or 
LEFT COLON. In the past, even more cancers occurred in this area; nowadays cancers tend to 
occur more frequently in the area from the splenic flexure to the cecum - the PROXIMAL or RIGHT 
COLON - than they did before23, 24. Colon cancer occurs as often in men as in women worldwide17. 
However, cancer of the rectum is more common among men17.

From Healthy Tissue to Colorectal Cancer
Various changes occur during colorectal carcinogenesis. The general histopathological, 

cytopathological and molecular changes that occur in the development of all cancers, including 
colorectal carcinogenesis, have already been described. In this section, we introduce specific 
changes that may occur during colorectal carcinogenesis. Like the corresponding section in 
part I on cancer in general, this section is subdivided according to the level (tissue, cell or DNA) 
at which the changes occur. 

HISTOPATHOLOGICAL CHANGES: CHANGES TO THE TISSUE

We first describe the specific changes that occur to the tissue during the development of 
colorectal cancer. We then discuss the implications of these changes in terms of colorectal cancer 
risk. 

Description of Histopathological Changes
Colorectal carcinogenesis starts with hyperplasia of the epithelial cells, and the tissue becomes 

more and more dysplastic. This process results in the earliest identifiable lesion, the ABERRANT 
CRYPT FOCUS25. The dysplastic tissue may further develop into so-called POLYPS, which are benign 
tumors. Several types of polyps exist. The ADENOMATOUS POLYP, or ADENOMA, which consists of 
glandular epithelial tissue that lines the inner layer of the wall of the large bowel, is regarded as 
the most important type of polyp in colorectal carcinogenesis. Not all adenomas look alike26. 
TUBULAR adenomas, which are the most common subtype27-30, look like a tube due to branching or 
infolding of the glandular epithelium. VILLOUS adenomas, which occur least frequently27-30, have a 
finger-like appearance. TUBULOVILLOUS adenomas have both finger- and tube-like characteristics. 
They are more common than villous but less common than tubular adenomas27-30. A small 
adenoma may develop into an intermediate adenoma and subsequently into a large adenoma. 

Colorectal cancer can also be classified according to stage or pathological characteristics. 
Approximately 98% of the colorectal cancers are ADENOCARCINOMAS, which originate from 
glandular epithelial cells17. Traditionally, the system of DUKES has been used for defining the 
stage of colorectal cancer31, 32. In DUKES’ A colorectal cancer, the cancer has grown through 
several layers of the large bowel, but did not yet grow through its muscular wall. DUKES’ B 
colorectal cancers have grown through the wall, but have not yet reached the lymph nodes. When 
the cancer has spread to at least one lymph node in the nearby area, but not to other body parts, 
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the cancer is classified as being DUKES’ C. DUKES’ D is the most advanced stage of colon cancer; 
the cancer has reached distant organs or tissue, such as the liver or the lungs. 

The vast majority of colorectal cancers appear to develop from adenomas33, 34. An association 
between adenomas and colorectal cancer was firstly suggested in 192835. The current body of 
evidence for this association includes the following: 

I. Adenoma tissue can occur within a carcinoma, and carcinoma tissue can occur within an 
adenoma36, 37. 

II. Adenomas and carcinomas have a similar distribution over the colon38 and just like 
carcinomas, nowadays adenomas occur more frequently in the proximal colon than they 
did before39.

III. Adenomas occur, on average, earlier in life than carcinomas do33, 38.
IV. In countries where the incidence of colon cancer is high, adenomas also occur 

frequently26, 39.
V. Dietary and lifestyle factors seem to be mostly similarly associated with colorectal 

adenomas and carcinomas26. 
VI. First-degree relatives of patients with colorectal cancer and those of patients with 

colorectal adenomas seem to have a similar increased risk of colorectal tumors40.
VII. Virtually all patients with the familial adenomatous polyposis syndrome, whose colon 

is scattered with hundreds of adenomas from late childhood or adolescence onwards, 
develop carcinoma provided the colon is not removed41.

VIII. Similar changes in the DNA, protein expression and chromosomal constitution are 
observed in many adenomas and carcinomas. These changes occur to a smaller extent in 
adenomas than in carcinomas42-44.

IX. Adenoma patients are at higher risk of getting and dying from colorectal cancer than 
patients without adenomas30, 45-47. 

X. Adenoma patients whose adenomas were not removed had a 25% risk of developing 
colorectal cancer at the site of the adenoma after 20 years of follow-up, which is much 
higher than the risk in the general population48.

XI. Removal of adenomas reduces the incidence of carcinomas in adenoma patients49-54. 

It has been estimated that colorectal cancer takes at least five years34 to develop, although most 
studies estimate that it takes between 10 and 30 years33, 48, 55-57. Most of that time is thought to be 
needed for adenoma formation. The trajectory from small adenomas, large adenomas, carcinoma 
in situ and eventually to invasive colorectal cancer has been named the ADENOMA-CARCINOMA 
SEQUENCE.

Carcinomas that do not appear to develop through the adenoma-carcinoma sequence are 
sometimes called “DE NOVO CANCERS”. However, they may have developed from flat adenomas, 
which are hard to diagnose because they are located close to the epithelial surface58. They may 
also have developed from lesions that do not appear to be adenomas at first glance but that show 
adenomatous features at the cellular level59, 60. 
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Implications of Specific Histopathological Changes 
Whereas the lifetime risk of colorectal cancer is 5.6%22 in Western countries, adenomas are 

found in about 30-40% of people aged 65 years or older26, 28, 34, 39, 55. This suggests that only a 
subset of adenomas develop into cancer. 

Not all adenoma patients are at equal risk of colorectal cancer. Patients with villous adenomas 
are thought to have a higher risk of colorectal cancer30, 45, 57, 61 than patients with tubular 
adenomas, whereas patients having tubulovillous adenomas have a risk that is thought to be 
intermediate30, 33, 45, 57, 61. Large adenomas are thought to be more likely to transfer into a 
malignant tumor than smaller adenomas30, 45, 57, 61, and people having multiple adenomas have 
a higher risk of colorectal cancer than people with only one adenoma57. Most adenomas are 
detected during COLONOSCOPY or SIGMOIDOSCOPY, which are procedures during which the large 
bowel is inspected using a flexible, lighted tube. Adenomas are generally removed when detected, 
and patients having adenomas are put under surveillance, as they are likely to develop adenomas 
again. 

Ninety-three percent of the patients with Dukes’ A colorectal cancer, 86% of the patients with 
Dukes’ B colorectal cancer, 60% of the patients with Dukes’ C colorectal cancer and only 8% of 
the patients with Dukes’ D colorectal cancer are still alive within five years of diagnosis62. Thus, 
the prognosis is better if cancer is detected in an early stage. Colorectal cancer screening aims 
at doing so; in the US, population screening projects are already established and pilot studies 
are underway in Europe, e.g. in the UK63 and the Netherlands64, whereas screening of high-risk 
patients is already common policy65.

CYTOPATHOLOGICAL CHANGES: CHANGES TO THE CELL

The cytopathological chances that occur in colorectal carcinogenesis are equal to those 
occurring in carcinogenesis in general. During carcinogenesis, cell proliferation increases, the 
shape and size of the cell and its nucleus change, cell-cell communication becomes impaired, and 
cancerous cells lack specialized functions. These, and other occurring changes to the cell, have 
already been described in part I.

MOLECULAR CHANGES: CHANGES TO THE GENETIC MAKEUP OF A CELL 
During the development of colorectal cancer, several changes in the genetic makeup of 

colorectal cancer cells occur. Two pathways – the CHROMOSOMAL INSTABILITY PATHWAY and 
the HYPERMUTABILITY PATHWAY – have been described in colorectal carcinogenesis66. These 
pathways are illustrated in Figure 1-3. The figure shows that different mutations are involved 
in these pathways, and that additional mutations may occur in the tissue after colorectal cancer 
development. Whereas cancer arising as a result of the chromosomal instability pathway occurs 
mainly in the distal colon, cancer arising as the result of the hypermutability pathway mainly 
arises in the proximal colon67. The proximal and distal colon may behave differently because they 
developed from different parts of the embryo67. The chromosomal instability and hypermutability 
pathway are described in more detail in the next two subsections.
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Figure 1-3. Two main pathways involved in the development of colorectal cancer. The boxes indicate the different 
stages of colorectal carcinogenesis. Arrows connect different stages; the main genes and epigenetic modifications that are 
thought to play a role in the transition between two stages are mentioned above the arrows. The majority of colorectal 
cancers are thought to develop via the chromosomal instability pathway, which is the pathway displayed on top. The pathway 
below is called the hypermutability pathway. 

Chromosomal Instability Pathway
The chromosomal instability pathway is largely equal to the model on the key genetic aberrations 

that are involved in the development of colorectal cancer42 by Fearon and Vogelstein, which was 
proposed in 199042. Fearon and Vogelstein’s model covered mutations in the ADENOMATOUS 
POLYPOSIS COLI (APC ), KIRSTEN-RAS (K-RAS), DELETED IN COLORECTAL CARCINOMA (DCC ), 
and P53 genes. Additionally, the model covered hypomethylation, which refers to insufficient 
methylation in large regions of the genome. 

Mutations in the tumor suppressor gene APC are considered to be early events in the 
chromosomal instability pathway. The importance of APC in the development of the disease is 
easily visible in patients with the hereditary syndrome FAMILIAL ADENOMATOUS POLYPOSIS (FAP). 
FAP patients are born with mutations in the APC gene, and as a result, their colon surface 
becomes covered with hundreds to thousands of adenomas41 in late childhood or adolescence. 
Loss of APC function triggers a chain of other molecular and histological changes68, including 
losses and gains of chromosomes and chromosome rearrangements, and APC has therefore 
been proposed to function as a GATEKEEPER. APC indirectly regulates the function of a number 
of genes that are critical in the development and maintenance of tissue organization. One of 
its functions is removal of excess free ß-CATENIN, a protein that governs events leading to cell 
proliferation69, from the cytoplasm of the cell. 

Hypomethylation could also be an early event in the chromosome instability pathway. 
Hypomethylation may lead to further GENETIC INSTABILITY70 and in turn to secondary mutations. 

A second gene involved in the chromosome instability pathway is the K-ras oncogene, which 
encodes a protein that conveys growth signals. Fearon and Vogelstein observed that mutations in 
the K-ras gene occurred in approximately 50% of the colorectal carcinomas and adenomas larger 
than 1 cm, but in fewer than 10% of the adenomas smaller than 1 cm; they hypothesized that 
mutations in K-ras could be responsible for the conversion of small adenomas to larger and more 
dysplastic ones, which are more likely to progress to cancer42.

A third gene that is thought to play a role in the chromosomal instability pathway is located at 
chromosome 18. Fearon and Vogelstein thought that the DCC gene was involved, which codes 
for a protein regulating that cells stick to each other or to non-cellular components42. However, 
it is still not demonstrated that DCC itself is relevant. Other genes at chromosome 18 located 
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closely to DCC, such as the tumor suppressor genes SMAD4 ( Mothers against decapentaplegic 
homolog-4) and SMAD2, may be more important. SMAD2 and SMAD4 proteins form a 
complex that inhibits growth when they are stimulated by the growth factor TRANSFORMING 
GROWTH FACTOR-BETA (TGF-ß)71. A role of SMAD4 is also suggested by its role in the familial 
JUVENILE POLYPOSIS SYNDROME, although it only accounts for a few cases72.

The p53 tumor suppressor gene is mutated in over 75% of all colorectal carcinomas but 
mutations are rarely present in adenomas. Therefore, Fearon and Vogelstein hypothesized that 
p53 is mainly important in the late stage of colorectal carcinogenesis42. P53 normally activates 
proteins that prevent DNA replication of cells containing damaged DNA or stimulate the cell to 
commit suicide when cellular damage occurs73. Thus, mutations in p53 could provide cells with a 
selective growth advantage that may lead to tumor progression. 

Hypermutability Pathway
Approximately 10-20% of all colorectal cancers are thought to arise through the hypermutability 

pathway. The hypermutability pathway is related to defects in the DNA MISMATCH REPAIR 
system74. Mismatch repair proteins remove bases that should not have been inserted during DNA 
replication, and they can also correct insertions or deletions of short stretches of DNA. Defects 
in mismatch repair occur both in hereditary and sporadic colorectal cancer, but the causes of the 
defects are different ones. Individuals with the syndrome HEREDITARY NON-POLYPOSIS COLORECTAL 
CANCER (HNPCC) have germline mutations in one of the mismatch repair genes, e.g. in hMLH1, 
whereas sporadic colorectal cancer patients may have inactivated mismatch repair genes due to 
hypermethylation of their PROMOTER REGIONS, which are the regions that control GENE EXPRESSION, 
i.e. the actual production of the protein that the gene encodes75-81. 

Tumors that are thought to arise via the hypermutability pathway characterize themselves by 
few mutations in traditional tumor suppressor genes and oncogenes as APC, K-ras and p53. 
However, mutations in other genes occur, such as in the BCL2-ASSOCIATED X PROTEIN GENE 
(BAX ) and TRANSFORMING GROWTH FACTOR-BETA TYPE II RECEPTOR (TGFβRII ); BAX protein 
plays a part in regulating programmed cell death66 and TGFβ is a multifunctional protein that 
controls, among others, cell proliferation and differentiation. When a mutation in TGFβRII 
occurs, the cells are no longer able to respond to TGFβ66 and control of cell proliferation and 
differentiation fails. 

Is Colorectal Cancer Caused by Genes, the Environment or Both?
A GENETIC DISEASE? 

Around five percent of colorectal cancers are caused by inherited genetic mutations, which 
occur in patients with hereditary colorectal cancer syndromes41. People who inherited an altered 
gene that is strongly related to colorectal cancer have a much higher risk for developing colorectal 
cancer than people who inherited normal copies. Typically, they also get the disease at a younger 
age than people with sporadic cancer. Such hereditary syndromes are mostly the result of a single 
inherited mutation, which is said to have a HIGH PENETRANCE; this means that the vast majority of 
people who have such a mutation get the disease. 
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The most common hereditary forms of colorectal cancer are HNPCC and FAP, which have 
been mentioned before. HNPCC is related to inherited mutations in one of the mismatch repair 
genes and FAP is caused by inherited mutations in the APC gene. Individuals with HNPCC have 
a lifetime colorectal cancer risk up to 80%82 and individuals with FAP have a colorectal cancer 
risk of virtually 100 percent41. 

A study on twins estimated that about 35 percent of all colorectal cancer cases are related to 
heritable factors83. As the majority of colorectal cancers are unrelated to hereditary syndromes, 
genetic factors must also be involved in sporadic colorectal cancer. Indeed, individuals with a 
first-degree relative with colorectal cancer have a twofold higher risk of developing colorectal 
cancer themselves compared with individuals who do not have a first-degree relative with 
colorectal cancer84-86. The risk of colorectal cancer is four times higher for people who have 
more than one such relative compared with those without one86. It is poorly understood which 
genetic factors are involved. They may include yet unidentified germline mutations of high 
penetrance, but it is more likely that multiple LOW-PENETRANCE mutations that each confer a low 
risk of colorectal cancer are involved; an individual carrying a large number of low-penetrance 
susceptibility alleles may be at relatively high risk of colorectal cancer87. Low-penetrance 
mutations include GENETIC POLYMORPHISMS, which are variations in a gene that appear in at least 
two percent of a population88.

A DISEASE CAUSED BY ENVIRONMENTAL RISK FACTORS? 
The rate of colorectal cancer is higher among migrants who moved from a region with a low 

colorectal cancer incidence to an area in which the disease is more common. The higher rate may 
be visible within one generation, but even within the migrating generation itself17, 89. It points to 
a role of environmental, modifiable risk factors. 

In 1981, Doll and Peto estimated that 35 percent of all cancer deaths may be related to dietary 
factors90. In 1995, Willett estimated that 70-90 percent of colorectal cancers may be avoidable 
through more health-promoting nutritional and lifestyle practices91, whereas the aforementioned 
study on twins suggested that 60 percent of all colorectal cancers is likely to be related to non-
shared environmental factors83. 

Although the data are not entirely consistent, a set of modifiable determinants of colorectal 
cancer has emerged over the years17, 92-94:

• Red and processed meat are believed to increase risk of colorectal cancer17, 94-97. Especially 
cooking meat at high temperatures or over an open fire may increase the risk, as 
carcinogens are formed during these processes. Examples are heterocyclic amines and 
polycyclic aromatic hydrocarbons98. The possibly harmful effect of processed meat such 
as sausages, luncheon meats, bacon and hot dogs is thought to be due to the carcinogenic 
N-nitroso compounds that are formed from nitrite preservatives that are added to the 
meat98. It has also been suggested that the high heme iron content of red meat contributes 
to enhanced cell division and growth99.
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• Dietary fat is hypothesized to increase risk of colorectal cancer, although evidence is 
inconsistent100-102. A high fat intake increases the amount of primary bile acids in the 
large bowel. Bacteria may then convert these bile acids to secondary bile acids, which are 
tumor-promoting agents103. 

• Fish is hypothesized to decrease risk of colorectal cancer17, 94, 97. Omega-3-fatty acids, 
which occur in fatty fish such as salmon and mackerel, may, among others, slow down cell 
proliferation104.

• Calcium and vitamin D are thought to decrease risk of colorectal cancer105-107. Calcium may, 
among others, bind secondary bile acids and ionized fatty acids in the colon and thereby 
reduce their proliferative stimuli108. Vitamin D gives calcium a hand in reducing cell 
proliferation and inducing cell differentiation, it helps the body to absorb calcium and also 
has comparable anticarcinogenic effects itself105-107.

• Fruits and vegetables are hypothesized to decrease risk of colorectal cancer, although 
evidence is inconsistent17, 94, 109-111. They are rich in antioxidants that catch harmful species 
(e.g. vitamin C), they contain compounds that increase the activity of phase II detoxification 
systems (e.g. glucosinolates in broccoli), and they contain a lot of fiber110 (see below).

• Fiber is hypothesized to decrease risk of colorectal cancer, although studies have shown 
conflicting results112, 113. Fiber-rich food helps to move waste through the colon. It also 
binds primary bile acids, which inhibits their conversion to secondary bile acids. The latter 
are thought to promote cancer development103. 

• Folate is believed to decrease risk of colorectal cancer114, 115. Folate is needed to produce 
intact DNA and RNA, and plays a role in gene expression115, 116. Other B-vitamins are 
also needed for these processes117; research on their role in colorectal carcinogenesis is 
ongoing118, 119. 

• Smoking is believed to increase risk of colorectal cancer120, 121. Tobacco smoke contains at 
least 50 compounds that are carcinogenic to humans15. These carcinogens may, among 
others, induce DNA strand breaks and thereby cause mutations15. Smoking may also 
increase the activity of phase I enzymes12. Much of its damage is done through provision of 
reactive oxygen species that bind to the DNA. 

• Alcohol consumption is believed to increase risk of colorectal cancer122-124. Its breakdown 
product acetaldehyde is a carcinogen. Alcohol may also increase the carcinogenicity of 
other carcinogens. In the past, beer has been associated with rectal cancer, possibly via 
nitrosamines that are currently not present in beer anymore125. Alcohol also decreases folate 
levels126.

• Aspirin and other non-steroidal anti-inflammatory drugs are believed to decrease risk of 
colorectal cancer127. They inhibit the enzyme CYCLO-OXYGENASE 2 (COX 2), which plays, 
among others, a role in inflammation and angiogenesis128, 129. 

• High body fatness is believed to increase risk of colorectal cancer92. This may be related to a 
high intake of fat or a lack of exercise. The higher risk may also be related to an increased 
risk of insulin resistance, which exposes the cells to high levels of insulin and possibly high 
levels of INSULIN GROWTH FACTOR 1 (IGF-1). 
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• Physical activity is believed to decrease risk of colorectal cancer, especially of colon cancer130. 
Physical activity may increase bowel movement and enhance disposal of waste, enhance the 
immune system, decrease obesity and down-regulate hormonal systems that may be related 
to tumor growth.

• Use of birth control pills and postmenopausal hormone use are believed to decrease risk of 
colorectal cancer93. Female hormones, ESTROGENS, decrease production of secondary bile 
acids which are tumor promoters or may lower the level of the growth factor IGF-193. 

Many other potential modifiable risk factors and protective factors have been suggested, 
but their role is not yet elucidated or evidence is scarce. Besides, not all evidence is consistent 
for many of the aforementioned risk factors and many underlying mechanisms remain to be 
elucidated. 

INTERPLAY BETWEEN GENETIC AND ENVIRONMENTAL FACTORS?
We have mentioned earlier that, in some cases, a single gene largely determines whether 

someone gets colorectal cancer. In a few cases, heavy exposure to carcinogens determines 
whether someone gets colorectal cancer. However, in most cases, the environment and the 
genetic background of a person determine the risk of colorectal cancer together: the environment 
affects the activity of the genes and the effect of a certain environmental factor depends on the 
genes. This interplay is called GENE-ENVIRONMENT INTERACTION. It is generally thought that 
colorectal cancer is caused by the action of multiple genes, their interactions with each other and 
the interplay with the environment.  

For instance, there is a lot of variation in the way people handle exposure to carcinogens. Let us 
take red meat consumption as an example. Suppose that a person who can detoxify carcinogens 
from red meat quickly and another person who can detoxify such carcinogens only slowly 
consume the same amount of barbecued red meat. The carcinogens present in the meat might 
be less of a problem for the first person than for the second person, because the first person 
can get rid of the carcinogens quickly and the carcinogens have less time to cause harm. Thus, 
the environmental factor (red meat) and the genetic factor (determining detoxification speed) 
determine the damage together. Concrete examples of genes that determine detoxification 
activity and capacity are genes that encode the phase II detoxification enzymes GLUTATHIONE 
S-TRANSFERASE M1 (GSTM1) and T1 (GSTT1), and N-ACETYLTRANSFERASE 2 (NAT2)14, 131. 
Different versions of these enzymes exist with are associated with different rates of detoxification. 
Inheritance determines which version a person gets, and subsequently how well this person can 
deal with certain environmental compounds.
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PART III: ELUCIDATING THE ROLE OF RISK FACTORS 
BY INCORPORATING MOLECULAR AND 
HISTOPATHOLOGICAL MARKERS

We previously described that many dietary, lifestyle and heritable factors are thought to play 
a role in colorectal carcinogenesis and that they act in concert; that several changes to the 
DNA, cells and the tissue go along with carcinogenesis; that colorectal carcinogenesis is a 
multistage process that gradually presents itself (healthy tissue, adenoma, and carcinoma level), 
and that colorectal cancer may develop through various pathways (e.g. the hypermutability and 
chromosomal instability pathway). 

Studies that associated exposure with colorectal cancer risk have been successful in identifying 
strong risk factors for colorectal cancer, although the underlying mechanisms have not yet 
been fully elucidated. Especially the evidence regarding weaker factors is inconsistent; many 
modifiable factors probably fall into the latter category. 

Observational studies now incorporate concepts and techniques from research areas such as 
genetics and molecular biology. By doing so, researchers do not only hope to improve the quality 
of the assessment of exposure, but also the understanding of mechanisms underlying associations 
between risk factors and cancer occurrence; knowledge on such underlying mechanisms enhances 
the credibility that the risk factor causes cancer. Furthermore, incorporation of concepts and 
techniques from genetics and molecular biology may help to evaluate whether a risk factor plays 
a different role in the causation of different cancer subtypes as well as in different stages of the 
development of cancer. 

After summarizing which study designs can be used, we explain why incorporating 
histopathological and molecular markers within these studies may contribute to improved 
understanding of the role of dietary, lifestyle and heritable factors in colorectal carcinogenesis 
in humans. 

Background: Overview of  Study Designs
Indications for the role of different factors in carcinogenesis can be obtained from IN VITRO 

STUDIES, that study isolated cells or tissues, or from IN VIVO STUDIES, in which living organisms 
are studied. However, studies on humans are the only way to establish whether dietary, lifestyle 
and heritable factors and pathways are relevant to carcinogenesis in humans. Such studies can be 
conducted in many ways. 

In TRIALS, some people are asked to undertake a certain action (such as taking a supplement) 
and other people are asked not to undertake that action or to undertake a different action (such 
as taking a different type of supplement or a fake pill). A random method usually determines 
who is allocated to which group. Where possible, the researcher usually ensures that the study 
participant is not aware of the group to which he/she is allocated and that he does not have access 
to such information himself until the end of the trial. Trials are often regarded as providing the 
strongest evidence on the role of a certain factor in cancer causation. However, trials generally 
take long to undertake as people need to be followed for a long time, especially when cancer 
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occurrence is registered as outcome, and they are usually not conducted until other types of 
studies suggested that an intervention is promising.

The first identification of potential risk factors come from studies that observe people and 
their habits in detail, some of which were already conducted before the 20th century132. Such 
initial studies include CASE SERIES that describe exposure to potential risk factors of some selected 
patients with the disease of interest, and ECOLOGICAL STUDIES that correlate the average exposure 
to hypothesized risk factors in a certain population with the number of people getting cancer 
in the same population, e.g. they correlate the average meat consumption in various countries 
with the risk of cancer in these countries. CROSS-SECTIONAL STUDIES link exposure to cancer 
occurrence in a certain population at a single point in time. 

After World War II, more formal approaches to study associations between risk factors and 
cancer risk came into use, with the formulation of objectives and analysis methods of CASE-
CONTROL STUDIES133-135 and the refinement of the cohort design for large scale studies136-138. In a 
CASE-CONTROL STUDY, both a group of people with a certain disease (the case group) and a group 
of people without a certain disease (the control group) are selected, after which information on 
exposure to potential risk factors in the past is collected. The odds of exposure among the cases 
are then compared with the odds of exposure among the controls. In a COHORT STUDY, exposure 
to factors of interest is assessed in a group of people without the disease, and these people are 
followed over time while disease occurrence is recorded. After a number of years, the rate of 
disease occurrence is associated with the past exposure of interest. 

Improving Assessment of  Exposure 
Traditionally, questionnaires and interviews have been used to assess exposure to potential 

risk factors in observational studies. However, the assessment of specific dietary risk factors, 
especially, has been problematic, among others because foods and nutrients are consumed 
together and are related to other lifestyle habits. Furthermore, the amount of dietary factors 
that are consumed may not reflect the doses that are relevant to colorectal cancer causation 
or prevention, because dietary factors have to pass through several absorption barriers and 
metabolizing circuits before they reach the large bowel. The amount of exposure that eventually 
reaches the target tissue of interest, e.g. the large bowel, is called the INTERNAL DOSE. However, 
the exposure agents have to reach the DNA of the cells in the large bowel before they can 
cause damage to the genetic material; that exposure dose is called the MOLECULAR DOSE. Because 
some environmental agents cause very specific changes to the DNA, such as specific adducts or 
mutations, these changes can be used as molecular measures of exposure. It is the molecular dose 
that may lead to mutations in critical cancer genes. If such mutations occur by themselves, they 
are classified as PRECLINICAL CHANGES, but if they accumulate, they may result in adenomas and 
eventually carcinomas. Figure 1-4 illustrates this process. The figure also illustrates that factors 
such as age and genetic susceptibility may influence the associations between external exposure 
and internal dose, between internal dose and molecular dose, between molecular dose and 
adenomas, and between adenomas and carcinomas. Taking such internal variation into account 
in studies may lead to an enhanced understanding of how the external dose is related to the 
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biological effective dose and thereby to cancer causation, and may result in stronger associations 
with the disease of interest. 

Figure 1-4. Biomarkers may assist in opening the black box behind colorectal cancer development. After Perera, 
2000139.

Elucidating Mechanisms behind Associations of  Risk Factors with Cancer 
Occurrence

Taking molecular or histopathological markers into account may strengthen the evidence 
regarding the causality of an association between a risk factor and disease occurrence. 

First, environmental compounds may cause specific mutations in oncogenes and tumor 
suppressor genes. Smoking, for instance, has been associated with an excess of G to T 
transversions in the p53 gene, which may imply that smoking causes such mutations140. However, 
observing tumors with many of such transversions may also hint at a role of smoking in the 
causation of these specific tumors. 

Second, the relevance of many biological pathways in cancer causation is established or 
suspected based on research from other fields. If an environmental factor influences such a 
well-established pathway, this suggests that the factor plays a role in carcinogenesis in humans. 
Examples of such studies are studies that evaluate whether dietary factors are associated with 
specific levels of a protein that is relevant in detoxification of carcinogens. 

Third, studies incorporating genetic polymorphisms may reveal that some risk factors for 
cancer are not harmful or beneficial for everyone, and may explain why some associations 
between risk factors and colorectal cancer differ between study populations even when similar 
research methodology is used. Some risk factors that are thought to have a weak effect may 
actually turn out to be strong risk factors but only in a minor subset of people with specific 
hereditary characteristics. 

Fourth, studying intermediate endpoints such as preclinical changes or adenomas focuses 
on only part of the pathway leading to colorectal cancer; fewer additional factors may affect 
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the association between the exposure and the endpoint and therefore it is possible that such 
associations are easier to detect.

Studying Differences between Subtypes of  Cancer
We have previously remarked that colorectal cancers vary widely in appearance: some occur in 

the proximal colon, others occur in the distal colon; some have mutations in a specific cancer 
gene, others do not have mutations in that gene; some are diagnosed at an early stage, others are 
diagnosed late; some are well differentiated and others are poorly differentiated, etcetera. These 
differences may partly be related to a different combination of factors that are involved in their 
causation, or, in other words, these cancers may have a different ETIOLOGY. If we can distinguish 
the underlying pathways responsible for these differences, e.g. by taking specific molecular or 
histopathological characteristics into account, the exposure factors that cause cancer may be 
better understood.
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PART IV: AIMS AND OUTLINE OF THIS THESIS 

The aim of this thesis is to evaluate whether distinguishing colorectal tissue by its 
histopathological and molecular characteristics sheds further light on the roles of dietary, lifestyle 
and heritable factors that are possibly involved in colorectal carcinogenesis. In particular, we 
focus on the following broad research questions to evaluate this:

• Can habitual consumption levels influence detoxification systems as observed in healthy 
tissue? 

• Are dietary and lifestyle factors that are thought to play a role in colorectal carcinogenesis 
associated with specific histopathological and molecular characteristics of colorectal 
adenomas? 

• Are dietary and lifestyle factors that are thought to play a role in colorectal carcinogenesis 
associated with specific histopathological and molecular characteristics of colorectal 
cancer? 

The following set of specific research questions is studied: 
• Are parameters reflecting the activity of the rectal glutatione S-transferase detoxification 

system associated with consumption of fruits and vegetables at habitual levels of exposure? 
If so, do genetic variations in glutathione S-transferase genes GSTM1 and GSTT1 modify 
this association? (Chapter 2)

• Do associations between presumed modifiable risk factors for colorectal adenomas depend 
on K-ras mutational status of the adenoma? (Chapter 3)

• Are dietary and lifestyle risk factors for colorectal cancer differently associated with 
adenomas that are thought to have a high risk of malignancy (advanced adenomas) and 
adenomas that are thought to have a low risk of becoming malignant? (Chapter 4)?

• Do people with a family history of colorectal cancer have a higher risk of advanced 
adenomas or do they mostly have a higher likelihood of getting multiple adenomas 
(Chapter 5)?

• Is consumption of fruits and vegetables differentially associated with colon cancer with and 
without defects in the mismatch repair system? (Chapter 6)

The biological relevance of the findings is discussed in each corresponding chapter. In 
Chapter 7, we discuss the used approach and methodology to identify issues that allow 
improvement of future research. 
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Background: The glutathione (GSH)/glutathione S-transferase (GST) system is an important 
detoxification system in the gastrointestinal tract. A high activity of this system may benefit 
cancer prevention.

Aim: To assess whether habitual consumption of fruits and vegetables, especially citrus 
fruits and brassica and allium vegetables, is positively associated with parameters reflecting the 
activity of the GSH/GST enzyme system in human rectal mucosa. GST enzyme activity, GST 
isoenzyme levels of GST-alpha (A1-1, A1-2 and A2-2), -mu (M1-1) and -pi (P1-1), and GSH 
levels were measured in rectal biopsies from 94 subjects. Diet, lifestyle, GSTM1 and GSTT1 null 
polymorphisms were assessed. 

Results: Mean GST enzyme activity was 237 nmol/min/mg protein (SD=79). Consumption of 
citrus fruits was positively associated with GST enzyme activity (difference between high and low 
consumption: 28.9, 95% confidence interval (CI)= 9.3-48.6 nmol/min/mg protein), but was not 
associated with the other parameters. A positive association with brassica vegetables was found 
among carriers of the GSTM1-plus genotype (difference between high and low consumption: 
22.6, 95% CI=0.2-45.0 nmol/min/mg protein), but not among GSTM1-null individuals 
(-25.8 nmol/min/mg protein, 95% CI=-63.3-11.8). This is in line with a positive association 
between consumption of brassica vegetables and GSTM1-1 isoenzyme level (difference between 

high and low consumption: 67.5%, 95% CI=6.8-162.7). Consumption of allium vegetables 
was not associated with GST enzyme activity, but negatively with GSTP1-1 levels (difference 

between high and low consumption: -23.3%, 95% CI=-35.5–  -8.6). Associations were similar 
among those with the GSTT1-plus and GSTT1-null genotype. 

Conclusion: Variations in habitual consumption of fruits, particularly citrus fruits, and of 
vegetables, in particular brassica vegetables, among those with the GSTM1-plus genotype, may 
contribute to variations in human rectal GST enzyme activity.

Abstract
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 Introduction
Given their role in absorption, digestion and transport, the colon and rectum are constantly 

challenged by potentially harmful compounds, including mutagens and carcinogens. The large 
intestine possesses several defense mechanisms to counteract damage of the colorectal mucosa by 
such reactive compounds. These include the ability to up-regulate detoxification systems1, 2. 

Essential is the glutathione (GSH)/glutathione S-transferase (GST) detoxification system, 
which comprises antioxidant reduced GSH and GSTs (EC 2.5.1.18); a family of phase II enzymes, 
which, in humans, consists of four main subgroups: alpha(α), mu(µ), pi(π) and theta(θ). 

Because this system plays an important role in detoxification of a broad range of carcinogens3, 
high GST enzyme activity has been suggested as being beneficial to cancer prevention4. 
Considering the low GST enzyme activity in the colon and rectum compared with tissues in 
which cancer occurs less frequently, we hypothesized previously that GST enzyme activity might 
be critically low and related to high rates of carcinogenesis in this organ5, 6. 

Colonic GST enzyme activity and GST protein levels vary considerably between individuals7, 8, 
which may be related to differential susceptibility to colorectal cancer. Individuals with 
homozygous deletions of GSTM1 or GSTT1 (null genotype) do not have detectable GSTM1 
or GSTT1 enzyme activity, respectively, and were postulated to be at higher risk of colorectal 
cancer. However, no consistent associations of GSTM1 and GSTT1 null polymorphisms 
with risk of colorectal cancer have been observed9. Apart from inherited polymorphisms in 
GSTs, individuals may differ in GST enzyme activity due to differential exposure to bioactive 
compounds. 

In vivo and in vitro studies have shown that a variety of dietary compounds or their metabolites 
can induce the GSH/GST detoxification system. These include glucosinolate metabolites 
and dithiolthiones present in brassica vegetables, diallyl sulfides present in allium vegetables, 
limonoids and flavonoids present in citrus fruits3, 10-17, and butyrate produced by colonic 
fermentation of fiber8. 

Evidence for induction of the human rectal GSH/GST detoxification system was found in a 
crossover study among ten volunteers consuming 300 g/d of cooked Brussels sprouts during 
seven days. This yielded 30 and 15% increases of GST-alpha and GSTP1-1 protein levels, 

respectively. However, no effect upon GST enzyme activity was found11, and taking 3 g/d of 
broccoli supplements for 14 days also did not influence GST enzyme activity in lymphocytes or 
colon mucosa10. 

Nonetheless, indications of the up-regulation of GST enzyme activity by brassica and allium 
vegetables were found in blood plasma, urine and saliva11-15. Moreover, duodenal GST-α and 
GST-π protein levels were higher among subjects consuming vegetables at least four times a 
week, and antral GSTT1 protein levels were higher among subjects consuming fruits at least 

four times a week compared with those who consumed these products less frequently. However, 
no associations between frequency of consumption of fruits and vegetables and GST enzyme 
activity were found in these tissues16. 

Induction of the GSH/GST detoxification system by fruits and vegetables may partially 
account for the observed inverse associations between their consumption and risk of colorectal 



44

Chapter 2

45

Fruits, Vegetables and Rectal Human GST

cancer12, 18. We investigated whether habitual consumption of fruits and vegetables, in particular 
of brassica and allium vegetables and citrus fruits, is positively associated with the following 
components of the rectal GSH/GST detoxification system: GST enzyme activity, GST-α, 

GSTM1-1 and GSTP1-1 isoenzyme and GSH levels.

Material and Methods
This cross-sectional study comprises a sub-study nested in a case-control study on dietary 

factors, genetic susceptibility and somatic mutations in sporadic and hereditary colorectal 

adenomas19. In addition to the data collected in the main study, rectal biopsies were taken from 
participants who enrolled in one of the participating hospitals. 

STUDY POPULATION

Between December 1995 and February 1998, subjects undergoing colonoscopy or sigmoidoscopy 
in the outpatient clinic of the Department of Gastroenterology and Hepatology of University 

Medical Centre Nijmegen, The Netherlands, were recruited by their gastroenterologist. Eligible 
subjects were Dutch speaking Caucasians, between 18 and 75 years old at day of endoscopy 

and having no history of colorectal resection, polyposis coli, colorectal cancer or chronic 
inflammatory bowel disease. Subjects with and without adenomas, either with or without a 
family background of hereditary non-polyposis colorectal cancer (HNPCC) according to the 
Amsterdam I criteria20 were included. All HNPCC family members were first-degree relatives of 
patients with colorectal or endometrial cancer, but were free of cancer themselves. Subjects who 
did not belong to a HNPCC family were excluded if diagnosed with colorectal adenoma >3 years 
prior to recruitment. The medical ethical committees of Wageningen University and University 

Medical Centre Nijmegen approved the study protocol. 

Rectal biopsies were taken from 106 (82%) of the 130 eligible subjects. Twelve subjects did not 
return dietary and/or lifestyle questionnaires. Thus, the final study population consists of 94 
subjects, including 44 members of 26 HNPCC families.

DATA COLLECTION

After providing written informed consent, participants underwent endoscopy during which six 
biopsies from healthy mucosa were taken from rectal mucosa within 10 cm from the anal verge. 
Biopsy specimens were immediately frozen in liquid nitrogen and stored at -80°C. Additionally, 
30 ml of EDTA blood was drawn and stored at -20°C. 

Clinical information regarding the presence and characteristics of adenomas, HNPCC and 
indication for endoscopy was abstracted from medical records. 

We requested that participants complete a questionnaire on lifestyle and socio-economic factors 
and a validated semi-quantitative food-frequency questionnaire21. The questionnaire assesses 

consumption of fruits and vegetables with high reproducibility after a year (fruits, Spearman’s 
r =0.61 and 0.77; vegetables, r =0.76 and 0.65 for males and females, respectively), while relative 
validity versus the means of 12 24-h recalls was moderate (fruits, Spearman’s r =0.68 and 0.56; 
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vegetables, r =0.38 and 0.31 for males and females, respectively)21. Nutrient intake was calculated 
using the 1996 computerized version of the Dutch food composition table22. 

LABORATORY ASSAYS

Rectal biopsies were processed into cytosolic fractions11. Total GST enzyme activity was assayed 
by spectrophotometric determination of 1-chloro-2,4-dinitrobenzene (CDNB) conjugation with 
GSH23. Total intracellular reduced glutathione (GSH) level was quantified by high performance 
liquid chromatography after reaction with monobromobimane using a modification of the method 
of Fahey and Newton24, 25. GST-α (GSTA1-1, A1-2 and A2-2), GSTM1-1 and GSTP1-1 isoenzyme 
levels were determined by western blotting11. GST enzyme activity and levels of isoenzymes and 
GSH were expressed per milligram of intracellular protein, as determined colorimetrically 
according to the method of Lowry et al.26. Protein and enzyme activity measurements were done 
in duplicate. The within- and between-assay coefficients of variations were 10-15% for protein 
and 5-10% for GST enzyme activity measurements, respectively. As a result of limited tissue 
availability, not all biopsy samples could be analyzed completely; this resulted in 78 samples 
analyzed for GST enzyme activity, 94 for GSH, 91 for GST-α and GSTP1-1 and 76 for GSTM1-1 
isoenzyme levels. 

DNA was extracted from 200 µl frozen whole blood (QIAamp blood kit, Qiagen Inc.), diluted 
to a concentration of ~20 ng/µl and stored at 4°C until use. GSTM1 and GSTT1 genotypes 
were determined using a general multiplex polymerase chain reaction method followed by 
electrophoresis27. A ß-globin gene fragment of 350 bp was present as a positive control. 

DATA ANALYSIS

Because all biopsies in which GSTM1-1 protein was not detected were obtained from GSTM1-
null genotype carriers, we excluded these observations in analyses regarding this isoenzyme. We 

log-transformed GST-α, GSTM1-1 and GSTP1-1 protein levels to yield approximately normally 
distributed variables. Nutrient, alcohol and fat intakes were adjusted, separately for men and 

women, for total energy intake using the residual method28. 

Spearman correlation coefficients were computed to quantify the strength of the association 
between GST isoenzymes, GSH and GST enzyme activity. Linear mixed models were fitted 
to associate dietary, lifestyle and medical determinants with GST enzyme activity, GSH and 
log-transformed GSTM1-1 and GSTP1-1 levels. In these models, family membership was 
incorporated as random intercept to account for the presence of relatives in the study population, 
and HNPCC and presence of adenomas at index endoscopy were included as indicator variables 
to account for the study design. Because no null polymorphism has been identified in any of 
the genes encoding GST-α, we used Tobit regression29, which explicitly allows for censored 
distributions of the dependent variable, to model this isoenzyme. 

Two series of models were fitted: a first to investigate the association between lifestyle and 
medical factors, and a second to address the association between consumption of fruits and 

vegetables with the aforementioned GSH/GST parameters. In the latter, total energy intake 
was included to control for potential confounding and to reduce the impact of under- and 
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over-reporting of intake28. To compensate for potential confounding, the following factors that 
potentially relate to both consumption of fruits and vegetables and to GST enzyme activity were 
added separately and mutually to the model: current and past smoking, sex and use of NSAIDs 
or paracetamol as indicator variables, and as continuous variables: age (yr), body mass index 
(kg/ m2), consumption of coffee, tea, (red) meat, energy-adjusted (saturated) fat, alcohol, red wine 
in grams per day and vitamin E (equivalents/d). Current smoking was the only factor that changed 
the regression coefficient of interest with >5 U in most models. To enhance comparability, we 
adjusted all models for this factor. Additionally, regression equations regarding GST isoenzymes 
were adjusted for energy-adjusted fat. 

Fruits and vegetables were treated as continuous variables, tertiles and quadratic terms. 
Because Akaike’s Information Criteria and likelihood ratio tests - for tertiles and quadratic 

terms, respectively - showed a similar fit to continuous terms, only models containing the latter 
are presented. 

To evaluate hypothesized effect modification by GSTM1 and GSTT1 genotype and explore 
effect modification by smoking, age, sex, HNPCC and adenoma status, interaction terms were 
included and tested by Wald tests. Subsequently, to evaluate whether the observed associations 
may be attributed to fractions related to dietary fiber, vitamin A, vitamin C, ß-carotene and 
folate, we added these food components to the models. Finally, we checked whether influential 
outliers were present. This appeared not to be the case. 

All tests of statistical significance were two-sided and considered to be significant at the level 
of 5%. The analyses were conducted using Statistical Analysis Software (SAS version 8.0, SAS 
Institute, Cary, NC). 

Results
In Table 2-1 the characteristics of the entire study population are presented. The characteristics 

of subjects in whose rectal biopsies the GST enzyme activity, one or more of the isoenzymes 

and/or GSH could not be assessed, did not differ from those subjects in which these factors were 
assessed (results not presented). 

Figure 2-1 shows the distribution of GST enzyme activity, isoenzymes and GSH according to 
GSTM1 genotype. As expected, GSTM1-1 protein could not be detected in any of the biopsies 
of GSTM1-null genotype carriers, whereas detectable levels were present in all GSTM1-plus 
genotype carriers. GST-α protein could not be detected in 51 (56.0%) of the 91 samples.

Among the 76 subjects in whom GST-α, GSTM1-1 and GSTP1-1 levels could be assessed, 
GSTP1-1 attained highest levels in 71 (93.4%) subjects, while GSTM1-1 levels were highest in 
the remaining five subjects; GST-α was only present in minor quantities. No differences in GST 
enzyme activity, GSH and GST isoenzyme levels could be detected according to GSTM1 and 
GSTT1 genotype or their combination (results not presented). 

No correlation was detected between GST isoenzymes, GSH and GST enzyme activity. 
However, after adjusting for HNPCC, adenoma status, smoking behavior, sex, age, GSTM1 and 
GSTT1 genotype, a weak, negative correlation between GSH and GST enzyme activity appeared 
(r =-0.24, P =0.049). 
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Table 2-1. Characteristics of the study population*

Characteristic Men (n=45) Women (n=49)
Source of  study population

Members of  HNPCC families†, n (%)  18 (40.0%)  26 (53.1%)
Non-HNPCC subjects‡, n (%)  27 (60.0%)  23 (46.9%)

Demographic and lifestyle factors
Age (yr), mean ± SD  45.7 ± 13.3  47.9 ± 13.9
Body mass index (kg/m2), mean ± SD  25.8 ± 2.5  24.9 ± 3.6
Current smokers, n (%)  14 (31.1%)  16 (33.3%)
Intake of  paracetamol (tablets/yr), median (p25, p75)  1.0 (0.5; 4.0)  2.6 (1.0; 6.0)
Intake of  NSAIDs (tablets/yr), median (p25, p75)  1.3 (0.5; 2.0)  1.6 (1.0; 2.3)

Dietary factors
Total energy intake (kJ/d), mean ± SD  10,515 ± 3,368  8,343 ±1,768
Protein (g/d), mean ± SD  90.6 ± 27.2  76.2 ± 14.5
Carbohydrates (g/d), mean ± SD  276.0 ± 94.1  221.1 ± 55.1
Fat (g/d), median (p25, p75)  99.7 (73.1; 113.5)  76.2 (65.5; 89.8)
Fruits (g/d), median (p25, p75)  149.3 (62.8; 253.0)  122.5 (84.7; 236.6)
Vegetables (g/d), median (p25, p75)  110.4 (87.0; 147.0)  118.6 (85.1; 157.6)
Fiber (g/d), median (p25, p75)  27.7 (22.1; 31.1)  21.7 (18.8; 26.9)
Meat (g/d), median (p25, p75)  129.4 (85.4; 154.0)  100.7 (60.7; 123.0)
Alcohol (glasses/wk), median (p25, p75)  7.6 (3.0; 15.7)  3.7 (0.9; 14.2)

Adenomas
Adenomas at index endoscopy, n (%)  16 (35.6%)§  16 (32.7%)§

History of  adenomas, n (%)  10 (22.2%)  10 (20.4%)
Self-reported bowel complaints**

Rectal bleeding, n (%)  9 (22.0%)  8 (17.8%)
Bowel release issues, n (%)  2 (4.9%)  13 (28.9%)
Diarrhea, n (%)  4 (9.8%)  7 (15.6%)
Cramps, n (%)  4 (9.8%)  11 (24.4%)

GST genotype
GSTM1-plus and GSTT1-plus, n (%)  15 (33.3%)  20 (40.8%)
GSTM1-plus and GSTT1-null, n (%)  1 (2.2%)  8 (16.3%)
GSTM1-null and GSTT1-plus, n (%)  25 (55.6%)  21 (42.9%)
GSTM1-null and GSTT1-null, n (%)  4 (8.9%)  0 (0.0%)

* Because of missing values, not all numbers sum up to 45 and 49, respectively.
† All HNPCC family members were free of cancer themselves. Six (four male, two female) and three (one 

male, two female) of the HNPCC family members were known to carry a germline mutation in hMLH1 
and hMSH2, respectively, whereas 24 (nine male, 15 female) were known to be no germline mutation 
carriers. One female subject classified as not having HNPCC had potentially late onset HNPCC, although 
her pedigree did not fulfil the Amsterdam criteria.

‡ Of the non-HNPCC subjects, six (23.1%) of the females and three (13.0%) of the males had a positive 
first-degree family history of colorectal cancer. For one subject this was unknown. 

§ Seven male and four female subjects had rectal adenomas.
** In the year prior to recruitment.

Table 2-2 describes GST enzyme activity according to GSTM1 and GSTT1 genotype, lifestyle 
and medical factors. Smokers had a higher GST enzyme activity compared with never smokers; 
former smoking subjects tended to have a higher GST enzyme activity compared with those 
who had never smoked, although the difference was not significant. Strikingly, the presence 
of adenomas at index endoscopy was associated with a 44.9 nmol/min/mg protein lower GST 
enzyme activity. Restricting the analysis to subjects having rectal adenomas increased this 
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Figure 2-1. Distribution of rectal GST enzyme activity, 
GSH, and GST isoenzyme levels according to GSTM1 
genotype. Dotted lines represent all subjects, solid lines 
indicate GSTM1-plus subjects and dashed lines indicate 
GSTM1-null subjects. The lowest level of GSTM1-1 protein 
detected among GSTM1-plus genotype carriers is 22 nmol/mg 
protein.
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estimate to 57.7 nmol/min/mg protein (95% confidence interval (CI)=-6.1-121.6), although 
statistical significance was lost. GST enzyme activity was not associated with age, sex, HNPCC, 
GSTM1 or GSTT1 genotype and history of adenomas. None of the associations was modified by 
GSTM1 or GSTT1 genotype (results not shown). 

Those belonging to a family with known HNPCC had 48.8% (95% CI=20.0-67.3) lower GST-α 
and 98.9% (95% CI=15.1-100.0) lower GSH protein levels compared with individuals who do not 

belong to a HNPCC family. These associations did not depend on GSTM1 and GSTT1 genotype. 
Current smokers had 103.2% (95% CI=20.6-242.5) higher GST-α and 53.1% (95% CI=9.6-113.7) 

higher GSTP1-1 protein levels compared with never smokers, while levels of current and ex-
smokers did not differ. 

GSTP1-1 protein levels were lower for those with a previous diagnosis of colorectal adenomas 
compared with those without such a diagnosis (-37.8%, 95% CI=-55.4–  -13.3), although no 
differences between those with and without current adenomas could be detected. For other 
isoenzymes and characteristics mentioned in Table 2-2, no differences were found. 

Associations of fruits and vegetables with GST enzyme activity, according to GSTM1 genotype, 
are presented in Table 2-3. Consumption of fruits, in particular citrus fruits, was positively 
associated with GST enzyme activity. Total consumption of vegetables was positively associated 
with GST enzyme activity among GSTM1-plus carriers, but not GSTM1-null carriers. This 
tended to be true for all subgroups except allium, although the modification was only statistically 
significant for total vegetables and brassica vegetables. No association between juices and GST 
enzyme activity could be detected. When brassica vegetables and citrus fruits were included 
together in the model, their parameter estimates remained essentially the same.

Consumption of citrus fruits, which was associated with total GST enzyme activity, was not 
associated with GST-α (difference between high and low consumption: 9.7%, 95% CI=-10.7-34.7), 
GSTM1-1 (8.1%, 95%, CI=-26.3-58.3), GSTP1-1 (0.9%, 95% CI=-18.4-24.7) and GSH (-26.1%, 
95% CI=-97.1-1,796.3). Consumption of brassica vegetables, which was associated with GST 
enzyme activity, was also associated with GSTM1-1 protein levels (difference between high and 
low consumption: 67.5%, 95% CI=6.8-162.7), but not with GST-α (-1.5%, 95% CI=-24.4-28.4), 
GSTP1-1 (8.3%, 95% CI=-17.3-41.8) and GSH (177.7%, 95% CI=-95.0-15,405.8). Consumption of 
allium vegetables was not associated with GST enzyme activity, but was associated negatively with 
GSTP1-1 levels (difference between high and low consumption: -23.3%, 95% CI=-35.5–  -8.6). 
Consumption of green leafy vegetables, which was also not associated with GST enzyme activity, 
was positively associated with GSTM1-1 levels (133.3%, 95% CI=11.7-387.4), and negatively with 
GST-α levels (26.5%, 95% CI=-44.2–  -3.3).These associations were not modified by GSTM1 and 
GSTT1 genotype, and remained after adding consumption of brassica vegetables to the model. 

Other associations of fruits and vegetables with GST isoenzyme and GSH levels were absent. 

Dietary fiber, vitamin A, ß-carotene and folate did not affect the parameter estimates, whereas 
the effect of vitamin C could not be disentangled from the contribution of citrus fruits due to 
their high correlation (r =0.76).
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Discussion
We observed that consumption of fruits, in particular citrus fruits, is positively associated with 

higher rectal GST enzyme activity. Consumption of vegetables, in particular brassica vegetables, 
was positively associated with GST enzyme activity, although this was limited to GSTM1-plus 
genotype carriers. Consumption of brassica vegetables was also positively associated with 
GSTM1-1 protein levels. No indication was found of an association between consumption of 
allium vegetables and GST enzyme activity, but allium vegetables were negatively associated with 
GSTP1-1 protein levels.

We requested subjects to report consumption of fruits and vegetables according to the year 
preceding endoscopy by filling out a food-frequency questionnaire. While the validity of 
the assessment was moderate, the reproducibility of the assessment was high. Although the 

assessment, like all assessments, is not perfect and may be subject to bias, this method allows 
assessing habitual consumption with minimal intrusion upon the participants. However, it is 

hard to determine whether we have assessed consumption in the time window relevant to GST 
induction. In rat hepatoma cells, GST induction was first observed 8 h after induction, with 
highest values after 24-48 h30. In humans, rectal GST induction is likely to be a delayed process, 
as bioactive compounds have to reach the intestinal tissue, either via blood or the gastrointestinal 

tract. Thereupon, the higher activity might persist for some time for biological reasons or 
prolonged exposure. Indeed, Szarka and co-workers reported that human rectal GST enzyme 
activity was stable over a 2-4 week interval in another cross-sectional study31. 

We included subjects undergoing endoscopy for medical reasons instead of healthy subjects. 
This is unlikely to cause problems as subjects with colorectal cancer and inflammatory bowel 
diseases were excluded since these conditions may influence metabolism and gene expression; 
meanwhile controlling for self-reported bowel complaints did not importantly alter the estimates. 
Nevertheless, given subject selection on HNPCC or adenoma status, we adjusted all parameter 
estimates for these conditions, although this did not influence them. Likewise, these selection 
criteria modify none of the examined associations. 

Our study design allowed us to evaluate the association between GST enzyme activity and 
adenoma presence, sex, age, HNPCC and genetic polymorphisms in GSTs. In line with the 
postulated role of GST induction in cancer prevention and previously published results31, the 
presence of adenomas at index endoscopy was associated with a lower GST enzyme activity 
in normal rectal tissue compared with rectal tissue of patients without adenomas. Cancer-free 
members of HNPCC families had lower rectal GST-α and GSH protein levels than those who did 
not belong to a HNPCC family. These differences, which could not be attributed to differences 
in GSTM1 and GSTT1 genotype, were unexpected and have not been reported before; therefore, 
these findings should be treated with caution. Interestingly, smoking was associated with a higher 
GST enzyme activity (Table 2-2) and higher GST-α and GSTP1-1 protein levels. Indeed, rodent 
studies showed that several polycyclic aromatic hydrocarbons present in cigarette smoke induce 
GST enzyme activity as part of an adaptive response mechanism to chemical stress3. 

The main hypothesis concerned the association between fruits, vegetables and GST enzyme 
activity, isoenzyme levels and GSH. First, fruits, in particular citrus fruits, were associated 
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positively with GST enzyme activity. This might be attributed to the coumarin auraptene and to 
limonoids (highly oxidized triterpenoids), which are present in high concentrations in citrus fruit 
tissues17, 32. Indeed, auraptene increased GST enzyme activity in rat colon tissue33 and limonoids 
induced GST enzyme activity in small intestinal mucosa and liver of mice34. However, auraptene 
and limonoids are also present in citrus fruit juices17, which were not associated with GST 
enzyme activity in this study. As processed juices comprise the larger part of the intake of juices, 
compounds that are lost during the processing of citrus fruits to juices may be responsible for 
these findings. Additionally, bioavailability of phytochemicals might differ between whole fruits 
and fruit juices. Other compounds present in citrus fruits may also account for the higher GST 
enzyme activity, such as citrus flavonoids and δ-limonene35. The latter enhanced colonic GST 
enzyme activity in rats36, albeit at doses that far exceed human exposure. 

Second, consumption of vegetables was positively associated with GST enzyme activity 
among those with the GSTM1-plus genotype, but not those with the GSTM1-null genotype. 
This association was most evident for brassica vegetables, which are rich in glucosinolates. 
Isothiocyanates may be primarily responsible for this GST inducing capacity37, although 
glucosinolate content may depend on species, maturity and processing of the plants38. 

So far, only one study examined consumption of brassica vegetables in relation to rectal GST 
enzyme activity. In this study, ten human volunteers consumed 300 g/d of Brussels sprouts for 

seven days. No effect upon rectal GST enzyme activity and GSH levels was found, while GSTA 
and GSTP1-1 levels increased by 30 and 15%, respectively11. In our study, consumption of brassica 

vegetables was not associated with GST-α and GSTP1-1 levels. However, it was associated with 
GSTM level, which is in line with the observed association between brassica vegetables and GST 
enzyme activity among GSTM1-plus genotype carriers. 

Furthermore, the synthetic dithiolethione oltipraz - dithiolethiones are a class of chemical 
compounds, which also occur naturally in brassica vegetables - increased colonic mucosal 
GST enzyme activity at single oral doses of 125 and 250, but not at 500 or 1000 mg/m2, in 24 
subjects having a family history of colorectal cancer or a personal history of colorectal polyps or 
carcinomas39. However, this could not be confirmed in two other trials40, 41. Other studies have 
evaluated the effect of brassica vegetables upon GST enzyme activity in other tissues11-15, but 
because of organ-specific patterns of expression7 and differences in bioavailability of bioactive 
compounds able to induce GST, it is hard to compare their results to those of the present study. 

Although compounds of allium vegetables did positively affect the GSH/GST detoxification 
system in many in vitro or in vivo studies3, as well as in a human study on lymphocytes12, we 
observed a negative association between allium vegetables and GSTP1-1 levels. However, a 
previous study in which six healthy volunteers were given 250 g/d of mixed vegetables (among 
which allium vegetables) for a period of three weeks reported decreased GSTP1 protein levels in 
five of the six subjects, which is in line with our observation42. 

Assessing overall GST enzyme activity, no correlation between GST isoenzyme levels and 
GST enzyme activity appeared. This could be partially attributed to our substrate CDNB, 
which reacts with moderate activity to GSTA1, GSTA2 and GSTP1, and with high activity to 
GSTM1 and GSTM23, 43. The GST-µ and GST-π classes belong to the most important GST 
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isoenzymes in the rectum11. While this makes CDNB a good general substrate, it is not highly 
specific to a particular isoenzyme, which might be related to the lack of correlation between GST 
isoenzymes and GST enzyme activity. Besides, GSTM2 protein levels were not assessed, while 
GSTM2 contributes to GST enzyme activity. As GSTM2 is expressed in the human colon and is 
inducible8, induction of GSTM2 might further explain the lack of correlation. Alternatively, the 
assessment of GST enzyme activity might be slightly biased, as GSTs also serve as binding and 
transport proteins, resulting in a temporary loss of enzyme activity3, 43. 

Associations with fruits and vegetables appeared to be different for GST isoenzymes and 
GST enzyme activity. For citrus fruits, we found an association with GST enzyme activity, but 
this could not be attributed to any of the assessed isoenzymes. Theoretically, we cannot exclude 
the possibility that citrus fruits induce GSTM2 exclusively. However, it seems more likely that 
effects on specific isoenzymes are too small to be detected, whereas effects on GST enzyme 
activity - which reflects isoenzyme levels of GSTA, GSTM and GSTP1-1 in combination with 
their specific activity - can be detected. This might also explain why consumption of green leafy 
vegetables was associated with GSTM1-1 and GST-α levels, while no association with GST 
enzyme activity was found. As these associations have not been examined before, the actual 
nature of the relationships remains to be established. 

The underlying idea of this study is that high GST enzyme activity is believed to be beneficial 
to cancer prevention. GST enzyme activity in normal mucosa along the gastrointestinal 
tract was inversely correlated with tumor incidence6; inhibition of rat bowel carcinogenesis 
was shown to correlate with induction of GST33; and compounds that induce GST generally 
counteract cytogenetic damage44. However, it should be noted that certain food components (e.g. 
sulforaphane and indole 3-carbinol present in broccoli45, 46) may affect phase I as well as phase II 

enzymes; the balance between induction and inhibition of different detoxification systems is of 
utmost relevance47. 

In conclusion, our study shows positive associations of habitual levels of consumption of 
fruits and vegetables with rectal GST enzyme activity. This is especially true for citrus fruits 
and brassica vegetables, but positive associations with the latter only existed for GSTM1-plus 
individuals.
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Background: K-ras mutation-positive (K-ras+) and -negative (K-ras-) colorectal adenomas may 
differ clinically and pathologically.

Aim: As environmental compounds may cause mutations in the growth-related K-ras oncogene 
or affect clonal selection depending on mutational status, we evaluated whether the etiology of 
K-ras+ and K-ras- adenomas differs.

Results: K-ras mutations in codons 12 and 13 were assessed in colorectal adenoma tissue 
(K-ras+: n=81, K-ras-: n=453). Dietary and lifestyle data were collected through questionnaires 
that were also administered to 709 polyp-free controls. Multiple logistic regression analyses 
showed that intake of vitamin B2 and monounsaturated fat were differently associated with risk 
of K-ras+ and K-ras- adenomas; vitamin B2 was inversely associated with K-ras- (highest versus 
lowest tertile: odds ratio (OR)=0.70, 95% confidence interval (CI)=0.50-0.97, Ptrend=0.020), but 
not with K-ras+ adenomas, and a positive association with monounsaturated fat was confined to 
K-ras- adenomas (OR=1.57, 95% CI=1.06-2.34, Ptrend=0.029). Besides, potential, not statistically 
significant, differences in risk arose because red meat was distinctly positively associated with 
K-ras+ adenomas (OR=1.70, 95% CI=0.94-3.09, Ptrend=0.061); total dietary and polyunsaturated 
fat tended to be inversely associated with risk of K-ras+ but not of K-ras- adenomas; inverse 
associations with dairy products, calcium, protein and tea were confined to K-ras- adenomas, and 
smoking was more markedly positively associated with K-ras- adenomas. No differences in risk 
of K-ras+ and K-ras- adenomas could be detected for other factors.

Conclusion: Dietary and lifestyle factors may influence risk of K-ras+ and K-ras- adenomas 
differently. However, epidemiological literature on diet, lifestyle and colorectal K-ras mutations 
is inconsistent. 
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 Introduction
Over the course of time, a set of modifiable risk factors for colorectal cancer and their 

presumed precursors colorectal adenomas has emerged. These risk factors include excess body 
weight, physical inactivity, alcohol consumption, smoking, consumption of red and processed 
meat, low intake of folate, calcium and non-steroidal anti-inflammatory drugs (NSAIDs)1, 2. 
However, findings are not entirely consistent.

Mutations in the Kirsten-ras (K-ras) gene are the most common abnormality of oncogenes in 
human tumors3, including colorectal adenomas4 and carcinomas5, 6. The K-ras gene encodes the 
p21ras protein: a guanine nucleotide binding-protein that plays a role in transmitting growth 
stimulatory signals from membrane-bound tyrosine kinases through a group of downstream 
regulators to the nucleus. When a point mutation occurs in the K-ras gene, the ras protein is 
locked in its active state leading to a prolonged mitotic signal and thereupon to cell growth and 
tissue proliferation7. 

K-ras mutations occur more frequently in adenomas with a villous histology8. Especially 
glycine-to-valine mutations in codon 12 of the gene may predispose to more aggressive clinical 
behavior in colorectal cancer9. It has also been suggested that K-ras mutational status may 
distinguish two groups of familial non-hereditary non-polyposis colorectal cancer patients 
whose cancers currently have unknown genetic origins10. The aforementioned pathological and 
clinical differences may imply that the etiology of K-ras mutation-positive and mutation-negative 
adenomas may also differ, potentially also according to specific type of mutation. 

Indeed, environmental carcinogens, such as N-nitroso compounds that are endogenously 
formed after red meat consumption or derived from cigarette smoke or processed meat11, 12, 
and polycyclic aromatic hydrocarbons present in cigarette smoke and formed during grilling 
of meat over a direct flame11, may induce (specific) K-ras mutations13-15. Environmental factors 
may also select for K-ras mutation-negative lesions as suggested for calcium16 and heterocyclic 
amines17 that are formed during meat cooking at high temperature11, 12, for instance by reducing 
the mutation rate; the latter was shown for n-3 polyunsaturated fatty acids in rats18. Moreover, 
environmental factors may affect growth of tumors of K-ras mutation-positive and -negative 
tumors differently. The NSAID sulindac, for example, selectively modified amplification of cells 
with a K-ras mutation in codon 12 in rats19. 

In spite of this, the potential environmental influences on the occurrence and persistence of 
K-ras mutations are largely unknown3, especially in humans. To date, only one cross-sectional 
study has evaluated whether the distributions of risk factors differ between patients with K-ras 
mutation-positive and -negative colorectal adenomas: K-ras mutation-positive adenoma patients 
were more likely to have a lower intake of total folate and tended to have higher level of vigorous 
aerobic exercise than did K-ras mutation-negative adenoma patients20. We conducted a case-
control study in the Netherlands to further evaluate whether associations between presumed 
dietary and lifestyle risk factors and risk of colorectal adenomas depend on K-ras mutational 
status. 
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Material and Methods

STUDY POPULATION

Cases and controls were recruited among those undergoing endoscopy of the large bowel in the 
outpatient clinics of ten hospitals in the Netherlands between June 1997 and June 2000. Medical 
review boards of all participating hospitals and Wageningen University approved the study 
protocol. Potential participants were informed about the study through printed material handed 
to them, at the time of the endoscopy, by staff, or sent by mail within three months thereof. The 
overall response rate was 54% and varied from 35 to 91% in the various outpatient clinics. To 
be eligible, participants had to be between 18 and 75 years old at the time of endoscopy, be a 
Caucasian and be able to speak Dutch. They also had to be free of hereditary colorectal cancer 
syndromes, chronic inflammatory bowel diseases and should not have a history of colorectal 
cancer or (partial) bowel resection. All participants provided written informed consent. Cases 
were defined as participants who had at least one histologically confirmed colorectal adenoma 
within three years of recruitment (n=658). Controls were never diagnosed with any type of 
polyps (n=709). Ninety-two percent of the cases and 85% of the controls underwent a full 
endoscopy (i.e. full colonoscopy or sigmoidoscopy combined with X-ray). 

EXPOSURE ASSESSMENT

Participants were requested to fill out a questionnaire on lifestyle and socio-economic factors, 
a validated semi-quantitative food-frequency questionnaire (FFQ)21, 22 and a questionnaire on 
meat consumption and meat preparation methods23 covering the year preceding study inclusion 
or bowel complaints. 

The FFQ assessed the habitual consumption of 178 foods and covered at least 90% of the 
population mean intake of the food groups and nutrients of interest in the Netherlands21. For 
most items, consumption could be indicated per day, month, or year. For some foods that are 
consumed less regularly, consumption frequency could be reported by ticking always/most, 
often, sometimes or rarely/never. Quantity of consumption could be indicated in pre-specified 
units for most foods, photographs of two to four different-sized portions were shown to estimate 
this for 21 foods, and standard portion sizes were assumed for a few foods. Daily consumption 
in grams per day was calculated by multiplying consumption frequency per day by portion size. 
Energy and nutrient intake were calculated using the 1996 computerized version of the Dutch 
food composition table24. The questionnaire seems adequate for ranking according to intake of 
most food groups and nutrients (r≥ 0.40 vs. dietary records), although the relative validity for 
vegetables (r =0.38 for men and 0.31 for women), fish (r =0.32 for men and 0.37 for women), 
β-carotene (r =0.23 for both sexes), vitamin C for men (r =0.37) and vitamin E for women 
(r= 0.35) was low. The 6- and 12-month reproducibility of the assessment was high for all food 
groups and nutrients (r≥ 0.45)21, 22.

The additional questionnaire on meat, described in detail elsewhere23, assessed consumption 
frequency and portion sizes of 16 types of meat, gravy, and meat preparation methods (e.g. height 
of heat source, addition of water, use of lid). Besides, color photographs of fried beef patties, pork 
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chops, steak and bacon, which originated from a Swedish questionnaire25, were included to assess 
habitual color of meat surface as proxy for preparation at 225, 200, 175 and 150ºC. 

ADENOMA CHARACTERISTICS AND K-RAS MUTATION ANALYSIS 
We reviewed relevant medical records to obtain information on the indication for endoscopy, 

polyp history, completeness of colonoscopy and adenoma location, size and number. Besides, 
the national pathology number of the tumor tissue was recorded to enable retrieval. We 
obtained tumor tissue from 615 of the 658 eligible adenoma patients (93%) for K-ras mutation 
analysis. One experienced gastrointestinal pathologist judged the histopathology of all obtained 
specimens. One sample turned out to be a carcinoma and six to be hyperplastic polyps, 15 
samples did not contain any polyp tissue, tissue was sparse in 44 and the quality of one sample 
was poor; these 67 samples were excluded. 

DNA was extracted from the formalin-fixed paraffin-embedded tissue (10-12 sections, 
10 µm thick) using the PuregeneTM DNA isolation kit (Gentra Systems, Minneapolis, MN). 
Microdissection was performed by a hematoxylin and eosin-stained 4 µm section, and only 
those areas containing at least 60% tumor cells were used. The tissue was incubated overnight at 
55ºC in 500 µl lysis solution containing 0.5 mg/ml Proteinase K (Roche Diagnostics, Mannheim, 
Germany), followed by 72 hours at 37ºC. Proteins were removed by precipitation according to 
the manufacturer’s protocol. DNA was precipitated with 500 µl 100% isopropanol at 4ºC for 30 
minutes. The pellet was washed with 500 µl 70% ethanol, air-dried, and subsequently the DNA 
was rehydrated in 30 µl DNA hydration solution.

Codon 12 and 13 of the K-ras gene were examined for mutations by direct-sequencing in most 
samples. Polymerase Chain Reactions (PCRs) were performed in 35 cycles of 30 seconds at 
94ºC, 45 seconds at 55ºC and one minute at 72ºC, followed by a final extension step at 72ºC 
for five minutes. The PCR reaction mixture consisted of 100 ng of purified DNA, 20 mmol/l 
(NH4)2SO4, 75 mmol/l Tris-HCl (pH 9.0), 0.01% Tween, 200 µmol/l dNTPs, 2.5 mmol/l MgCl2 
and 0.4 µmol/l of the following primers: ACTCATGAAAATGGTCAGAG (3’-primer) and 
GTACTGGTGGAGTATTTGATAG (5’-primer). PCR products were checked on an ethidium 
bromide-stained 2% agarose gel and purified with the QIAquick PCR Purification Kit (Qiagen, 
Valencia, CA) according to the manufacturer’s protocol. Subsequently, the PCR products were 
sequenced using ABI PRISM® BigDyeTM Terminators v3.0 (Applied Biosystems, Foster City, CA) 
and cycle sequencing with AmpliTaq® DNA polymerase, FS (Applied Biosystems). Sequencing 
was performed in both directions using the same primers. Samples were analyzed on an ABI 
PRISM® 3700 DNA Analyzer (Applied Biosystems). Forty-two samples were analyzed using 
Mutant-Allele-Specific Amplification (MASA)-PCR as described previously26, 12 of which were 
mutation-positive. The direct sequencing method and MASA-PCR methods allowed detection of 
the presence of 5% and 10-15% mutant DNA, respectively. Additionally, we performed sequence 
analyses on a number of samples (n=8), each with a mutation in codon 12 or 13 according to 
MASA. In all samples, the same mutation was found.
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K-ras mutation analysis was successful in 534 of the 548 available samples, yielding a study 
population of 81 cases with K-ras mutation-positive adenomas, 453 cases with K-ras mutation-
negative adenomas and 709 controls. 

STATISTICAL ANALYSIS 
In the analyses, we evaluated factors that are thought to be risk factors for colorectal adenomas 

and carcinomas1, 2, hypothesized to be related to K-ras mutational status3, 13, 20, 26-29 and factors that 
were previously associated with colorectal adenomas in our study population30, 31.

The distributions of demographic and tumor characteristics and presumed dietary and lifestyle 
risk factors were examined visually and numerically for cases according to K-ras mutational status 
and controls. All nutrients bar alcohol were adjusted for total energy intake using the residual 
method32. Continuous exposure variables were divided into tertiles based on the distribution 
among controls. The distributions of risk factors among K-ras mutation-positive and -negative 
cases were compared to evaluate etiologic heterogeneity using multinomial logistic regression 
(case-case analyses). Simultaneously, odds ratios (OR) and 95% confidence intervals (CI) were 
estimated for K-ras mutation-positive and -negative adenomas separately versus controls to 
evaluate whether risk factors were positively or inversely associated with the disease (case-control 
analyses). 

Separate models, which always included age (continuous), gender and total energy intake (kJ/d, 
continuous), were fitted for each factor under investigation. Either one of the other examined 
factors, family history of colorectal cancer, indication for endoscopy (bowel-complaint related 
yes/no), education level or hormone replacement therapy (set to 0 for men) was added in turn to 
evaluate potential confounding. Red meat changed the parameter estimate for monounsaturated 
fat by more than 10% and was therefore added to the model for this factor. None of the other 
factors changed specific parameter estimates by more than 10%, and they were therefore not 
included in the final models. 

An ordinal score value based on the median value within each tertile among controls was used 
to test for trend across tertiles. We also evaluated whether the distribution of risk factors over 
tertiles or exposure categories differed for patients having codon 12 transitions and codon 12 
transversion mutations by Fisher’s exact test, whereas we visually examined the distribution of 
codon 13 mutations.

As sensitivity analyses, we evaluated whether the parameter estimates changed importantly 
when we excluded participants who indicated to have ever changed their diet, who did not 
undergo a full endoscopy, cases who were previously diagnosed with an adenoma, had multiple 
adenomas, advanced adenomas (≥1cm or (tubulo)villous structure) or no adenomas in the 
distal colon and samples that were analyzed by MASA-PCR in turn. Furthermore, we evaluated 
whether the associations were driven by potential differential consumption patterns of men and 
women by using gender-specific tertiles. We also applied quartiles, instead of tertiles, in the 
analyses. 

All reported p-values are two-sided and regarded as statistically significant if less than 0.05. We 
used Statistical Analysis Software (SAS version 9.1, SAS Institute, Cary, NC) for all analyses.
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Results
Table 3-1 shows the characteristics of K-ras mutation-positive (K-ras+) and -negative (K-ras-) 

cases, cases in whose tissue K-ras mutational status could not be assessed and controls. The 
entire case group was slightly older and consisted of relatively more men and smokers. A smaller 
proportion of cases than controls underwent endoscopy for bowel complaints. The case group 
had a higher intake of total energy, meat, fruits, vegetables and alcohol compared with the 
control group. The characteristics of cases in whose tissue K-ras mutational status could not be 
assessed were largely comparable to the characteristics of K-ras- cases, although they resembled 
K-ras+ cases more with respect to gender and consumption of fruits. Fifteen percent of the 
cases in which we could assess K-ras mutational status harbored mutations in the gene. There 
were fewer smokers among K-ras+ cases than among K-ras- cases. On average, K-ras+ cases had 
a higher total energy intake and consumed more fruit compared with K-ras- cases. A smaller 
proportion of K-ras+ cases had adenomas before, but a larger proportion was diagnosed with 
multiple adenomas compared with K-ras- cases. The majority of K-ras+ adenomas had villous or 
tubulovillous histology and were large, whereas the majority of K-ras- adenomas were tubular and 
small. Relatively more K-ras- adenomas occurred in the distal colon. 

Among the 81 specimens with K-ras mutations, 66 carried mutations in codon 12 exclusively 
(62 monoallelic, four biallelic), 14 a monoallelic mutation in codon 13 exclusively, and one carried 
both a biallelic codon 12 mutation and a monoallelic codon 13 mutation. Transversion from 
K-ras codon 12 GGT to GTT (Gly→Val) was the most common mutation (n=29), followed by 
transition to GAT (→Ala, n=23). Other mutations in codon 12 were to TGT (→Cys, n=6), AGT 
(→Ser, n=6), CGT (→Arg, n=5), and GCT (→Ala, n=3). In codon 13, only transition mutations 
from GGC to GAC (Gly→Asp) occurred.

Table 3-2 presents case-case comparisons according to potential modifiable risk factors. Cases 
with K-ras+ adenomas were more likely to have a lower intake of monounsaturated fat and a 
higher intake of vitamin B2 than cases with K-ras- adenomas. The distributions of total dietary 
and polyunsaturated fat, calcium, and red meat, and less strikingly, of protein, dairy products, 
tea and (duration of) smoking also appeared to differ between K-ras+ and K-ras- cases, although 
not statistically significantly. Dairy products, calcium and protein were strongly correlated with 
intake of vitamin B2 (Spearman’s r ≥0.60). The inverse association with dairy products was still 
visible when we added vitamin B2 or calcium to the model, albeit the case-case comparison 
hardly showed differences anymore (highest vs. lowest tertile: OR=0.74 and Ptrend=0.58; OR=1.09 
and Ptrend=0.82, respectively). Nonetheless, when we added dairy products, calcium or protein 
to the model for vitamin B2, the case-case comparison still indicated differences between 
K-ras+ and K-ras- adenomas (OR=2.37 and Ptrend=0.075; OR=1.67 and Ptrend=0.20; OR=1.78 and 
Ptrend=0.083, respectively). This was also the case when we added dairy products (OR=1.70 and 
Ptrend=0.23) or protein (OR=1.64 and Ptrend=0.18) to the model on calcium. However, addition 
of vitamin B2 decreased the strength of the case-case association considerably (OR=1.20 and 
Ptrend=0.73). Similarly, the potential differential association with protein disappeared when we 
added vitamin B2 to the model (OR=1.13 and Ptrend=0.71). We did not find indications for 
differential associations according to meat preparation methods (estimates not shown). No 
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Table 3-1. Description of the study population
Characteristic Cases* Controls*

K-ras mutation-positive 
adenomas (K-ras+ )

K-ras mutation-negative 
adenomas (K-ras- )

Tissue unavailable or 
assessment unsuccessful†

n=81 n=453 n=124 n=709
Demographic and lifestyle factors

Age (yr), mean ± SD  60.3 ± 9.6  58.7 ± 10.1  58.8 ± 10.1  51.5 ± 13.6
Female, n (%)  39 (48.2%)  203 (44.8%)  61 (49.2%)  437 (61.6%)
BMI, kg/m2, mean ± SD  26.1 ± 4.2  26.1 ± 3.8  26.7 ± 4.1  25.5 ± 4.1
Low education level, n (%)‡  30 (44.1%)  142 (35.0%)  45 (38.1%)  215 (33.0%)
Ever smoking, n (%)  49 (61.3%)  310 (68.7%)  79 (64.2%)  389 (55.2%)
Duration of smoking among smokers (yr), median (p25; p75)  25 (20; 41.5)  30 (20; 40)  30 (20; 39)  22.5 (13; 32)
High physical activity, n (%)§  24 (32.9%)  124 (29.1%)  32 (27.8%)  228 (33.5%)

Medical history, n (%)
Family history of colorectal cancer  18 (22.2%)  102 (22.5%)  30 (24.2%)  136 (19.2%)
> 12 times NSAIDs/yr  23 (28.4%)  117 (25.8%)  30 (24.2%)  207 (29.2%)
Bowel complaints or defecation problems as indication of endoscopy  36 (46.2%)  241 (54.2%)  49 (39.8%)  525 (77.0%)

Dietary factors, median (p25; p75)
Total energy intake (kJ/d)  8,897 (7,224; 9,717)  8,336 (7,035; 10,177)  8,224 (6,984; 9,748)  8,112 (6,758; 9,935)
Protein (g/d)  77.5 (69.0; 94.4)  76.2 (64.3; 89.9)  78.4 (65.6; 91.0)  74.6 (62.2; 90.0)
Carbohydrates (g/d)  227.9 (183.6; 269.9)  216.1 (177.3; 265.0)  216.2 (179.5; 267.7)  223.1 (180.3; 267.7)
Fat (g/d)  82.5 (63.8; 94.7)  79.4 (62.4; 98.4)  79.8 (63.2; 94.7)  75.1 (58.4; 97.2)
Fruits (g/d)**  152.4 (86.5; 246.8)  125.9 (71.1; 248.9)  169.9 (74.0; 248.9)  124.7 (72.5; 243.9)
Vegetables (g/d)††  118.9 (95.7; 161.4)  115.7 (90.4; 140.8)  122.0 (95.7; 150.4)  109.3 (83.7; 139.2)
Dietary fiber (g/d)  23.2 (20.0; 28.5)  23.7 (19.2; 28.3)  23.8 (19.4; 27.9)  22.6 (18.8; 27.2)
Meat (g/d)  108.8 (69.7; 134.3)  107.2 (70.1; 144.0)  106.8 (70.6; 136.7)  101.7 (63.1; 133.0)
Alcohol (g/d)  11.6 (1.7; 21.8)  8.7 (1.0; 24.1)  8.1 (0.3; 15.4)  4.2 (0.3; 15.4)

Adenoma, n (%)
Adenoma history  12 (15.0%)  100 (22.1%)  37 (30.1%)  0 (0%)
Histopathology‡‡

Tubular  33 (40.7%)  369 (82.2%)  84 (78.5%)  -
Tubulovillous  22 (27.2%)  56 (12.5%)  18 (16.8%)  -
Villous  26 (32.1%)  24 (5.4%)  5 (4.7%)  -

Location§§

Rectum  14 (25.9%)  40 (13.8%)  16 (22.5%)  -
Distal colon  31 (57.4%)  205 (70.7%)  44 (62.0%)  -
Proximal colon  9 (16.7%)  45 (15.5%)  11 (15.5%)  -

Large (≥1 cm)  48 (64.0%)  160 (37.0%)  39 (34.2%)  -
Multiple adenomas  46 (59.0%)  185 (42.0%)  53 (42.7%)  -

* Because of missing values, not all numbers sum up to the column totals.
† No tissue obtained from 43, 67 samples did not contain (sufficient) polyp tissue, K-ras assessment 

unsuccessful for 14; see methods section.
‡ Primary school or lower vocational training only.
§ Individuals classified in the highest tertile of a continuous activity score (based on distribution among 

controls).
** Excluding juices and apple sauce.
†† Excluding potatoes.
‡‡ As assessed by the study pathologist for tissue that was available and obtained from the medical charts 

when the tumor block was not present or could not be judged, which was the case for most adenomas 
in which K-ras mutation status could not be determined. Histopathology of the examined polyp was not 
evaluated for 4 K-ras- adenomas and 17 adenomas in which K-ras mutation status could not be assessed.

§§ Recorded from medical charts, in which the location of the retrieved adenoma was not always possible to 
retrieve, in particular when multiple polyps were diagnosed. 
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Table 3-1. Description of the study population
Characteristic Cases* Controls*

K-ras mutation-positive 
adenomas (K-ras+ )

K-ras mutation-negative 
adenomas (K-ras- )

Tissue unavailable or 
assessment unsuccessful†

n=81 n=453 n=124 n=709
Demographic and lifestyle factors

Age (yr), mean ± SD  60.3 ± 9.6  58.7 ± 10.1  58.8 ± 10.1  51.5 ± 13.6
Female, n (%)  39 (48.2%)  203 (44.8%)  61 (49.2%)  437 (61.6%)
BMI, kg/m2, mean ± SD  26.1 ± 4.2  26.1 ± 3.8  26.7 ± 4.1  25.5 ± 4.1
Low education level, n (%)‡  30 (44.1%)  142 (35.0%)  45 (38.1%)  215 (33.0%)
Ever smoking, n (%)  49 (61.3%)  310 (68.7%)  79 (64.2%)  389 (55.2%)
Duration of smoking among smokers (yr), median (p25; p75)  25 (20; 41.5)  30 (20; 40)  30 (20; 39)  22.5 (13; 32)
High physical activity, n (%)§  24 (32.9%)  124 (29.1%)  32 (27.8%)  228 (33.5%)

Medical history, n (%)
Family history of colorectal cancer  18 (22.2%)  102 (22.5%)  30 (24.2%)  136 (19.2%)
> 12 times NSAIDs/yr  23 (28.4%)  117 (25.8%)  30 (24.2%)  207 (29.2%)
Bowel complaints or defecation problems as indication of endoscopy  36 (46.2%)  241 (54.2%)  49 (39.8%)  525 (77.0%)

Dietary factors, median (p25; p75)
Total energy intake (kJ/d)  8,897 (7,224; 9,717)  8,336 (7,035; 10,177)  8,224 (6,984; 9,748)  8,112 (6,758; 9,935)
Protein (g/d)  77.5 (69.0; 94.4)  76.2 (64.3; 89.9)  78.4 (65.6; 91.0)  74.6 (62.2; 90.0)
Carbohydrates (g/d)  227.9 (183.6; 269.9)  216.1 (177.3; 265.0)  216.2 (179.5; 267.7)  223.1 (180.3; 267.7)
Fat (g/d)  82.5 (63.8; 94.7)  79.4 (62.4; 98.4)  79.8 (63.2; 94.7)  75.1 (58.4; 97.2)
Fruits (g/d)**  152.4 (86.5; 246.8)  125.9 (71.1; 248.9)  169.9 (74.0; 248.9)  124.7 (72.5; 243.9)
Vegetables (g/d)††  118.9 (95.7; 161.4)  115.7 (90.4; 140.8)  122.0 (95.7; 150.4)  109.3 (83.7; 139.2)
Dietary fiber (g/d)  23.2 (20.0; 28.5)  23.7 (19.2; 28.3)  23.8 (19.4; 27.9)  22.6 (18.8; 27.2)
Meat (g/d)  108.8 (69.7; 134.3)  107.2 (70.1; 144.0)  106.8 (70.6; 136.7)  101.7 (63.1; 133.0)
Alcohol (g/d)  11.6 (1.7; 21.8)  8.7 (1.0; 24.1)  8.1 (0.3; 15.4)  4.2 (0.3; 15.4)

Adenoma, n (%)
Adenoma history  12 (15.0%)  100 (22.1%)  37 (30.1%)  0 (0%)
Histopathology‡‡

Tubular  33 (40.7%)  369 (82.2%)  84 (78.5%)  -
Tubulovillous  22 (27.2%)  56 (12.5%)  18 (16.8%)  -
Villous  26 (32.1%)  24 (5.4%)  5 (4.7%)  -

Location§§

Rectum  14 (25.9%)  40 (13.8%)  16 (22.5%)  -
Distal colon  31 (57.4%)  205 (70.7%)  44 (62.0%)  -
Proximal colon  9 (16.7%)  45 (15.5%)  11 (15.5%)  -

Large (≥1 cm)  48 (64.0%)  160 (37.0%)  39 (34.2%)  -
Multiple adenomas  46 (59.0%)  185 (42.0%)  53 (42.7%)  -

* Because of missing values, not all numbers sum up to the column totals.
† No tissue obtained from 43, 67 samples did not contain (sufficient) polyp tissue, K-ras assessment 

unsuccessful for 14; see methods section.
‡ Primary school or lower vocational training only.
§ Individuals classified in the highest tertile of a continuous activity score (based on distribution among 

controls).
** Excluding juices and apple sauce.
†† Excluding potatoes.
‡‡ As assessed by the study pathologist for tissue that was available and obtained from the medical charts 

when the tumor block was not present or could not be judged, which was the case for most adenomas 
in which K-ras mutation status could not be determined. Histopathology of the examined polyp was not 
evaluated for 4 K-ras- adenomas and 17 adenomas in which K-ras mutation status could not be assessed.

§§ Recorded from medical charts, in which the location of the retrieved adenoma was not always possible to 
retrieve, in particular when multiple polyps were diagnosed. 
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Table 3-2. Case-case comparisons: odds ratios of K-ras mutation-positive (K-ras+) versus 
-negative adenomas (K-ras-) according to tertiles or categories of potential modifiable risk 
factors*,†

Characteristic Cut-off  points for classification of  
exposure

Number of  cases,
low/intermediate/high

Intermediate vs. low 
exposure

High vs. low 
exposure

Ptrend
† Characteristic

(repeated)
Low High K-ras+ K-ras- OR (95% CI) OR (95% CI)

Foods Foods 
Dairy products  ≤238.2 g/d  >474.6 g/d 25/27/29 173/148/132 1.24 (0.69-2.25) 1.52 (0.83-2.81) 0.17 Dairy products
Total meat  ≤74.6 g/d  >121.7 g/d 22/28/31 125/147/181 1.15 (0.62-2.13) 1.10 (0.56-2.15) 0.78 Total meat
Red meat‡  ≤38.2 g/d  >70.5 g/d 22/21/38 138/156/159 0.92 (0.48-1.77) 1.69 (0.92-3.11) 0.063 Red meat‡

Processed meat  ≤18.5 g/d  >39.9 g/d 27/31/23 144/145/164 1.16 (0.65-2.06) 0.78 (0.40-1.53) 0.41 Processed meat
Poultry  ≤5.1 g/d  >13.7 g/d 26/30/25 128/165/160 0.93 (0.52-1.67) 0.81 (0.44-1.49) 0.51 Poultry

Fish  ≤4.28 g/d  >14.5 g/d 31/24/26 138/170/145 0.62 (0.35-1.11) 0.76 (0.42-1.35) 0.38 Fish
Fruits  ≤105.5 g/d  >230.8 g/d 21/31/29 149/144/160 1.45 (0.79-2.68) 1.21 (0.65-2.26) 0.77 Fruits
Vegetables  ≤91.9 g/d  >128.5 g/d 18/29/33 119/162/167 1.17 (0.62-2.22) 1.27 (0.68-2.39) 0.48 Vegetables

Macronutrients Macronutrients
Total energy  ≤7,173.8 kJ/d  >9,227.9 kJ/d 20/28/33 127/162/164 1.20 (0.64-2.25) 1.57 (0.81-3.05) 0.28 Total energy 
Carbohydrates  ≤212.3 g/d  >241.6 g/d 24/35/22 161/131/161 1.84 (1.03-3.31) 0.97 (0.48-1.97) 0.99 Carbohydrates
Total dietary fat  ≤71.2 g/d  >84.5 g/d 29/19/33 108/138/207 0.48 (0.24-0.94) 0.50 (0.23-1.06) 0.11 Total dietary fat
Polyunsaturated fat  ≤13.1 g/d  >16.5 g/d 32/22/27 119/150/184 0.53 (0.29-0.99) 0.52 (0.27-0.98) 0.062 Polyunsaturated fat
Monounsaturated fat  ≤26.9 g/d  >32.3 g/d 30/18/33 110/138/205 0.40 (0.20-0.80) §a 0.42 (0.20-0.90) §b 0.044§c Monounsaturated fat
Saturated fat  ≤29.6 g/d  >35.7 g/d 20/32/29 108/143/202 1.17 (0.62-2.20) 0.73 (0.35-1.49) 0.29 Saturated fat

Protein  ≤71.0 g/d  >81.6 g/d 21/23/37 133/141/179 1.12 (0.58-2.15) 1.57 (0.80-3.11) 0.16 Protein
Animal protein  ≤44.0 g/d  >54.1 g/d 21/22/38 130/152/171 0.91 (0.48-1.76) 1.44 (0.78-2.65) 0.19 Animal protein

Micronutrients Micronutrients
Dietary fiber  ≤20.8 g/d  >24.8 g/d 23/23/35 128/138/187 0.93 (0.50-1.74) 1.06 (0.58-1.92) 0.81 Dietary fiber
Vitamin B2  ≤1.35 mg/d  >1.75 mg/d 18/27/36 126/193/134 0.97 (0.51-1.87) 1.88 (0.99-3.55) 0.031 Vitamin B2
Vitamin B6  ≤1.44 mg/d  >1.70 mg/d 22/26/33 109/147/197 0.89 (0.47-1.69) 0.88 (0.45-1.73) 0.46 Vitamin B6 
Folate  ≤170.8 µg/d  >202.2 µg/d 17/27/37 106/146/201 1.16 (0.60-2.26) 1.20 (0.63-2.32) 0.60 Folate
Vitamin B12  ≤3.62 mg/d  >4.83 mg/d 17/29/35 127/136/190 1.64 (0.85-3.16) 1.43 (0.74-2.76) 0.43 Vitamin B12
Calcium  ≤916.0 mg/d  >1,208.4 mg/d 18/31/32 145/171/137 1.39 (0.74-2.62) 1.80 (0.96-3.38) 0.072 Calcium

Lifestyle factors Lifestyle factors
Alcohol  <1 glass/wk  ≥10 glasses/wk 20/26/34 131/153/170 1.12 (0.60-2.10) 1.38 (0.74-2.58) 0.29 Alcohol
Coffee  <3 cups/d  >5 cups/d 21/36/24 157/140/156 1.95 (1.08-3.52) 1.26 (0.66-2.42) 0.46 Coffee
Tea  <1 cup/d  ≥3 cups/d 29/25/27 197/138/118 1.18 (0.66-2.13) 1.46 (0.81-2.63) 0.21 Tea
Smoking**  Never smokers  Current smokers 31/32/17 141/177/133 0.83 (0.48-1.45) 0.62 (0.32-1.20) 0.16 Smoking**

Duration of  smoking  Never  ≥22.5 yr 31/20/30 141/115/197 0.86 (0.46-1.61) 0.70 (0.40-1.23) 0.21 Duration of  smoking
Physical activity††  Low  High 25/24/24 178/124/124 1.38 (0.75-2.54) 1.38 (0.75-2.57) 0.18 Physical activity††

Body mass index  ≤23.5 kg/m2  >26.7 kg/m2 23/25/33 124/158/163 0.87 (0.47-1.63) 1.10 (0.61-1.97) 0.66 Body mass index 
Regular NSAID use  <12 /yr  ≥12 /yr 58/-/23 336/-/117 - 1.11 (0.65-1.88) - Regular NSAID use

* Adjusted for sex, age, total energy. All nutrients, except alcohol, were adjusted for energy by the residual 
method. 

† The case-control comparisons for factors for which the P-value for trend was < 0.25 and showed an odds 
ratio ≥1.4 or equivalently, ≤0.7 are presented in Table 3-3.

‡ Does not include organ meat.
§ Also adjusted for red meat. Without this factor, the estimates were a: 0.46 (0.24-0.90), b: 0.53 (0.26-1.10) 

and c: 0.13.
** Intermediate category consists of former smokers.
†† As assessed by a continuous score that was subdivided into tertiles.
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Table 3-2. Case-case comparisons: odds ratios of K-ras mutation-positive (K-ras+) versus 
-negative adenomas (K-ras-) according to tertiles or categories of potential modifiable risk 
factors*,†

Characteristic Cut-off  points for classification of  
exposure

Number of  cases,
low/intermediate/high

Intermediate vs. low 
exposure

High vs. low 
exposure

Ptrend
† Characteristic

(repeated)
Low High K-ras+ K-ras- OR (95% CI) OR (95% CI)

Foods Foods 
Dairy products  ≤238.2 g/d  >474.6 g/d 25/27/29 173/148/132 1.24 (0.69-2.25) 1.52 (0.83-2.81) 0.17 Dairy products
Total meat  ≤74.6 g/d  >121.7 g/d 22/28/31 125/147/181 1.15 (0.62-2.13) 1.10 (0.56-2.15) 0.78 Total meat
Red meat‡  ≤38.2 g/d  >70.5 g/d 22/21/38 138/156/159 0.92 (0.48-1.77) 1.69 (0.92-3.11) 0.063 Red meat‡

Processed meat  ≤18.5 g/d  >39.9 g/d 27/31/23 144/145/164 1.16 (0.65-2.06) 0.78 (0.40-1.53) 0.41 Processed meat
Poultry  ≤5.1 g/d  >13.7 g/d 26/30/25 128/165/160 0.93 (0.52-1.67) 0.81 (0.44-1.49) 0.51 Poultry

Fish  ≤4.28 g/d  >14.5 g/d 31/24/26 138/170/145 0.62 (0.35-1.11) 0.76 (0.42-1.35) 0.38 Fish
Fruits  ≤105.5 g/d  >230.8 g/d 21/31/29 149/144/160 1.45 (0.79-2.68) 1.21 (0.65-2.26) 0.77 Fruits
Vegetables  ≤91.9 g/d  >128.5 g/d 18/29/33 119/162/167 1.17 (0.62-2.22) 1.27 (0.68-2.39) 0.48 Vegetables

Macronutrients Macronutrients
Total energy  ≤7,173.8 kJ/d  >9,227.9 kJ/d 20/28/33 127/162/164 1.20 (0.64-2.25) 1.57 (0.81-3.05) 0.28 Total energy 
Carbohydrates  ≤212.3 g/d  >241.6 g/d 24/35/22 161/131/161 1.84 (1.03-3.31) 0.97 (0.48-1.97) 0.99 Carbohydrates
Total dietary fat  ≤71.2 g/d  >84.5 g/d 29/19/33 108/138/207 0.48 (0.24-0.94) 0.50 (0.23-1.06) 0.11 Total dietary fat
Polyunsaturated fat  ≤13.1 g/d  >16.5 g/d 32/22/27 119/150/184 0.53 (0.29-0.99) 0.52 (0.27-0.98) 0.062 Polyunsaturated fat
Monounsaturated fat  ≤26.9 g/d  >32.3 g/d 30/18/33 110/138/205 0.40 (0.20-0.80) §a 0.42 (0.20-0.90) §b 0.044§c Monounsaturated fat
Saturated fat  ≤29.6 g/d  >35.7 g/d 20/32/29 108/143/202 1.17 (0.62-2.20) 0.73 (0.35-1.49) 0.29 Saturated fat

Protein  ≤71.0 g/d  >81.6 g/d 21/23/37 133/141/179 1.12 (0.58-2.15) 1.57 (0.80-3.11) 0.16 Protein
Animal protein  ≤44.0 g/d  >54.1 g/d 21/22/38 130/152/171 0.91 (0.48-1.76) 1.44 (0.78-2.65) 0.19 Animal protein

Micronutrients Micronutrients
Dietary fiber  ≤20.8 g/d  >24.8 g/d 23/23/35 128/138/187 0.93 (0.50-1.74) 1.06 (0.58-1.92) 0.81 Dietary fiber
Vitamin B2  ≤1.35 mg/d  >1.75 mg/d 18/27/36 126/193/134 0.97 (0.51-1.87) 1.88 (0.99-3.55) 0.031 Vitamin B2
Vitamin B6  ≤1.44 mg/d  >1.70 mg/d 22/26/33 109/147/197 0.89 (0.47-1.69) 0.88 (0.45-1.73) 0.46 Vitamin B6 
Folate  ≤170.8 µg/d  >202.2 µg/d 17/27/37 106/146/201 1.16 (0.60-2.26) 1.20 (0.63-2.32) 0.60 Folate
Vitamin B12  ≤3.62 mg/d  >4.83 mg/d 17/29/35 127/136/190 1.64 (0.85-3.16) 1.43 (0.74-2.76) 0.43 Vitamin B12
Calcium  ≤916.0 mg/d  >1,208.4 mg/d 18/31/32 145/171/137 1.39 (0.74-2.62) 1.80 (0.96-3.38) 0.072 Calcium

Lifestyle factors Lifestyle factors
Alcohol  <1 glass/wk  ≥10 glasses/wk 20/26/34 131/153/170 1.12 (0.60-2.10) 1.38 (0.74-2.58) 0.29 Alcohol
Coffee  <3 cups/d  >5 cups/d 21/36/24 157/140/156 1.95 (1.08-3.52) 1.26 (0.66-2.42) 0.46 Coffee
Tea  <1 cup/d  ≥3 cups/d 29/25/27 197/138/118 1.18 (0.66-2.13) 1.46 (0.81-2.63) 0.21 Tea
Smoking**  Never smokers  Current smokers 31/32/17 141/177/133 0.83 (0.48-1.45) 0.62 (0.32-1.20) 0.16 Smoking**

Duration of  smoking  Never  ≥22.5 yr 31/20/30 141/115/197 0.86 (0.46-1.61) 0.70 (0.40-1.23) 0.21 Duration of  smoking
Physical activity††  Low  High 25/24/24 178/124/124 1.38 (0.75-2.54) 1.38 (0.75-2.57) 0.18 Physical activity††

Body mass index  ≤23.5 kg/m2  >26.7 kg/m2 23/25/33 124/158/163 0.87 (0.47-1.63) 1.10 (0.61-1.97) 0.66 Body mass index 
Regular NSAID use  <12 /yr  ≥12 /yr 58/-/23 336/-/117 - 1.11 (0.65-1.88) - Regular NSAID use

* Adjusted for sex, age, total energy. All nutrients, except alcohol, were adjusted for energy by the residual 
method. 

† The case-control comparisons for factors for which the P-value for trend was < 0.25 and showed an odds 
ratio ≥1.4 or equivalently, ≤0.7 are presented in Table 3-3.

‡ Does not include organ meat.
§ Also adjusted for red meat. Without this factor, the estimates were a: 0.46 (0.24-0.90), b: 0.53 (0.26-1.10) 

and c: 0.13.
** Intermediate category consists of former smokers.
†† As assessed by a continuous score that was subdivided into tertiles.
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indications for differential associations with K-ras+ and K-ras- adenomas could be detected for 
the other examined factors, including specific subgroups of fruits and vegetables (estimates not 
shown) and coffee consumption (median consumption: 4 cups/d, 25th percentile=3 cups/d, 75th 
percentile=6 cups/d, equal for K-ras+ and K-ras- cases). When we compared regular consumption 
of coffee (≥2 glasses/d) with low/intermediate consumption (<2 glasses/d), also no difference 
in distribution among K-ras+ and K-ras- adenoma patients could be detected (OR=1.41, 95% CI= 
0.53-3.73).

Differences in risk of K-ras+ and K-ras- adenomas were only statistically significant for intake of 
monounsaturated fat and vitamin B2. The case-control analyses presented in Table 3-3 illustrate 
why these differences in risk arose; the table also presents case-control analyses for other factors 

Table 3-3. Case-control comparisons: odds ratios and 95% confidence intervals for K-ras 
mutation-positive adenomas (K-ras+) and -negative adenomas (K-ras-) according to selected 
modifiable risk factors*

Characteristic N Case-control comparisons
K-ras+ K-ras- Controls K-ras+ vs. 

controls
K-ras- vs. 
controls

Foods
Dairy products, excluding cheese and butter (g/d)
≤238.2 25 173 237 1      (reference) 1      (reference)
>238.2-≤474.6 27 148 235 0.89 (0.50-1.60) 0.72 (0.53-0.97)
>474.6 29 132 237 0.94 (0.51-1.71) 0.61 (0.45-0.85)

Ptrend=0.85 Ptrend=0.028
Red meat (g/d)†

≤38.2 22 138 237 1      (reference) 1      (reference)
>38.2-≤70.5 21 156 235 1.05 (0.55-2.00) 1.14 (0.83-1.56)
>70.5 38 159 237 1.70 (0.94-3.09) 1.00 (0.73-1.39)

Ptrend=0.061 Ptrend=0.98
Macronutrients

Total dietary fat (g/d, energy-adjusted)
≤71.2 29 108 237 1      (reference) 1      (reference)
>71.2 -≤84.5 19 138 235 0.55 (0.28-1.06) 1.15 (0.82-1.61)
>84.5 33 207 237 0.62 (0.30-1.32) 1.26 (0.84-1.88)

Ptrend=0.30 Ptrend=0.29
Polyunsaturated fat (g/d, energy-adjusted)
≤13.1 32 119 236 1      (reference) 1      (reference)
>13.1-≤16.5 22 150 236 0.62 (0.34-1.13) 1.16 (0.84-1.60)
>16.5 27 184 237 0.58 (0.31-1.10) 1.13 (0.80-1.59)

Ptrend=0.11 Ptrend=0.56
Monounsaturated fat (g/d, energy-adjusted)‡

≤26.8 30 110 237 1      (reference) 1      (reference)
>26.8-≤32.3 18 138 236 0.51 (0.25-1.00) ‡a 1.27 (0.90-1.78) ‡d

>32.3 33 205 236 0.67 (0.32-1.40) ‡b 1.57 (1.06-2.34) ‡e

Ptrend=0.37‡c Ptrend=0.029‡f

Protein (g/d, energy-adjusted)
≤71.0 21 133 236 1      (reference) 1      (reference)
>71.0-≤81.6 23 141 236 0.85 (0.44-1.62) 0.76 (0.55-1.05)
>81.6 37 179 237 1.10 (0.56-2.15) 0.70 (0.49-1.00)

Ptrend=0.70 Ptrend=0.054
Footnotes: see next page
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that were possibly differently associated with risk of K-ras+ and K-ras- adenomas. Consumption 
of red meat was positively associated with K-ras+ adenomas, but not with K-ras- adenomas. The 
intake of total dietary, polyunsaturated and monounsaturated fat tended to be inversely associated 
with risk of K-ras+ adenomas. However, especially intake of monounsaturated fat was positively 
associated with risk of K-ras- adenomas. Intake of vitamin B2 was somewhat positively, but not 
statistically significantly, associated with K-ras+ adenomas. However, vitamin B2 was inversely 
associated with K-ras- adenomas. Similar patterns were observed for dairy products, calcium and 
protein. No association between tea consumption and K-ras+ adenomas could be detected, but 
tea was inversely, although not statistically significantly, associated with risk of K-ras- adenomas. 

Table 3-3. Continued
Characteristic N Case-control comparisons

K-ras+ K-ras- Controls K-ras+ vs. 
controls

K-ras- vs.  
controls

Micronutrients
Calcium (mg/d, energy-adjusted)
≤ 916.0 18 145 237 1      (reference) 1      (reference)
>916.0-≤1,208.4 31 171 235 1.37 (0.73-2.57) 0.99 (0.73-1.34)
>1,208.4 32 137 237 1.27 (0.68-2.36) 0.71 (0.51-0.97)

Ptrend =0.50 Ptrend =0.028
Vitamin B2 (mg/d, energy-adjusted)
≤1.35 18 126 237 1      (reference) 1      (reference)
>1.35-≤1.75 27 193 235 1.10 (0.58-2.11) 1.13 (0.83-1.55)
>1.75 36 134 237 1.31 (0.71-2.44) 0.70 (0.50-0.97)

Ptrend =0.33 Ptrend =0.020
Lifestyle factors

Tea (cups/d)
<1 29 197 290 1      (reference) 1      (reference)
1-<3 25 138 208 1.02 (0.57-1.82) 0.86 (0.64-1.16)
≥3 27 118 211 1.08 (0.60-1.94) 0.74 (0.54-1.02)

Ptrend =0.79 Ptrend =0.065
Smoking
Never 31 141 316 1      (reference) 1      (reference)
Former 32 177 216 1.20 (0.70-2.08) 1.45 (1.08-1.96)
Current 17 133 173 1.27 (0.66-2.42) 2.04 (1.47-2.83)

Ptrend =0.44 Ptrend=<0.0001
Duration of  smoking
Never 31 141 316 1      (reference) 1      (reference)
0-<22.5 yr 20 115 203 1.30 (0.70-2.42) 1.52 (1.10-2.11)
≥ 22.5 yr 30 197 190 1.25 (0.71-2.18) 1.79 (1.33-2.42)

Ptrend=0.45 Ptrend=0.0002

* Only factors for which the P-value for trend was < 0.25 and showed a odds ratio ≥1.4 or ≤0.7 in the case-
case analyses (see Table 3-2) are presented in this table. Odds ratios are adjusted for sex, age and total 
energy.

† Does not include organ meat.
‡ Also adjusted for red meat. Without this factor, the estimates were a: 0.58 (0.30-1.12), b: 0.81 (0.40-1.66), 

c: 0.68, d: 1.26 (0.90-1.76), e: 1.53 (1.04-2.25) and f: 0.034.
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Smoking, especially its duration, was relatively strongly positively associated with risk of K-ras- 
adenomas, but only weakly so with K-ras+ adenomas. 

The aforementioned findings were supported by the sensitivity analyses. The analyses in which 
gender-specific tertiles were used and with restriction to those who underwent full endoscopy 
suggested that high physical activity tended to decrease the risk of K-ras- adenomas, but somewhat 
increase the risk of K-ras+ adenomas, albeit this was not statistically significant. 

Strata according to specific mutations were very small. However, remarkably, none or a very low 
number of patients who developed an adenoma harboring a codon 13 mutation were classified 
in the lowest tertile of consumption or intake of fruit and vegetables, folate and less strikingly, 
of β-carotene and vitamin C (results not shown). It was also remarkable that a higher proportion 
of patients with codon 12 transversion mutations were classified in the highest tertile of fruits, 
green leafy vegetables and folate compared with patients with codon 12 transition mutations 
(P<0.05; results not shown). 

Discussion
We observed that intake of vitamin B2 and monounsaturated fat were differently associated 

with risk of K-ras mutation-positive and -negative adenomas. Similar, not statistically 
significant, differences in risk were observed for red meat, dairy products, total dietary and 
polyunsaturated fat, protein, calcium, tea and (duration of) smoking. These differences in 
risk mainly arose because inverse associations with vitamin B2, dairy products, calcium and 
possibly protein and tea were confined to K-ras mutation-negative adenomas. Intake of total 
dietary, monounsaturated and polyunsaturated fat tended to be inversely associated with risk of 
K-ras mutation-positive adenomas, but not, or somewhat positively, with risk of K-ras mutation-
negative adenomas. Smoking and its duration were more clearly positively associated with K-ras 
mutation-negative than with mutation-positive adenomas. A positive association with red meat 
was distinctly observed for K-ras mutation-positive adenomas. Additionally, we found hints 
that the distribution of specific K-ras mutations may vary according to intake of folate and 
consumption of fruits and vegetables. 

In the present analyses, we mainly focused on the comparisons of the distributions of risk factors 
among K-ras mutation-positive and -negative cases. Such comparisons are unlikely to be affected 
by information bias; reporting of diet and lifestyle is implausible to be related to mutational 
status. We cannot completely rule out selection bias that occurs when factors determining tumor 
block availability or successful K-ras assessment are also associated with exposure factors of 
interest and K-ras mutational status33, 34. However, its impact is likely to be minor; the distribution 
of risk factors and adenoma characteristics of the tumors in which mutational status could not be 
assessed appeared to be largely comparable to the weighted average of the distributions among 
K-ras mutation-positive and -negative adenoma cases. Risk of selection and information bias 
remains a weak point regarding the case-control comparisons, although it is reassuring that 
excluding participants who indicated to have changed their diet did not affect the results. 

In our study, 15% of the adenomas harbored a K-ras mutation. This percentage is in the 
same range of magnitude as the 18% observed in a cross-sectional study on K-ras mutations 
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in colorectal adenomas20. Reported mutation rates are generally higher, e.g. a compilation of 12 
reports on 646 adenomas, which did not include the cross-sectional study, reported a rate of 
37%4. The latter estimate may be higher because it was partly based upon adenomas diagnosed 
in cancer patients, whereas the cross-sectional study and ours were based upon a cancer-free 
endoscopy population. Alternatively, we may have underestimated the mutation rate because 
we studied one adenoma per patient and could not always study the entire adenoma, whereas 
mutational patterns may differ between35 and within adenomas of the same patient36. Besides, 
we did not evaluate the presence of K-ras codon 61 mutations, but these are rare37. We expect 
that bias due to the use of two different methods of K-ras assessment is small, because exclusion 
of samples analyzed with MASA-PCR did not change the results. More substantial errors could 
have arisen through the multiple comparisons made and the relatively small sample size of K-ras 
mutation-positive cases. Consequently, some detected differences may be due to chance, and we 
may not have had sufficient power to detect existing associations.

Only one study evaluated associations between presumed risk factors and K-ras mutation-
positive and -negative adenomas before20. In that cross-sectional study, K-ras mutation-positive 
adenoma cases (n=120) were less likely to have a high folate intake, and possibly less likely to 
participate in vigorous aerobic exercise than K-ras mutation-negative adenoma cases (n=558)20. 
Differences in study population or design, and the relatively small sample size of K-ras mutation-
positive samples in both studies may partly explain why we observed associations with different 
factors. Levels of intake may not have been high enough to allow detection of an association with 
calcium in the cross-sectional study20 and with folate in our study; indeed, the cross-sectional 
study observed an association with total but not with dietary folate20. Even so, it is unlikely 
that the aforementioned factors account for all discrepancies, as epidemiological studies on 
environmental risk factors and risk of K-ras mutation-positive and -negative colorectal cancers 
also yielded inconsistent results26-29, 38-43.

The inverse association with calcium, for instance, was restricted to K-ras mutation-negative 
adenomas in our study, which is in keeping with a study in which calcium-supplemented rats did 
not develop K-ras mutation-negative tumors16. However, it was restricted to mutation-positive 
colorectal cancers in another study42. Two colorectal cancer studies26, 29 could not detect any 
such differential association, although in one of them codon 12 mutations were more likely to be 
observed than codon 13 mutations when calcium intake was high26. Part of these differences may 
be attributed to differences in exposure to compounds associated with the intake of calcium or 
dairy products, such as vitamin B2 and organochlorines44. Indeed, the association with vitamin 
B2, a co-factor in folate metabolism30, tended to be stronger than the association with calcium 
in our study, and organochlorines, that none of the aforementioned studies assessed, were 
associated with K-ras mutations in other tumors44. 

Inconsistent findings were also observed regarding other factors, including consumption of red 
meat26, 28, 29, 38, 43, and intake of fat26, 29, 40, 42 and folate29, 39, 42. Other factors have been studied less 
frequently27-29, 41, 42, 45, and coffee and tea, whose many constituents exert strong effects upon a 
wide variety of physiological, cellular and molecular systems46, have not been studied in relation 
to K-ras mutations in adenomas before. Patients with K-ras mutation-positive exocrine pancreatic 
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cancer were more likely to be in the upper category of coffee consumption than patients with 
K-ras mutation-negative exocrine pancreatic cancer46, but we could not confirm this regarding 
colorectal adenomas. Whereas in vivo and in vitro studies indicate that specific exposures are 
associated with specific K-ras mutations11-15, 17, 18, 44, the general picture regarding associations 
between exposure and specific K-ras mutations obtained from observational studies is also not 
clear20, 26, 29, 38-40, 45.

 Besides small sample sizes, the inconsistent findings of epidemiological studies on K-ras 
mutations in colorectal tumors may be partly due to the use of questionnaires to assess 
exposure. Such an assessment may not be sensitive enough to detect associations; assessment of 
specific agents hypothesized to affect K-ras mutations, including N-nitroso compounds11, 12, 14, 
polycyclic aromatic hydrocarbons13, heterocyclic amines17, n-3 polyunsaturated fatty acids18 
and organochlorine compounds44 in body fluids or tissue samples may be more appropriate. 
Besides, associations may be diluted because K-ras mutations by themselves may not be the 
best to distinguish unique etiological pathways47, and some compounds could also be related 
to mutations in oncogenes, tumor suppressor genes or DNA repair genes in K-ras mutation-
negative adenomas. On top of this, K-ras mutations occur more frequently in strong dysplastic 
areas48, which is also reflected in the heterogeneous K-ras mutation pattern within an adenoma36 
and the lack of concordance between K-ras mutational status in multiple adenomas of the same 
patient35. Thus, associations of diet and lifestyle with K-ras mutational status may be hard to 
confirm in epidemiological studies.

In conclusion, our findings add to the body of evidence that risk factors may play a different 
role in the etiology of K-ras mutation-positive and mutation-negative colorectal adenomas. 
Nevertheless, findings on dietary and lifestyle factors and K-ras mutations in colorectal tumors 
remain highly inconsistent in the literature. 
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Background: Adenomas ≥1 cm or with a villous histology are postulated to have the highest 
risk of progression to colorectal cancer. Risk factors for advanced and non-advanced adenomas 
might differ from each other as these might reflect different stages in the adenoma-carcinoma 
sequence.

Methods: We examined whether previously identified potential risk factors for single colorectal 
adenomas and cancer are differentially associated with advanced (≥1 cm, report of a villous 
structure or carcinoma in situ) and non-advanced colorectal adenomas using data on 26,769 U.S. 
men participating in the Health Professionals Follow-Up Study who underwent an endoscopy. 
During 17 years of follow-up (1986 through 2002) 4,075 histologically confirmed cases with a 
diagnosis of colorectal adenoma were ascertained, 1,246 of which were classified as advanced and 
1,661 as non-advanced. Medical and lifestyle information was collected biennially, and dietary 
information was collected every four years using questionnaires. Multinomial logistic regression 
was used to compare the distribution of risk factors among advanced adenoma patients, non-
advanced adenoma patients and men not known with adenomas.

Results: Most risk factors were similarly associated with advanced and non-advanced colorectal 
adenomas. Smoking was more strongly associated with risk of advanced adenomas (current vs. 
never: odds ratio (OR)=1.59, 95% confidence interval (CI)=1.56-2.01, Ptrend≤0.0001) than with 
risk of non-advanced adenomas (OR=1.14, 95% CI=0.91-1.43, Ptrend≤0.0079). A high glycemic 
index was inversely associated with risk of advanced adenomas (highest versus lowest quintile: 
OR=0.78, 95% CI=0.64-0.94, Ptrend=0.019) but not with non-advanced adenomas (OR=1.04, 
95% CI=0.88-1.23, Ptrend=0.94). Not statistically significant indications for different associations 
with advanced and non-advanced adenomas were also found for physical activity, use of 
multivitamins and intake of starch. Height, aspirin and possibly fish may also be differently 
associated with these outcomes, but only regarding specific adenoma subsites.

Conclusion: Associations between smoking, glycemic index and adenomas may depend on the 
stage of adenoma development. 
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Introduction
The development of colorectal cancer extends over many years1 and is thought to occur mainly 

via the adenoma-carcinoma sequence. Adenomas tend to recur in polypectomized adenoma 
patients2-7, and these patients are at increased risk of colorectal cancer8-11. However, only a subset 
of colorectal adenomas eventually progress to cancer2, 12. Patients having adenomas with a villous 
component or large (≥ 1 cm) adenomas2-7, 9-11 have a greater risk of colorectal cancer than patients 
with other types of adenomas. 

Over the years, a set of modifiable risk factors for colorectal cancer has been identified, 
although results are not entirely consistent13. These risk factors may influence adenoma 
formation, but they may also enhance the transition of adenomas to more malignant lesions. 
Smoking14, consumption of alcohol15, 16 or fruits17, intake of carbohydrates17, use of non-steroidal 
anti-inflammatory drugs (NSAIDs)18 and high body fatness19 have been associated with 
adenoma growth or cell proliferation. The increased cell proliferation that has been observed 
across the adenoma-carcinoma sequence20 might also be associated with calcium, omega-3-fatty 
acids from fish, red meat, vegetables, vitamin/mineral supplements, β-carotene, starch and 
sucrose (ref 21, 22, and references therein), although a trial on adenoma growth did not observe 
an effect of calcium and antioxidants23. A stronger association between serum levels of Insulin-
Growth Factor (IGF)-I and IGF-I/insulin-like growth factor binding protein 3 (IGFBP3) ratio 
and advanced adenomas than between these levels and non-advanced adenomas24 also suggests 
that the effect of risk factors may vary across adenoma stage, as the Insulin-Growth Factor 
(IGF) axis has been associated with factors like obesity and physical activity25, several nutritional 
parameters26, 27 and height as a marker of pre-adult insulin and IGF-I bioactivity28, 29. Various 
modifiable risk factors were indeed differently associated with risk of advanced (or large) and 
non-advanced (or small) adenomas30-33, although this was not consistent across studies. 

In this study, we further evaluate whether associations between presumed modifiable risk 
factors differ for advanced and non-advanced colorectal adenomas. 

Material and Methods

STUDY POPULATION

The current study comprises a subset of men of the Health Professionals Follow-Up Study 
(HPFS): an ongoing prospective study among 51,529 male US health professionals who 
responded to a mailed questionnaire in 1986 when they were between 40 and 75 years old. The 
Human Subjects Committee of the Harvard School of Public Health approved the HPFS. 

At enrollment in 1986, and every two years thereafter, the cohort members were requested to 
fill out follow-up questionnaires to update information on various risk factors and to identify 
newly professionally diagnosed cases of various diseases. In 1986, 1990, 1994, 1998 and 2002, 
participants also completed a semi-quantitative food-frequency questionnaire. Questionnaires 
were mailed up to four times to non-responders. At the time of the 2002 questionnaire, 37,433 
men were alive and still participating. 

Only men who completed the 1986 questionnaire and who underwent colonoscopy or 
sigmoidoscopy between 1986 and 2002 were eligible for the present analyses. Participants who 
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reported to have had cancer (except non-melanoma skin cancer), ulcerative colitis or Crohn’s 
disease before 1986 were excluded. We also excluded cohort members who reported implausible 
caloric intakes, i.e. <800 kcal/d or >4,200 kcal/d) as well as those who left 70 more of the items 
blank at the food-frequency questionnaire and 49 people with missing information for BMI or 
physical activity. This resulted in a base population of 26,769 men. 

CASE ASCERTAINMENT

For each man who reported to have had an adenoma on a follow-up questionnaire for the 
first time, we asked for permission to request and review relevant medical records. A study 
investigator, who was blinded to exposure status, reviewed endoscopy and pathology reports. 
Only when the self-reported diagnosis was confirmed by a histopathological report, case status 
was assigned. The self-report was reliable; a review of the medical records obtained from a 
random sample of 200 patients who reported a negative endoscopic result confirmed the absence 
of adenomas in all cases.

Adenomas in the cecum, ascending colon, hepatic flexure, transverse colon or splenic flexure 
were classified as being in the proximal colon. Adenomas in the descending or sigmoid colon 
were classified as being in the distal colon, and adenomas in the rectum or at the rectosigmoid 
junction were classified as rectal. 

For diagnoses up to 1990, the number of adenoma, the size of the largest adenoma as assessed 
endoscopically and pathologically, and location of the most proximally located adenoma were 
recorded. For later diagnoses, number and size of the largest adenoma according to endoscopy 
and pathology reports were recorded for distal, proximal and rectal adenomas separately. In 
all years, only the most severe histological subtype of adenoma (in ascending order: tubular, 
tubulovillous, villous, carcinoma in situ) was registered. 

 Between 1986 and 2002, 4,075 participants were diagnosed with adenomas. We used adenoma 
size according to the endoscopy report, but if such information was lacking, data from the 
pathology report was used. 

Men having at least one adenoma ≥1 cm, with a (tubulo)villous structure or carcinoma in situ 
were classified as having advanced adenomas (n=1,246); men having only adenomas that were 
smaller than 1 cm and with no mention of a villous structure were classified as having non-
advanced adenomas (n=1,661). Adenomas of 1,168 men could not be classified due to missing 
information on size combined with either a tubular structure or no available information on 
histology (see also Table 4-1). 

EXPOSURE ASSESSMENT 
The semi-quantitative food-frequency questionnaire covered more than 90% of the major 

nutrient intake of participants, and inquired after vitamin and mineral supplements34. Foods 
for which specific hypotheses of interest existed were also included. The questionnaire included 
about 130 items, each with a specified commonly used unit or portion size, and an open-ended 
section for unlisted foods. Participants were asked to indicate how often they consumed a specific 
food on average during the past year; they could tick one of the nine multiple choice responses, 
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which ranged from never or less than once per month to six or more times per day. Individual 
nutrient values were computed according to the US Department of Agriculture publications35, 
supplemented with other data. The mean correlation coefficients between intakes determined 
by two one-week diet records and the dietary questionnaire were 0.65 for nutrients and 0.63 
for specific foods, after adjusting for week-to-week variation in the diet records34, 36. Intraclass 
correlation coefficients for nutrient intakes assessed by questionnaires one year a part ranged 
from 0.47 for vitamin E without supplements to 0.80 for vitamin C with supplements34.

We used values from published estimates37, or from direct testing of food items at the Nutrition 
Center of the University of Toronto (D. Jenkins) to obtain glycemic index (GI) for individual 
foods and mixed meals, which reflects the postprandial blood glucose response compared with a 
reference food. We computed dietary glycemic load (GL) by multiplying the carbohydrate content 
of each food by its GI, after which we added the values from all foods. Each unit of dietary GL 
represents the glycemic equivalent of 1 g carbohydrate from white bread. As an indicator for 
overall quality of carbohydrate intake for each cohort member, we calculated the overall dietary 
GI by dividing GL by the amount of carbohydrate. 

We also assessed (1) alcohol consumption calculated from daily servings of beer, white wine, 
red wine and liquor, and whether participants were former alcohol consumers38; (2) physical 
activity based on questions that measured the average weekly time spent at specified activities 
during the past year39, expressed as the intensity of the activity in metabolic equivalent task hours 
(MET-h), i.e. the ratio of the metabolic rate during activity to the resting metabolic rate40 per 
week; (3) body mass index, calculated as weight in kilograms divided by the square of height in 
meters41; (4) smoking status, the average number of cigarettes smoked per day and details on age 
or year when participants started or quit smoking, (5) family history of colorectal cancer, which 
was restricted to parents in 1986 and to parents and siblings in later years; and (6) use of aspirin 
that exceeded twice a week.

STATISTICAL ANALYSIS

We selected postulated modifiable risk factors for colorectal neoplasm, hypothesized risk 
factors that were previously associated with colorectal neoplasm in our study population before 
and factors that were associated with adenoma growth or cell proliferation in human studies 
before (listed in Table 4-3). Nutrients, except alcohol, were adjusted for total energy intake 
using the residual method42. To best represent long-term exposure and reduce within-person 
variation43, we calculated the average of food and nutrient variables from all questionnaires up to 
diagnosis, most recent endoscopy or 1998, whichever occurred first, and we used these values in 
our analyses. Height was assessed at baseline, and the other non-dietary exposures were updated 
every two years. Participants were grouped into quartiles, tertiles or categories according to the 
exposure of interest. 

Distributions of risk factors among patients having an advanced adenoma and patients having 
a non-advanced adenoma were compared with each other to evaluate etiological heterogeneity 
(case-case analyses). If the case-case analyses suggested potential differences, i.e. either by 
showing a P-value ≤0.10 or odds ratio (OR)≥1.4 or ≤0.7, we compared both categories of patients 
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with the people who did not report any adenomas to obtain information on the direction of the 
associations using a multinomial logistic regression model44. 

The main models included total energy intake, age, history of endoscopy prior to study entry, 
routine screening versus other indications for any endoscopy, aspirin use, use of multivitamins, 
smoking, consumption of red meat, alcohol, intake of folate, calcium, BMI, physical activity, 
family history of colorectal cancer, and the risk factor of interest. The case-case analyses were 
also adjusted for adenoma location (distal colon, proximal colon or rectal adenoma). As none of 
the other studied factors influenced any of the risk estimates by more than 10%, we did not add 
additional factors to the models. Tests for trend across categories of exposure were conducted 
by treating the median values of the exposure categories among the men who did not report 
adenomas as ordinal variables in the regression models. 

Whether the association between exposure and advanced versus non-advanced adenomas 
depended on the location of the adenoma was explored in the group of men with adenoma at 
only one location. We did so by fitting a model containing two indicator variables for location, 
the continuous exposure variable that was also used in the test for trend and two cross-product 
terms of one of the indicator variables for location and the continuous exposure variable. The P-
value for interaction was obtained by comparing a model with and without the two cross-product 
terms using a likelihood ratio test. Subsequently, we fitted three separate multinomial logistic 
regression models according to adenoma location for those exposures for which the case-case P-
value of interaction was ≤0.10; these models included the men who did not report an adenoma. 

As sensitivity analyses, we evaluated whether the associations depended on the presence of 
synchronous adenomas, year of most recent endoscopy and age at most recent endoscopy in the 
full dataset, using similar methods. 

All reported P-values are two-sided. P-values < 0.05 were considered statistically significant. 
The analyses were performed using SAS version 9.1 (SAS Institute, Inc., Cary, NC). 

Results

HISTOPATHOLOGICAL CHARACTERISTICS AND SIZE OF ADENOMAS

Table 4-1 presents the characteristics of the adenomas in the study population. Whereas 
tubular adenomas were more likely to be small, patients with tubulo(villous) adenomas and 
carcinoma in situ were more likely to have a large adenoma. Patients with villous adenomas or 
carcinoma in situ were 1.28 times more likely to have a large adenoma than were patients with 
tubulovillous adenoma, but this difference was not statistically significant (95% confidence 
interval (CI)=0.86-1.92).

We cannot be sure that the histopathological characteristics and sizes in Table 4-1 correspond 
to the same adenoma because only the worst characteristic of all adenomas was recorded, i.e. men 
with a small villous adenoma could also have a large tubular adenoma and they would end up in 
the category “large and villous” in Table 4-1. Therefore we repeated these analyses in men who 
had only one adenoma at index endoscopy. Doing so resulted in stronger associations between 
size and histopathological characteristics because men with multiple adenomas were more likely 
to have advanced adenomas (odds ratio (OR)=1.96, 95% CI=1.67-2.30). In the group of men 
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Table 4-1. Histopathology and size of the adenomas in the Health Professionals’ Follow-Up 
Study*

Most severe 
histopathology 
of  all diagnosed 
adenoma

All Size Large vs. small 
adenomas

n (%) n (%) Odds ratio
(95% confidence 

interval)Large (≥1cm) Small (<1cm) Unknown
Total  4,075 (100%)  985 (24.2%)  1,846 (45.3%)  1,244 (30.5%†) -

Tubular  1,731 (42.5%†)  360 (36.6%†)  1,153 (62.5%†)  218 (17.5%†)  1 (reference)
Tubulovillous  537 (13.2%†)  334 (33.9%†)  144 ( 7.8%†)  59 (4.7%†)  7.47 (5.93-9.40) ‡a

Villous or 
carcinoma in situ§

 180 (4.4%†)  122 (12.4%†)  41 ( 2.2%†)  17 (1.4%†)  9.53 (6.55-13.8) ‡b

Unknown  1,627 (39.9%†)  169 (17.2%†)  508 (27.5%†)  950 (76.4%†) -
* Darker grey shading indicates advanced adenomas (n=1,246), bold fond indicates non-advanced adenomas 

(n=1,661) and italic fond indicates adenomas (n=1,168) that were not further classified.
† Percentages of adenomas with specific histopathological characteristics according to size are presented.
‡ Adjusted for age at diagnosis; if we had also adjusted for year of endoscopy, history of large bowel 

endoscopy before study entry and whether any endoscopy for routine screening had been conducted, the 
estimates would be a:7.51 (5.95-9.48) and b:9.42 (6.45-13.8).

§ 148 were villous adenomas and 32 were carcinoma in situ.

Table 4-2. Description of  the study population
Characteristic Men with 

advanced 
adenomas

Men with 
non-advanced 
adenomas

Men with 
adenomas 
that were not 
classified

Men not 
known 
with 
adenomas

n=1,246 n=1,661 n=1,168 n=22,694
Most proximally located adenoma, %*

Rectum  13.0  13.7  14.3  -
Distal colon  46.4  42.1  43.2  -
Proximal colon  40.6  44.2  42.6  -

Age at study entry, yr  62.5 ± 9.0  60.0 ± 8.7  59.5 ± 8.9  60.2 ± 9.5
Age at most recent endoscopy/
diagnosis†

 65.3 ± 8.8  63.6 ± 8.6  63.3 ± 8.5  65.2 ± 9.3

Year of most recent endoscopy or diagnosis, % ‡

1986-1992  30.7  30.1  12.5  12.3
1993-1998  38.9  36.3  51.9  24.8
1999-2002  30.4  33.6  35.6  62.9

Large bowel endoscopy before study 
entry, %‡

 13.4  18.0  14.2  16.8

Ever a large bowel endoscopy for 
routine screening, %‡

 81.9  83.5  82.0  79.4

Multiple adenomas, %‡  40.4  28.0  8.1  -
Family history of  colorectal cancer, %‡  22.3  24.6  21.1  13.9

* This figure reflects both the presence of adenomas at each location and whether sigmoidoscopy or 
colonoscopy was conducted, so the percentage of people with proximal adenomas should not be 
interpreted as reflecting the prevalence of adenomas.

† This figure represents the age-adjusted date of most recent endoscopy for the men who did not report 
adenomas and the date of diagnosis for adenoma patients. The values were very similar before adjustment 
for age. 

‡ Adjusted for age at most recent endoscopy.
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Table 4-3. Age-adjusted means or percentages of modifiable factors in the study population, 
and determinants of advanced versus non-advanced adenomas*

Exposure Unit of 
exposure

Age-adjusted means or percentages* Highest category of exposure Lowest category of exposure Advanced vs. non-advanced 
adenomas†,‡

Men with
advanced 
adenomas

Men with 
non-advanced 
adenomas

Men with 
non-classified 
adenomas

Men not 
known with 
adenomas

Value N
advanced/
non-advanced

Value N
advanced/
non-advanced

Odds ratio
(95% confidence 
interval)

Ptrend

n=1,246 n=1,661 n=1,168 n=22,694
Lifestyle factors

BMI kg/m2  26.0  25.8  26.0  25.7  ≥27.9 268/343  <23.2 206/308 1.08 (0.84-1.40) 0.30
Height§ in.  70.1  70.1  70.1  70.1  >72 214/299  ≤68 356/419 0.91 (0.71-1.15)§ 0.54§

Physical activity MET-h/wk  28.4  29.4  29.2  31.7  ≥48.3 205/294  <9.87 321/360 0.84 (0.66-1.08) 0.30
Smoking status % current  7.7  5.5  7.1  5.1 Current 96/96 Never 481/694 1.33 (0.97-1.84) 0.0032
Alcohol consumption g/d  12.4  12.3  12.4  10.6  ≥30 152/196  0 181/219 0.83 (0.61-1.14) 0.29
Aspirin use§ % ≥2 tablets/wk  41.3  40.8  41.7  42.5 Currently ≥2 514/677 Never ≥2 540/727 0.98 (0.83-1.17)§ 0.85§

Multivitamin use %  46.6  51.3  52.7  55.3 Current 586/842 Never 379/439 0.82 (0.65-1.02) 0.074
Macronutrients

Carbohydrates g/d  240.1  242.4  243.7  247.5  ≥277 198/273  <216 322/386 1.04 (0.76-1.43) 0.73
Starch g/d  77.0  78.9  79.8  81.5  ≥96.1 186/279  <65.4 356/394 0.78 (0.60-1.01) 0.97
Total fat g/d  69.9  68.8  68.5  68.0  ≥78.3 315/350  <58.2 217/300 0.96 (0.72-1.29) 0.70
Sucrose g/d  43.7  43.6  43.9  44.3  ≥55.0 239/311  <32.6 273/362 1.06 (0.82-1.39) 0.27

Glycemic index and load
Glycemic index /d  52.9  53.0  52.9  53.1  ≥55.3 226/350  <51.0 280/338 0.70 (0.54-0.90) 0.0030
Glycemic load /d  127.0  128.6  128.9  131.5  ≥149.1 182/284  <112.7 332/392 0.81 (0.60-1.10) 0.28

Foods
Red meat servings/d  0.59  0.54  0.56  0.55  ≥0.83 285/312  <0.24 236/313 1.35 (0.92-1.97) 0.96
Processed meat servings/d  0.34  0.30  0.30  0.30  ≥0.50 299/352  <0.07 198/287 1.06 (0.79-1.42) 0.43
Poultry servings/d  0.38  0.38  0.38  0.40  ≥0.56 216/309  <0.19 289/377 1.02 (0.79-1.31) 0.80
Fish§ servings/d  0.38  0.41  0.39  0.39  ≥0.57 257/374  <0.17 247/275 0.89 (0.69-1.16)§ 0.24§

High-fat dairy servings/d  0.85  0.80  0.81  0.79  ≥1.14 284/356  <0.26 245/342 1.05 (0.81-1.35) 0.91
Low-fat dairy servings/d  1.05  1.09  1.15  1.14  ≥1.79 235/292  <0.34 299/364 1.00 (0.72-1.39) 0.96
Fruits servings/d  1.65  1.69  1.67  1.76  ≥2.50 228/293  <0.81 285/388 1.15 (0.87-1.51) 0.49
Vegetables servings/d  3.62  3.68  3.69  3.80  ≥5.06 222/334  <2.25 285/358 0.90 (0.68-1.19) 0.98
Cruciferous servings/d  0.48  0.48  0.49  0.50  ≥0.71 245/309  <0.20 216/267 1.06 (0.81-1.38) 0.54

Whole grain servings/d  1.41  1.56  1.53  1.54  ≥2.32 231/348  <0.57 288/309 0.78 (0.59-1.02) 0.069
Refined grain servings/d  1.25  1.23  1.25  1.25  ≥1.78 254/325  <0.58 261/334 0.94 (0.72-1.22) 0.33

Micronutrients
Fiber g/d  21.7  22.1  22.1  22.6  ≥27.1 226/271  <17.3 319/383 1.18 (0.89-1.58) 0.48
Folate µg/d  509  527  525  549  ≥722 207/303  <348 325/376 0.96 (0.71-1.28) 1.00
Methionine g/d  2.13  2.13  2.12  2.13  ≥2.41 258/336  <1.83 241/336 1.04 (0.80-1.33) 0.85
Vitamin D IU/d  425  452  449  455  ≥642 225/328  <239 295/353 0.82 (0.58-1.17) 0.19
Calcium mg/d  898  912  933  941  ≥1,179 218/306  <655 304/389 1.01 (0.78-1.30) 0.91
β-carotene µg/d  5,066  5,288  5,320  5,603  ≥7,477 203/277  <3,115 303/398 1.06 (0.81-1.39) 0.97
Marine fatty acids** g/d  0.32  0.34  0.33  0.33  ≥0.46 235/370  <0.14 278/340 0.88 (0.68-1.14) 0.20

* Means for continuous variables, percentages of categorized variables. (Cumulative) updated values up to 
year of diagnosis for cases or most recent endoscopy for men without adenomas are presented.

† Adjusted for: total energy intake (quintiles), age (in 5-yr age groups), history of endoscopy prior to study 
entry (yes/no), routine screening versus other indications for any endoscopy, aspirin use (currently, past 
or never ≥2 times/wk), use of multivitamins (current, former, never), smoking (never, quit ≤10 yr ago, 
quit>10 yr ago, current, missing) consumption of red meat (quintiles), alcohol (0, 0-<10, 10-<20, 20-<30, 
≥30 g/d); intake of folate (quintiles), calcium (quintiles), BMI (quintiles), physical activity (quintiles), 
family history of colorectal cancer (yes/no), proximal adenomas (yes/no), adenomas in distal colon, 
adenomas in rectal colon (yes/no).
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Table 4-3. Age-adjusted means or percentages of modifiable factors in the study population, 
and determinants of advanced versus non-advanced adenomas*

Exposure Unit of 
exposure

Age-adjusted means or percentages* Highest category of exposure Lowest category of exposure Advanced vs. non-advanced 
adenomas†,‡

Men with
advanced 
adenomas

Men with 
non-advanced 
adenomas

Men with 
non-classified 
adenomas

Men not 
known with 
adenomas

Value N
advanced/
non-advanced

Value N
advanced/
non-advanced

Odds ratio
(95% confidence 
interval)

Ptrend

n=1,246 n=1,661 n=1,168 n=22,694
Lifestyle factors

BMI kg/m2  26.0  25.8  26.0  25.7  ≥27.9 268/343  <23.2 206/308 1.08 (0.84-1.40) 0.30
Height§ in.  70.1  70.1  70.1  70.1  >72 214/299  ≤68 356/419 0.91 (0.71-1.15)§ 0.54§

Physical activity MET-h/wk  28.4  29.4  29.2  31.7  ≥48.3 205/294  <9.87 321/360 0.84 (0.66-1.08) 0.30
Smoking status % current  7.7  5.5  7.1  5.1 Current 96/96 Never 481/694 1.33 (0.97-1.84) 0.0032
Alcohol consumption g/d  12.4  12.3  12.4  10.6  ≥30 152/196  0 181/219 0.83 (0.61-1.14) 0.29
Aspirin use§ % ≥2 tablets/wk  41.3  40.8  41.7  42.5 Currently ≥2 514/677 Never ≥2 540/727 0.98 (0.83-1.17)§ 0.85§

Multivitamin use %  46.6  51.3  52.7  55.3 Current 586/842 Never 379/439 0.82 (0.65-1.02) 0.074
Macronutrients

Carbohydrates g/d  240.1  242.4  243.7  247.5  ≥277 198/273  <216 322/386 1.04 (0.76-1.43) 0.73
Starch g/d  77.0  78.9  79.8  81.5  ≥96.1 186/279  <65.4 356/394 0.78 (0.60-1.01) 0.97
Total fat g/d  69.9  68.8  68.5  68.0  ≥78.3 315/350  <58.2 217/300 0.96 (0.72-1.29) 0.70
Sucrose g/d  43.7  43.6  43.9  44.3  ≥55.0 239/311  <32.6 273/362 1.06 (0.82-1.39) 0.27

Glycemic index and load
Glycemic index /d  52.9  53.0  52.9  53.1  ≥55.3 226/350  <51.0 280/338 0.70 (0.54-0.90) 0.0030
Glycemic load /d  127.0  128.6  128.9  131.5  ≥149.1 182/284  <112.7 332/392 0.81 (0.60-1.10) 0.28

Foods
Red meat servings/d  0.59  0.54  0.56  0.55  ≥0.83 285/312  <0.24 236/313 1.35 (0.92-1.97) 0.96
Processed meat servings/d  0.34  0.30  0.30  0.30  ≥0.50 299/352  <0.07 198/287 1.06 (0.79-1.42) 0.43
Poultry servings/d  0.38  0.38  0.38  0.40  ≥0.56 216/309  <0.19 289/377 1.02 (0.79-1.31) 0.80
Fish§ servings/d  0.38  0.41  0.39  0.39  ≥0.57 257/374  <0.17 247/275 0.89 (0.69-1.16)§ 0.24§

High-fat dairy servings/d  0.85  0.80  0.81  0.79  ≥1.14 284/356  <0.26 245/342 1.05 (0.81-1.35) 0.91
Low-fat dairy servings/d  1.05  1.09  1.15  1.14  ≥1.79 235/292  <0.34 299/364 1.00 (0.72-1.39) 0.96
Fruits servings/d  1.65  1.69  1.67  1.76  ≥2.50 228/293  <0.81 285/388 1.15 (0.87-1.51) 0.49
Vegetables servings/d  3.62  3.68  3.69  3.80  ≥5.06 222/334  <2.25 285/358 0.90 (0.68-1.19) 0.98
Cruciferous servings/d  0.48  0.48  0.49  0.50  ≥0.71 245/309  <0.20 216/267 1.06 (0.81-1.38) 0.54

Whole grain servings/d  1.41  1.56  1.53  1.54  ≥2.32 231/348  <0.57 288/309 0.78 (0.59-1.02) 0.069
Refined grain servings/d  1.25  1.23  1.25  1.25  ≥1.78 254/325  <0.58 261/334 0.94 (0.72-1.22) 0.33

Micronutrients
Fiber g/d  21.7  22.1  22.1  22.6  ≥27.1 226/271  <17.3 319/383 1.18 (0.89-1.58) 0.48
Folate µg/d  509  527  525  549  ≥722 207/303  <348 325/376 0.96 (0.71-1.28) 1.00
Methionine g/d  2.13  2.13  2.12  2.13  ≥2.41 258/336  <1.83 241/336 1.04 (0.80-1.33) 0.85
Vitamin D IU/d  425  452  449  455  ≥642 225/328  <239 295/353 0.82 (0.58-1.17) 0.19
Calcium mg/d  898  912  933  941  ≥1,179 218/306  <655 304/389 1.01 (0.78-1.30) 0.91
β-carotene µg/d  5,066  5,288  5,320  5,603  ≥7,477 203/277  <3,115 303/398 1.06 (0.81-1.39) 0.97
Marine fatty acids** g/d  0.32  0.34  0.33  0.33  ≥0.46 235/370  <0.14 278/340 0.88 (0.68-1.14) 0.20

* Means for continuous variables, percentages of categorized variables. (Cumulative) updated values up to 
year of diagnosis for cases or most recent endoscopy for men without adenomas are presented.

† Adjusted for: total energy intake (quintiles), age (in 5-yr age groups), history of endoscopy prior to study 
entry (yes/no), routine screening versus other indications for any endoscopy, aspirin use (currently, past 
or never ≥2 times/wk), use of multivitamins (current, former, never), smoking (never, quit ≤10 yr ago, 
quit>10 yr ago, current, missing) consumption of red meat (quintiles), alcohol (0, 0-<10, 10-<20, 20-<30, 
≥30 g/d); intake of folate (quintiles), calcium (quintiles), BMI (quintiles), physical activity (quintiles), 
family history of colorectal cancer (yes/no), proximal adenomas (yes/no), adenomas in distal colon, 
adenomas in rectal colon (yes/no).

‡ All intermediate categories were part of the model, but only the comparison of the extreme categories is 
presented.

§ Odds ratios and P-values for trend should not be directly interpreted, because potential interaction 
according to adenoma location was detected. See text and Table 4-4. 

** Dietary docosahexaenoic acid+eicosapentaenoic acid.
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Table 4-4. Associations of selected exposure factors and risk of advanced and non-advanced 
adenomas versus men not known with adenomas

Exposure Location Category Men with
advanced 
adenomas

Men with 
non-advanced 

adenomas

Men not 
known with 
adenomas

Advanced vs. non-
advanced adenomas*

Advanced adenomas vs. 
no adenomas*

Non-advanced 
adenomas vs. no 
adenomas*

N OR (95% CI) Ptrend OR (95% CI) Ptrend OR (95% CI) Ptrend 
Smoking All Never smokers  481  694  10,504  1 (reference) 0.0032  1 (reference) <.0001  1 (reference) 0.0079

Former smokers, quit > 10 yr ago  499  684  8,610  1.00 (0.84-1.20)  1.23 (1.08-1.41)  1.22 (1.09-1.37)
Former smokers, quit ≤ 10 yr ago  135  139  1,565  1.32 (1.00-1.75)  1.69 (1.37-2.07)  1.25 (1.03-1.51)
Current smokers  96  96  1,150  1.33 (0.97-1.84)  1.59 (1.26-2.01)  1.14 (0.91-1.43)

Physical activity All < 9.87 MET-h/wk  321  360  4,429  1 (reference) 0.30  1 (reference) 0.0002  1 (reference) 0.0017
9.87-<18.9 MET-h/wk  262  253  4,514  0.87 (0.69-1.10)  0.84 (0.71-0.99)  0.96 (0.82-1.12)
18.9-<30.1 MET-h/wk  234  340  4,523  0.82 (0.64-1.03)  0.76 (0.64-0.91)  0.92 (0.78-1.08)
30.1-<48.3 MET-h/wk  224  314  4,574  0.88 (0.69-1.12)  0.75 (0.62-0.90)  0.85 (0.72-0.99)
≥48.3 MET-h/wk  205  294  4,654  0.84 (0.66-1.08)  0.68 (0.57-0.83)  0.79 (0.67-0.93)

Multivitamins All Never  379  439  5,170  1 (reference) 0.074  1 (reference) 0.0004  1 (reference) 0.16
Former user  281  380  4,963  0.88 (0.71-1.10)  0.83 (0.70-0.97)  0.94 (0.81-1.08)
Current user  586  842  12,561  0.82 (0.65-1.02)  0.73 (0.62-0.86)  0.88 (0.77-1.03)

Whole grain All <0.57 servings/d  288  309  4,241  1 (reference) 0.069  1 (reference) 0.79  1 (reference) 0.0012
0.57-<1.03 servings/d  282  361  4,738  0.91 (0.72-1.15)  0.97 (0.82-1.16)  1.13 (0.96-1.33)
1.03-<1.50 servings/d  219  313  4,440  0.78 (0.60-1.01)  0.88 (0.73-1.06)  1.13 (0.95-1.34)
≥2.32 servings/d  231  348  4,566  0.78 (0.59-1.02)  1.02 (0.83-1.25)  1.36 (1.13-1.62)

Starch All <65.4 g/d  356  394  4,346  1 (reference) 0.97  1 (reference) 0.0001  1 (reference) 0.0001
65.4-<75.9 g/d  241  371  4,515  0.70 (0.56-0.88)  0.69 (0.58-0.82)  0.93 (0.80-1.08)
75.9-<84.9 g/d  248  323  4,526  0.86 (0.68-1.09)  0.75 (0.63-0.89)  0.83 (0.71-0.97)
84.9-<96.1 g/d  215  294  4,603  0.83 (0.65-1.06)  0.66 (0.55-0.79)  0.74 (0.63-0.87)
≥96.1 g/d  186  279  4,703  0.78 (0.60-1.01)  0.57 (0.47-0.70) 0.69 (0.58-0.82)

Glycemic index All <51.0 /d  280  338  4,476  1 (reference) 0.0030  1 (reference) 0.019  1 (reference) 0.94
51.0-<52.6 /d  241  332  4,526  0.86 (0.67-1.09)  0.90 (0.76-1.08)  1.02 (0.87-1.19)
52.6-<53.8 /d  251  347  4,532  0.80 (0.63-1.02)  0.92 (0.77-1.11)  1.05 (0.90-1.23)
53.8-<55.3 /d  248  294  4,601  0.97 (0.76-1.25)  0.90 (0.75-1.08)  0.89 (0.76-1.06)
≥55.3 /d  226  350  4,559  0.70 (0.54-0.90)  0.78 (0.64-0.94)  1.04 (0.88-1.23)

Aspirin† Rectum Never ≥2 tablets/wk  68  122  9,024  1 (reference) 0.0034  1 (reference) 0.87  1 (reference) <0.0001
≥2 tablets/wk in the past  23  42  4,027  1.04 (0.57-1.89)  0.82 (0.51-1.33)  0.79 (0.55-1.13)
Currently ≥2 tablets/wk  71  64  9,643  2.02 (1.27-3.20)  1.03 (0.73-1.45)  0.51 (0.37-0.70)

Distal colon Never ≥2 tablets/wk  252  289  9,024  1 (reference) 0.069  1 (reference) 0.013  1 (reference) 0.93
≥2 tablets/wk in the past  84  97  4,027  1.01 (0.72-1.42)  0.83 (0.64-1.07) 0.82 (0.65-1.04)
Currently ≥2 tablets/wk  196  281  9,643  0.79 (0.61-1.02)  0.79 (0.65-0.95) 0.99 (0.84-1.18)

Proximal colon Never ≥2 tablets/wk  98  228  9,024  1 (reference) 0.67  1 (reference) 0.66  1 (reference) 0.92
≥2 tablets/wk in the past  39  78  4,027  1.13 (0.71-1.78)  0.87 (0.59-1.27)  0.77 (0.59-1.00)
Currently ≥2 tablets/wk  116  240  9,643  1.07 (0.77-1.50)  1.06 (0.80-1.40)  0.99 (0.82-1.19)

Continued: page 90
* Odds ratios (OR) and 95% confidence intervals (95% CI). Adjusted for the same factors as listed in 

Table 4-3.
† Only men with adenomas at one specific location were included in these comparisons. Adjusted for the 

same factors as listed in Table 4-3, but tertiles were used instead of quintiles.
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Table 4-4. Associations of selected exposure factors and risk of advanced and non-advanced 
adenomas versus men not known with adenomas

Exposure Location Category Men with
advanced 
adenomas

Men with 
non-advanced 

adenomas

Men not 
known with 
adenomas

Advanced vs. non-
advanced adenomas*

Advanced adenomas vs. 
no adenomas*

Non-advanced 
adenomas vs. no 
adenomas*

N OR (95% CI) Ptrend OR (95% CI) Ptrend OR (95% CI) Ptrend 
Smoking All Never smokers  481  694  10,504  1 (reference) 0.0032  1 (reference) <.0001  1 (reference) 0.0079

Former smokers, quit > 10 yr ago  499  684  8,610  1.00 (0.84-1.20)  1.23 (1.08-1.41)  1.22 (1.09-1.37)
Former smokers, quit ≤ 10 yr ago  135  139  1,565  1.32 (1.00-1.75)  1.69 (1.37-2.07)  1.25 (1.03-1.51)
Current smokers  96  96  1,150  1.33 (0.97-1.84)  1.59 (1.26-2.01)  1.14 (0.91-1.43)

Physical activity All < 9.87 MET-h/wk  321  360  4,429  1 (reference) 0.30  1 (reference) 0.0002  1 (reference) 0.0017
9.87-<18.9 MET-h/wk  262  253  4,514  0.87 (0.69-1.10)  0.84 (0.71-0.99)  0.96 (0.82-1.12)
18.9-<30.1 MET-h/wk  234  340  4,523  0.82 (0.64-1.03)  0.76 (0.64-0.91)  0.92 (0.78-1.08)
30.1-<48.3 MET-h/wk  224  314  4,574  0.88 (0.69-1.12)  0.75 (0.62-0.90)  0.85 (0.72-0.99)
≥48.3 MET-h/wk  205  294  4,654  0.84 (0.66-1.08)  0.68 (0.57-0.83)  0.79 (0.67-0.93)

Multivitamins All Never  379  439  5,170  1 (reference) 0.074  1 (reference) 0.0004  1 (reference) 0.16
Former user  281  380  4,963  0.88 (0.71-1.10)  0.83 (0.70-0.97)  0.94 (0.81-1.08)
Current user  586  842  12,561  0.82 (0.65-1.02)  0.73 (0.62-0.86)  0.88 (0.77-1.03)

Whole grain All <0.57 servings/d  288  309  4,241  1 (reference) 0.069  1 (reference) 0.79  1 (reference) 0.0012
0.57-<1.03 servings/d  282  361  4,738  0.91 (0.72-1.15)  0.97 (0.82-1.16)  1.13 (0.96-1.33)
1.03-<1.50 servings/d  219  313  4,440  0.78 (0.60-1.01)  0.88 (0.73-1.06)  1.13 (0.95-1.34)
≥2.32 servings/d  231  348  4,566  0.78 (0.59-1.02)  1.02 (0.83-1.25)  1.36 (1.13-1.62)

Starch All <65.4 g/d  356  394  4,346  1 (reference) 0.97  1 (reference) 0.0001  1 (reference) 0.0001
65.4-<75.9 g/d  241  371  4,515  0.70 (0.56-0.88)  0.69 (0.58-0.82)  0.93 (0.80-1.08)
75.9-<84.9 g/d  248  323  4,526  0.86 (0.68-1.09)  0.75 (0.63-0.89)  0.83 (0.71-0.97)
84.9-<96.1 g/d  215  294  4,603  0.83 (0.65-1.06)  0.66 (0.55-0.79)  0.74 (0.63-0.87)
≥96.1 g/d  186  279  4,703  0.78 (0.60-1.01)  0.57 (0.47-0.70) 0.69 (0.58-0.82)

Glycemic index All <51.0 /d  280  338  4,476  1 (reference) 0.0030  1 (reference) 0.019  1 (reference) 0.94
51.0-<52.6 /d  241  332  4,526  0.86 (0.67-1.09)  0.90 (0.76-1.08)  1.02 (0.87-1.19)
52.6-<53.8 /d  251  347  4,532  0.80 (0.63-1.02)  0.92 (0.77-1.11)  1.05 (0.90-1.23)
53.8-<55.3 /d  248  294  4,601  0.97 (0.76-1.25)  0.90 (0.75-1.08)  0.89 (0.76-1.06)
≥55.3 /d  226  350  4,559  0.70 (0.54-0.90)  0.78 (0.64-0.94)  1.04 (0.88-1.23)

Aspirin† Rectum Never ≥2 tablets/wk  68  122  9,024  1 (reference) 0.0034  1 (reference) 0.87  1 (reference) <0.0001
≥2 tablets/wk in the past  23  42  4,027  1.04 (0.57-1.89)  0.82 (0.51-1.33)  0.79 (0.55-1.13)
Currently ≥2 tablets/wk  71  64  9,643  2.02 (1.27-3.20)  1.03 (0.73-1.45)  0.51 (0.37-0.70)

Distal colon Never ≥2 tablets/wk  252  289  9,024  1 (reference) 0.069  1 (reference) 0.013  1 (reference) 0.93
≥2 tablets/wk in the past  84  97  4,027  1.01 (0.72-1.42)  0.83 (0.64-1.07) 0.82 (0.65-1.04)
Currently ≥2 tablets/wk  196  281  9,643  0.79 (0.61-1.02)  0.79 (0.65-0.95) 0.99 (0.84-1.18)

Proximal colon Never ≥2 tablets/wk  98  228  9,024  1 (reference) 0.67  1 (reference) 0.66  1 (reference) 0.92
≥2 tablets/wk in the past  39  78  4,027  1.13 (0.71-1.78)  0.87 (0.59-1.27)  0.77 (0.59-1.00)
Currently ≥2 tablets/wk  116  240  9,643  1.07 (0.77-1.50)  1.06 (0.80-1.40)  0.99 (0.82-1.19)

Continued: page 90
* Odds ratios (OR) and 95% confidence intervals (95% CI). Adjusted for the same factors as listed in 

Table 4-3.
† Only men with adenomas at one specific location were included in these comparisons. Adjusted for the 

same factors as listed in Table 4-3, but tertiles were used instead of quintiles.
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with only one adenoma, tubulovillous adenoma were 10.2 times (95% CI=7.5-13.9) and villous 
adenoma/carcinoma in situ were 13.9 times (95% CI=8.36-23.0) more likely to be large than 
were tubular adenomas. In the same group of men, adenomas were more likely to occur in the 
rectum (OR=2.78, 95%=1.18-6.61) and distal colon (OR=2.16, 95% CI=1.06-4.40) than in the 
proximal colon. 

The endoscopy and pathology reports of the majority of adenomas that we did not classify 
further did not include any information on size and histopathology. Relatively more adenomas 
with an unknown histopathology were small, and relatively more adenomas whose size was 
unknown were tubular. Information as to whether a person had synchronous adenomas was 
unavailable for 73% of the men whose adenomas we did not classify as advanced or non-
advanced.

ENDOSCOPY-RELATED CHARACTERISTICS AND FAMILY HISTORY OF COLORECTAL 
CANCER

The majority of men who did not report an adenoma underwent an endoscopy in the more 
recent years of follow-up (Table 4-2). Men with non-advanced adenomas and not classified 
adenomas were on average two years younger than men with advanced adenomas at study entry 
and at diagnosis. Although being of similar age as people who developed non-advanced or non-
classified adenomas at study entry, men who did not report an adenoma during the follow-up 

Table 4-4. Continued
Exposure Location Category Men with

advanced 
adenomas

Men with 
non-advanced 

adenomas

Men not 
known with 
adenomas

Advanced vs. non-
advanced adenomas*

Advanced adenomas vs. 
no adenomas*

Non-advanced 
adenomas vs. no 
adenomas*

N OR (95% CI) Ptrend OR (95% CI) Ptrend OR (95% CI) Ptrend 
Height† Rectum ≤68.0 in.  39  63  6,018  1 (reference) 0.089  1 (reference) 0.21  1 (reference) 0.25

68.1-≤70.0 in.  39  70  6,670  0.96 (0.55-1.69)  0.90 (0.58-1.41)  0.94 (0.66-1.32)
70.1-≤72.0 in.  53  53  6,120  1.78 (1.02-3.11)  1.30 (0.86-1.98)  0.73 (0.51-1.06)
>72.1 in.  31  42  3,886  1.36 (0.73-2.52)  1.21 (0.75-1.95)  0.89 (0.60-1.33)

Distal colon ≤68.0 in.  175  161  6,018  1 (reference) 0.0032  1 (reference) 0.0018  1 (reference) 0.38
68.1-≤70.0 in.  142  200  6,670  0.67 (0.49-0.90)  0.72 (0.57-0.90)  1.07 (0.87-1.33)
70.1-≤72.0 in.  137  174  6,120  0.75 (0.55-1.02)  0.74 (0.59-0.93)  0.99 (0.79-1.23)
>72.1 in.  78  132  3,886  0.58 (0.40-0.82)  0.68 (0.51-0.89)  1.17 (0.92-1.49)

Proximal colon ≤68.0 in.  72  143  6,018  1 (reference) 0.33  1 (reference) 0.47  1 (reference) 0.50
68.1-≤70.0 in.  68  175  6,670  0.81 (0.54-1.21)  0.89 (0.64-1.24)  1.10 (0.88-1.38)
70.1-≤72.0 in.  60  140  6,120  0.93 (0.61-1.41)  0.87 (0.62-1.24)  0.95 (0.74-1.20)
>72.1 in.  53  88  3,886  1.34 (0.86-2.11)  1.26 (0.88-1.82)  0.94 (0.71-1.23)

Fish † Rectum ≤0.24 servings/d  55  70  7,292  1 (reference) 0.39  1 (reference) 0.83  1 (reference) 0.28
0.25-≤0.43 servings/d  56  79  7,950  0.92 (0.56-1.51)  0.95 (0.65-1.40)  1.04 (0.75-1.45)
>0.43 servings/d  51  79  7,452  0.79 (0.47-1.35)  0.95 (0.63-1.43)  1.20 (0.85-1.69)

Distal colon ≤ 0.24 servings/d  194  211  7,292  1 (reference) 0.062  1 (reference) 0.15  1 (reference) 0.25
0.25-≤0.43 servings/d  191  227  7,950  0.96 (0.73-1.27)  0.95 (0.77-1.16)  0.99 (0.81-1.20)
>0.43 servings/d  147  229  7,452  0.76 (0.56-1.03)  0.85 (0.67-1.07)  1.11 (0.91-1.36)

Proximal colon ≤ 0.24 servings/d  75  158  7,292  1 (reference) 0.55  1 (reference) 0.021  1 (reference) 0.021
0.25-≤0.43 servings/d  76  190  7,950  0.84 (0.57-1.23)  0.95 (0.68-1.31)  1.14 (0.91-1.41)
>0.43 servings/d  102  198  7,452  1.06 (0.72-1.57)  1.39 (1.01-1.91)  1.31 (1.04-1.63)

Footnotes: see page 88
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underwent, on average, their most recent endoscopy at the age at which men were diagnosed 
with advanced adenomas. 

Especially men with non-advanced adenomas and, to a smaller extent, men who did not report 
to have had adenomas were more likely to have undergone an endoscopy of the large bowel 
before study entry. Men with adenomas, but in particular non-advanced adenomas, were more 
likely to have undergone endoscopy for routine screening and to have a positive family history 
of colorectal cancer.

CHARACTERISTICS OF THE MEN WITH ADENOMAS THAT WERE NOT FURTHER 
CLASSIFIED

The distributions of modifiable risk factors (Table 4-3) for men with adenomas that we did 
not classify seemed to be a mixture of the distributions among men with advanced and non-
advanced adenomas.

CHARACTERISTICS OF THE MEN WITHOUT ADENOMAS

As the main focus of the current analyses is to evaluate whether the distributions of risk factors 
differ between advanced and non-advanced adenoma patients, we do not include an extensive 
comparison of the adenoma patients versus the men who did not report to have an adenoma here. 
However, mean values of exposure variables within this group are included in Table 4-3, and we 

Table 4-4. Continued
Exposure Location Category Men with

advanced 
adenomas

Men with 
non-advanced 

adenomas

Men not 
known with 
adenomas

Advanced vs. non-
advanced adenomas*

Advanced adenomas vs. 
no adenomas*

Non-advanced 
adenomas vs. no 
adenomas*

N OR (95% CI) Ptrend OR (95% CI) Ptrend OR (95% CI) Ptrend 
Height† Rectum ≤68.0 in.  39  63  6,018  1 (reference) 0.089  1 (reference) 0.21  1 (reference) 0.25

68.1-≤70.0 in.  39  70  6,670  0.96 (0.55-1.69)  0.90 (0.58-1.41)  0.94 (0.66-1.32)
70.1-≤72.0 in.  53  53  6,120  1.78 (1.02-3.11)  1.30 (0.86-1.98)  0.73 (0.51-1.06)
>72.1 in.  31  42  3,886  1.36 (0.73-2.52)  1.21 (0.75-1.95)  0.89 (0.60-1.33)

Distal colon ≤68.0 in.  175  161  6,018  1 (reference) 0.0032  1 (reference) 0.0018  1 (reference) 0.38
68.1-≤70.0 in.  142  200  6,670  0.67 (0.49-0.90)  0.72 (0.57-0.90)  1.07 (0.87-1.33)
70.1-≤72.0 in.  137  174  6,120  0.75 (0.55-1.02)  0.74 (0.59-0.93)  0.99 (0.79-1.23)
>72.1 in.  78  132  3,886  0.58 (0.40-0.82)  0.68 (0.51-0.89)  1.17 (0.92-1.49)

Proximal colon ≤68.0 in.  72  143  6,018  1 (reference) 0.33  1 (reference) 0.47  1 (reference) 0.50
68.1-≤70.0 in.  68  175  6,670  0.81 (0.54-1.21)  0.89 (0.64-1.24)  1.10 (0.88-1.38)
70.1-≤72.0 in.  60  140  6,120  0.93 (0.61-1.41)  0.87 (0.62-1.24)  0.95 (0.74-1.20)
>72.1 in.  53  88  3,886  1.34 (0.86-2.11)  1.26 (0.88-1.82)  0.94 (0.71-1.23)

Fish † Rectum ≤0.24 servings/d  55  70  7,292  1 (reference) 0.39  1 (reference) 0.83  1 (reference) 0.28
0.25-≤0.43 servings/d  56  79  7,950  0.92 (0.56-1.51)  0.95 (0.65-1.40)  1.04 (0.75-1.45)
>0.43 servings/d  51  79  7,452  0.79 (0.47-1.35)  0.95 (0.63-1.43)  1.20 (0.85-1.69)

Distal colon ≤ 0.24 servings/d  194  211  7,292  1 (reference) 0.062  1 (reference) 0.15  1 (reference) 0.25
0.25-≤0.43 servings/d  191  227  7,950  0.96 (0.73-1.27)  0.95 (0.77-1.16)  0.99 (0.81-1.20)
>0.43 servings/d  147  229  7,452  0.76 (0.56-1.03)  0.85 (0.67-1.07)  1.11 (0.91-1.36)

Proximal colon ≤ 0.24 servings/d  75  158  7,292  1 (reference) 0.55  1 (reference) 0.021  1 (reference) 0.021
0.25-≤0.43 servings/d  76  190  7,950  0.84 (0.57-1.23)  0.95 (0.68-1.31)  1.14 (0.91-1.41)
>0.43 servings/d  102  198  7,452  1.06 (0.72-1.57)  1.39 (1.01-1.91)  1.31 (1.04-1.63)

Footnotes: see page 88
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will present the comparisons versus adenoma-free men for those factors for which we detected 
potential different associations with advanced and non-advanced adenomas in Table 4-4. 

MEN WITH ADVANCED ADENOMAS VERSUS MEN WITH NON-ADVANCED ADENOMAS 
Before comparing men with advanced and non-advanced adenomas, we explored whether 

the associations of advanced versus non-advanced adenomas depended on adenoma location 
in men who had adenomas at only one location. Most associations did not depend on location 
(P interaction≥0.10), but the differences in distribution between men with advanced and non-
advanced adenomas regarding height (P interaction=0.052), aspirin (P interaction=0.0028) and possibly 
fish (P interaction=0.067) varied according to location. 

Table 4-3 shows that the men with advanced adenomas and non-advanced adenomas were 
exposed to most factors we studied to a similar extent. However, men with advanced adenomas 
were more likely to smoke, but they were less likely to have a high consumption of whole grains 
and to consume foods with high glycemic index. Men with advanced adenomas also tended to be 
less physically active and to take multivitamin supplements and to have a somewhat higher intake 
of starch, but these differences were not statistically significant. 

MEN WITH ADVANCED AND NON-ADVANCED ADENOMAS VERSUS MEN WITHOUT 
REPORTED ADENOMAS

Table 4-4 illustrates why the aforementioned differences arose. Smoking was associated with 
risk of advanced and non-advanced adenomas but more prominently so with risk of advanced 
adenomas. Physical activity and intake of starch were inversely associated with risk of advanced 
adenomas but to a smaller extent with risk of non-advanced adenomas. The same applied to use 
of multivitamins, but the difference between the associations was not statistically significant. 
The difference between the associations regarding consumption of whole grains was also not 
statistically significant, although it appeared to be not associated with risk of advanced adenomas 
but seemed to be positively associated with risk of non-advanced adenomas. Men who consumed 
foods with a high glycemic index were less likely to be diagnosed with advanced adenomas but 
they were as likely to be diagnosed with non-advanced adenomas as men who consumed foods 
with a low glycemic index. 

The dependency of the case-case association on location regarding aspirin was due to the fact 
that use of aspirin was solely associated with reduced risk of rectal non-advanced adenomas, but 
on the contrary, aspirin was solely associated with reduced risk of advanced adenomas in the distal 
colon. The interaction between height and location could be attributed to a different association 
within the distal colon: height was not associated with non-advanced adenomas, irrespective of 
site; however, height was inversely associated with distal advanced adenomas, whereas height 
tended to be not or somewhat positively associated with advanced adenomas at other locations. 
Although the interaction between fish consumption and adenoma location was not statistically 
significant, fish consumption tended to be inversely associated with risk of advanced adenomas 
in the distal colon but fish consumption was not associated with risk of non-advanced adenomas 
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at that location. Overall, fish tended to be positively associated with non-advanced adenomas 
and adenomas in the proximal colon. 

SENSITIVITY ANALYSES

The association between the examined factors and advanced versus non-advanced adenomas 
did generally not depend on the presence of synchronous adenomas, as indicated by P-values for 
interaction ≥0.10. Only the association with smoking might depend on adenoma multiplicity; 
current smokers with one adenoma were 1.63 (95% CI=1.15-2.33) times more likely to have 
an advanced adenoma than men who never smoked, but current smokers diagnosed with 
synchronous adenomas were not more likely to have an advanced adenoma (OR=0.84, 95% 
CI=0.52-1.43). However, the difference between these associations was not statistically 
significant (P interaction=0.064). 

The associations of risk factors with advanced and non-advanced adenomas did also not 
depend on the year of most recent endoscopy, except the association with calcium intake 
(P interaction=0.038). However, as calcium intake differed between men with advanced and non-
advanced adenomas only among men who underwent endoscopy between 1986 and 1992, we do 
not present these data here. 

Discussion
We observed that most dietary and lifestyle factors were not differently associated with 

advanced and non-advanced colorectal adenomas. However, smoking was a stronger risk factor 
for advanced adenomas than for non-advanced adenomas and a high glycemic index was solely 
inversely associated with risk of non-advanced adenomas. Indications for different associations 
were also found for physical activity, use of multivitamins and intake of starch, height, aspirin 
and fish. The differences in height, use of aspirin and possibly fish consumption between men 
with advanced and non-advanced adenomas depended on adenoma location. Before we compare 
our findings to the literature and interpret them, we have to consider the methodological 
drawbacks and strengths of our study.

This study is the largest study on advanced and non-advanced adenomas conducted to date, 
in which participants were followed-up over time while exposure information was repeatedly 
assessed in a standardized way. To make such a large-scale study feasible, adenoma data that were 
collected for clinical practice were used. However, endoscopy and pathology reports often, but 
not always, mention how many adenomas a person has and the size of the largest adenoma, but 
individual adenoma characteristics are often not given. Not all adenomas are removed or sent for 
histopathological evaluation, because the clinician may judge the adenoma as not being clinically 
relevant; indeed, many of the adenomas for which we did not have sufficient data available for 
further categorization seemed to be tubular or small adenomas. However, the distributions of 
most modifiable factors among men with such non-classified adenomas mimicked the weighted 
average of the distributions among men with advanced and non-advanced adenomas, which 
supported our decision not to include them in either category. It is likely that the presence or 
absence of data on histopathology and size of the adenoma does not depend on exposure level 
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of the participant. Thus, we may have underestimated the strenghts of the associations but it is 
unlikely that the incomplete case ascertainment has resulted in systematic errors. Indeed, had we 
decided to treat the non-classified adenomas as being non-advanced or even as being advanced, 
the estimates would have pointed in the same directions, which suggest that the impact of such 
a bias is small. 

Like in any adenoma study, some adenomas will have been missed at endoscopy, especially 
so for small adenomas45. Thus, some of the men without an adenoma diagnosis may actually 
belong to the group of non-advanced adenomas, and a proportion of the group classified 
as having non-advanced adenomas may, in fact, have advanced adenomas, also because not 
everybody underwent a full colonoscopy. In spite of this, it is unlikely that the rigorousness 
of the endoscopic examination depends on modifiable factors. The resulting non-differential 
misclassification might have diluted the risk estimates, but the impact is likely to be reduced by 
the large number of truly adenoma-free men in our study population. 

A further complexity related to the use of available clinical data is that it is generally impossible 
to tell where in the colon or rectum a particular advanced adenoma was found in the presence of 
adenomas at multiple locations. As a non-advanced distal adenoma diagnosed by sigmoidoscopy 
does not exclude the presence of an advanced proximal adenoma46 while risk factors may vary 
by subsite47, we evaluated whether the case-case analyses depended on adenoma location in the 
group of people of whom only adenomas at one location were registered. We observed some 
differences according to location, which suggests that future studies should pay close attention 
to adenoma location when comparing groups according to size and histopathology. This study 
was the first that acknowledges that differences between adenomas stages may reflect different 
distributions of correlated characteristics such as adenoma multiplicity and adenoma location. 

 We classified adenomas as advanced or non-advanced as a proxy method for separating them 
according to their stage of development and the chance of becoming malignant. Adenomas with a 
villous component, with severe dysplasia or large (≥ 1 cm) adenomas2-7, 9-11 are thought to be most 
likely to develop further into colorectal cancer. We did not incorporate dysplasia in our definition 
of advanced adenomas, however, because the consistency of the classification into high-grade 
and low-grade dysplasia has been shown to be poor when different community pathologists 
were involved like in our study48, 49. Nonetheless, the majority of adenomas showing high-grade 
dysplasia are probably captured in our definition of advanced adenomas, as high-grade dysplasia 
is strongly correlated with size and histopathological characteristics50-52. If endoscopy had been 
planned later in time, however, some of the non-advanced adenomas may have progressed to 
advanced adenomas and some adenomas may have regressed in size53, 54. The men with advanced 
adenomas were two years older at diagnosis than the men with non-advanced adenomas, which 
could suggest that the observed differences between advanced and non-advanced adenomas 
might simply reflect that the men with non-advanced adenomas were examined at younger 
age. We cannot completely rule out that explanation, despite adjusting for age at most recent 
endoscopy in all analyses, but it is reassuring that in general, age did not modify the association 
between the examined factors and advanced versus non-advanced adenomas. 
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We acknowledge that we examined a large number of potential risk factors, which may have 
lead to chance findings. It is therefore important to consider the results of this study in the 
context of existing literature. 

To our knowledge, only two studies explicitly studied whether associations differ between 
advanced and non-advanced adenomas31 before. One was a relatively small-sized study that 
pooled data from four case-control studies where advanced adenomas were defined as those 
with severe dysplasia31, carcinoma in situ or intramucosal carcinoma. In line with our study, the 
pooled case-control study could not detect differences in the distributions of most risk factors 
among patients with advanced (n=119) and non-advanced colorectal adenomas (n=441)31. 
Among men but not women, increased physical activity was more strongly associated with 
reduced risk for advanced than with reduced risk for non-advanced adenomas31, for which we 
also found indications. The other study included 70 advanced and 132 non-advanced adenoma 
patients, and observed stronger associations of serum levels of IGF-I and IGF-I/IGFBP-3 with 
advanced than with non-advanced adenomas24, which may correspond with our observation that 
glycemic index, height (but only regarding the distal colon) and to a lesser extent physical activity 
tended to be inversely associated with advanced but not with non-advanced adenomas, although 
this was not the case for BMI. 

Our study also bears similarities to a small case-control study that compared risk factors for 
large (n=208) and small (n=154) adenomas. In that study, patients with large adenomas were 
more likely to have a high intake of animal fats compared with patients with small adenomas, 
but they were less likely to have a high intake of yoghurt30. No differences in the distribution of 
other dietary factors30 as well as of BMI and physical activity32 could be detected. The prevalence 
of smoking did also not differ between the two patient groups but alcohol consumption was 
higher among in the group with large adenomas than in the group with small adenomas33, 
which is not in line with the findings of our study. Analyses among participants in a trial that 
monitored growth of small adenomas left in situ suggested that high body fatness19 was strongly 
associated with increased adenoma growth of ≥1mm after three years, which could possibly also 
apply to alcohol consumption16. Fruits and carbohydrates were weakly inversely associated with 
growth17, whereas a similar study that left adenomas in situ for two years suggested that intake 
of dietary fiber and possibly non-fiber carbohydrate and cruciferous vegetables were associated 
with adenoma growth55. Thus, the findings of the two growth studies are not in concordance 
with each other, nor with our study and the study on large and small adenomas30, 32, 33. It cannot 
be completely excluded that these different findings are caused by the different endpoints and 
differences in exposure assessment, but chance may also be an explanation especially because 
previous studies were small. However, our results regarding fish and whole grains should be 
interpreted with caution, because they pointed in an unexpected direction. 

Adenoma advancement most likely results from the interaction of multiple parallel processes 
that lead to elevated cell proliferation, evasion of apoptosis or selection for specific sort of lesions, 
whilst mutations in critical cancer genes accumulate56. The dynamics of these processes may 
depend on colorectal mucosal and luminal conditions, which could be influenced by dietary or 
lifestyle factors, and the balance between them will determine the association of advanced versus 
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non-advanced adenomas. If risk factors would only interfere with the causation or accumulation 
of mutations, then it is not surprising that associations are more clearly visible in the group of 
advanced adenomas. This idea is consistent with most of our data, and it seems biologically 
plausible for smoking, which is well known to be mutagenic57. The stronger associations of use 
of multivitamins and, to a smaller extent, consumption of red meat with advanced adenomas 
than with non-advanced adenomas could also reflect mutagenic effects, although the differences 
between these associations were not statistically significant. Nonetheless, it is unlikely that such 
an explanation accounts for the different associations of glycemic index, physical activity, starch 
and height (but the latter only in the distal colon) with advanced and non-advanced adenomas, as 
it is hard to imagine how these factors would interfere with the causation of mutations. The IGF 
growth factor axis may offer an explanation for these findings, as the IGF system may especially 
be involved in the later stages of adenoma development. The observed effects of sulindac on 
suppression of growth of adenomas via inhibition of the enzyme cyclooxygenase (COX) in 
patients with familial adenomatous polyposis18 and the higher levels of COX expression in the 
distal versus the proximal colon as well as in advanced versus non-advanced adenomas58 support 
our finding that aspirin tended to be more strongly associated with reduced risk of advanced 
than with risk of non-advanced adenomas in the distal colon. However, it is hard to explain why 
aspirin was associated with reduced risk of rectal non-advanced adenomas but not with rectal 
advanced adenomas. 

In conclusion, our study suggests that associations of modifiable factors with advanced 
and non-advanced adenomas are mostly similar. Most of the factors for which we observed 
different effects seem to be associated with the IGF or COX systems, which may explain the 
stronger effects on advanced adenomas, although other mechanisms cannot be cancelled out. 
Hypothetically, the stronger associations of smoking and other mutagenic factors could simply 
reflect accumulation of mutations, but again, other mechanisms cannot be excluded. Other 
studies will need to confirm our findings and they may shed further light on the mechanisms 
involved. 
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Background: A family history of colorectal cancer may increase colorectal cancer risk by 
influencing adenoma growth or enhancing the formation of new lesions.

Aim and methods: Data of men from the prospective Health Professionals Follow-Up Study 
who underwent an endoscopy between 1986 and 2002 were used to evaluate whether a family 
history of colorectal cancer is associated with adenoma multiplicity or advanced adenoma 
stage (≥1cm or any mention of villous characteristics or carcinoma in situ). 22.9% of the 4,037 
adenoma patients and 13.9% of the 22,498 adenoma-free men had a first-degree relative with 
colorectal cancer. 1,229 men were classified as having advanced and 1,652 as having non-
advanced adenomas. 528 men had multiple and 1,768 single adenomas in the distal colon and 
rectum. 

Results: After adjustment for presumed risk factors, a family history of colorectal cancer 
was similarly associated with advanced and non-advanced adenomas (advanced versus non-
advanced, odds ratio (OR)=0.91, 95% confidence interval (CI)=0.76-1.08; advanced versus 
adenoma-free: OR=1.84, 95% CI=1.60-2.12; non-advanced versus adenoma-free: OR=2.03, 
95% CI=1.80-2.29). However, a family history of colorectal cancer was stronger associated with 
multiple distal adenomas (multiple versus single, OR=1.39, 95% CI=1.11-1.74; multiple distal 
versus no distal adenomas: OR=2.24, 95% CI=1.83-2.73; single distal versus no distal adenomas: 
OR=1.61, 95% CI=1.42-1.82). The number of adenomas was also associated positively with a 
family history of colorectal cancer. 

Conclusion: Adenoma advancement was not associated with family history in this study, but 
adenoma multiplicity was, which may suggest that heritable factors are more important in earlier 
than in the later stages of adenoma formation at the population level.
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 Introduction
First-degree relatives of individuals with colorectal cancer are approximately twice as likely to 

get colorectal cancer or their precursor lesions adenomatous polyps as people with unaffected 
relatives1-3. The risk of colorectal cancer is 4.3 times higher for people who have more than one 
such relative compared with those without one1. A study on twins suggested that about 35 percent 
of all colorectal cancer cases can be attributed to heritable factors4. Given that approximately 5 
percent of all cancers are due to hereditary syndromes5, genetic factors must also be involved in 
sporadic colorectal carcinogenesis. 

There are various ways by which a family history of colorectal cancer may affect colorectal 
cancer risk. Two possibilities are that a family history of colorectal cancer conveys a genetic 
susceptibility that enhances the formation of new lesions or the transition from adenomas to 
carcinomas. Shared behavioural risk factors have also been proposed to underlie part of the 
association between a family history of colorectal cancer and risk of colorectal neoplasm. 

Indications for effects of heritable factors on adenoma growth were found in a study in 
which small polyps were left in situ for three years before removal6: net adenoma growth was 
observed in nine out of 14 (64%) patients with a positive family history of colorectal cancer but 
only in 22 out of 73 (30%) of the patients without such a family history (odds ratio (OR)=3.9, 
95% confidence interval (CI)=1.2-13.4). A stronger association with large adenomas (OR=2.1, 
P<0.01) than with small adenomas (OR=1.2, P>0.10) was indeed suggested in a case-control 
study on 362 patients7. Although the same impression can be obtained from smaller studies8-11, 
a pooled analyses on 518 adenoma patients observed a stronger association between a family 
history of colorectal cancer and adenomas with no, mild, or moderate dysplasia (OR=1.5, 
95% CI=1.1-2.1) than with adenomas with severe dysplasia, carcinoma in situ, or intramucosal 
carcinoma (OR=1.0, 95% CI=0.6-1.9). Nonetheless, the difference between these associations 
was not statistically significant12. 

The influence of genetic factors on adenoma multiplicity is clearly visible in patients with 
inherited polyposis syndromes5. Responsible genes such as Adenomatous Polyposis Coli 
(APC ) or human MutY homologue (MYH ) could have a more subtle influence in sporadic 
carcinogenesis5. Indeed, the expression of several genes in macroscopically normal rectosigmoid 
mucosa was altered in individuals with a sporadic family history of colon cancer compared with 
individuals without such history13, and one study noted that the prevalence of multiple adenomas 
was higher in the presence of a positive family history7. 

We examined associations between family history of colorectal cancer, adenoma multiplicity 
and adenoma advancement in a large prospective cohort study, which allowed for adjustment for 
known behavioral risk factors for colorectal neoplasia. Evidence regarding such associations at 
the population level may yield clues to the search of genetic factors involved in the development 
of sporadic colorectal adenomas and cancer.
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Material and Methods

STUDY POPULATION

The current study comprises a subset of men of the Health Professionals Follow-Up Study 
(HPFS): an ongoing prospective study among 51,529 male US health professionals who 
responded to a mailed questionnaire in 1986 when they were between 40 and 75 years old. The 
Human Subjects Committee of the Harvard School of Public Health approved the HPFS. 

At enrollment in 1986, and every two years thereafter, the cohort members were requested to 
fill out follow-up questionnaires to update information on various risk factors and to identify 
newly professionally diagnosed cases of various diseases. In 1986, 1990, 1994, 1998 and 2002, 
participants also completed a semi-quantitative food-frequency questionnaire. Questionnaires 
were mailed up to four times to non-responders. At the time of the 2002 questionnaire 37,433 
men were alive and still participating. 

Only men who completed the 1986 questionnaire and who underwent colonoscopy or 
sigmoidoscopy between 1986 and 2002 were eligible for the present analyses. Participants who 
reported to have had colorectal polyps, cancer (except non-melanoma skin cancer), ulcerative 
colitis or Crohn’s disease before 1986 were excluded. We also excluded cohort members who 
reported implausible caloric intakes, i.e. smaller than 800 kcal/day or larger than 4,200 kcal/day) 
as well as those who left 70 more of the items blank on the food-frequency questionnaire. This 
resulted in a base population of 26,818 men. 

CASE ASCERTAINMENT

For each man who reported to have had an adenoma on a follow-up questionnaire for the first 
time, we asked for permission to request and review relevant medical records. A study investigator, 
who was blinded to exposure status, reviewed endoscopy and pathology reports. Only when the 
self-reported diagnosis was confirmed by a histopathological report, case status was assigned. 
The self-report of a negative endoscopy was reliable; a review of the medical records obtained 
from a random sample of 200 patients who reported a negative endoscopic result confirmed the 
absence of adenomas in all cases.

Adenomas in the cecum, ascending colon, hepatic flexure, transverse colon or splenic flexure 
were classified as being in the proximal colon. Adenomas in the descending or sigmoid colon 
were classified as being in the distal colon, and adenomas in the rectum or at the rectosigmoid 
junction were classified as rectal. 

For diagnoses up to 1990, the number of adenoma, the size of the largest adenoma as assessed 
endoscopically and pathologically, and location of the most proximally located adenoma were 
recorded. For later diagnoses, number and size of the largest adenoma according to endoscopy 
and pathology reports were recorded for distal, proximal and rectal adenomas separately. In 
all years, only the most severe histological subtype of adenoma (in ascending order: tubular, 
tubulovillous, villous, carcinoma in situ) was registered. 

 Between 1986 and 2002, 4,102 of the participants were diagnosed with adenomas. For 
classification purposes, we used the adenoma size according to the endoscopy report, but data 
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from the pathology report were used if such information was lacking. Men having at least one 
adenoma ≥1 cm, with a (tubulo)villous structure or carcinoma in situ were classified as having 
advanced adenomas (n=1,254); men having only adenomas that were smaller than 1 cm and with 
no mention of a villous structure were classified as having non-advanced adenomas (n=1,675). 
No information on size and histopathology was present in the pathology and endoscopy reports 
of 955 adenomas, and the size of 218 tubular adenomas was unknown; these adenomas were 
not classified as being either advanced or non-advanced in the main analyses. Because not all 
men underwent colonoscopy, the classification according to adenoma multiplicity was based on 
distal and rectal adenoma only, under the assumption of a single adenoma where the number of 
adenomas was not mentioned in the endoscopy and pathology reports (single distal adenomas: 
n=1,794, multiple distal adenomas: n=542, no distal adenomas at all: n=23,644). The adenoma 
location was unknown for 838, and these adenoma patients were excluded from the analyses on 
multiplicity. 

ASSESSMENT OF FAMILY HISTORY OF COLORECTAL CANCER 
The 1986 questionnaire included questions on the diagnosis of colorectal cancer and 

corresponding age (before age 50, age 50 to 59, age 60 to 69, age 70+, age unknown) in the father 
and mother separately. In 1990 and 1992 the men were asked whether any of the siblings had 
colorectal cancer, and this was also asked for the father and the mother. The information on the 
presence or absence of colorectal cancer in the family was updated in 1996 when a question on 
age of first diagnosis was included; the question referred to any parent, sibling and an additional 
sibling separately and the same categories were used as in 1986. Later questionnaires did not 
contain a question on family history of colorectal cancer. A report of colorectal cancer in first-
degree relatives appears to be reliable14, 15. Nonetheless, we excluded 235 men who reported to 
have a positive family history of colorectal cancer at only one of the questionnaires but who did 
not report so on at least two subsequent questionnaires. 

The remaining 26,583 men were classified as to whether at least one of their first-degree 
relatives was known with colorectal cancer and according to age of diagnosis of the youngest 
affected first-degree relative. For this classification, we used information up to 1996 because a 
family history of colorectal cancer can be regarded as a surrogate or indicator of inherited genetic 
susceptibility rather than a time-varying factor. 

ASSESSMENT OF OTHER EXPOSURE FACTORS

The questionnaires, which have been described in detail elsewhere16, requested information 
on age, race, height, weight, physical activity, use of aspirin, smoking history and habits, alcohol 
consumption and whether the men underwent either colonoscopy or sigmoidoscopy in the 
past two years. The 2004 questionnaire requested specifically whether the men ever had a 
colonoscopy, and if so in which time period. The 1996 questionnaire included questions on 
the numbers of biological brothers and sisters (0, 1, 2, 3, 4, ≥5). The semi-quantitative food 
frequency questionnaires, which included about 130 items and an open-ended question for 



106

Chapter 5

107

Family History, Adenoma Advancement and Multiplicity

unlisted foods, covered more than 90% of the major nutrient intake of participants and inquired 
after vitamin and mineral supplements16. 

Derived nutrients, except alcohol, were adjusted for total energy intake using the residual 
method17. The average intake up to the date of diagnosis for cases and the date of last endoscopy 
for adenoma-free men was calculated to best represent long-term exposure and reduce within-
person variation18. Subsequently, men were grouped into quantiles or categories according to the 
exposure factors of interest. Forty-eight people did not complete questions on BMI or physical 
activity and were excluded, which resulted in a final study population of 26,535 men (including 
4,037 adenoma patients). 

STATISTICAL ANALYSIS 
To plot the prevalence of adenomas against age on a logarithmic scale, we determined whether 

an adenoma was present at the first endoscopy that was registered after study entry, and calculated 
the prevalence across strata of age. Linear regression, weighted by the inverse of the variance of 
the estimated proportion, was used to obtain the slope of the resulting curves. In a sub-analysis 
we excluded the men who reported having undergone an endoscopy before entering the study 
and those who underwent their first endoscopy for reasons other than routine screening.

Multinomial logistic regression was used to compare the distributions of a positive family 
history of colorectal cancer among patients having advanced adenoma and patients having non-
advanced adenoma to evaluate etiological heterogeneity (case-case analyses). Within the same 
multinomial logistic regression model19, we also compared both categories of patients with the 
people who did not report adenomas during the follow-up period. As a sensitivity analysis, we 
checked whether the associations remained similar when studying the group with single adenoma 
only. Whether the association between family history and advanced versus non-advanced 
adenomas depended on the location of the adenoma was also explored in the group of men with 
adenoma at only one location. We did so by fitting a model containing two indicator variables for 
location, the family history indicator variable and two cross-product terms of one of the indicator 
variables for location and family history. The P-value for interaction was obtained by comparing 
a model with and without the two cross-product terms using a likelihood ratio test. 

Multinomial logistic regression was also used to compare the distributions of a positive family 
history of colorectal cancer among patients with multiple distal and single distal adenomas, and 
men who did not report any adenomas. Data from all adenoma patients were used when studying 
the association between the number of adenomas in the distal colon or rectum, but data from 
patients with at least one proximal adenoma were used when studying the association between a 
positive family history of colorectal cancer and the number of proximal adenomas because the 
entire colon was not always inspected. 

The main models included total energy intake, age, history of endoscopy prior to study entry, 
routine screening versus other indications for any endoscopy, aspirin use, use of multivitamins, 
smoking, consumption of red meat, alcohol, intake of folate, calcium, BMI, and physical activity, 
in addition to a family history of colorectal cancer. As these presumed risk factors did not 
noteworthily affect the risk estimates corresponding to a family history of colorectal cancer, 
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we did not check whether inclusion of additional dietary and lifestyle factors affected the risk 
estimates. We also adjusted the models referring to affected siblings for the number of siblings 
(0, 1, 2, 3, 4, ≥5). 

Additional sensitivity analyses evaluated whether the case-case associations depended on 
indication of endoscopy (screening versus complaints), race and age (continuous term) by 
including cross-products term in the model and evaluating them using a likelihood ratio test. 

All reported P-values are two-sided. P-values<0.05 were considered statistically significant. The 
analyses were performed using SAS version 9.1 (SAS Institute, Inc., Cary, NC). 

Results

DESCRIPTION OF THE STUDY POPULATION

In 1986, 9.3 percent of the men reported a positive family history of colorectal cancer. This 
figure increased to 11.7% in 1990, 13.3% in 1992 and 15.3% in 1996, which most likely reflect 
ageing of the family members of the men.

One relative was affected of 92.1% of the 4,062 men with a positive family history of colorectal 
cancer (father: n=1,521; mother: n=1,275; sibling: n=638; at least one of the parents, but 
unknown who: n=306), whereas 7.7% had two types of affected relatives (father+mother: n=127; 
father+sibling: n=55; mother+sibling: n=59; at least one of the parents+sibling: n=71) and the 
mother, father and at least one sibling of 10 men (0.3%) were affected. Multiple siblings of 83 
men were diagnosed with colorectal cancer. 

Table 5-1 illustrates that dietary and lifestyle characteristics were comparable for men with 
and without a family history of colorectal cancer. Men with a family history of colorectal cancer 
however, were more likely to have undergone endoscopy before study entry, but they were less 
likely to have been examined for routine screening. A similar pattern was observed for the 
characteristics at study entry (not shown). 

DESCRIPTION OF ADENOMA CHARACTERISTICS

Of the study participants, 15.3% had at least one adenoma during the follow-up. A total of 
1,721 (71.0%) patients had only adenomas that were classified as tubular, 527 (21.7%) had at 
least one tubulovillous adenoma but no villous adenoma or carcinoma in situ, and 145 (6.0%) 
had at least one villous adenoma but no carcinoma in situ and 32 (1.3%) men had carcinoma in 
situ. The histopathology was unknown for the remaining 1,612 adenoma patients. A total of 976 
(34.8%) adenomas were 10 mm in diameter or larger and 1,832 were smaller than 10 mm. Size 
was unknown for 1,229 adenoma patients, and 912 of them also belonged to the group without 
information on histopathology. A total of 644 adenoma patients had adenomas in the rectum, 
1,787 men had adenomas in the distal colon and 1,368 men had adenomas in the proximal colon. 
No information on location was available for 826 adenoma patients. A total of 528 men had 
multiple adenomas in the distal colon or rectum combined and 348 men were registered with 
multiple adenomas in the proximal colon. 

Men with (tubulo)villous adenomas were more likely to have large adenomas than men 
with tubular adenomas (OR for tubulovillous vs. tubular=7.62, 95% CI=6.03-9.63; OR for 
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villous vs. tubular=9.59, 95% CI=6.56-14.0). Men with adenomas in the distal colon were 
1.63 (95% CI=1.34-2.01) times more likely and men with adenomas in the rectum were 1.97 
(95% CI=1.67-2.33) times more likely to have advanced adenomas than men with proximal 
adenomas.

Men with multiple adenomas in the distal colon were 1.50 (95% CI=1.22-1.84) times more likely 
to be diagnosed with advanced adenomas than patients with single adenomas which was also the 
case when patients who had only distal adenomas were studied (OR=1.59, 95% CI=1.25-2.02). 

FAMILY HISTORY AND PREVALENCE OF ADENOMAS

Adenomas occurred more frequently among men who underwent a first endoscopy at older 
age than among men who were younger at first endoscopy (first panel of Figure 5-1). Adenomas 
were more common in men with a positive family history of colorectal cancer than in men 
without such a history in all age categories, but the higher prevalence in men with a positive 

Table 5-1. Age-adjusted characteristics of the men of the Health Professionals Follow-Up 
Study according to the presence or absence of a positive family history of colorectal cancer*

Characteristic Family history of 
colorectal cancer

No family history of 
colorectal cancer

n=4,062 n=22,473
Age at most recent endoscopy (mean ± sd, yr) 65.7 ± 9.2 64.9 ± 9.2
Race (%)

Southern European  22.9  22.4
Northern European  71.1  72.7
Other  6.0  4.9

History of  smoking (%)  52.7  53.0
Body mass index (mean, kg/m2)  25.7  25.7
Physical activity (mean, met-h/w)†  31.4  31.3
Total energy intake (mean, kcal/d)  1,962  1,953
Alcohol intake (mean, g/d)  10.9  10.9
Mean dietary intake  

Carbohydrates (g/d)  247  247
Protein (g/d)  90.9  91.1
Fat (g/d)  68.2  68.2
Methionine (g/d)  2.13  2.13
Folate (µg/d)‡  545  544
Calcium (mg/d)‡  927  938
Vitamin D (IU/d)‡  451  453
Dietary fiber (g/d)  22.6  22.5
Red meat (servings/d)  0.55  0.55

Use of  multivitamins (%)  53.8  54.6
Regular use of  aspirin (%)§  40.8  42.5
History of  endoscopy before study entry (%)  19.0  16.1
Any screening endoscopy (%)  74.4  80.9

* Updated variables are used for time-varying exposures (see method section). Mean values are presented. 
Missing values are excluded.

† Met-h: metabolic equivalent task hours: the ratio of the metabolic rate during activity to the resting 
metabolic rate20.

‡ Includes usage of supplements.
§ Usage of ≥ 2 times per week.
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Figure 5-1. Prevalence of adenomas at first endoscopy after study entry across strata of age and family history of 
colorectal cancer.
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family history was notably visible in the younger age categories. Apparent straight lines could be 
drawn independently in this plot for men with and without a family history of colorectal cancer, 
which suggests that adenoma prevalence increases as a power function of age. The slope of the 
weighted regression line was 1.0 for men with a positive family history of colorectal cancer and 
2.3 for men without, which suggests that one of the rate-limiting steps in adenoma development 
has already occurred in men with a positive family history of colorectal cancer21. Therefore, the 
association between family history and adenomas appears stronger in the young age categories. 
A similar plot was obtained when we restricted the analyses to men who underwent their first 
endoscopy because of routine screening (not shown). 

The aforementioned findings were supported by analyses in which we took variation in 
modifiable risk factors into account. Men with a positive family history of colorectal cancer were 
1.91 times more likely to get colorectal adenomas than men without an affected first-degree 
relative (95% CI=1.75-2.07); this association was similar among men who underwent all registered 
endoscopies for routine screening (OR=1.89, 95% CI=1.71-2.07) and men who underwent at 
least one endoscopy for another reason (OR=1.98, 95% CI=1.65-2.38; P interaction=0.51). The 
associations were similar for men with Southern European (OR=2.01, 95% CI=1.70-2.38), 
Northern European (OR=1.83, 95% CI=1.66-2.02), or other ethnic background (OR=2.07, 
95% CI=1.44-2.96; P interaction=0.56). As also visible in the figure, the strength of the association 
was stronger for men who were diagnosed at young age than for men who were diagnosed at 
older age (for those aged ≤55 years old OR=2.91, 95% CI=2.37-3.57; for those aged >55 years 
OR=1.75, 95% CI=1.60-1.92; P interaction=0.0001). 

The overall risk was somewhat higher for individuals with an affected sibling (OR=1.93, 
95% CI=1.63-2.28) as for individuals with an affected parent (OR=1.75, 95% CI=1.60-1.92). 
Men with multiple affected relatives were more likely to be diagnosed than men with only one 
affected relative (OR=2.59, 95% CI=2.01-3.33; and OR=1.92, 95% CI=1.76-2.10, respectively).

FAMILY HISTORY OF COLORECTAL CANCER AND ADVANCED AND NON-ADVANCED 
ADENOMAS

The second panel of Figure 5-1 shows that non-advanced adenomas were more common than 
advanced adenomas up to age 65, after which advanced adenomas were more frequently found. 
The proportion of men with non-advanced adenomas also increases with age, but less strikingly 
so for non-advanced adenomas among men with a family history of colorectal cancer. Figure 5-1 
suggests a steeper slope of prevalence with age for non-advanced adenomas among men without 
a family history of colorectal cancer than among men with a positive family history of colorectal 
cancer, which suggests a hereditary component in an early stage of carcinogenesis. 

After adjustment for presumed risk factors, a family history of colorectal cancer was similarly 
associated with advanced and non-advanced adenomas (advanced versus non-advanced, 
OR=0.91, 95% CI=0.76-1.08; advanced versus adenoma-free: OR=1.84, 95% CI=1.60-2.12; non-
advanced versus adenoma-free: OR=2.03, 95% CI=1.80-2.29) (Table 5-2). We could not detect 
differences in the strengths of the association when the whole study population was studied with 
respect to all family-related characteristics, although a stronger association with non-advanced 
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adenomas than with advanced adenomas was suggested among men having only adenomas in 
the distal colon or rectum. Indeed, the case-case analysis indicated interaction with location 
that was borderline statistically significant (P interaction=0.068). A similar indication was found 
in the subgroup of men with only one adenoma (advanced versus non-advanced: OR= 0.80, 
95% CI=0.63-1.01; advanced versus adenoma free: OR=1.54, 95% CI=1.26-1.87; non-advanced 
versus adenoma-free: OR=1.92, 95% CI=1.66-2.21). The difference between the associations 
with advanced and non-advanced adenomas did not seem to depend on race (P interaction=0.29), 
having had screening endoscopy or not (P for interaction=0.46), or age (P interaction=0.48). 
Among the men with adenomas, the distribution of adenoma size was comparable among those 
with and without a family history of colorectal cancer (median=6mm, 25th percentile=4mm, 
75th percentile=10mm), although the non-parametric two-sample Wilcoxon test suggested that 
adenoma size was somewhat greater among those without a family history of colorectal cancer 
(P = 0.042).

FAMILY HISTORY OF COLORECTAL CANCER AND ADENOMA MULTIPLICITY

The third panel of Figure 5-1 shows the distribution of multiple adenomas in the distal colon 
and rectum combined according to age groups and presence or absence of a family history of 
colorectal cancer. Across all age groups and both among men with and without a positive family 
history of colorectal cancer, single distal adenomas were more prevalent than multiple distal 
adenomas. The slope representing the prevalence of single distal adenomas among men with a 
family history of colorectal cancer was almost horizontal (suggesting only one rate limiting step), 
whereas the slope for men without a family history of colorectal cancer was slightly positive, but 
this may be largely due to the younger age groups. A similar pattern was observed regarding 
multiple distal adenomas, although the slopes were positive and the parallelism clearer. 

The prevalence of multiple distal, but also single distal adenomas was higher among men 
with a positive family history of colorectal cancer, which is also reflected in the odds ratios 
presented in Table 5-3. The association with family history was stronger for multiple distal than 
for single distal adenomas. The difference in associations between family history and multiple 
distal adenomas, and family history and single distal adenomas, increased in relation to the 
number of affected relatives. The trend test also suggested that the association became stronger 
when family members were diagnosed at younger ages. The difference between the associations 
with multiple and single distal adenomas did not depend on race (P interaction=0.72), having had 
screening endoscopy or not (P interaction=0.68), and age (P interaction=0.20; see Figure 5-1).

The association between family history and adenoma multiplicity was also clearly visible when 
we studied the number of adenomas. Of the 1,768 men with one distal adenoma 365 (20.6%) had 
a positive family history; this also applied to 99 of the 398 (24.9%) men with two distal adenomas, 
24 of the 92 (26.1%) men with three distal adenomas, 8 of the 22 (36.4%) men with four distal 
adenomas, 4 of the 9 (44.4%) men with five distal adenomas, 3 of the 4 (75%) men with six distal 
adenomas, the only case with seven distal adenomas, the only case with eight distal adenomas, 
but not the only case with nine distal adenomas. A similar pattern was visible when the number 
of proximal adenomas was studied. Of the 957 men with one adenoma in the proximal colon 
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230 (24.0%) had a positive family history; this applied to 65 of the 212 (30.7%) men with two 
adenomas in the proximal colon, 25 of the 84 (29.8%) men with three adenomas in the proximal 
colon, 8 of the 27 (29.6%) men with four adenomas in the proximal colon, 5 of the 12 (41.7%) 
men with five adenomas in the proximal colon, 1 of the 3 (33%) men with six adenomas in the 
proximal colon, 3 of the 5 (60%) men with seven adenomas in the proximal colon, but to none of 
the 2 men with 8 and none of the 3 men with 9 adenomas in the proximal colon. 

Discussion
To our knowledge, this study is the first that systematically examined whether a family history 

of colorectal cancer influences adenoma multiplicity in a large number of asymptomatic and 
symptomatic men. Previous studies have reported on the prevalence of advanced adenomas 
in men with and without a positive family history of colorectal cancer, but these studies were 
small8, 12 and only two of them studied this issue systematically7, 12. 

The most striking observation of this study is that a family history of colorectal cancer is 
more strongly associated with multiple (distal) adenomas than with single adenomas. A positive 
family history of colorectal cancer was not differently associated with risk of advanced and non-
advanced adenomas, but a tendency towards a stronger influence on non-advanced adenomas 
was found. 

By adjusting the associations for presumed modifiable risk factors for colorectal cancer, we 
largely excluded the explanation that shared environmental factors underlie the observed 
associations, which is in line with a study that compared incidence rates of colorectal cancer 
between siblings and spouses, and between parents and their offspring22.

Not all participants underwent colonoscopy, which may have led to some bias in the analyses on 
advanced and non-advanced adenomas. However, since most polypectomies take place during 
colonoscopy as recommended23, the impact of bias due to incomplete bowel examinations may 
be limited with regard to the case-case analyses. Nonetheless, some misclassification of case 
status has inevitably occurred. As for any adenoma study, some adenomas will have been missed 
at endoscopy, which are more likely to be small24. The miss rate will probably not affect the case-
case analyses importantly because endoscopists are likely to examine the colon thoroughly once 
an adenoma has been diagnosed. Provided endoscopists do not conduct the examinations more 
thoroughly when a patient with a family history of colorectal cancer presents, the effect of missed 
adenomas is likely to be largely diluted by the much larger number of true adenoma-free men in 
the comparisons versus adenoma-free men. 

Drawbacks of our study are that different physicians performed the endoscopies and that the 
classification of size and histopathological characteristics is based on judgement of different 
community pathologists. It can be argued that the classification of advanced adenomas should 
incorporate dysplasia as an important determinant of colorectal cancer risk25, but we decided not 
to do so because the consistency of the classification into high-grade and low-grade dysplasia 
has been shown to be poor when different community pathologists are involved26, 27. The fair 
agreement of classification of histopathological types26-28 between pathologists in combination 
with the strong association between size, histopathological characteristics and dysplasia29-31 
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further supports our classification. We did not categorize 29% of the adenomas as advanced or 
non-advanced adenomas however. The non-categorized adenomas were more often found to 
be tubular and thus more likely to be non-advanced; as one would expect as physicians may be 
less inclined to report observations deemed clinically unimportant than those deemed clinically 
important. Reassuringly, our conclusions regarding the case-case analyses are robust given that 
the OR for advanced versus non-advanced adenomas was 0.96 when we treated the non-classified 
adenomas as if they were non-advanced adenomas and 0.90 when we treated them as advanced 
adenomas, which were both not statistically significant. 

In line with previous studies, we observed that the younger a person was diagnosed with any 
type of adenoma, the stronger was the observed association with family history of colorectal 
cancer. A stronger association was also found among men with young affected family members; 
hence, the etiology of adenomas and cancer occurring early in life appears to be more strongly 
determined by heritable factors than for those occurring later. In particular adenomas at younger 
age may have occurred among men who belong to a family with heritable colorectal cancer 
syndromes, but we are confident that our findings apply to sporadic carcinogenesis as only a 
few patients were diagnosed with a large number of adenomas and because less than 3% was 
diagnosed before age 50, whilst the mean age at last endoscopy was 65 years old. 

Patients with hereditary colorectal cancer syndromes develop the disease at relatively young 
age, but colorectal cancer patients with a positive family history also tend to get the disease 10 
years earlier than patients without such a history3. Advanced and non-advanced adenomas also 
occurred at a younger age among men with a family history of colorectal cancer in our study. 
This could point towards family members being more susceptible to the occurrence of mutations. 
The most striking observation of this study was that patients with a positive family history of 
adenomas were more likely to have multiple distal adenomas at diagnosis. This corresponds with 
findings from a small study in which the number of aberrant crypt foci was higher in patients 
with a positive family history of sporadic colorectal cancer than in patients without32, and a case-
control study also suggested that people with affected relatives were more likely to have multiple 
adenomas7. Perhaps the same susceptibility genes33 that modify the severity of the familial 
adenomatous polyposis coli (FAP) syndrome or other polyposis syndromes may also determine 
the association between a positive family history and adenoma multiplicity in sporadic adenoma 
patients. 

If the genetic component involved in sporadic colorectal carcinogenesis mostly drives the 
occurrence of key mutations rather than enhancing the growth signals in prevalent adenomas in 
the gut, it is not surprising that the association between family history of colorectal cancer and 
multiplicity is stronger than the one with advanced adenoma stage. Indeed, in a cross-sectional 
study a family history of colorectal cancer was associated with an approximately two-fold higher 
recurrence rate within three years, whilst no difference in distribution of family history could 
be detected between patients with and without adenomas at study entry34 These observations 
suggest that genetic factors may play a more important role in the earlier stages of the adenoma-
carcinoma sequence than in later stages. 
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However, it cannot be precluded that heritable factors stimulate growth of minuscule adenomas 
rather than enhancing the occurrence of new lesions. It seems less likely that genetic factors 
stimulate adenoma growth importantly because the ratio of advanced versus non-advanced 
adenomas was similar for people with and without a family history of colorectal cancer across 
all examined strata in this study; similar observations were observed in a pooled analysis that 
compared adenomas according to degree of dysplasia12. On the other hand, a study in which 
small adenomas were left in situ for up to three years, patients with a first-degree family member 
with sporadic colorectal cancer were more likely to have adenomas that showed net growth than 
patients without such a family history6, and relatively small studies8-11 as well as a larger case-
control study7 suggested that larger adenomas were more common among those with relatives 
with colorectal cancer. In the graphs depicting adenoma prevalence, a less steep curve was visible 
among men with a family history of colorectal cancer diagnosed before age 55. This supports 
the idea that there is a hereditary subgroup of adenomas that develops faster than the majority. 
In hereditary non-polyposis colorectal cancer (HNPCC) patients, adenomas are diagnosed 
less frequently while colorectal cancer is common and occurs at an early age35. This suggests 
that HNPCC adenomas pass quicker through the adenoma-carcinoma sequence than do other 
adenomas, and this may be the case for other, yet unidentified adenoma subgroups. Likewise, a 
group of carcinomas may exist with similar potential properties, which may or may not originate 
from aggressive adenomas. Nonetheless, in the general population, a family history of colorectal 
cancer seems to play a more important role in the early stages of adenoma development than 
in later stages. Considering that some adenomas might never turn into a more advanced lesion 
because they regress in size36, we cannot conclude that all adenomas have the potential to develop 
into a carcinoma provided necessary growth conditions will be fulfilled. The selection process 
that determines the transition of non-advanced to advanced adenomas, however, does not seem 
to be influenced by heritable factors strongly related to a family history of colorectal cancer. 

In conclusion, our data suggest that adenoma multiplicity seems to have a hereditary basis in 
sporadic colorectal carcinogenesis, but we could not confirm a role of family history in adenoma 
advancement.
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Background: Clinical and pathologic differences exist between colon carcinomas deficient 
and -proficient in the mismatch repair protein hMLH1. Animal and in vitro studies suggest that 
fruits, vegetables, folate, and antioxidants are associated with colonic expression of mismatch 
repair genes.

Methods: Associations between consumption of fruits and vegetables and hMLH1 protein-
deficient and -proficient colon cancer were evaluated in the Netherlands Cohort Study on diet 

and cancer using a case-cohort approach. A self-administered food-frequency questionnaire was 
completed, in 1986, by 120,852 individuals ages 55 to 69 years. Using immunohistochemistry, 

hMLH1 protein expression was assessed in colon cancer tissue obtained from 441 patients who 
were identified over 7.3 years of follow-up excluding the initial 2.3 years. Incidence rate ratios 
(RR) were estimated for hMLH1 protein-deficient and -proficient colon cancer.

Results: hMLH1 protein expression was absent in 54 tumors (12.2%) and present in 387 
tumors. Fruit consumption was associated with hMLH1 protein-deficient colon cancer 
(highest versus lowest tertile: RR=0.46, 95% confidence interval (CI)=0.23-0.90, Ptrend=0.029) 
but not with hMLH1 protein-proficient tumors (highest versus lowest tertile: RR=1.03, 
95% CI=0.78-1.35, Ptrend=0.81). Total consumption of vegetables was not associated with either 
type of tumor (hMLH1 protein-deficient: RR=0.86, 95% CI=0.45-1.65, Ptrend=0.67; hMLH1 
protein-proficient: RR=0.94, 95% CI=0.72-1.23, Ptrend=0.72). No associations were observed for 
folate, fiber, antioxidants, or subgroups of vegetables. 

Conclusion: These analyses indicate that an inverse association between consumption of fruits 
and colon cancer may be confined to the subgroup of tumors with a deficient mismatch repair 
system. 

Abstract



6
Fruits, Vegetables, and 

hMLH1 Protein-Deficient 
and -Proficient Colon 

Cancer:
The Netherlands Cohort Study

Petra A. Wark
Matty P. Weijenberg

Pieter van ’t Veer
Gerda van Wijhe

Margreet Lüchtenborg
Goos N.P. van Muijen
Anton F.P.M. de Goeij

R. Alexandra Goldbohm
Piet A. van den Brandt

Cancer Epidemiol Biomarkers Prev. 2005;14(7):1619-25



122

Chapter 6

123

Fruits, Vegetables, and hMLH1 Protein-Deficient and -Proficient Colon Cancer



122

Chapter 6

123

Fruits, Vegetables, and hMLH1 Protein-Deficient and -Proficient Colon Cancer

Introduction
Between 80% and 90% of colorectal carcinomas are thought to arise via the chromosome 

instability pathway, which is associated with mutations in adenomatous polyposis coli (APC ), 
Kirsten-ras (K-ras), and p53 genes. About 10% to 20% of colon carcinomas appear to be arising 
via the hypermutability pathway involving deficiency of DNA mismatch repair (MMR) enzymes. 
This pathway is associated with microsatellite instability (MSI) and mutations in genes such as 
insulin-like growth factor II receptor (IGFIIR) and Bcl-2-associated X protein (BAX; ref. 1). In 
sporadic colorectal cancer, hMLH1 gene inactivation by promoter hypermethylation is thought 
to be the main mechanism behind MMR deficiency2-8. 

Carcinomas showing MMR deficiency have clinical and pathologic features that distinguish 
them from carcinomas with MMR proficiency. More often located in the proximal colon and 
showing a mucinous or undifferentiated histology and prominent lymphocytic tumor infiltration, 
MMR-deficient carcinomas have a relatively favorable prognosis and respond differently to 
chemotherapeutic agents compared with MMR-proficient carcinomas9-13. Given these distinct 
tumor features, different sets of dietary and lifestyle factors may be involved in the etiology of 
MMR-deficient and -proficient colorectal carcinomas. 

Fruits and vegetables are candidates for such potential differential effects. Folate, which is present 
in, among others, green leafy vegetables and citrus fruits, can affect S-adenosylmethionine levels, 
which regulate DNA methylation14. Antioxidants could have an influence because MMR enzymes 
are involved in repair of oxidative DNA damage, and MSI was reduced in MMR-deficient colon 
cells growing in the presence of ascorbate15. Moreover, in a case-control study, fruit consumption 
was inversely associated with MSI-high colon carcinomas with hypermethylated hMLH1 but was 
not associated with MSI-high colon carcinomas without hypermethylated hMLH116. In another 
case-control study, consumption of vegetables was inversely associated with colon carcinomas 
without MSI17. However, an inverse association between consumption of vegetables and colon 
carcinomas with MSI was also observed, although not statistically significant17. 

In the Netherlands Cohort Study on diet and cancer, we examined whether consumption of 
fruits and vegetables is differentially associated with hMLH1 protein-deficient and -proficient 

colon cancer. 

Material and Methods

COHORT

The Netherlands Cohort Study on diet and cancer is a population-based prospective study that 
was initiated in September 1986. At that time, 58,279 men and 62,573 women ages 55 to 69 years 
completed a mailed, self-administered questionnaire on dietary habits and other potential risk 
factors for cancer. After baseline exposure assessment, a subcohort of 3,500 people (1,688 men 

and 1,812 women) was randomly selected and their vital statuses were followed up biennially to 
estimate accumulated person-years18. 
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FOLLOW-UP FOR CANCER

Cancer follow-up consists of annual linkage of the entire study database to the Netherlands 
Cancer Registry and the nationwide registry of cytopathology and histopathology (PALGA). The 
completeness of the follow-up procedure was estimated to be nearly 100%19, 20. No subcohort 
members were lost to follow-up. 

The initial 2.3 years of follow-up were excluded because of incomplete coverage of PALGA 
and to exclude misclassification of exposure related to potential subclinical disease. Subcohort 

members with prevalent cancer other than non-melanoma skin cancer were also excluded, 
resulting in a subcohort size of 3,264 individuals. 

Between 1989 and 1994, 929 incident cases with histologically confirmed colorectal carcinomas 
were identified, 819 of which (88%) could be identified in the PALGA database; data from 
PALGA were needed to identify in which pathologic laboratory tumor tissue was stored. Tumor 
characteristics (Dukes’ stage, sublocalization, and differentiation grade) were obtained from the 
database of the Netherlands Cancer Registry. We classified cancers as proximal colon cancer 
(International Classification of Diseases for Oncolog y, first edition codes 153.0, 153.1, 153.4, 153.5, and 
153.6), distal colon cancer (codes 153.2, 153.3, and 153.7), rectosigmoid (code 154.0), and rectal 
cancer (code 154.1). 

TUMOR TISSUE SAMPLES

After approval by the Ethical Review Boards of Maastricht University, PALGA, and the 
Netherlands Cancer Registry, we were able to retrieve formalin-fixed, paraffin-embedded 
colorectal tumor tissue from 776 of the 819 patients (95%) from 54 pathology laboratories 
throughout the country. Thirty-nine tumor blocks could not be used: 20 contained only normal 
mucosa, 10 turned out to be adenomas, three were non-colorectal malignancies, and tissue was 
sparse in six. The remaining 737 (95%) specimens were distributed as follows: proximal colon 
(n=240), distal colon (n=224), colon cancer not otherwise specified (n=12), rectosigmoid (n=85), 
and rectum (n=176). 

HMLH1 IMMUNOHISTOCHEMICAL ANALYSES

Immunohistochemical analyses were done on 4-µm sections of formalin-fixed, paraffin-
embedded colorectal cancer tissue and adjacent normal tissue using monoclonal antibody against 

hMLH1 (clone G168-15; dilution 1:100; BD PharMingen International/Becton Dickinson, San 
Diego, CA) as previously described16. Absence of hMLH1 protein expression was scored upon 
the absence of any nuclear staining in tumor cells in combination with a signal in positive internal 
control tissue (normal epithelial cells, stromal cells, muscle cells, and lymphocytes). Expression 
of hMLH1 was considered present in case of a nuclear signal in tumor cells and positive 
internal control tissue. Two investigators (P.A.W. and G. van W.) reviewed the immunostaining 
independently. Discrepancies were re-examined and discussed with a pathologist until consensus 
was reached. 



124

Chapter 6

125

Fruits, Vegetables, and hMLH1 Protein-Deficient and -Proficient Colon Cancer

hMLH1 expression status was determined successfully in 725 (98%) of the 737 samples: 234 
occurred in the proximal colon, 222 in the distal colon, 12 were colon cancers not otherwise 
specified, 84 occurred in the rectosigmoid, and 173 in the rectum.

RESTRICTION TO COLON CANCER

As colon and rectum cancer are considered two distinct disease entities21, 22, have a different 
etiology23, and the rectosigmoid can be considered a clinically applied term rather than an 
anatomically defined transitional zone between the colon and rectum, it would be ideal to 
stratify analyses to site (colon, rectum, and rectosigmoid). Because hMLH1 protein expression 
was detected in cancer tissue specimens of all 84 patients with rectosigmoid cancer and in 169 
of the 173 rectal cancer specimens, such analyses were not feasible. Therefore, we restricted the 
present analyses to the 468 colon cancer patients. 

EXPOSURE ASSESSMENT

At baseline, a 150-item semi-quantitative food-frequency questionnaire was given to assess 
habitual consumption of foods and beverages in the year preceding the start of the study24, 25. 
The assessment of fruits and vegetables was described in detail previously26 and covered all 
types of fruits and vegetables regularly eaten in 1986 with the exception of chicory, red cabbage, 
cucumber, and broccoli; broccoli was hardly sold in the Netherlands at that time. The Dutch 
Food Composition Table was used to calculate the mean daily intake of vitamin C and dietary 
fiber27. Intake of α-carotene, β-carotene, lutein/zeaxanthin, β-cryptoxanthin, and lycopene 
was calculated as described by Goldbohm et al.28. Dietary intake of folate was calculated using 
data from a validated liquid chromatography trienzyme method29 used to analyze the 125 most 
important foods contributing to folate intake in the Netherlands30. 

The food-frequency questionnaire was validated against a 9-day dietary record, yielding 
correlation coefficients of 0.60 for fruits, 0.38 for vegetables, 0.74 for dietary fiber, and 0.58 for 
vitamin C24. Consumption of fruits was, on average, underestimated (mean daily consumption 
based on dietary records: 207 g, on questionnaires: 189 g) and consumption of vegetables 
was overestimated by the questionnaire compared with the dietary record (records: 160 g/d, 
questionnaires: 189 g/d; ref. 24). The reproducibility of the questionnaire was determined from 
five annually repeated questionnaire administrations in five independent random samples of 400 
cohort members, resulting in a test-retest correlation averaged over all nutrients of 0.66. The 
average decline in correlation amounted to 0.07 after five years25. 

STUDY POPULATION

Twenty-seven colon cancer cases and 215 subcohort members who left ≥60 items blank on 
the food-frequency questionnaires and also reported eating <35 items at least once a month, 
or who left one or more item blocks (groups of items, e.g. beverages) empty were excluded24. 
Because questions on vegetables appeared early in the questionnaire, some participants were 
more prone to make errors on this item block. When more than three errors were made in the 
various vegetable questions, the participant was excluded from the analyses on vegetables. This 
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resulted in a final study population of 441 colon cancer cases and 3,048 subcohort members for 
consumption of fruits and nutrients, and 422 colon cancer cases and 2,884 subcohort members 
for consumption of vegetables. 

DATA ANALYSIS

We examined the distributions of fruits, vegetables, several of their subgroups, related nutrients, 
and supplements (listed in Table 6-2). Because 51% of the study population indicated to drink 
fruit juices other than fresh orange juice less than once per month, these were not examined 
separately. 

Cases and subcohort members were divided into tertiles based on the distribution among 
subcohort members. First, distributions among patients with hMLH1 protein-deficient 
and -proficient colon cancer were compared using logistic regression to evaluate etiologic 
heterogeneity (case-case analyses). Thereafter, Cox proportional hazard models were used to 
compute incidence rate ratios and 95% confidence intervals for hMLH1 protein-deficient and 
-proficient colon cancer separately. In the models, the total person-years at risk were estimated 
from the subcohort31 and the robust Huber-White sandwich estimator was used to estimate SEs, 
accounting for the additional variance introduced by sampling from the cohort. The proportional 
hazard assumption was evaluated by visual examination of plots of scaled Schoenfeld residuals 
versus time in combination with a formal test32, 33 and was met for all presented models. 

The standard model included gender, age, family history of colorectal cancer, and total energy 
intake (as continuous variable). Body mass index, physical activity; consumption of fresh (red) 
meat, meat products, fish, and alcohol; intake of total fat, calcium, and methionine; use of 
hormone replacement therapy (set to zero for men and non-users); and smoking (in separate 
analyses: current/ever/never, duration of smoking, frequency of smoking, and pack-years) were 

considered as potential confounders. None of these factors changed the rate ratios with >10% 
and were therefore not added to the standard model. An ordinal score value based on the median 

value within each tertile in the subcohort was used to test for trend across tertiles. 

Three types of sensitivity analyses were conducted. First, subanalyses on proximal colon 
cancers were conducted to evaluate whether differential associations of fruits and vegetables 
with hMLH1 protein-deficient and -proficient colon cancer could be attributed to differences 
in tumor location. Second, we checked whether associations remained similar when restricting 
to individuals without a positive family history of colorectal cancer in whom hMLH1 germline 
mutations are unlikely to occur. Third, we evaluated whether the associations were driven by 
the higher consumption of fruits and vegetables by women by using gender-specific tertiles. All 
reported P-values are two-sided and considered statistically significant if <0.05. The analyses 
were conducted using Intercooled STATA for Windows 8.0 (Stata Corp., College Station, TX). 

Results
Table 6-1 describes baseline characteristics of the study population. Cases were older than 

subcohort members and they, especially those with hMLH1 protein-proficient colon cancers 
(hMLH1+), more often had a positive family history of colorectal cancer. In comparison with 
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Table 6-2. Consumption of fruits, vegetables, related micronutrients and supplements 
among patients with hMLH1 protein-deficient (hMLH1-) and -proficient (hMLH1+) colon 
cancer and subcohort members

Colon cancer cases Subcohort
hMLH1- hMLH1+ 

Fruits, median (p25; p75) n=54 n=387 n=3,048
Total fruit consumption (g/d)*,†  120.3 (69.6; 203.0)  159.4 (89.3; 237.4)  156.8 (95.1; 235.1)
Citrus fruits and fresh citrus juices (g/d)  59.5 (11.4; 91.5)  64.2 (21.4; 107.7)  59.7 (20.7; 110.5)
Apples and pears (g/d)‡  51.3 (17.1; 97.2)  80.1 (25.6; 115.8)  80.1 (25.0; 119.7)
Other fruits (g/d)  14.5 (6.0; 26.2)  14.3 (6.3; 29.6)  15.6 (6.5; 29.4)

Vegetables, median (p25; p75) n=54 n=368 n=2,884
Total vegetable consumption (g/d)§  181.0 (133.8; 237.6)  173.2 (130.0; 227.8)  177.9 (136.8; 227.9)
Cruciferous vegetables (g/d)**  29.0 (19.9; 38.4)  27.2 (17.7; 41.6)  28.3 (18.3; 42.0)
Green leafy vegetables, raw (g/d)  7.1 (4.4; 10.7)  7.1 (3.6; 13.6)  7.1 (3.6; 14.1)
Green leafy vegetables, cooked (g/d)  19.7 (10.2; 32.2)  18.2 (9.1; 26.7)  19.0 (10.2; 29.1)
Allium vegetables (g/d)  30.9 (13.5; 41.6)  21.9 (11.0; 43.0)  24.0 (11.0; 40.9)
Carrots (g/d)  7.5 (2.7; 16.7)  8.1 (3.5; 14.1)  8.6 (3.7; 15.5)
Tomatoes (g/d)  18.8 (9.4; 37.6)  18.8 (4.7; 32.9)  18.8 (9.4; 32.9)
Legumes (g/d)††  24.0 (13.8; 37.3)  28.5 (17.0; 42.9)  28.2 (17.6; 41.6)
Other vegetables (g/d)**  20.2 (12.9; 37.0)  22.0 (12.7; 31.2)  21.2 (13.3; 31.3)

Micronutrients‡‡, median (p25; p75) n=54 n=387 n=3,048
α-carotene (µg/d)  587.4 (295.3; 921.9)  567.4 (348.7; 911.6)  565.1 (333.8; 897.6)
β-carotene (µg/d)  2,645.0 (1,880; 3,313)  2,706.0 (1,981; 3,565)  2,653.0 (1,944; 3,578)
Vitamin C (mg/d)  94.1 (66.2; 116.6)  96.1 (76.5; 127.7)  97.0 (72.4; 127.1)
Lutein/zeaxanthin (µg/d)  2,323.0 (1,756; 2,863)  2,237.0 (1,738; 2,955)  2,341.0 (1,770; 3,001)
β-cryptoxanthin (µg/d)  122.7 (30.6; 255.8)  132.1 (49.5; 270.5)  128.8 (47.7; 265.9)
Lycopene (µg/d)  865.5 (383.4; 1,399)  798.0 (382.5; 1,336)  808.8 (406.2; 1,332)
Folate (µg/d)  190.7 (158.5; 234.1)  197.3 (162.0; 247.3)  200.7 (165.6; 243.9)
Total dietary fiber (g/d)  25.4 (21.7; 28.7)  26.1 (21.2; 32.5)  26.1 (21.4; 31.5)

Users of  supplements, n (%) n=54 n=387 n=3,048
Multivitamins or minerals  0.0 (0.0%)  15.0 (3.9%)  145.0 (4.8%)
Vitamin C  3.0 (5.6%)  21.0 (5.4%)  187.0 (6.1%)
Garlic supplement  7.0 (13.0%)  34.0 (8.8%)  271.0 (8.9%)

* Includes fruits noted in an open-ended question on frequently consumed items not listed in the 
questionnaire.

† Processed citrus fruit juices are not included in total fruits.
‡ Includes apple sauce.
§ Excludes potatoes but includes vegetables noted in an open-ended question on frequently consumed items 

not listed in the questionnaire.
** Sauerkraut is not included in the group of cruciferous, but of other vegetables, because a lot of potential 

anticancer agents are destroyed during its processing.
†† Also includes dried pulses.
‡‡ Related to fruits and vegetables.

the subcohort, the percentage of men was lower among cases with hMLH1 protein-deficient 
colon cancer (hMLH1-) and higher among hMLH1+ cases. There were more ex-smokers among 
hMLH1+ cases, but smokers among hMLH1- cases smoked more pack-years than did smokers 
among subcohort members. Total energy intake, intake of macronutrients and methionine, and 
alcohol consumption were relatively low among hMLH1- cases, whereas the corresponding 
distributions among hMLH1+ cases and subcohort members were similar. In particular, hMLH1- 

cases tended to consume more meat and less fish than did the subcohort. hMLH1- tumors were 
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more often proximally located, showed a less advanced stage, and were more frequently poorly or 
not differentiated compared with hMLH1+ tumors.

Table 6-2 presents consumption of fruits and vegetables, related micronutrients, and 
supplements in the study population. Fruit consumption was lower among hMLH1- colon cancer 
cases than among hMLH1+ cases and subcohort members. The same applies to vitamin C, 
β-cryptoxanthin, folate, and dietary fiber, albeit less strikingly. Consumption of vegetables and 

intake of α-carotene and lycopene was somewhat higher among hMLH1- cases and somewhat 
lower among hMLH1+ cases when compared with the subcohort. The same was true for most 
subgroups of fruits and vegetables.

In Table 6-3, odds ratios and 95% confidence intervals are presented for hMLH1- and hMLH1+ 
colon cancer versus each other, as well incidence rate ratios and corresponding 95% confidence 

intervals for hMLH1- and hMLH1+ colon cancer calculated by using the subcohort. Consumption 
of fruits was differentially associated with hMLH1- and hMLH1+ colon cancer; their consumption 
was inversely associated with hMLH1- colon cancer but not with hMLH1+ colon cancer.

The same pattern was observed in the subgroups citrus fruits and apples/pears, although 

statistical significance was not reached. Consumption of other types of fruits as well as vegetables 
was not associated with hMLH1- and hMLH1+ colon cancer. No associations were found with 
α-carotene, β-carotene, vitamin C, lutein/zeaxanthin, β-cryptoxanthin, lycopene, folate, and 
dietary fiber (results only shown for folate and vitamin C), nor did addition of these nutrients to 
the models on fruits and vegetables alter the rate ratios by >10%. 

Sensitivity analyses are presented in Table 6-4. The estimates pointed in the same direction as 
the main estimates, although the strength of the association between fruits and hMLH1 protein-
deficient colon cancer decreased when we applied gender-specific tertiles.

Table 6-4. Sensitivity analyses: odds ratios and incidence rate ratios for hMLH1 protein-
deficient (hMLH1-) and -proficient (hMLH1+) colon cancer comparing the third tertile of 
consumption of fruits or vegetables with the first

Comparison Case-case analyses* Case-cohort analyses†

hMLH1- vs . hMLH1+ hMLH1- hMLH1+

Total fruit consumption
Estimate in Table 6-3 0.48 0.46 1.03
Gender-specific tertiles 0.57 0.54 1.03
Cases with proximal tumors only 0.44 0.51 1.20
Negative family history of  colorectal cancer 0.60 0.55 1.00

Total vegetables
Estimate in Table 6-3 1.00 0.86 0.94
Gender-specific tertiles 0.93 0.82 0.96
Cases with proximal tumors only 0.70 0.70 1.07
Negative family history of  colorectal cancer 1.24 1.04 0.91

* Odds ratios are presented for case-case analyses.
† Incidence rate ratios are presented for case-cohort analyses.

Discussion
We observed that fruit consumption was inversely associated with hMLH1 protein-deficient 

colon cancer but not with hMLH1 protein-proficient colon cancer. This observation is in line 
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with inverse associations between consumption of citrus fruits and between consumption of 
apples/pears and hMLH1 protein-deficient colon cancer, although these associations were not 
statistically significant. No association between other types of fruits and hMLH1 protein-
deficient colon cancer was found, and the association of fruit consumption with hMLH1 protein-
deficient cancer could not be attributed to antioxidants related to fruits and vegetables, folate, 
and dietary fiber. Consumption of vegetables was not associated with either hMLH1 protein-
deficient or -proficient colon cancer. 

Our results on fruits are in line with two Dutch case-control studies. In the first, fruit 
consumption was associated with MSI-high colon cancer with hypermethylated hMLH1 but not 
with MSI-high colon cancer without hypermethylated hMLH116. In the other, fruit consumption 
was associated with a lower risk of colorectal cancer among hereditary non-polyposis colorectal 

cancer (HNPCC) patients34. Conversely, in an American case-control study, no associations 
between fruit consumption and colon cancer with or without MSI were observed17. With regard to 
consumption of vegetables, in all studies conducted thus far including the current study, case-case 
analyses showed no differential association for MMR-proficient and -deficient colon cancer16, 17. 
No evidence was found for an association with vegetables for hMLH1 protein-deficient and 
-proficient colon cancer in our case-cohort analyses and the study on HNPCC-related tumors34, 
whereas consumption of vegetables was inversely associated with sporadic colon cancer with 
and without MSI in two other studies16, 17. Intake of antioxidants related to fruits and vegetables, 
dietary fiber, and folate was not associated with either type of tumor in this study. In contrast, 
intake of folate, dietary fiber, and β-carotene was inversely associated with colon cancer with and 
without MSI in an American case-control study17, although only the associations of folate and 
fiber with MSI-positive colon cancer were statistically significant. 

Hypermethylation status of the promoter region of the hMLH1 gene determines hMLH1 
protein expression in the majority (80-90%) of the sporadic colon cancers2-8, whereas germline 
mutations in the hMLH1 gene are responsible for lack of expression in 50% of the HNPCC-
related colon cancers35. Our classification of hMLH1 protein-deficient and -proficient colon 

cancers is likely to be primarily determined by hypermethylation status of the promoter region 
of the hMLH1 gene. The youngest patient in our study population was diagnosed at age 57; the 

proportion of HNPCC was only around 2% in other unselected series8, 36, and the parameter 
estimates pointed in the same direction when we restricted the analyses to individuals without a 
family history of colorectal cancer. 

Because dietary methyl donors such as folate are thought to affect methylation status of cancer 
genes37, 38, the association between fruits and hMLH1 protein-deficient colon cancer may arise 
because fruits affect hypermethylation of the promoter region of the hMLH1 gene. We did not 
observe an association between intake of folate and the rate of hMLH1 protein-deficient colon 
cancer. Thus, folate, and its potential role in methylation of hMLH1, by itself seems insufficient 
to explain the association between fruit consumption and hMLH1 protein-deficient colon 
cancer. As fruit consumption was also inversely associated with HNPCC-related tumors34, our 
findings may suggest that fruits play a role in pathways involved in hMLH1 protein-deficient 

colon carcinogenesis that are determined by other factors than hypermethylation of the hMLH1 
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promoter region. However, another study found that an inverse association between fruits and 
MSI-high colorectal cancer was restricted to tumors with hypermethylated hMLH1, whereas no 
associations were observed with the methyl donors folate and alcohol16. Perhaps components in 
fruits other than folate influence hypermethylation. Pathways involved are unlikely to depend 
solely on fruit-related antioxidants and dietary fiber, because they were not associated with 
hMLH1 protein-deficient colon cancer and hardly influenced the association between fruits and 
hMLH1 protein-deficient colon cancer. Hence, the mechanism behind this association remains 

to be elucidated. 

Our classification of hMLH1 protein-deficient and -proficient tumors seems reliable. First, 
the percentage of hMLH1 protein-deficient colon cancers in our study corresponds with the 
literature10, 11, 16. Second, we found a high agreement with classification based on the MSI marker 
BAT-2639 as expected40-42. Third, the sensitivity (94%) and specificity (100%) of hMLH1 

immunohistochemistry was high in an unselected series of colorectal cancer with MSI testing 
as golden standard8. However, a minor percentage of our tumors may show MMR deficiency 
because of mutations in other MMR genes than hMLH1 and some hMLH1-proficient tumors 
may have non-functional protein, resulting in a bias towards the null. 

hMLH1 protein-deficient colon cancers occur mostly in the proximal colon. We observed that 
the association remained when we restricted the analyses to proximal tumors. Thus, distinction 

of hMLH1 protein-deficient and -proficient colon cancer, in addition to tumor location, provides 
greater information than tumor location by itself. 

The strengths of this study include its large size, prospective nature with 7.3 years of follow-up, 
the fact that it is based on an unselected series of colon cancer, a very low chance of selective 
dropout because no subcohort members were lost to follow-up, and high completeness of follow-
up for cancer incidence. 

As in other epidemiologic studies, it is impossible to completely rule out bias that occurs when 
factors determining tumor block availability or successful hMLH1 immunohistochemistry 
are associated with fruit or vegetable consumption and hMLH1 expression status43, 44. It is 
unlikely that such a bias has affected our results considerably. We did not observe differences 
in distribution of Dukes’ stages and differentiation grade between tumors of patients in which 
hMLH1 expression status could be determined and tumors in which we could not assess this 
status. Moreover, our study population has, on average, the same age and contains a similar 
percentage of individuals with a positive family history as the complete study population after 
7.3 years of follow-up. 

Because diet was assessed before the occurrence of disease and the initial 2.3 years of follow-up 
were excluded, changes in diet due to (subclinical) disease occurrence cannot have affected the 
assessment. It is no problem that we assessed diet only once, because the small decline in test-
retest correlation coefficients over time (0.07 over five years) in the reproducibility study of our 
food-frequency questionnaire25 suggests that the exposure is relatively stable over time. However, 
assessment of diet brings along systematic and random errors. The correlation coefficients 

between fruit and vegetable consumption assessed by our food-frequency questionnaire and 
by 9-day dietary records are comparable with those of questionnaires used in other prospective 
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cohort studies45, 46, but the moderate ability of the questionnaire to rank according to vegetable 
consumption (r =0.38 between assessment according to questionnaire and dietary records; ref. 

24) results in an attenuation of the associations. Given the substantial correlation coefficient 
between assessment of fruits by questionnaires and dietary records (r =0.60; ref. 24), it is less 
likely that misclassification has affected our final conclusion for fruits. 

After 7.3 years of follow-up in the Netherlands Cohort Study on diet and cancer, we observed 
an inverse association between fruits and colon cancer, confined to the subgroup of hMLH1 
protein-deficient colon cancer cases. Our findings may provide clues for elucidating pathways 
involved in carcinogenesis of MMR-deficient colon cancer. 
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This chapter aims to address the underlying research question of this thesis: “does 
distinguishing colorectal tissue by its histopathological and molecular characteristics shed 
further light on the role of dietary, lifestyle and heritable factors that are possibly involved in 
colorectal carcinogenesis?” 

We will first describe the main findings (Section 7.1) of the studies that we selected, as specified 
in chapter 1. Thereafter, we will discuss strengths and weaknesses of the chosen approaches in 
the following three sections:

• Section 7.2: Study design: population, effect measures, power and external validity 
• Section 7.3: Assessment of dietary, lifestyle and heritable factors
• Section 7.4: Assessment and advantages of histopathological and molecular endpoints 

These sections are further subdivided as follows: 

• status quo: describes the difficulties that we encountered and the state of the art.
• future research: provides suggestions on how future research may better deal with these 

encountered difficulties.

The strenghts and weaknesses analysis will culminate in the concluding remarks (Section 7.5), 
that address the main research question of this thesis, and recommendations for further 
research. 

Preamble



General Discussion 7
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7.1 MAIN FINDINGS 

In this thesis, we investigated whether associating dietary, lifestyle and heritable factors with 
specific histopathological and molecular endpoints, rather than disease occurrence per se, sheds 
further light on the roles of these factors in colorectal carcinogenesis. We selected five specific 
research questions on diet, lifestyle or heritable factors as examples of different studies that 
distinguish colorectal tissue by its histopathological and molecular characteristics. Table 7-1 
briefly summarizes the main findings and also gives an overview of the study designs that were 
used. The table highlights that we assessed endpoints at three levels, which represent different 
stages in colorectal carcinogenesis: normal tissue, adenomas and carcinomas. The studies were 
either cross-sectional, case-control or cohort studies; and were conducted in the Netherlands or 
the US. The studied exposures included dietary and lifestyle factors that are currently thought 
to influence colorectal cancer risk. Let us have a look at each of the specific research questions 
separately: 

1. Are parameters reflecting the activity of the rectal glutatione S-transferase detoxification system 
associated with consumption of fruits and vegetables at habitual levels of exposure? If so, do genetic 
variations in glutathione S-transferase genes GSTM1 and GSTT1 modify this association?

Yes, consumption of (citrus) fruits was positively associated with rectal glutathione S-transferase 
activity in our study on habitual levels of consumption, but this association did not depend on 
GSTM1 and GSTT1 genotype. Consumption of cruciferous vegetables was postively associated 
with glutathione S-transferase activity and GSTM1-1 protein levels among GSTM1-plus genotype 
carriers. No effect modification by GSTT1 was observed. Hence, habitual levels of consumption 
of fruits and vegetables may contribute to variations in human rectal GST enzyme activity. 

2. Do associations between presumed modifiable risk factors for colorectal adenomas depend on K-ras 
mutational status of the adenoma?

Associations between some modifiable risk factors and adenomas depended on K-ras mutational 
status in our study. We observed that the intake of vitamin B2 was inversely associated with 
K-ras mutation-negative adenomas, but not with K-ras mutation-positive adenomas. A positive 
association with monounsaturated fat was confined to K-ras mutation-negative adenomas. 
Additional differential associations were also suggested. However, the literature on diet, lifestyle 
and K-ras mutations is inconsistent. Systematic errors inherent to the occurrence of the mutation, 
confounding by related tumor characteristics and the non-specific assessment of the causal 
exposures may be responsible for these discrepancies.
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3. Are dietary and lifestyle risk factors for colorectal cancer differently associated with adenomas 
that are thought to have a high risk of malignancy (advanced adenomas) and adenomas that are thought 
to have a low risk of becoming malignant? 

Most dietary and lifestyle factors were similarly associated with advanced and non-advanced 
adenomas. Smoking was more strongly associated with advanced adenomas than with non-
advanced adenomas, and a high glycemic index was inversely associated with advanced but not 
with non-advanced adenomas. Thus, associations of smoking and glycemic index with adenomas 
may depend on the stage of adenoma development. 

4. Do people with a family history of colorectal cancer have a higher risk of advanced adenomas or do 
they mostly have a higher likelihood of getting multiple adenomas?

Associations with family history of colorectal cancer were stronger for men with multiple 
distal adenomas than for men with single distal adenomas at first diagnosis. Associations 
between family history and advanced and non-advanced adenomas were of similar strength, but 
a tendency towards a somewhat stronger association with non-advanced adenomas was found. 
Our findings suggest that heritable factors may be more important in earlier than in later stages 
of colorectal carcinogenesis at the population level. 

5. Is consumption of fruits and vegetables differentially associated with colon cancer with and without 
defects in the mismatch repair system?

Yes, we observed that the inverse association with fruits and colon carcinomas was confined to 
hMLH1-deficient tumors. Vegetables were not associated with either type of tumor in our study. 
These findings indicate that the etiology of colon cancers with and without a defective mismatch 
repair system may differ; fruits may only influence the etiology of colon cancer with a defective 
mismatch repair system. 

The relevance of our findings with respect to colorectal carcinogenesis has already been 
discussed in the previous chapters, and we will not repeat this here. Instead, we will reflect upon 
the methodology of the approaches used, and focus mainly on issues that we encountered in all 
five conducted studies to be able to address the main research question.
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7.2 STUDY DESIGN: POPULATION, EFFECT MEASURES, 
POWER AND EXTERNAL VALIDITY 

7.2.1 Status Quo
As noted earlier, various types of studies are presented in this thesis: a cross-sectional study, a 

case-control study and two prospective cohort studies. The cross-sectional (Chapter 2), the case-
control study (Chapter 3) and one of the cohort studies (Chapter 6) were used to address one 
specific research question each, whereas the study population of the other cohort study was used 
to address two specific research questions (Chapters 4 and 5). In this section we will reflect upon 
the selection of the study population, its relation to the estimated effect measures, the power and 
study size, and the external validity of the study. 

COMPARABILITY OF THE STUDIED POPULATION WITH THE SOURCE POPULATION OF 
INTEREST 

Independent of the type of study, an appropriate study base should be selected, which represents 
the source population of people who will be identified as having the endpoint/disease of interest 
had the endpoint/disease occurred1; this is a prerequisite for a valid comparison of the endpoint 
in exposed and non-exposed people.

For the cross-sectional study on rectal glutathione S-transferase (GST) enzyme activity and 
protein levels described in Chapter 2, participants were recruited from people undergoing 
endoscopy; they were recruited within the framework of a case-control study, for which they also 
had to meet the inclusion criteria. As a result, the study population included an oversampling 
of patients with adenomas and people belonging to families known with the hereditary non-
polyposis coli (HNPCC) syndrome. We are not aware of specific medical conditions related to 
the referral for endoscopy that could affect the association between exposure factors, and GST 
enzyme activity and protein levels, apart from the conditions already covered by the exclusion 
criteria. Moreover, adjusting the association for bowel complaints, adenomas and HNPCC did 
not alter the conclusions, so within the study population the observed findings are probably 
valid.

In the case-control study described in Chapter 3, associations between presumed modifiable 
risk factors and adenomas with and without a K-ras mutation were of interest. We select cases 
with adenomas, but a control group was also selected to be able to evaluate whether the exposure 
factors were positively or inversely associated with adenomas. Cases should form a representative 
sample of a specifically defined subset of all adenoma patients, whereas controls should constitute 
a random sample of the source population from which colorectal adenomas emerge2. In the 
Netherlands, where this study was conducted and where population-screening for colorectal 
cancer has not yet been introduced, people who undergo endoscopy of the large bowel have 
a medical indication resulting from complaints or concerns about their gut health, sometimes 
because of a positive (sporadic) family history of colorectal cancer. As adenomas themselves 
seldom cause complaints, the only subset of the source population that will be identified as 
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having adenomas consists of people undergoing endoscopy of the large bowel. Therefore, we 
selected controls among people who underwent endoscopy but were never diagnosed with 
colorectal adenomas. A population-based control group was regarded as being inappropriate: 
with such a control group, characteristics of people who underwent endoscopy would have 
been associated with adenomas due to the design. Selection of controls from among people 
referred to the same clinics as cases, but for reasons other than endoscopy, was also considered 
unsuitable; as adenomas are present in about 30-40% of people aged 65 years or older3-7, such a 
selection would have had the same result as a substantial degree of misclassification8 and would 
have resulted in attenuation of the odds ratios at best. Inviting people for endoscopy without 
medical indications may also have ethical constraints. Due to our selection method for controls, 
however, a substantial proportion had bowel complaints or defecation problems. Some of the 
medical conditions of the controls that underlie their complaints might share etiological factors 
with adenomas. As a result, we might have underestimated the odds ratio if an exposure factor of 
interest is overrepresented within the control group. Alternatively, we might have overestimated 
the odds ratio if the control group contains a lower percentage of people with the exposure 
factor of interest than the source population. Nonetheless, the presumed variation in medical 
conditions of the control group guides us towards believing that bias due to associations resulting 
from shared etiology with adenomas is actually limited in this case-control study. 

We compared people who had ever had an adenoma with people who were never diagnosed 
with adenomas but underwent at least one endoscopy. People who already had an adenoma are 
more likely to undergo another endoscopy; they are therefore more likely to be included in the 
study population than men who did not undergo another endoscopy. This may have resulted 
in selection bias. As determinants of adenoma recurrence may differ from determinants of 
adenoma incidence, and heritable factors may play a more important role in adenoma occurrence 
in people with previous adenomas, we excluded people with previous adenomas in a sub-analysis; 
this did not change the conclusions. 

The former reasoning can be extended to the case-case analyses, in which one group of cases 
is treated as the reference group. Both case groups should consist of a random sample of the 
adenomas they represent. As we sampled in a clinical setting, it might not be realistic to obtain a 
fully representative sample of all adenomas, because not all lesions are detected, polypectomized 
or sent to the pathological laboratory. This applies especially to small lesions, which, if removed, 
may yield too little tissue to carry out the desired laboratory assessments. In the study described 
in Chapter 3, these small lesions are the ones more likely to lack K-ras mutations, and this group 
might therefore have been underrepresented in the sample. Such an underrepresentation only 
results in selection bias if factors determining tumor block availability, or successful assessment 
of the mutation of interest, are associated with the studied exposure factors as well as with the 
mutational status9, 10. Comparing characteristics of the adenoma patients in whom mutational 
status was successfully assessed with characteristics of those in whom mutational status was 
unknown might give some indication of selection bias, but such a comparison can impossibly 
cover the entire selection procedure. However, we were somewhat reassured because we did not 
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find any indications for associations between exposure factors and availability of the assessment 
of K-ras mutational status in this study. 

In the studies described in Chapters 4 and 5, US Health Professionals were followed up over 
time. Following similar argumentation as for the case-control study on adenomas, only the subset 
of the original cohort that underwent endoscopy was selected for the analyses on adenomas. Men 
who were diagnosed with adenomas before study entry were not eligible, which increased the 
likelihood that determinants of adenoma occurrence, rather than recurrence, were studied. 

As in the case-control study on adenomas, people undergoing multiple endoscopies might have 
been more likely to be diagnosed with adenomas during the follow-up period; this group not 
only includes people with medical indications for endoscopy or with a positive family history of 
colorectal cancer, but also more health-conscious people who adhere to the US national screening 
guidelines on colorectal cancer. If these people would have been more or less likely to have been 
exposed to the risk factor under investigation, the increased likelihood that such people might 
have undergone multiple endoscopies may have resulted in some degree of selection bias. The 
impact of such a bias is considered smaller than in the case-control study on adenomas, given 
that a fixed study population was selected (i.e. only men of the Health Professionals Follow-Up 
Study were eligible) rather than a more dynamic study population as was chosen for the case-
control study. Comparable issues with regard to potential bias in the case-case analyses could 
have occurred as described in the previous section. Although tissue retrieval was not necessary 
for the classification in this chapter, data from endoscopy and pathology reports were used. 
However, those reports did not contain data required for the classification of advanced and non-
advanced adenomas for a large number of people. Sensitivity analyses were conducted to evaluate 
the impact of such a potential selection bias, which was probably not major in these two studies; 
also because it is unlikely that the physician’s decision as to whether or not to send the adenoma 
to the pathology laboratory depends on exposure factors. 

Colorectal cancer will usually be diagnosed after the patient complains of a condition. Therefore, 
we did not have to restrict the selection of study participants to those who underwent endoscopy 
in the study described in Chapter 6. Bias due to unsuccessful hMLH1 immunohistochemistry or 
restrictions in tumor block availability might also have occurred in this study, analogous to the 
reasoning within the case-control study regarding the assessment of K-ras mutational status. 

ESTIMATED MEASURES OF ASSOCIATION 
In a case-control setting, the control group should ideally provide an estimate of the relative 

size of the denominator of the incidence rates for people who were exposed versus people who 
were not exposed. Because the actual date of occurrence of adenomas may be well before the 
date of clinical diagnosis, we can only estimate adenoma prevalence in this study. Adenomas 
occur frequently in the general population4, and their prevalence depends on the duration of 
their presence, as determined by incidence and regression5. The determinants of this dynamic 
process cannot be considered equal for exposed and non-exposed individuals11, 12. Thus, although, 
prevalence can be considered a summary measure of incidence, duration and regression of 
adenomas, we are left with estimation of the prevalence odds ratio (POR)12 for both the case-
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control and the case-case comparisons. One of the proposed mechanisms by which exposure 
factors may influence cancer is indeed enhancing the growth of adenomas, which was one of 
the reasons leading to the comparison of advanced and non-advanced adenomas presented in 
Chapters 4 and 5. The estimated PORs, however, remain measures of the strength of association 
and the POR directly relates to the prevalence based on the same population12. The former 
reasoning applies to all studies on adenomas, even if they are registered prospectively. Thus, also 
in the studies embedded in the Health Professional Follow-Up Study (Chapters 4 and 5), PORs 
were estimated. 

In studies on colorectal cancer, like in Chapter 6, the date of diagnosis can be regarded as being 
directly related to incidence, because the disease manifests itself with complaints, leading to its 
diagnosis. Whether the case-case analyses can be interpreted as an estimation of the (differential) 
incidence rate ratio depends on whether one regards the two case groups as being independent 
of each other: this cannot be entirely true in the study in Chapter 6 because loss of hMLH1 
expression is essentially a measure of its prevalence in diagnosed tumors, and it may have 
occurred sooner or later in the adenoma-carcinoma sequence depending on exposure.

STATISTICAL POWER AND PRECISION

The sample size of the study in combination with the precision of the measurements determines 
the magnitude of the difference in exposure that can be detected between the subgroups of 
interest. Especially when one wants to study differential associations between exposure and 
various histopathological or molecular endpoints, or incorporate genetic susceptibility like we 
did, a relatively large number of participants are needed given the large number of distinct 
subgroups as defined by the combination of exposure and disease categories. Given that some 
of the studied (sub)groups were small, in particular in Chapters 2, 3 and 6, it is possible that 
we failed to detect postulated associations between exposure and disease occurrence that truly 
exist. The magnitude of the estimated association measures guided our interpretation of data on 
smaller (sub)groups, but we acknowledge that these point estimates are statistically unstable as 
illustrated by a generally wide confidence interval. Furthermore, small samples - but also highly 
selected samples as in the cross-sectional study on GSTs presented in Chapter 2 - increase the 
likelihood of detecting spurious associations because a susceptible subgroup has been selected by 
chance or through various operating biases13. Thus, the findings presented in Chapters 4 and 5, 
which were based on a large number of adenoma patients of the Health Professionals Follow-Up 
Study, would likely be more robust when compared to the findings from the other studies in this 
thesis, if we were to only consider the sample size. 

Because we studied associations with many risk factors and multiple endpoints, it is likely 
that some of the findings described in this thesis have occurred by chance; if one accepts a 
significance level of 5%, one in every 20 independent analyses is expected to yield an association 
by chance alone. To avoid too much emphasis on results that might be due to chance fluctuation, 
we focused mainly on the case-case analyses and the magnitude of the accompanying odds ratios 
when we interpreted the data. However, sometimes we presented two separate comparisons 
of two case groups with the reference category even if the case-case analysis suggested that 
the strength and direction of the association versus the reference category did not depend on 
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the case group studied; it might have been better to present an overall association within the 
study population in the absence of such heterogeneity between the two associations rather than 
illustrating why the case-case association arose.

GENERALIZABILITY

In the studies described in Chapters 2 to 5 we selected subgroups of the population that 
underwent endoscopy. Whereas such selection enhances the internal validity of the study, it 
may be that risk factors are differently distributed among people who undergo endoscopy than 
among those who do not. This is caused by the fact that people with concerns about their gut 
health, and people who adhere to the American screenings guidelines for endoscopy, are likely to 
differ from the general population. This stresses the need for replication of studies in different 
populations. 

The studies presented in Chapters 4 and 5 are based on a cohort of health professionals who 
are more likely to be more health conscious than the general population. The participants may 
therefore have had a more favorable distribution of exposure to risk factors, and we may have 
failed to detect some associations within this study because participants may simply not have 
been exposed to common levels of the risk factor of interest. Participants in the population-
based cohort described in Chapter 6 may also be more health conscious, as well as participants in 
the cross-sectional study (Chapter 2) and case-control study (Chapter 3). This is due to the fact 
that health conscious people and/or people with a family history of colorectal cancer are more 
likely to participate in studies, whereas people who are severely ill may be less inclined to take 
part in an epidemiological study. 

When comparing findings across studies14, differences between the studied ranges of exposure 
should also be kept in mind. For example, calcium intake is higher in the Netherlands than in 
the US, which may partly explain why we observed an association between calcium and K-ras 
mutation-negative colorectal adenomas (Chapter 3) whereas a similar US study did not15. 

A general concern with studies conducted in a single population is the expected homogeneity 
of dietary and lifestyle patterns. In each study, the effects of individual compounds are examined 
against the background of average risk associated with other nutrients or foods16 in a population 
and it remains to be established whether an association found in one study population can be 
extended to another study population if complex interactions between foods and nutrients 
exist.

7.2.2 Future Research

STUDIES WITHIN THE CONTEXT OF POPULATION-SCREENING

Once population-screening is introduced in a country, studies can be initiated that recruit 
participants within the framework of these screening programs. These participants can be 
followed over time. The fact that these people are more likely to be health-conscious, and/or 
have a family history of colorectal cancer, will not bias associations between exposure and risk 
of disease when making such a selection, although it could possibly affect generalization of the 
findings to other populations. 
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Provided that the time periods between screenings are not overly lengthy, adenoma incidence 
can be modeled based on the newly diagnosed adenomas having originated in the period 
between screenings17, and estimates of adenoma incidence might be obtained. Determinants of 
adenoma recurrence may also be examined in such a study, which is currently also being studied 
in trials. Explaining inter-individual variation in the degree of recurrence is also of interest18 as 
an indicator of individual susceptibility to adenomas. 

STATISTICAL POWER AND PRECISION

We raised the issue of relatively low statistical power for subgroup analyses in most studies 
we presented. An obvious suggestion for improvement is increasing the sample size, but more 
efficient study designs can also be considered to achieve this. Another way to increase the power 
is by devising more precise measurements of exposure and endpoints, which will be discussed in 
Sections 7.3 and 7.4 respectively. 

When analyses on histopathological and molecular markers are of interest, a more feasible 
approach may be to select patients in such a way that they are more likely to show variability in 
the endpoint; this has additional advantages as laboratory analyses are costly and work-intensive. 
For example, in the chapter on K-ras, we could have opted for selecting participants with specific 
adenomas, e.g. large and villous adenomas that are more likely to harbor such mutations, whereas 
there is still a reasonable chance that they are mutation-negative. Such a design also enhances the 
probability that other characteristics associated with K-ras mutational status do not account for 
the observed associations, as will be further discussed in Section 7.4.

GENERALIZABILITY

Associations between exposure, enzyme activity and protein levels should ideally be confirmed 
in prospective studies that are population-based or trials that randomly assign people to the 
exposure of interest. For the hypotheses regarding GST enzyme activity (Chapter 2), trials have 
already been conducted but they studied higher doses than the usual dietary intakes in which 
we were interested. Because we were interested in studying habitual patterns, our findings could 
also be confirmed in a prospective setting where high and low extremes from the exposure 
distribution (and/or genetic subgroups) are invited to undergo endoscopy to obtain rectal 
tissue.
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7.3 ASSESSMENT OF DIET, LIFESTYLE AND HERITABLE 
FACTORS 

Epidemiological studies have been successful in identifying a range of presumed modifiable 
risk factors for colorectal cancer. However, their precise contribution is still under investigation, 
the role of weaker risk factors has yet to be established and the identification of heritable 
factors has only just begun. This thesis aimed at evaluating whether studying associations 
with histopathological and molecular endpoints sheds further lights on the role of potential 
risk factors in colorectal carcinogenesis. Before we can evaluate this, we must reflect upon the 
state of the art of the assessment of diet, lifestyle and heritable factors, as problems inherent in 
their assessment influence results of studies between these factors and histopathological and 
molecular endpoints.

7.3.1 Status Quo

ASSESSMENT OF DIET, LIFESTYLE AND HERITABLE FACTORS IN RELATION TO THE 
STUDY OBJECTIVES 

The guiding principle in exposure assessment should be determined by the specific aim of 
the study. We focused on foods, nutrients and main lifestyle characteristics, which are relevant 
to the long-term formulation of dietary and lifestyle recommendations. The methods of 
exposure assessment used were not always suitable to address the role of specific hypothesized 
(anti)carcinogens. However, in Chapter 2, a variety of specific compounds, such as glucosinolate 
metabolites derived from brassica vegetables and limonoids present in citrus fruits, guided 
us to the research hypotheses on the level of a food group; instead of assessing glucosinolate 
metabolites and limonoids directly, we studied the consumption of brassica vegetables and 
citrus fruits. Thus, this study should be regarded as hypothesis-generating regarding the role of 
glucosinolates, limonoids or other components of brassica vegetables or citrus fruits, but it can 
be regarded as hypothesis-testing regarding the role of brassica vegetables and citrus fruits. 

We have not explicitly accounted for the timing of exposure assessment in our studies, 
although the most etiologically relevant timeframe may differ for the various histopathological 
and molecular endpoints under study. As tumor development takes years, it is also possible that 
the exposure related to the development of the disease took place a long time before the tumor 
manifested itself, which has indeed been observed for the association between smoking and 
colorectal cancer19.

INTERNAL VALIDITY AND ACCURACY OF EXPOSURE ASSESSMENT

After deciding on the specific exposure and its timeframe of interest, we have to make sure that 
the assessment reliably reflects what it intends to measure. 

In Chapter 2, two observers rather than one assessed GSTM1 and GSTT1 genotype using the 
same method. The validity of the assessment was supported by the observation that GSTM1-1 
protein was absent in all biopsies of people with the GSTM1-null genotype, whereas detectable 
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levels were present in all GSTM1-plus genotype carriers; indeed, the results of the two observers 
were comparable in samples that were assessed by both. The validity of the final assessment 
was further enhanced because samples were interspersed with water controls to check for cross-
contamination and a β-globin gene fragment was present as a positive control. 

Dietary intake is difficult to assess, because some food items are consumed irregularly and a 
single food is mostly consumed in combination with other foods. Besides, some people tend to 
overestimate consumption or habits, whereas others underestimate them20. Our primary focus 
was to describe associations between exposure and characteristics of colorectal tissue, and 
therefore, adequate ranking of study participants according to dietary and lifestyle behavior was 
considered more important than assessing absolute intake and exact behavioral characteristics. 
The questionnaires that were administered in the studies we conducted were able to rank people 
modestly or well according to most factors21-25, although ranking was more problematic for 
vegetables than for most other studied factors (see discussions in separate chapters). 

Further complications in assessment of diet are related to the fact that diet consists of a complex 
array of factors that are often correlated: a single food generally provides a source of multiple 
nutrients and other components. Besides, dietary habits are often correlated with non-dietary 
behaviors such as physical exercise and cigarette smoking26, and dietary patterns tend to cluster 
according to age, gender, socioeconomic status, and ethnicity. Correlation between dietary and 
lifestyle factors can be partly taken into account by adjusting for these factors in the analysis. 
However, associations with two highly correlated exposures cannot always be disentangled, as 
was the case for vitamin C and citrus fruits in Chapter 2, nor can complex interactive effects of 
many dietary exposures27 always been taken into account. Studying dietary patterns16, 27, 28 instead 
of single components of the diet could have tackled the correlation issue and possible biological 
interaction between dietary exposure better but such an approach was not suitable given our 
study hypotheses. 

Systematic misclassification of exposure is likely to be less when it is assessed before the 
occurrence of the disease (as in Chapters 4, 5 and 6); these assessments are less likely to be 
affected by disease status and reporting of current exposure is easier than recalling pre-
diagnostic or pre-symptomatic exposure status. In the studies described in Chapters 2 and 3, the 
questionnaire were administered after the participants were diagnosed or underwent endoscopy, 
which may have affected the reporting or recall of exposure; changes in dietary behavior after 
undergoing endoscopy may also underlie such different reporting. It is unlikely that reporting 
methods differ across strata of people with different rectal GST enzyme activity, and thus, in 
the study of Chapter 2, errors in exposure assessment have most likely resulted in attenuation of 
the parameter estimates29. Misclassification of exposure may be a more taxing issue in Chapter 3, 
in which patients with colorectal adenomas were compared with adenoma-free men who also 
underwent endoscopy. A general concern in case-control studies is that cases and controls may 
recall or report exposure differently, which may result in bias towards or away from the null 
depending on the size of the systematic error in the comparison groups. For example, people 
who underwent endoscopy because of bowel complaints may have changed their diet, and are 
more likely to be members of the control group; therefore, we conducted subanalyses restricted to 
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people who did not report to have changed their diet to optimize the chance that the assessment 
reflects the usual exposure during the reference period in Chapter 3. Reassuringly, this exclusion 
did not change the parameter estimates importantly, which suggests that the influence of errors 
in exposure assessment due to such changes was small in this study. 

Similar reasoning applies to the reporting of a positive family history of colorectal cancer: data 
up to the last assessment were used rather than data only before diagnosis. However, a family 
history of colorectal cancer is generally reported accurately and corresponds well with medical-
verified data on the relatives30. In each case, it is improbable that different groups of cases recall 
diet, lifestyle or a family history of colorectal cancer differently, which implies that the reported 
case-case analyses are not subjected to such a bias; these case-case analyses were of main interest 
in this thesis.

REPRODUCIBILITY OF THE ASSESSMENT

The chosen assessment methods should be reproducible. The reproducibility of assessment 
of diet and lifestyle by our questionnaires was generally high22-24, 31, 32 within individuals. To 
further reduce random errors in continuous variables, we averaged exposure across different 
questionnaires in the studies described in Chapters 4 and 533, which was not possible in other 
studies, where exposure was only assessed once. Reassessment of genotype in a subset by the 
same observers in Chapter 2 yielded similar findings. In general, the reporting of family history 
of colorectal cancer was consistent between questionnaires, although 235 people reported a 
positive family history of colorectal cancer in only one of the questionnaires but did not report it 
in at least two subsequent questionnaires; they were excluded. 

However, no assessment is perfect and random errors are hard to avoid. Random errors in 
exposure assessment result in attenuation of the parameter estimates29, and if serious, they may 
reduce the ability of a study to detect associations. This is a more important issue when the power 
of the study is not very high, such as in Chapters 2 and 3, but also in Chapter 6, in which one of 
the case groups consisted of only 54 people, despite a large study population. 

7.3.2 Future Research 

ASSESSMENT OF DIET, LIFESTYLE AND HERITABLE FACTORS IN RELATION TO THE 
STUDY OBJECTIVES

To obtain information on the relevant time-frame of exposure with respect to cancer causation, 
longitudinal cohort studies with repeated measurements could be used to study the association 
between diet and colorectal cancer risk for different time intervals between exposure and 
outcome. Birth cohorts or even conception cohorts on diet, lifestyle and colorectal cancer may 
be especially useful; such studies cover exposure over the entire lifespan. They may also provide 
better estimates of disease susceptibility, as exposures early in life may influence fetal growth, 
cell divisions and organ functioning34, which may influence the occurrence of cancer on the long 
term. Studies such as the Norwegian Mother and Child Cohort Study (MoBa)35 and the Avon 
Longitudinal Study of Parents and Children (ALSPAC)36, 37, which include ≥100,000 children, 
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≥100,000 mothers and ≥75,000 fathers will especially yield valuable information on associations 
between exposure (including heritable factors), and cancer incidence and mortality in the long 
term, if study participants can indeed be followed up for the full duration of their lives.

International multicenter studies such as the European Prospective Investigation into Cancer 
and Nutrition (EPIC)38 and the Pooling Project of Prospective Studies of Diet and Cancer39 can 
evaluate whether diet and cancer associations are consistent across cohort studies comprised of 
different populations with different dietary habits. It is also possible to examine associations 
across a wider range of intakes in these studies than in individual studies. 

IMPROVEMENT OF EXPOSURE ASSESSMENT METHODS

Observational studies are hampered by measurement error, which may, at best, result in a 
reduction in observed effect size, and thus reduce the power of the studies. As part of the 
inconsistent results between epidemiological studies might be attributed to measurement error, 
future studies should make the improvement of assessment methods a priority40. This applies 
in particular to studies on diet, which is difficult to assess precisely at the individual level. For 
research into etiological mechanisms, as well as the purpose of working towards the formulation 
of concrete measures of prevention, valid and reproducible estimates on consumption of 
individual foods as well as on nutrient intake are required. 

Repeated measurements of exposure will provide more precise estimations of intake, which 
reduce the random error and thereby increases the power to detect differences in exposure between 
people. More precise estimates of exposure can also be obtained by combining questionnaire 
data with information obtained from additional measurements that have independent sources 
of error: calibration. By doing so, estimates may be adjusted for possible systematic over- or 
underestimation and corrected for attenuation bias in relative risk estimates41. 

In studies in which exposure assessment has been performed with an instrument of which a 
likely range of bias is known Monte Carlo sensitivity analysis and Bayesian bias analysis42 can 
provide insight into the effect of the bias on the observed effect risk estimates. This allows 
evaluation of the validity of the assessed exposure-disease relationship. 

Furthermore, new methods of exposure assessment should be developed to increase the validity 
of the exposure assessment, which can be either done by improvement of recording methods of 
consumption or by development of new biomarkers of intake. 

New ways of recording of consumption may follow from new information technologies. In this 
computer era, multiple stage questionnaires are feasible. Imagine, for instance, a questionnaire 
in which people first tick foods they consume. Thereafter, a personalized questionnaire can be 
administered that only requests consumption in detail for those foods that are consumed, or 
relevant lifestyle habits. On the long term, estimation of consumption may be falicilitated by 
futuristic fridges that record which food has to be ordered43, but nowadays supermarkets already 
register what people buy on loyalty cards. Tracking of consumer purchases through loyalty 
cards may provide more precise estimation of foods that may be consumed; especially if such 
a recording method were to be combined with an additional questionnaire that checks actual 
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consumption of purchased foods, it should be possible to devise more precise and valid tools for 
estimation of consumption and intake. 

Usage of biomarkers rather than self-reported measures of exposure eliminates the issue of 
recall bias and under- or over-reporting of exposure. Existing biomarkers do not reflect long-
time exposure and no such biomarkers for foods are available; they often reflect total exposure 
to a substance from all sources rather than being specific to one source, and it is not always clear 
whether they measure the exposure, the biological effect, or some stage of the disease process 
itself44. New biomarkers of exposure may be developed following new developments in genetics 
and information technology. Gene or protein expression profiles can already be determined by 
using the microarray technology45, and it may be that some of these profiles reflect exposure to 
specific nutrients or even foods. For instance, a person who drinks a lot of alcoholic beverages 
could have a profile characterized by a high level of expression of proteins that are needed for 
the detoxification of alcohol. The resulting alcohol-specific gene or protein expression profile 
can be used as an indicator of exposure to alcohol, provided that the assessment yields a valid 
and reproducible estimate. New biomarkers may also be obtained by studying genetic aberration 
profiles in tissue. Certain specific mutations in cancer genes are thought to reflect specific 
exposures, such as cigaret smoke which is correlated with G:C to T:A transversions46, 47. The 
sensitivity and specificity of using one genetic aberration as assessment of exposure is probably 
low because exposure factors may cause mutations in multiple genes, and because some of those 
mutations may be caused by several exposure factors or may have occurred spontaneously. 
Searching for a combination of genetic aberrations that reflect the exposure may yield more 
sensitive and specific biomarkers. For instance, studying the point mutational spectra of several 
genes48, 49, which do not have to be cancer genes, in normal tissue may identify combinations 
of mutations that are related to a specific exposure. Another direction in the field of genetic 
biomarkers is making use of Mendelian randomisation50-52. Instead of assessing exposure directly, 
genetic polymorphisms in genes that are known to mimic the effects of a certain exposure 
might be studied. For instance, as a polymorphism in the methylenetetrahydrofolate reductase 
(MTHFR) is associated with metabolic effects equivalent to those seen with lower folate intake, 
it has been proposed that a study of the association between the TT genotype of the gene and 
risk of colorectal cancer can be regarded as the equivalent to a randomized trial of the effect on 
disease risk of alteration of the availability of folate51. Such associations between genotype and 
disease occurrence are not confounded, given the random process of genotype determination 
at conception, but to be a valid alternative to direct assessment of exposure it requires the 
assumption that the gene variant does not influence behavior53 and that linkage disequilibrium 
and alternative pathways through which the gene affects the risk of disease are absent. 
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7.4 ASSESSMENT AND ADVANTAGES OF 
HISTOPATHOLOGICAL AND MOLECULAR ENDPOINTS

7.4.1 Status Quo
The relevance of the study design for the availability of tissue specimen has already been 

discussed in section 7.2. In this present section, we will specifically focus on the handling and 
storage of tissue samples once they are obtained, and we will discuss the value of studies on 
normal tissue, adenomas and carcinomas. 

HANDLING AND STORAGE OF TISSUE 
In Chapter 2, rectal biopsies were processed directly after the endoscopy and GST enzyme 

activity and protein levels were assessed in cytosolic fractions. In the studies described in 
Chapter 3 on K-ras, and Chapter 6 on hMLH1 protein expression, paraffin-tissue was obtained; 
this was removed as part of the clinical trajectory. This material was used for the assessment of 
K-ras mutational status (adenomas) and for hMLH1 immunohistochemistry (carcinomas).

 Because DNA derived from archival tissue is often highly fragmented, misclassification will 
occur when large DNA segments are required for mutation assessment. However, fragmentation 
of DNA is unlikely to have been a major problem in the study on the small K-ras gene, 
leaving the degree of misclassification relatively small (Chapter 3). The quality of the hMLH1 
immunohistochemistry (Chapter 6) was satisfying, but we noticed that the strength of the 
immunohistochemical signal depended on factors like the time since storage of the tissue and 
the conditions of fixation as has been observed before54. Whereas it is unlikely that issues related 
to storage and handling have importantly affected the validity of the assessment of hMLH1 
protein expression given the high agreement with a marker of a closely related phenomenon 
(the microsatellite marker BAT-26) in a subset of the same sample55, researchers should carefully 
consider these issues when planning a future study based on tissue; suggestions for the design of 
such studies embedded within a cohort study have been described elsewhere54. 

VALUE OF STUDIES ON NORMAL TISSUE

In Chapter 2, we used normal rectal tissue obtained from people who underwent endoscopy 
to study a detoxification pathway. Studying effects on specific pathways relevant to colorectal 
carcinogenesis - such as detoxification and DNA repair - rather than focusing on the overall 
lengthy multistage carcinogenic process, may yield clues as to the role of diet, lifestyle and 
heritable factors. Consequently, the predictive value of processes that were studied in normal 
tissue with respect to colorectal carcinogenesis cannot be derived from our observations and 
remains to be inferred from other research.
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VALUE OF STUDIES ON ADENOMAS 
In Chapters 3 to 5, we studied adenomas, as precursor lesions of colorectal cancer. 

Epidemiological studies on adenomas may therefore point to risk factors that are important in 
the earlier stages of carcinogenesis, and many mutations and changes to the organization of the 
tissue are already present in adenomas, such as K-ras mutations that were studied in Chapter 3. 

Cohort studies or intervention trials on adenoma occurrence or recurrence have advantages over 
such studies on colorectal cancer, because adenomas occur with higher frequency: adenomas are 
found in about 30-40% of people aged 65 years or older3-7, whereas the lifetime risk of colorectal 
cancer is 5.6%56 in Western countries; the recurrence rate at 3 years has been estimated to lie 
between 35% to 50%57; and adenomas occur, on average, earlier in life than carcinomas do58, 59. 
Hence, a shorter follow-up period and a relatively smaller study size would be needed to detect 
risk factors. Furthermore, as discussed earlier, studying adenomas rather than carcinomas may 
have the advantage of reduced recall bias in a case-control setting, because symptomless and 
chance-detected adenomas are unlikely to have affected the patients’ diet. 

The relevance of adenomas as precursors of colorectal cancer remains a topic of discussion. 
About thirty percent of the carcinomas might result from de novo carcinogenesis and the etiology 
of these tumors is not covered by adenoma studies58. Furthermore, only a subset of the adenomas 
develops further into carcinomas. Schatzkin and Gail60 consider the possibility that a risk factor 
may solely affect a subgroup of adenomas that have no malignant potential. If so, the risk factor 
might be associated with adenomas but the association has no predictive value for its association 
with carcinomas. If a risk factor only affected the risk of adenomas with malignant potential, 
then the true effect upon all adenomas would be diluted60. 

Hence, associations between diet, lifestyle and heritable factors, and adenomas are not 
automatically equivalent to associations between diet, lifestyle and heritable factors, and 
carcinomas. Dietary and lifestyle factors that are associated with colorectal cancer will necessarily 
be associated with adenoma formation only if adenoma formation is the rate limiting step in the 
adenoma-carcinoma sequence61; this may not be the case as not all adenomas develop further 
into colorectal cancer and some may even regress5, 61. However, adenoma formation may be the 
rate-limiting step for at least a subgroup of colorectal cancers.

VALUE OF STUDIES ON CARCINOMAS 
In Chapter 6, we studied carcinomas. Since one ultimately aims to reduce colorectal cancer 

incidence and mortality, this is the primary outcome of interest. However, inference from case-
control studies on colorectal carcinomas may be hampered by recall bias and cohort studies need 
long follow-up periods for a sufficient number of colorectal cancer cases to occur. 

In Chapter 6, we assessed hMLH1 protein expression in colorectal carcinomas, based on which 
we separated the tumors in two groups. By doing so, we aimed at distinguishing two postulated 
major etiological pathways. Indeed the associations with diet were different; but the complexities 
of tumor biology prohibit clear conclusions on the questions whether these are completely 
distinct pathways. 
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Thus, although the overall effect of risk factors in different phases of colorectal carcinogenesis 
results in occurrence of colorectal cancer, many transitions occur long before clinical detection. 
The role of exposures in early rate-limiting steps may no longer be detectable in studies with 
carcinoma as endpoint.

STUDYING DETERMINANTS OF TRANSITIONAL STAGES IN THE ADENOMA-CARCINOMA 
SEQUENCE

We have just indicated that interpretation of results from studies on adenomas and carcinomas 
is not simply equivalent; the same may apply to other intermediate endpoints, such as different 
adenoma stages. In Chapter 3, this was assessed at the molecular level by K-ras mutational 
status. In Chapters 4 and 5, we evaluated this using histopathological and clinical adenoma 
characteristics. To be able to study whether associations of risk factors with advanced and non-
advanced adenomas differed, we had to rely on studying different types of adenoma endpoints 
separately using adenomas detected by, and removed during, endoscopy. Although this enabled us 
to obtain indications as to whether transition of adenomas into carcinomas could be influenced 
by dietary and lifestyle factors, it remains a matter of inference, because the transitional stages 
cannot be observed directly in the same person.

7.4.2 Future Research 

HANDLING AND STORAGE OF TISSUE 
Within the scope of a hypothetical study within the screening setting (see Section 7.2.2), it is 

feasible to collect fresh tumor tissue, which can be used for assessment of endpoints. Standardized 
embedding and storage conditions in the screening protocol should be incorporated as well. This 
is particularly important because the nature of clinical practice is selecting and treating diseased 
people. As a consequence, research based on such clinically obtained specimen brings the risk 
that selection bias according to current clinical opinion occurs. 

Furthermore, heterogeneity is an inherit characteristic of most tumors. Hence, the mutation 
or gene expression status of interest may not always be present in the entire tissue sample. 
Therefore, care should be taken to collect as much tissue as possible from each lesion, because 
the classification of mutational status or expression profile is generally based on the worst 
characteristic. If heterogeneity with respect to the studied characteristic of interest occurs, 
consideration should be given to studying tumors in a later stage of development instead, as 
most tumors may not have yet developed the characteristic of interest.

CHOICE OF THE ENDPOINT

The choice of histopathological and molecular endpoints will be easier when a specific 
hypothesis is present regarding the exposure-disease relationship. However, this may be 
impossible if the underlying pathways are not sufficiently defined or are not well characterized 
by the endpoint. If the research hypotheses would be defined in terms of underlying differential 
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etiological pathways rather than based on a single and specific exposure-mutation association, 
this could provide a framework for integrating apparently unrelated specific research findings.

When one wishes to study whether exposures cause specific mutations in humans, normal 
tissue would be of interest to be used, but the frequency of specific mutations in cancer genes is 
rather low, and highly sensitive techniques are required to detect such mutations. In vivo or in vitro 
experiments might be better equipped to evaluate this. 

In order to study specific pathways, a better approach than using tumors may be to conduct 
small-scale studies on the exposure of interest in relation to the pathway of interest. An example 
of such a study is described in Chapter 2 on glutathione S-transferase enzyme activity. Similar 
studies could be conducted for numerous pathways and enzymes that are thought to play a role 
in colorectal carcinogenesis, e.g. studying DNA repair capacity. Studies that link these markers to 
risk of colorectal cancer are necessary as well to study their predictive value60.

STUDYING TRANSITIONAL STAGES IN THE ADENOMA-CARCINOMA SEQUENCE

Associating risk factors across different stages of the adenoma-carcinoma sequence may improve 
understanding as to whether the role of risk factors varies across different stages, but studying 
adenoma and carcinoma progression more directly may be a more promising technique. 

A few studies have evaluated whether growth of adenomas over a time interval of up to three 
years was associated with specific exposures62-67. These studies were observational and small. It 
would be of interest to repeat such a study using an intervention trial design, or conduct larger 
studies of such a sort under careful supervision. The feasibility of such a study may be improved 
when non-invasive digital imaging techniques that can monitor the growth of adenomas closely 
become more readily available. In the future, when non-invasive diagnostic techniques like 
virtual endoscopy will be sufficiently developed that reliable diagnosis is possible68, adenoma 
growth and regression can be studied feasibly at a larger scale. 

Modeling approaches may also be useful to improve understanding of factors that influence the 
transition of different stages. For example, in the EPIC study in which a multistage model was 
used to mathematically describe the effects of smoking with respect to lung cancer incidence, the 
data were best described with smoking dependence on the rates of malignant transformation and 
clonal expansion69. Such modeling approaches may either follow or precede biological literature 
on this topic, but in each case, confirmation is needed as most datasets are usually compatible 
with multiple models70.

Furthermore, a risk score that reflects the probability of colorectal cancer of a certain adenoma 
could be developed, which can subsequently be related to expose factors. Such a risk score might 
be developed using models analogous to the Miscan Colon Model, which is used to evaluate 
the effect of screening5, 71; this model has been developed based on data from previous studies 
and clinical experience. As the model can be used to test hypotheses about the natural history 
of colorectal cancer, such as the duration of progressive adenomas, it might be possible to 
incorporate information on diet, lifestyle and heritable factors in the model at some stage; so that 
their effect on the development of colorectal cancer can be simulated.
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CORRELATED OUTCOMES

Multivariate models, that evaluate multiple outcomes simultaneously, may also be of use when 
studying correlated responses at the same time. If we had used a multivariate categorical model, 
such as the multivariate Dale model72, we might have been able to study associations between 
diet, lifestyle and heritable factors with different correlated tumor characteristics, such as p53 and 
K-ras mutations, simultaneously.

To identify which tumor characteristics are influenced by a certain exposure, techniques such 
as path analysis and structural equation modeling may be used: hypothesized pathways may be 
tested against each other and new hypotheses may arise.

HETEROGENEITY OF MUTATIONAL PATTERNS WITHIN SYNCHRONOUS AND 
METACHRONOUS ADENOMAS

Studying variation in mutational patterns within people, with respect to both synchronous and 
metachronous tumors, deserves attention in future studies. This would add information relevant 
to the usual studies of associations between diet, lifestyle and heritable factors, and the occurrence 
of mutations. If the variation is high, it may suggest that the occurrence of the specific mutation 
is unlikely to be strongly related to exposure to diet, lifestyle or a heritable factor; linking the 
mutation to exposure factors may be like looking for a needle in a haystack, while being uncertain 
whether the needle is actually present. An alternative explanation is that the mutation has not yet 
occurred in most tumors, and that a later stage in the adenoma-carcinoma sequence should be 
studied to detect an association between exposure and mutations.
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7.5 CONCLUDING REMARKS 

One of the basic questions raised by our approach to further unravel the etiology of colorectal 
cancer is how different biological pathways can be distinguished and how transitions between 
different stages in such pathways can be studied in humans. 

As these pathways and transitions may have different determinants, we studied presumed risk 
factors according to different clinical endpoints (normal tissue, adenoma, carcinoma) and at 
different levels of integration (mutation, histopathology, enzyme activity and protein levels). 
We observed that habitual levels of consumption may contribute to variations in detoxification 
capacity, as we observed for (citrus) fruits and (cruciferous) vegetables in relation to human 
rectal GST enzyme activity; we showed that different tumor subtypes as determined by their 
histopathological or molecular characteristics may indeed have a different etiology and that 
studying histopathological subtypes may reveal associations that would otherwise not have 
been detected (e.g. the association between fruits and hMLH1 protein-deficient colon cancer); 
we found indications that heritable factors may play a more important role in the early stages of 
colorectal carcinogenesis than in the later stages, and that associations with risk factors may also 
depend on the stage of adenoma development, as suggested for smoking and a high glycemic 
index in particular. Hence, studying specific histopathological and molecular endpoints, rather 
than disease occurrence per se, sheds further light on the roles of diet, lifestyle and heritable 
factors in colorectal carcinogenesis. However, as Loomis and Wing wrote, “while molecular 
techniques can directly address some of the weaknesses of ‘black box’ environmental theories 
they do not possess inherent scientific qualities that make them superior tools for understanding 
the determinants and distribution of disease in populations, despite their often-proclaimed 
advantages over other methods”73. 

When conducting our study, many practical issues had to be addressed and new questions were 
raised. We believe that studies in the directions mentioned below could yield substantial results 
to further elucidate the etiology of colorectal cancer.

First, we could study the origin of genetic aberrations of the DNA, as we aimed for in the 
study on K-ras. Measuring the characteristic mutational load (mutated copies per total number 
of copies) in non-tumerous tissue with high sensitivity, may generate new hypotheses46, 47 
regarding the etiology of specific mutations. This approach may work if there is a highly 
specific spectrum of mutations that is associated with the exposure, e.g. as for smoking and 
G:C to T:A transversions46, 47. However, for many exposures the DNA-damage may be less 
specific for a particular gene, and sufficiently sensitive techniques may not be available for all 
types of mutations. Furthermore, mutations occuring later in during the carcinogenic process 
may not be picked up when studying normal tissue, as it is possible that mutations occur in a 
specific order. Therefore, large databases on combinations of mutational aberrations in tumors 
could be established and used to identify patterns and formulate hypotheses on their common 
background; subsequently, these hypotheses can be evaluated in toxicological studies.
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Knowledge of detoxification pathways at the biochemical level can provide leads for 
studying associations between presumed modifying factors of such pathways with parameters 
representing the pathway, as we did successfully in the study on fruits, vegetables and the 
glutathione S-transferase detoxification system. Additional short-term trials may evaluate 
whether modulation of the pathway results in lower levels of DNA damage (e.g. oxidative-
stress related adducts), cell proliferation or, if sufficiently developed, early biomarkers of the 
carcinogenic process in tumor cells, urine or blood. Evaluating such associations in people at 
high risk of colorectal cancer (e.g. HNPCC or FAP patients) may provide further insight in the 
modulation of pathways that are probably relevant to carcinogenesis.

Second, adenoma occurrence could be studied in more detail. Since it is important to further 
delineate the predictive value of adenomas for colorectal cancer, it is important to study the 
dynamics of adenoma formation, growth, regression and recurrence. This can be done as we 
did in the Health Professionals Follow-Up Study (Chapters 4 and 5), although improvements in 
design of future studies and modeling approaches would be helpful. Also, studies on observing 
adenoma growth by careful surveillance of patients with adenomas62, 66 could be repeated on 
a larger scale. Developments in virtual endoscopy may eventually lead to sensitive methods 
to detect new adenomas and follow their development until they require polypectomy. An 
intriguing question is whether multiple adenomas occurring in the same person have similar 
histopathological and molecular characteristics or whether they can be viewed as having 
independent etiologies. Their common characteristics may point at systematic factors in their 
etiology, either hereditary or environmental.

Third, cancer occurrence is the ultimate clinical endpoint we want to avoid. Family-based 
studies on cancer occurrence in younger people have provided leads for genetic factors (FAP 
& APC, HNPCC & MMR), and clinical prognosis of patients has also been linked to genetic 
factors. Our studies on K-ras and hMLH1 were partly based on this idea because it has been 
suggested that the prognosis of colorectal cancer depends on their mutational status. Thus, 
determinants of tumor prognosis may indeed point at different etiologies. In fact, the same holds 
for adenoma recurrence studies, although it remains to be established to what extent recurrent 
adenomas and sporadic adenomas have similar or different etiologies.

Thus, many specific research questions shall be addressed through the application of future 
technological developments, and further studies. It is important that a framework be developed 
into which specific associations can be integrated, using markers of risk, signaling the molecular 
and biochemical pathways from normal tissue to malignant tumors. Such a framework, for the 
complex machinery of the human body, requires combining the findings - many seemingly 
unrelated, but fitting together with hindsight - from a large number of studies. Ideally, it would 
allow disease development to be described, and disease occurrence predicted, precisely. Even in 
its infancy, such a collated information base could be used as a solid foundation for preventative 
policies and actions.
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SUMMARY

Colorectal cancer is the third most common cancer worldwide. Many risk factors for colorectal 
cancer have been postulated, which include a positive family history of colorectal cancer, high 
intake of alcohol, and consumption of red meat and processed meat. However, the role of many 
factors has not yet been established, in particular those thought to have a weaker effect.

Most colorectal cancers appear to result from adenomas, which are benign lesions. During 
the gradual development of colorectal cancer, several changes occur to the DNA, the cell and 
the structure of the tissue. The resulting cancers may have different clinical and pathological 
characteristics, and they may have resulted from (partially) distinct pathways that are differently 
influenced by diet, lifestyle and heritable factors.

The aim of this thesis is to evaluate whether distinguishing colorectal tissue by its 
histopathological and molecular characteristics sheds further light on the role of dietary, 
lifestyle and heritable factors that are possibly involved in colorectal carcinogenesis. We did so 
by selecting five specific research questions. They referred to the study of associations between a 
variety of risk factors and the occurrence of specific changes in healthy tissue, adenoma tissue or 
colorectal cancer tissue that are thought to be related to colorectal carcinogenesis. 

Specific Research Question 1:
Are parameters reflecting the activity of the rectal glutatione S-transferase detoxification system 
associated with consumption of fruits and vegetables at habitual exposure levels? If so, do genetic 
variations in glutathione S-transferase genes GSTM1 and GSTT1 modify this association?

As an example of a study that used characteristics of healthy tissue as endpoint, we focused on 
the activity of the glutathione (GSH)/glutathione S-transferase (GST) detoxification system in 
human rectal mucosa. Previous studies suggested that fruits and vegetables, in particular citrus 
fruits, brassica and allium vegetables, may increase the activity of the GSH/GST detoxification 
system. Whether habitual patterns and levels of consumption are also associated with higher 
activity was not yet known. In rectal biopsies from 94 people who underwent endoscopy, we 
measured GST enzyme activity, GST isoenzyme levels of GST-alpha (A1-1, A1-2 and A2-2), -mu 
(M1-1) and -pi (P1-1), and GSH levels, and we associated consumption of fruits and vegetables, 
as assessed by questionnaires, with these markers. We confirmed the study hypotheses that 
consumption of citrus fruits and brassica vegetables were positively associated with GST enzyme 
activity. The association with brassica was confined to individuals with the GSTM1 genotype, 
which corresponds with the observed association between consumption of brassica vegetables 
and GSTM1-1 isoenzyme level. Consumption of allium vegetables was not associated with GST 
enzyme activity, but was negatively with GSTP1-1. Associations were similar among people with 
the GSTT1-plus and GSTT1-null genotype. 
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Specific Research Question 2: 
Do associations between presumed modifiable risk factors for colorectal adenomas depend on 
K-ras mutational status of the adenoma?

As an example of a study that separates the endpoint adenomas according to mutational 
status, we focused on mutations in the growth-related K-ras oncogene present in adenomas. 
K-ras mutation-positive (K-ras+) and -negative (K-ras-) colorectal adenomas may have different 
pathological features, and their clinical behaviour may also differ. As environmental compounds 
may cause mutations in K-ras or affect clonal selection depending on mutational status, we 
evaluated whether the etiology of K-ras+ and K-ras- adenomas differs. K-ras mutations in codons 
12 and 13 were assessed in colorectal adenoma tissue (K-ras+: n= 81, K-ras-: n=453). Dietary and 
lifestyle data were collected through questionnaires that were also administered to 709 polyp-
free controls. In spite of the observation that intake of vitamin B2 and monounsaturated fat 
were differently associated with risk of K-ras+ and K-ras- adenomas, and that we found potential 
differences in risk for red meat, total dietary and polyunsaturated fat, dairy products, calcium, 
protein, tea and smoking, the overall scientific literature remains inconsistent with respect to 
associations between modifiable factors and K-ras mutational status. 

Specific Research Question 3: 
Are dietary and lifestyle risk factors for colorectal cancer differently associated with adenomas 
that are thought to have a high risk of malignancy (advanced adenomas) and adenomas that are 
thought to have a low risk of becoming malignant? 

Third, we focused on adenomas again but this time we separated them according to their 
potential risk of malignancy and stage of development, arguing that the role of risk factors may 
vary according to the stage. In a prospective study among 26,769 American men who underwent 
an endoscopy, we evaluated whether risk factors for advanced (≥1cm or with any villous 
characteristics) and non-advanced colorectal adenomas differed after 17 years of follow-up. We 
observed that most dietary and lifestyle factors were similarly associated with advanced and 
non-advanced adenomas. Smoking was more strongly associated with advanced adenomas than 
with non-advanced adenomas, and a high glycemic index was inversely associated with advanced 
adenomas but not with non-advanced adenomas. 

Specific Research Question 4: 
Do people with a family history of colorectal cancer have a higher risk of advanced adenomas or 
do they mostly have a higher likelihood of getting multiple adenomas? 

Fourth, we focused on adenoma advancement and adenoma multiplicity in relation to a 
positive family history of colorectal cancer as a marker for inherited genetic susceptibility to 
colorectal cancer. Data from the same prospective cohort study as used for research question 
3 were analyzed. Associations with family history of colorectal cancer were stronger for men 
with multiple distal adenomas than for men with a single distal adenoma at first diagnosis. 
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Associations between family history and advanced and non-advanced adenomas were of similar 
strength, but a tendency towards a somewhat stronger association with non-advanced adenomas 
was found. 

Specific Research Question 5: 
Is consumption of fruits and vegetables differentially associated with colon cancer with and 
without defects in the mismatch repair system?

Last, but not least, we focused on different pathways in colorectal carcinogenesis by 
distinguishing colon carcinomas with and without expression of the mismatch repair gene 
hMLH1, which have different clinical and pathological characteristics. As previous animal and 
in vitro studies suggest that fruits, vegetables, folate, and antioxidants are associated with colonic 
expression of mismatch repair genes, we evaluated associations between consumption of fruits 
and vegetables and hMLH1 protein-deficient and -proficient colon cancer in a cohort study 
among 120,852 individuals ages 55 to 69 years who completed a questionnaire at baseline. Using 
immunohistochemistry, hMLH1 protein expression was assessed in colon cancer tissue obtained 
from 441 patients who were identified over 7.3 years of follow-up, excluding cases occurring in 
the initial 2.3 years. hMLH1 protein expression was absent in 54 tumors (12.2%) and present in 
387 tumors. We observed an inverse association between fruit consumption and colon cancer, 
which was confined to the subgroup with hMLH1 protein-deficiency. Total consumption of 
vegetables was not associated with either type of tumor and no associations were observed for 
folate, fiber, antioxidants, or subgroups of vegetables.

In this thesis, we showed that distinguishing colorectal tissue by its histopathological and 
molecular characteristics may indeed shed further light on the role of dietary, lifestyle and 
heritable factors that are possibly involved in colorectal carcinogenesis. We observed that 
studying histopathological and molecular endpoints can address some of the weaknesses of 
traditional epidemiology, but incorporating them in the design brings an additional layer of 
complexity. When clearly defined hypotheses and outcomes are studied within a larger framework 
of carcinogenesis, the approach is likely to add further knowledge. Such a framework, however, 
has to originate from integration of knowledge on the carcinogenic process within DNA, at the 
cellular level, and at the tissue level; such integration can be enhanced by improved methodology 
and a broad overview of the possibilities and limitations of scientific research.
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Dikkedarmkanker is de op drie na meest voorkomende soort kanker in de wereld. Bepaalde 
voedings- en leefgewoonten kunnen de kans op dikkedarmkanker mogelijk verhogen, waaronder 
het drinken van grote hoeveelheden alcohol en het eten van rood of bewerkt vlees. Ditzelfde 
geldt voor bepaalde erfelijke factoren. De rol van de meeste van deze factoren is echter nog niet 
precies duidelijk. Dit geldt met name voor de factoren waarvan gedacht wordt dat ze een kleine 
invloed hebben. 

De meeste dikkedarmkankers lijken voort te komen uit adenomateuze dikkedarmpoliepen 
(“adenomen”), wat goedaardige afwijkingen zijn. Tijdens de geleidelijke ontwikkeling tot 
dikkedarmkanker treden vele veranderingen op in het DNA, de cel en de structuur van 
het darmweefsel. De resulterende kankers kunnen verschillende klinische en pathologische 
kenmerken hebben. Dit kan komen doordat ze (deels) langs een verschillende weg zijn ontstaan. 
Ze kunnen bijvoorbeeld op een andere manier zijn beïnvloed door voedings-, leefstijl- en 
erfelijke factoren. 

Het doel van dit proefschrift is om na te gaan of het indelen van darmweefsel op basis van 
histopathologische en moleculaire kenmerken meer inzicht verschaft over de rol van voedings-, 
leefstijl- en erfelijke factoren bij het ontstaan van dikkedarmkanker. Om dat te doen hebben we 
vijf specifieke onderzoeksvragen geformuleerd. In de bijbehorende onderzoeken associeerden 
we een verscheidenheid van mogelijke risicofactoren met de aan- of afwezigheid van specifieke 
veranderingen in gezond weefsel, adenoomweefsel en dikkedarmkankerweefsel. De specifieke 
veranderingen die we bestudeerden, worden van belang geacht voor het ontstaansproces van 
dikkedarmkanker. 

Onderzoeksvraag 1:
Zijn merkers die de activiteit van het glutathion-S-transferase-ontgiftingssysteem in de endeldarm 
reflecteren, gerelateerd aan de gebruikelijke hoeveelheden van consumptie van groente en fruit? 
Zo ja, zijn deze verbanden afhankelijk van de genetische variatie in de glutathion-S-transferase- 
genen GSTM1 and GSTT1?

Als voorbeeld van een onderzoek waarin kenmerken van gezond weefsel als eindpunt zijn 
beschouwd, hebben we ons gericht op de activiteit van het ‘glutathion (GSH)/glutathion-S-
transferase (GST)’-ontgiftingssysteem in het slijmvlies van de endeldarm. Enzymen zoals 
glutathion-S-transferase zorgen ervoor dat schadelijke stoffen worden omgezet in onschadelijke 
stoffen en ons lichaam zo snel mogelijk verlaten. Eerder onderzoek suggereerde dat groenten 
en fruit - met name citrusvruchten, alliumgroente (zoals ui, prei, knoflook) en brassicagroenten 
(koolsoorten, zoals broccoli, bloemkool, spruitjes) - de activiteit van het GSH/GST-systeem 
kunnen verhogen. Dit eerdere onderzoek was gebaseerd op ongewoon grote hoeveelheden 
groenteconsumptie en het was nog niet bekend of dit ook geldt voor meer gebruikelijke 
hoeveelheden en patronen van consumptie. In stukjes weefsel van de endeldarm van 94 mensen 
die een endoscopie ondergingen, hebben we de activiteit van het enzym GST alsmede niveaus 
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van de enzymeiwitten GST-alpha (A1-1, A1-2 and A2-2), -mu (M1-1) en -pi (P1-1) en GSH 
gemeten. Inderdaad vonden we dat mensen met een hoge consumptie van brassicagroenten 
en citrusvruchten hogere waardes van GST-enzymactiviteit hadden. Het verband tussen 
brassicagroenten en GST-enzymactiviteit was echter alleen aanwezig bij mensen met het 
zogenaamde GSTM1-genotype. Ook vonden we dat mensen die veel brassicagroenten aten, 
hogere niveaus van het enzymeiwit GSTM1-1 hadden. Voor alliumgroenten konden we geen 
verband met GST-enzymactiviteit aantonen. Mensen die veel alliumgroenten aten, hadden 
echter lagere waarden van het enzymeiwit GSTP1-1. De verbanden hingen niet af van het 
GSTT1 genotype. 

Onderzoeksvraag 2: 
Hangen verbanden tussen veronderstelde modificeerbare risicofactoren voor dikkedarmkanker en 
het vóorkomen van adenomen af van de aan- of afwezigheid van K-ras mutaties in de tumor?

Als een voorbeeld van een onderzoek dat adenomen indeelt op basis van de aan- of afwezigheid 
van mutaties in adenomen, richtten we ons op het K-ras-gen. Als er een verandering in het 
K-ras-gen optreedt in een tumor, bevordert dit zijn groei. Adenomen met en zonder een 
mutatie in het K-ras-gen kunnen verschillende pathologische kenmerken hebben en klinisch 
kunnen ze zich ook anders gedragen. Aangezien omgevingsfactoren mutaties in het K-ras-gen 
kunnen veroorzaken, probeerden we aanwijzingen te krijgen of adenomen met en zonder een 
K-ras-mutatie op een andere manier ontstaan. We verzamelden adenoomweefsel, waarin we 
nagingen of er een K-ras-mutatie in codons 12 en 13 aanwezig was; dat was het geval bij 81 
patiënten en niet het geval bij 453 patiënten. Deze patiënten - en tevens 709 mensen die ook 
een endoscopie ondergingen, maar geen poliepen hadden - vulden voor ons vragenlijsten in, 
waarmee we informatie verkregen over hun voedings- en leefwijze. We observeerden dat de 
inname van vitamine B2 en enkelvoudig onverzadigd vet anders samenhing met adenomen mét 
en zonder een K-ras-mutatie. Dat was mogelijk ook het geval voor rood vlees, vetiname (totaal en 
meervoudig onverzadigd vet), zuivelprodukten, calciuminname, eiwitinname, theeconsumptie 
en roken. In de wetenschappelijke literatuur vonden we echter grote verschillen in de resultaten 
van vergelijkbare onderzoeken naar risicofactoren en tumoren met of zonder een K-ras-mutaties. 
Het algemene beeld met betrekking tot de relatie tussen voedings- en leefstijlfactoren en K-ras-
mutaties blijft daardoor inconsistent. 

Onderzoeksvraag 3: 
Zijn voedings- en leefstijlfactoren anders geassocieerd met adenomen waarvan vermoed wordt dat 
ze een hoge kans hebben om zich tot kanker te ontwikkelen (gevorderde adenomen) dan met 
adenomen waarvan gedacht wordt dat ze een lage kans hebben om door te groeien tot kanker?

In het derde onderzoek richtten we ons opnieuw op adenomen, maar dit keer definieerden 
we groepen adenomen die een hogere of lagere kans hadden om door te groeien tot kanker. 
Het idee hierachter was dat de rol van risicofactoren per ontwikkelingsstadium van een tumor 
kan verschillen. In een onderzoek onder 26.769 Amerikaanse mannen, die een endoscopie 
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ondergingen en 17 jaar werden gevolgd, gingen we na of risicofactoren voor gevorderde 
adenomen (≥1cm en/of met een villeus kenmerk of een carcinoom in situ) en niet-gevorderde 
adenomen van elkaar verschilden. We observeerden dat de meeste voedings- en leefstijlfactoren 
op dezelfde manier geassocieerd waren met gevorderde en niet-gevorderde adenomen. Roken 
liet een sterker verband zien met gevorderde adenomen dan met niet-gevorderde adenomen. 
Een hoge glycemische index daarintegen liet een invers verband zien met gevorderde adenomen, 
maar niet met niet-gevorderde adenomen. 

Onderzoeksvraag 4: 
Hebben mensen met een familiegeschiedenis van dikkedarmkanker een hogere kans op gevorderde 
adenomen of hebben zij vooral een hogere kans om meerdere adenomen te krijgen? 

Ten vierde richtten we ons op de ontwikkelingstadia van adenomen en op het aantal 
adenomen in relatie tot het hebben van een eerstegraadsfamilielid met dikkedarmkanker, als een 
merker voor erfelijke gevoeligheid voor dikkedarmkanker. Hiervoor maakten we gebruik van 
dezelfde prospectieve cohortstudie als voor vraagstelling 3. Het hebben van een familielid met 
dikkedarmkanker leek samen te hangen met het hebben van meerdere adenomen in het laatste, 
distale, gedeelte van de darm bij de eerste diagnose. We konden niet aantonen dat de verbanden 
tussen het hebben van een familiegeschiedenis van dikkedarmkanker en de kans op gevorderde 
en niet-gevorderde adenomen anders waren, al leken de verbanden met niet-gevorderde 
adenomen wat sterker. 

Onderzoeksvraag 5: 
Is het verband tussen groente- en fruitconsumptie en de kans op colonkanker afhankelijk van de 
aan- of afwezigheid van een goed functionerend mismatchrepairsysteem?

Als laatste richtten we onze aandacht op verschillende routes van het ontstaan van 
dikkedarmkanker door onderscheid te maken van dikkedarmkanker op basis van de aan- of 
afwezigheid van het mismatchrepaireiwit hMLH1. Mismatchrepaireiwitten, zoals hMLH1, spelen 
een rol bij het herstellen van fouten die optreden tijdens de replicatie van het DNA. Tumoren 
waarin zo’n eiwit wordt aangetoond en tumoren waarin zo’n eiwit niet wordt aangetoond, zien 
er anders uit, ze reageren ook anders op behandeling en ze hebben een ander klinisch verloop. 
In dierexperimenteel onderzoek en onderzoek met celkweken zijn aanwijzingen gevonden dat 
groenten, fruit, foliumzuur en antioxidanten de expressie van de mismatchrepaireiwitten kunnen 
beïnvloeden. Daarom gingen we na of consumptie van groente en fruit samenhing met het 
vóorkomen van colonkanker waarin het hMLH1-eiwit werd aangetoond en met het vóorkomen 
van colonkanker waarin dit eiwit niet werd aangetoond. We volgden 120.852 mensen in de 
leeftijd van 55 tot 69 jaar die bij aanvang van het onderzoek een vragenlijst hadden ingevuld 
over voedingsgewoonten en risicofactoren voor kanker. Zeven (7.3) jaar na aanvang van het 
onderzoek verzamelden we weefsel van 441 patiënten bij wie colonkanker werd vastgesteld, 
waarbij we patiënten die in de eerste 2.3 jaar werden gediagnosticeerd niet meenamen. Met 
behulp van kleuringstechnieken (“immunohistochemie”) bepaalden we of het hMLH1-eiwit 
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al dan niet aanwezig was in het colonkankerweefsel: in 54 (12.2%) van de tumoren was dit 
eiwit afwezig en in 387 tumoren aanwezig. We vonden dat mensen die veel fruit aten een lagere 
kans hadden op colonkanker waarin het hMLH1-eiwit afwezig was, maar niet op colonkanker 
waarin dit eiwit aanwezig was. In dit onderzoek konden we echter niet aantonen dat groenten, 
foliumzuur, vezel en antioxidanten de kans op colonkanker met en zonder aanwezigheid van dit 
eiwit beïnvloedden.

In dit proefschrift hebben we laten zien dat onderscheid maken in darmweefsel op basis van 
de histopathologische en moleculaire kenmerken inderdaad meer duidelijkheid kan verschaffen 
over de rol van voedings- en leefgewoonten en erfelijke factoren die mogelijk een rol spelen 
bij het ontstaan van dikkedarmkanker. Het bestuderen van histopathologische en moleculaire 
eindpunten kan bepaalde zwakke punten van traditioneel epidemiologisch onderzoek verbeteren, 
maar het meenemen van zulke eindpunten maakt het onderzoek op bepaalde punten ook extra 
lastig. Als duidelijk gedefinieerde onderzoeksvraagstellingen en eindpunten worden bestudeerd 
binnen een groter kader van de ontstaanswijze van dikkedarmkanker, dan kan deze benadering 
verdere kennis toevoegen. Zo’n kader moet kennis bevatten over de ontstaanswijze van 
darmkanker op het niveau van het DNA, de cel en het weefsel, gekoppeld aan de wijze waarop 
dit in epidemiologisch onderzoek zichtbaar gemaakt kan worden; een dergelijke. integratie kan 
worden bevorderd door verbeterde onderzoeksmethodologie en van het hebben van een breed 
overzicht van de mogelijkheden en beperkingen van wetenschappelijk onderzoek. 
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• Course ‘Causal Modeling’, Erasmus Summer Programme, Rotterdam, 2004
• Guest researcher at Harvard School of Public Health, Boston, MA, US, April-December 2003
• Symposium of the Environmental Statistics Program, Harvard School of Public Health, 

Sheffield, MA, US, 2003
• Masterclass ‘From Nutrigenomics to Healthy Food’, VLAG/NUTRIM, Maastricht, 2002
• Short Course ‘Advanced Linkage Analysis’, Limburgs Universitair Centrum, Diepenbeek, 

Belgium, 2002
• Symposium ‘the Future of Molecular Epidemiology’, VLAG, Wageningen, 2002
• Working with immunohistochemistry, Radboud University Nijmegen Medical Centre, 

Nijmegen, 2002
• Course ‘Methodological aspects of case-control and case-cohort studies’, RIVM, 2001
• Meeting of the 3 Country Corner (Local group of Royal Statistical Society) on Statistical 

Genetics, Diepenbeek, Belgium, 2001
• Annual meeting of the workgroup ‘Nutrition’ of the Netherlands Organisation for Health 

Research and Development, Papendal, 2001
• First Belgian-Dutch Biometrical conference, Belgian and Dutch Regions of the 

International Biometric Society, Peer, Belgium, 2001
• Wageningen Biometrics Colloquium on Epidemiology, Biometrics, Wageningen, 2001
• 3rd International Course on Molecular Epidemiology, IARC, Lyon, France, 2000
• 18th symposium of the ECP `Precancerous lesions of the digestive tract’, Maastricht, 2000
• Experts meeting at IARC, Lyon, France, 2000
• Annual meetings of the Netherlands Epidemiological Society, 2000-02, 2004, 2005 
• Annual meetings of the Netherlands Organisation for Health Research and Development 

(on priority program Nutrition and Chronic Diseases), 2000-04

General Courses
• WGS course ‘Career perspectives’, Wageningen, 2004
• Postdoctoral Fall Seminar Series, Harvard School of Public Health, Boston MA, USA, 2003
• Organizing and supervising MSc thesis work, Wageningen, 2002 
• PhD student week VLAG, Nijmegen, 2000
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Optional Activities 
• Various general scientific meetings at Wageningen University, Radboud University 

Nijmegen Medical Centre and Harvard School of Public Health, 2000-2005 
• Mini-symposium `Nutrition and Antisocial Behaviour among Young Adult Prisoners’, 

Division of Human Nutrition, Wageningen, 2004
• The Harvard Forums on Health ‘Focus on Obesity’, Boston MA, USA, 2003
• PhD study tour to Switzerland, Italy and Germany, Division of Human Nutrition, 

Wageningen University, 2001
• Preparation PhD research proposal, Wageningen, 2000
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STELLINGEN

1. Erfelijke factoren spelen een prominentere rol in de vroege stadia van de 
colorectale carcinogenese dan in de latere stadia.
(dit proefschrift )

2. Als pathologisch onderzoek meer gebruik zou maken van een epidemiologische 
benadering, dan zou dit de voedingsepidemiologie vooruit kunnen helpen.
(dit proefschrift )

3. De vooruitgang van de medische wetenschap heeft weliswaar bijgedragen aan 
een hogere levensverwachting, maar heeft ook de beleving van wat gezond is, 
veranderd.

4. Het spelen van strategische spellen, lezen en het oplossen van puzzels moet 
worden gestimuleerd bij volwassenen, aangezien dergelijke activiteiten 
geassocieerd zijn met het behoud van cognitief functioneren.
(n.a.v. Rundek T, Neurolog y. 2006;66(6):794–5)

5. De invulling die in verschillende landen en instituten aan een PhD-
opleidingsprogramma wordt gegeven, zou moeten uitmonden in  vergelijkbare 
eindtermen die uit een minimum set van algemeen academische en 
vakinhoudelijke vaardigheden en competenties bestaan.

6. “The distinction between ‘the social’ and ‘the scientific’ is itself an artful 
contrivance of scientists.”
(Shaplin S, Med Hist. 1981;25(3):342)

7. “I am not an outlier; I just haven’t found my distribution yet.”
Ronan M. Conroy

Behorend bij het proefschrift:
“Diet, Lifestyle, Heritable Factors and Colorectal Carcinogenesis:
Associations with Histopathological and Molecular Endpoints”

Te verdedigen door Petra A. Wark op 16 januari 2007 in Wageningen. 



PROPOSITIONS

1. Heritable factors play a more prominent role in the earlier, rather than later, 
stages of colorectal carcinogenesis.
(this thesis)

2. If pathological research would more extensively incorporate an epidemiological 
approach, it may contribute to the progress of nutritional epidemiology.
(this thesis)

3. Notwithstanding that the progress of medical science has contributed to a 
prolonged lifespan, it has also changed the perception of healthiness.

4. Playing strategy games, reading and solving puzzles should be encouraged 
in adults, given that such activities are associated with the maintenance of 
cognitive function.
(based on Rundek T, Neurolog y. 2006;66(6):794–5)

5. The structure of various PhD-training programs should, irrespective of country 
and institution, result in comparable evaluation criteria that consist of a minimum 
set of general academic, and subject-specific, skills and competencies. 

6. “The distinction between ‘the social’ and ‘the scientific’ is itself an artful 
contrivance of scientists.”
(Shaplin S. Med Hist. 1981;25(3):342)

7. “I am not an outlier; I just haven’t found my distribution yet.”
Ronan M. Conroy

Belonging to the thesis: 
“Diet, Lifestyle, Heritable Factors and Colorectal Carcinogenesis:
Associations with Histopathological and Molecular Endpoints”

To be defended by Petra A. Wark in Wageningen on January 16, 2007. 




