Advances in colorectal
screening have led to the
development of clinical
practice guidelines to
recommend appropriate
screening techniques

based on individual risk.

J.J.Mahany, Jr. Late Evening Mt. McKinley, 2002. Photograph. Denali National Park, Alaska.

Current and Evolving Strategies for

Colorectal Cancer Screening

James Helm, MD, PhD, Junsung Choi, MD, Rebecca Sutphen, MD,
James S. Barthel, MD, Terrance L.Albrecht, PhD, and Thomas N. Chirikos, PhD

Background: Colorectal cancer is a major cause of cancer mortality and morbidity. Screening can potentially
prevent most colorectal cancers by detection and removal of precursor adenomas.

Methods: The literature and clinical practice guidelines are reviewed, with an emphasis on advances of the
last 10 years and evolving screening methods.

Results: Colonoscopy has come to be used for screening in persons at average risk for colorectal cancer because
of the comparative ineffectiveness of other methods, although these methods continue to be recommended.
Virtual colonoscopy and fecal DNA testing are emerging technologies with promise to be more
effective than fecal occult blood testing or sigmoidoscopy in selecting those persons who should undergo
colonoscopy. Next to age, family history is the most common risk factor for colorectal cancer and one that
warrants more aggressive screening and, in some instances, genetic counseling and testing. Hereditary
nonpolyposis colorectal cancer accounts for as many as 1 in 20 colorectal cancers, but to take advantage of
recent advances in genetic testing for this disorder, a high level of clinical suspicion must be maintained.
Conclusions: If we are to reduce mortality and morbidity from colorectal cancer, practicing clinicians
need to be aware of current and evolving strategies for colorectal screening, and assertively recommend the
appropriate strategy to their patients.
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Introduction

Colorectal cancer is the third most commonly diag-
nosed cancer in both men and women, with nearly
150,000 new cases expected in 2003, and the second
most common cause of death from cancer, with more
than 55,000 deaths annually in the United States.* Sig-
nificant morbidity results from colorectal cancer and its
treatment by surgical resection, colostomy, radiation
therapy, and chemotherapy.

Colorectal cancer screening has been shown to save
lives by detection of cancer at an early asymptomatic
stage with a better prognosis.?®> The 5-year survival rate
from colorectal cancer is 80% to 90% with local disease
confined to the bowel wall, 40% to 60% with regional
disease, and less than 5% with distant metastasis.®
Although detection at an early stage can save lives,
prevention of colorectal cancer by screening has a far
greater impact on mortality, morbidity, and the costs of
cancer care. Screening potentially can prevent the great
majority of colorectal cancers by detection and removal
of the benign but potentially premalignant adenomatous
polyps that are believed to be the precursors of most
cancers.5” Hyperplastic polyps are of no significance
because they are not premalignant, and their presence
in the rectosigmoid colon is not predictive of adenomas
or cancer in the more proximal colon.

Screening is the identification of individuals who are
more likely to have unrecognized disease from among
the apparently healthy, so as to select those who should
undergo the more invasive and expensive but definitive
diagnostic procedure. Fecal occult blood testing is a
classic example of a screening procedure. The finding of
occult blood in the stool is used to identify those who are
more likely to have colorectal cancer, thereby selecting
those who should undergo colonoscopy, the definitive
diagnostic test. Many organizations and professional soci-
eties have published clinical practice guidelines recom-
mending screening practices for colorectal cancer.®!!
These recommendations for screening usually are based
on the individual risk for colorectal cancer.

Screening Individuals at Average Risk

Individuals at average risk for colorectal cancer
have no known risk factors other than age. Screening
is advocated for those 50 years of age and older
because the incidence of colorectal cancer begins to
rise between 40 to 50 years of age.® Since at least 75%
of colorectal cancers occur in individuals at average
risk,*213 screening in this large group has the potential
to substantially reduce the overall incidence and mor-
tality from colorectal cancer.
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Clinical practice guidelines for colorectal screen-
ing in those at average risk differ in specific details;
however, the essentials are to recommend annual fecal
occult blood testing, flexible sigmoidoscopy every 5
years, or both, in those 50 years of age and older.
Colonoscopy at 10-year intervals is recommended as
well, although the evidence for its effectiveness is less
direct. Double-contrast barium enema is an accepted
alternative for those in whom a complete colonoscopy
cannot be done, although in practice it is seldom used
for screening.

Benefits and Shortcomings of
Recommended Methods for Screening

Fecal Occult Blood Testing: The strength of fecal
occult blood testing lies in three randomized, con-
trolled trials that offer convincing evidence that screen-
ing for occult blood in the stool saves lives.>* The
major shortcomings of fecal occult blood testing lie in
its ineffectiveness relative to other methods of screen-
ing (discussed elsewhere in this review) and the high
false-positive rates.

A single screening for colorectal cancer consists of
testing for occult blood in two specimens taken from
each of three stools. The true sensitivity of a single
fecal occult blood screening for detection of colorectal
cancer is not easily determined from a clinical trial
because individuals who test negative do not undergo
further evaluation to establish whether the test was a
true-negative result. Estimates of sensitivity biased in
this way claim detection of as many as 92% of cancers
by a single screen.*'* However, more conservative esti-
mates suggest that a single screening for fecal occult
blood may detect as little as 30% of cancers.15
Although the intent of fecal occult blood testing is to
detect cancers at an earlier stage with a better progno-
sis, screening for 10 years increases the proportion of
early-stage cancers by no more than 10%.>* Further-
more, population-based, randomized, controlled trials
have shown that fecal occult blood testing for 10 years
reduces colorectal cancer mortality in the population
by only 15% to 18%, with 60% of the population partic-
ipating in screening.2® Such a participation rate is dif-
ficult to achieve in clinical practice.

With the exception of larger ones, benign adeno-
matous polyps would not be expected to bleed, and
thus the great majority should not be detected by fecal
occult blood testing. Evidence from one randomized,
controlled clinical trial of fecal occult blood testing sug-
gests that cancer can nevertheless be prevented by inci-
dental removal of small precursor adenomas found as
the result of a false-positive test.'” Approximately 30%
of those undergoing screening tested false-positive for
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colorectal cancer during the first 10 years of this trial.
Although this trial did not show a reduction in the inci-
dence of colorectal cancer during the initial 10 years of
screening, an extended 18-year follow-up showed a late
decrease in cancer incidence that may be attributed to
incidental removal of adenomas early in the trial.
Removal of small precursor adenomas early in the trial
could be expected to prevent the cancers that would
otherwise arise from these precursor adenomas many
years later if they had not been detected and removed.

The major determinant of the cost of screening for
occult blood is the number of participants who test
positive and require diagnostic evaluation by colonos-
copy.** About 5% of those undergoing screening for
10 years will test positive for occult blood, but in 90%
of these individuals the test will be a false-positive, lead-
ing to unnecessary and expensive diagnostic testing.?3
If stool specimens are rehydrated before testing for
occult blood in an attempt to increase test sensitivity, as
was the case in one trial, the number testing positive
over 10 years rises dramatically to 30% of those under-
going screening, but with no real improvement in can-
cer detection rate.*

Sigmoidoscopy: The best evidence that screen-
ing sigmoidoscopy is effective in saving lives comes
from a high-quality, internally validated case-control
study of rigid sigmoidoscopy.® Internal validation
refers to the fact that the protective effects demon-
strated within reach of the sigmoidoscope were not
observed in the colon beyond the reach of the instru-
ment in the same participants. Specifically, the risk of
death from cancer within reach of the 30-cm sigmoi-
doscope was reduced by approximately 60% among
those individuals who had undergone sigmoidoscopy,
whereas sigmoidoscopy was not protective against
death from cancer arising beyond the reach of the
instrument. This type of study is strong evidence that
the protective effect of sigmoidoscopy is real. These
findings are supported by two other case-control stud-
ies, one of which found that sigmoidoscopy was asso-
ciated with an 80% reduction in mortality from rec-
tosigmoid cancer, while the other reported a 60%
decrease in cancer incidence.1920

The major shortcoming of flexible sigmoidoscopy
is that it can detect no more than approximately 50% of
cancers and polyps at best since no more than half of
the colon is examined. Far less than half the colon is
often examined due to examiner inexperience, inade-
guate preparation of the lower colon, and patient intol-
erance. Many primary care providers are not suffi-
ciently experienced or trained to do sigmoidoscopy
well, while a gastroenterologist’s time is usually spent
more productively in doing other procedures. Neither
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group is reimbursed sufficiently to make it worth the
practitioner’s time.

Colonoscopy: Colonoscopy is recommended for
screening even though the supporting evidence for its
effectiveness in decreasing the incidence of colorectal
cancer is not as strong as that for fecal occult blood
testing. This recommendation arises largely from the
observation that colonoscopy has the potential not
only to detect all lesions, but also to remove the adeno-
mas that are considered to be precursors of cancer. Evi-
dence for the effectiveness of colonoscopy comes from
two sources: a case-control study showing a 40% to
50% decrease in the incidence of colorectal cancer in
those who have had colonoscopy'® and an uncon-
trolled observational study that found the incidence of
colorectal cancer in patients who had colonoscopy to
be 75% to 90% less than in historical controls.” The use
of historical controls, however, may overestimate can-
cer prevention. The previously cited studies of the
effectiveness of screening sigmoidoscopy offer further
evidence in support of recommending screening
colonoscopy.®°20  Clinically significant lesions are
missed infrequently by colonoscopy, as a prospective
study of examinations done back-to-back found that
colonoscopy detected 94% of polyps that were at least
10 mm in size and 87% that were 6 to 9 mm in size.?*

Colonoscopy has disadvantages, some perhaps
more critical than others. It is an invasive procedure,
with a small but real risk of one to two serious compli-
cations per 2,000 procedures. Most patients either do
not experience significant discomfort with colonos-
copy or do not remember it because of the amnestic
effects of medication used for conscious sedation.
Nearly all patients, however, find preparation for
colonoscopy to be far worse than the procedure itself
because it requires complete evacuation of the colon.
Finally, colonoscopy is a relatively costly procedure that
would consume significant healthcare resources if used
for unselected mass screening. Yet, preliminary eco-
nomic analyses suggest that colonoscopy may be rea-
sonably cost effective because it yields better outcomes
commensurate with its higher cost.?222 When its effi-
cacy is more firmly defined by evidence from clinical
trials, there is reason to suppose that its cost perfor-
mance will improve. As screening colonoscopy
becomes a more widely accepted standard of care,
increasing numbers of third-party payers can be
expected to join Medicare and the few others who cur-
rently offer reimbursement for the procedure.

Because other methods are comparatively ineffec-
tive, colonoscopy has come to be used for screening,
but it is not a true screening tool. The purpose of
screening should be to identify those individuals more
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Fig 1. — Reconstruction of three-dimensional images from two-dimensional image data generated by a spiral computed tomography scanner. Entire colon
is viewed from outside (left), or the colon is viewed from within the lumen, as seen by an endoscopist while advancing the endoscope (right). The green
centerline on the image at left traces the path viewed in three-dimensions on “fly through” of the colon. Image courtesy of Viatronix Inc.

likely to have cancer or polyps who should then
undergo colonoscopy, the definitive but more invasive
and expensive diagnostic test. If screening tools were
more effective, colonoscopy could be reserved for
definitive diagnosis and the therapeutic removal of
polyps detected by a screening test.

Virtual Colonoscopy

Virtual colonoscopy is an emerging screening tech-
nology that involves the reconstruction of three-dimen-
sional images of the colon from the two-dimensional
image data generated by a spiral computed tomography
(CT) scanner. The resulting three-dimensional images
can be displayed so that (1) the entire colon is seen
from the outside at one time, similar to the image
obtained with a double-contrast barium enema, or (2)
the colon is viewed from within the lumen, just as the
endoscopist sees the colon while advancing the endo-
scope (Figs 1 and 2). Bowel preparation is still neces-
sary, and until recently, the required preparation has
been the same complete evacuation of the colon that is
needed for endoscopic colonoscopy. Immediately
before the CT scan is performed, the colon is distended
by insufflation with carbon dioxide, which serves as a
contrast medium. Carbon dioxide is used in preference
to room air because it is rapidly absorbed and exhaled,
minimizing the time that colonic distension could cause
discomfort. Patient control of carbon dioxide insuffla-
tion further limits discomfort but may compromise the
adequacy of the examination if the colon is not distend-
ed sufficiently. After insufflation of the colon, scanning
is done in the supine and prone positions. Sedation is
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not required for virtual colonoscopy, thus eliminating
the need for post-procedure recovery and a driver to
provide transportation home.

Efficacy of Virtual Colonoscopy

Virtual and endoscopic colonoscopy can have
similar efficacies for detection of polyps larger than 5
mm in size. A recent, frequently cited study demon-
strated this potential in 100 patients at high risk for
colorectal neoplasia who underwent virtual colon-
oscopy prior to undergoing endoscopic examination,
with the radiologists blinded to the outcome of the
endoscopy.?* Virtual colonoscopy identified about
91% of polyps found at endoscopy that were 10 mm
or more in size and 82% that were 6 to 9 mm in size.
Endoscopic colonoscopy fares no better because, as
we have already noted, endoscopy detects 94% of
polyps 10 mm or more in size, and 87% of 6-9 mm
polyps. Although endoscopists typically remove all
polyps regardless of size, polyps less than 10 mm in
diameter are regarded as having a low risk of being
malignant or progressing to cancer. The false-positive
rate reported for virtual colonoscopy was about 10%
of “detected polyps” 10 mm or larger in size and 24%
of 6-9 mm “polyps.” These values compare well with
the 90% false-positive rate for fecal occult blood test-
ing,>3 which is the major determinant of cost for this
mode of screening. Other studies have had similarly
favorable outcomes.

It should be noted that virtual colonoscopy does not
need to be the equal of endoscopic colonoscopy since it
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Fig 2. — Two-dimensional image (left) of a 10-mm colon polyp (arrow) generated by a spiral computed tomography scanner, and reconstruction of a three-
dimensional image of the polyp (arrow) viewed from within the lumen (right). Image courtesy of Viatronix Inc.

is only a tool to screen for those at higher risk who
should undergo a definitive endoscopic colonoscopy. It
is expected that a screening tool will miss lesions, as is
the case even with endoscopic screening. The study
cited above used an earlier-generation single-slice CT
scanner and less-advanced software than is available
now, and complete evacuation of the colon was required
in preparation for the examination. Results may be bet-
ter with currently available technology.

Current Status of Screening by
Virtual Colonoscopy

Three-dimensional imaging of scans is nearly as
old as CT technology itself, but technological limita-
tions prevented its use in clinical applications for some
time. Recent events and technological advances,
however, have made it practical to consider its use for
screening the colon at this time:

* Substantial improvements in image resolution and
speed with the advent of single-slice spiral CT first, and
then multislice spiral CT, have improved the efficacy of
scanning in detecting small lesions. Resolution of single-
slice CT is limited by the 5-mm slice thickness, whereas
multislice CT yields 1-mm slices in a single breath hold.

» Advances in software have reduced the time
required for a radiologist to read the study, as well as
the time required for computer reconstruction of
three-dimensional images. Software advances may
reduce the time required to read the study from over 1
hour to 15 minutes or less for a radiologist trained and
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experienced in the technology, which makes reading a
virtual colonoscopy more competitive with other
demands on the radiologist’s time.

» Development of an “electronic” bowel prepara-
tion to replace complete evacuation of the colon may
improve polyp detection while reducing false-positive
results and perhaps making the preparation more
acceptable to patients (Fig 3). Electronic cleansing
essentially requires that residual luminal contents only
be liquefied and mixed with contrast, rather than all
contents be completely evacuated. In constructing the
images, computer software subtracts luminal contents
identified by contrast. Although it can be less rigorous
than for endoscopy, preparation for virtual colonos-
copy is still sufficiently uncomfortable that work is
ongoing in an attempt to develop the technology that
would further reduce or eliminate the need for bowel
preparation. A further disadvantage is that the patient
found to have a lesion on virtual colonoscopy will usu-
ally need a second bowel preparation for endoscopic
colonoscopy to evaluate the abnormality.

 Virtual colonoscopy has public appeal because
of its minimally invasive, high-technological character.
Celebrity endorsements and media attention have
increased public awareness of virtual colonoscopy, as
well as the need for colorectal screening in general.

Until relatively recently, virtual colonoscopy has
been limited to low-volume use in a small number of
academic centers with research interests in the tech-
nology. With technological advances and heightened
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Fig 3. — “Electronic” bowel preparation results in residual luminal contents being liquefied and mixed with contrast (left). Computer software subtracts
luminal contents identified by contrast in constructing the images (right). Image courtesy of Viatronix Inc.

interest, however, community hospitals and screening
centers are beginning to offer screening by virtual
colonoscopy to the public. Yet, few radiologists are ade-
quately trained or experienced in interpreting virtual
colonoscopic studies, and the learning curve is said to
be steep. Standards for the use, performance, and read-
ing of virtual colonoscopic studies have not been estab-
lished, nor has the optimum technology been deter-
mined with certainty. Although virtual colonoscopy has
demonstrated the potential to be an effective screening
tool, the quality of such studies when performed in rou-
tine clinical practice is uncertain, particularly if per-
formed outside the academic or research environment.
None of the clinical practice guidelines or professional
organizations and societies recommend virtual
colonoscopy for colorectal screening at this time. Fur-
ther work is needed if virtual colonoscopy is to make
the transition from a screening tool with promise to one
with a defined role in mass colorectal screening.

Fecal DNA Testing

Although not commercially available yet for screen-
ing individuals at average risk, fecal DNA testing is a
promising new tool for colorectal cancer screening.
For this test, a single stool is collected and screened for
DNA markers originating from the cells of cancers and
premalignant adenomas that are shed into the stool.
DNA from neoplasms remains relatively stable in stool,
whereas colonic cells shed from normal epithelium are
broken down into short fragments by enzymes activat-
ed as a part of the normal process of epithelial cell
death. Polymerase chain reaction is used to amplify
fecal DNA by more than a billion-fold to yield a highly
sensitive assay. DNA markers expressed in the neo-
plasm usually can be detected in the stool.
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Colorectal cancers arise through multiple pathways
of genetic alterations, each involving some combination
of critical genes. Adenomatous polyposis coli (APC) and
p53 are examples of genes targeted as DNA markers in
stool testing because they are critical to the control of
colorectal cell growth. Panels of multiple DNA markers
are used to achieve a high sensitivity for detection of
colorectal neoplasia. Early clinical studies have shown
that multitarget DNA testing has a 71% to 91% sensitivi-
ty for detection of cancer??7 and a 55% to 82% sensitiv-
ity for detecting adenomas 1 cm or larger.?527 The speci-
ficity of multitarget DNA testing is estimated to be 93%
to 100%.25 In addition to high sensitivity and specifici-
ty, fecal DNA testing is noninvasive and requires no
bowel preparation or restriction of medication or diet.
With the appropriate panel of DNA markers, fecal DNA
testing also has the potential to detect cancers in the
aerodigestive tract proximal to the colon. Large, multi-
center prospective trials of fecal DNA testing are under-
way and remain to be completed before this mode of
screening can become available for routine clinical use.

Which Screening Method Should
Be Recommended?

The US Preventive Services Task Force advises
physicians to explain the benefits and risks of each test
and then suggest the one preferred by the patient.°
The rationale for this advice presumably is that any
screening test is preferable to none, because any of the
screening tests can reduce colorectal cancer mortality
by some clinically significant amount. However, should-
n't there be a preference among screening tests?
Patients rely on recommendations of their physicians
when making screening decisions. Many physicians,
however, are unaware of the complex issues related to
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the advantages and disadvantages of the various screen-
ing options. Full disclosure of benefits and risks to the
patient is unlikely to occur, if only because of time lim-
its on office visits. We favor clinical practice guidelines
that give the physician realistic guidance as to pre-
ferred screening strategies.

Clinical practice guidelines strongly recommend
colorectal screening but usually do not make recom-
mendations as to the best method. Only recommenda-
tions from the American College of Gastroenterology
specify colonoscopy as the strategy to be preferred
whenever the needed expertise and resources are avail-
able.’* We believe that physicians usually should not
offer the comparatively ineffective strategies of fecal
occult blood testing and sigmoidoscopy but rather
should recommend colonoscopy whenever feasible
(Table 1). Our recommendation of colonoscopy is
based not only on evidence for its substantially greater
effectiveness, but also on its potential to prevent the
great majority of colorectal cancers by detection and
removal of benign precursor adenomas. We believe that
the effectiveness of colonoscopy far outweighs whatev-
er disadvantages there may be. It is our observation that
colonoscopy has come to be the screening strategy
favored by gastroenterologists and the public, while pri-
mary care practitioners and clinical practice guidelines
have lagged behind in this trend. At present, the emerg-
ing screening technologies either are unproven or have
uncertain quality when performed in routine clinical
practice, and none is as yet ready for widespread use
outside the research setting or in selected centers.

Screening Individuals at High Risk

Individuals may be at increased risk for colorectal
cancer because of their personal or family history. A
personal history of adenomatous polyps, colorectal can-
cer, or inflammatory bowel disease requires surveillance
colonoscopy because of the increased risk of colorectal
cancer associated with these conditions. This review
considers only those individuals at increased risk for col-
orectal cancer due to their family history. Recommend-
ed options for those at increased risk due to family his-
tory vary from simply starting to screen at an earlier age
with the same tests as used for those at average risk, to
more frequent screening with colonoscopy,and in some
instances, genetic counseling and testing.

Common Familial Risk

Next to age, family history is the most common
risk factor for colorectal cancer. About 10% to 30% of
colorectal cancers are believed to arise in individuals

with familial risk.213 Although the underlying basis
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Table 1. — Colorectal Screening Strategy for Individuals at
Average Risk: No Risk Factors Other Than Age =50 Years

Preferred for effectiveness:  Colonoscopy every 10 years beginning

at age 50

Accepted alternatives: Annual fecal occult blood testing,
flexible sigmoidoscopy every 5 yrs,

or both, beginning at age 50

for common familial risk is usually unknown and mul-
tiple cancers may occur in some family members by
chance, an inherited susceptibility to environmental
exposures has been proposed. The inherited suscep-
tibility factors in common familial risk are likely to be
of low to moderate penetrance. For example, muta-
tions of the mismatch repair gene MSH6 have been
found in approximately 7% of patients with a family
history of colon cancer.?82° |t has been suggested that
mutations of this gene may be responsible for a signif-
icant number of familial colon cancers that occur at
older ages and cannot be classified as hereditary non-
polyposis colorectal cancer. It has also been shown
that polymorphisms of certain genes involved in the
metabolism of both harmful and protective environ-
mental exposures have been associated with predis-
position to colon cancer.*

First-degree relatives (parents, siblings, children) of
persons with colorectal cancer have a risk of develop-
ing this malignancy that is 2 to 3 times greater than the
approximately 5% lifetime risk in the general US popu-
lation.*? The familial risk of colorectal cancer is related
to the number of first-degree relatives with this cancer
and to the age at cancer diagnosis. If two or more first-
degree relatives had colorectal cancer or if the imme-
diate relative was found to have colorectal cancer
before about age 50, the risk may increase to approxi-
mately 3 to 4 times that in the general population.
Colorectal cancer in a second-degree relative (grand-
parent, aunt, or uncle) or third-degree relative (great-
grandparent or cousin) increases the risk of developing
this disease by a factor of only about 1.5 times.*?3!

First-degree relatives of individuals with adenomas
also have about a two-fold increased risk of developing
colorectal cancer. The risk of colorectal cancer in sib-
lings of an individual who was less than age 60 when
the adenoma was found is about 2 to 3 times greater
than if the adenoma was found at age 60 or older.1?3233

Screening Recommendations With
Common Familial Risk

Recommendations for colorectal screening in
individuals with common familial risk are empiric of
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necessity. Ethical and practical considerations limit our
ability to conduct the studies needed to determine the
optimal screening strategies in persons known to be at
increased risk due to family history. Recommended
screening strategies in such persons are generally more
aggressive and begin at a younger age than in individu-
als at average risk and are based on the risk increase
associated with the specific family history.

The risk of colorectal cancer in the general popu-
lation increases with age along a sigmoid-shaped curve
that begins to rise between ages 40 and 50. The risk of
colorectal cancer for first-degree relatives of persons
with colorectal cancer parallels that of the sigmoid-
shaped risk curve of the general population, but it is
shifted to the left. As a result, the risk of colorectal can-
cer in persons with an affected first-degree relative is
the same at age 40 as in the general population at age
50.3# For this reason, it has been recommended that
first-degree relatives of individuals with colorectal can-
cer or adenomatous polyps undergo the same colorec-
tal screening as individuals at average risk, except that
it begin at age 40.° The American Cancer Society has
further recommended complete colonoscopy every 5
years beginning at age 40 or at 10 years younger than
the earliest diagnosis in the family, whichever comes
first, if colorectal cancer or an adenomatous polyp
were diagnosed in a first-degree relative younger than
age 60 or if two or more first-degree relatives were
found to have colorectal cancer at any age (Table 2).8
Second- or third-degree relatives of persons with colo-
rectal cancer are advised to follow the same screening
recommendations as those at average risk.

Inherited Colorectal Cancer Syndromes

Inherited colorectal cancer syndromes account for
about 3% to 5% of all colorectal cancers at most.23.35

Table 2. — Colorectal Screening Strategy With Common Familial Risk

Criterion: Strategy:

Same as those at average risk,
but beginning at age 40

One first-degree relative with
colorectal cancer or adenoma
diagnosed at age =60

One first-degree relative with
colorectal cancer or adenoma
diagnosed at age <60, or

two first-degree relatives with
colorectal cancer at any age

Colonoscopy every 5 yrs beginning
at age 40 or 10 yrs younger than
age at diagnosis, whichever
comes first

Second- or third-degree
relative with colorectal cancer

Same as for those at average risk

First-degree relative = parent, sibling, child
Second-degree relative = grandparent, aunt, uncle

American Cancer Society Guidelines.®
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However, recognition of these syndromes is important
because the underlying germline mutations confer a
high lifetime risk of colorectal cancer in the carriers.
The major inherited syndromes — familial adenoma-
tous polyposis and hereditary nonpolyposis colorectal
cancer — are associated with development of adeno-
matous polyps. Other syndromes are characterized by
the formation of hamartomatous polyps, and these
include Peutz-Jeghers syndrome, juvenile polyposis,
and Cowden syndrome. Only the syndromes associated
with development of adenomatous polyps are consid-
ered in this review.

Familial Adenomatous Polyposis

Familial adenomatous polyposis (FAP), which
accounts for less than 1% of colorectal cancers, results
from autosomal dominant inheritance of a germline
mutation in the adenomatous polyposis coli (APC)
gene.*2% The APC gene is a tumor suppressor gene that
appears to be important in cell adhesion, signal trans-
duction, and transcription activation. Mutation inacti-
vates this gene and leads to a striking phenotype, the
carpeting of the colon with hundreds to thousands of
adenomas at a young age. Fifty percent of carriers devel-
op adenomas by age 15 and 95% by age 35.5%° Total
colectomy with continent ileostomy or ilecanal pull-
through with a pouch is recommended once polyps
become evident, as development of colorectal cancer is
inevitable (average age 35 to 43 years).*4° Attenuated
FAP is a variant syndrome characterized by fewer than
100 adenomas and a presentation with colorectal cancer
that occurs, on average, 12 years later than typical FAP.3

Patients with FAP may develop a number of benign
extracolonic manifestations (Gardner’s syndrome),
including adenomas elsewhere in the gastrointestinal
tract, osteomas, desmoid tumors, pigmented retinal
lesions, dental abnormalities, and cutaneous lesions
such as lipomas, fibromas and epidermoid cysts.!23
Extracolonic malignancies that may develop include
upper gastrointestinal adenocarcinoma and hepatoblas-
toma, as well as biliary, pancreatic, thyroid, and brain
tumors. Turcot syndrome refers to typical FAP with
malignancy of the central nervous system.

Genetic Testing and Screening in FAP

FAP has been associated with more than 300 dif-
ferent mutations of the APC gene.** APC gene muta-
tions can be detected in the peripheral blood of about
80% to 90% of families with FAP4? Family members of
the patient with the clinical syndrome of FAP should
undergo genetic testing only if an APC gene mutation is
found in the patient.'?3643 Failure to find a mutation
does not exclude FAP, however, and in these circum-
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stances, all family members should undergo clinical
screening. When a mutation is identified in a patient
with FAP, clinical screening can be directed toward only
those family members in whom this mutation is also
found. Clinical screening of family members is done by
annual sigmoidoscopy beginning at puberty, with the
frequency to be decreased with increasing age by
decade.® Screening by sigmoidoscopy should be suffi-
cient, as adenomas arise throughout the colon. Follow-
ing total colectomy in the patient with FAP, endoscopic
surveillance of the upper gastrointestinal tract as well
as the distal ileum is advised every 1 to 3 years.% Peri-
ampullary cancer is the most common FAP-associated
malignancy that occurs after total colectomy.

Hereditary Nonpolyposis Colorectal Cancer

Hereditary nonpolyposis colorectal cancer
(HNPCC) is by far the most common of the inherited
colorectal cancer syndromes, and it may account for 2%
to 3% of all colorectal cancers.’?353% HNPCC results
from autosomal-dominant inheritance of a mutation in
one of five mismatch repair genes, although mutations
in two of them, MLH1 and MSH2, account for more than
95% of HNPCC families.®544 Mismatch repair genes are
responsible for fixing typographical errors in the DNA
code that occur during replication. With mutation of
mismatch repair genes, unrepaired DNA replication
errors can accumulate in cells and ultimately lead to
cancer. HNPCC gene mutation confers at least a 25%
risk of developing colorectal cancer by age 50 and a
70% to 80% risk by age 70.354546 |t has been hypothe-
sized that patients with HNPCC form adenomas at the
same rate but at a younger age than the general popu-
lation, while the proportion of adenomas that progress
to cancer is clearly higher.®

Unlike FAP, in which the colon is carpeted with
adenomas, colorectal cancer in HNPCC usually arises
from a single adenoma or from one of only a small num-
ber of adenomas. In HNPCC, cancers arise more often
from the colon proximal to the splenic flexure (60% to
80%) and at a younger age (average 44 years) compared
to sporadic colorectal cancer (23% to 32% proximal
colon cancers and at an average age of about 70 years
in the general population).#” Precursor adenomas of
HNPCC occasionally may appear more flat than poly-
poid.*4° The histology of HNPCC cancers tends to be
poorly differentiated and characterized by mucin-laden
signet-ring cells and an abundance of extracellular
mucin. Despite the greater incidence of an undifferen-
tiated histology, HNPCC colon cancers have a better
prognosis than sporadic colon cancers.®® HNPCC
patients have a 30% chance of developing a second
colorectal cancer within 10 years and a 50% chance
within 15 years.552
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Extracolonic Malignancies
Associated With HNPCC

Mutations in the mismatch repair genes MLH1 and
MSH2 are associated with an increased risk of cancer in
the genitourinary tract, upper gastrointestinal tract, and
brain.354546 Of particular importance is the 20% risk of
developing endometrial cancer by age 50, with the risk
rising to 60% by age 70. Mismatch repair gene mutation
is also associated with a 12% risk of ovarian cancer, a
13% risk of gastric cancer,and a 4% risk of brain and uri-
nary tract cancer by age 70.

Diagnosis and Genetic Testing for the
HNPCC Syndrome

HNPCC can be difficult to diagnose on clinical pre-
sentation alone due to the lack of a clear phenotype
and because HNPCC cancers may resemble sporadic
cancers in some instances. Similarly, nothing about the
extracolonic cancers associated with HNPCC distin-
guishes them from sporadic tumors. Before the avail-
ability of genetic testing, the diagnosis of HNPCC was
based on the Amsterdam clinical criteria alone (Table
3).5 Among the concerns expressed with the Amster-
dam criteria are its insensitivity in small families and
the failure to consider other clinical features such as
the proximal distribution of the cancers, the histolog-
ic characteristics of the tumor, and the association
with extracolonic malignancies. The Amsterdam crite-
ria have been expanded to address the concern that
use of the original restrictive criteria to select those
who should undergo confirmatory genetic testing
would lead to missing many HNPCC families.>* Even
with modification to include extracolonic malignan-
cies, the Amsterdam criteria exclude at least one third
of families shown to have mutations in MLH1 and
MSH2.55 With modifications intended to increase sen-
sitivity, however, comes an inevitable loss of specifici-
ty. The Bethesda criteria®® (Table 3) have greater sensi-
tivity for identifying individuals with MLH1 and MSH2
mutations (94% sensitivity), but these criteria have a
specificity of only 25%.5"

Direct testing of peripheral blood for mismatch
repair gene mutations is recommended for the colorec-
tal cancer patient whose family meets any one of the
first three modified Bethesda criteria.®># Genetic test-
ing for HNPCC is not nearly as effective for detecting
mutations as genetic testing is for FAP. Only about 50%
to 60% of those individuals meeting the restrictive
Amsterdam criteria will be found to have mismatch
repair gene mutations associated with the disease.%
The Amsterdam criteria are fairly specific, however, as
not more than 10% of those who do not meet the cri-
teria will test positive for mutations.®® About 30% of
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those meeting the less restrictive Bethesda criteria will
be found to have MLH1 or MSH2 mutations.>® If a mis-
match repair gene mutation is found in the first family
member tested, then other family members can be test-
ed. Those family members testing positive for the muta-
tion are advised to undergo surveillance colonoscopy
every 1 to 2 years beginning at age 25 or at 10 years
younger than the earliest colorectal cancer diagnosis in
the family.®53 Annual screening for endometrial cancer
is recommended beginning at age 30 to 35 years, but
no consensus exists as to the method of choice.353¢
Options for endometrial cancer screening include
gynecologic examination, transvaginal ultrasonography,
and tumor marker CA-125 testing. If a mismatch repair
mutation is not found in the first family member tested,
then all family members should undergo surveillance
colonoscopy every 1 to 2 years.

Role of MSI Testing

As already noted, DNA replication errors can accu-
mulate in cells when mismatch repair genes are mutated,
as occurs in HNPCC. Unrepaired DNA replication errors

Table 3. — Hereditary Nonpolyposis Colorectal Cancer (HNPCC)
Testing Recommendations

Amsterdam Criteria®®

Proceed directly to genetic testing if all satisfied:
» >3 relatives with colorectal cancer
(1 of whom is the first-degree relative of the other 2)

=2 generations affected
21 of those affected diagnosed at age <50

Bethesda Criteria (modified)”

Proceed directly to genetic testing if any satisfied:
» Amsterdam criteria satisfied

¢ Individuals with 2 HNPCC-related cancers
(synchronous or metachronous)

* An individual with colorectal cancer and a first-degree relative
with HNPCC-related cancer or colorectal adenoma
(1 of the cancers diagnosed at age <50 and the adenoma
at age <40)

Prescreen with MSI testing if any satisfied:
« Colorectal or endometrial cancer at age <50

* Right-sided colon cancer with undifferentiated histology
at age <50

* Colorectal cancer with signet-ring histology at age <50
* Colorectal adenoma at age <40

*Original Bethesda criteria®® modified to reflect a cancer at age <50
rather than age <45.4

First-degree relative = parent, sibling, child

HNPCC-related cancers = endometrial, ovarian, gastric, hepatobiliary,
small bowel, and transitional cell carcinoma of the renal pelvis or
ureter, as well as colorectal cancer

American Gastroenterological Association Guidelines.*
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or mutations are most easily recognized in segments of
DNA termed “microsatellites” Microsatellites are short,
repeated nucleotide sequences located throughout the
genome, whose length may change due to insertion or
deletion mutations during DNA replication. When mul-
tiple microsatellite errors or mutations are detected in
the tumor, the cancer is said to exhibit microsatellite
instability (MSI). The significance of MSI is that it may be
detected in more than 90% of HNPCC cases that fulfill
the Amsterdam criteria,’° whereas only approximately
15% of sporadic colorectal cancers exhibit MSI.5162

MSI testing has been recommended as a tool to
screen for patients who should undergo genetic testing
for mismatch repair gene mutations from among those
patients who do not meet the Amsterdam criteria but
are still suspected of having HNPCC.35:3¢ MSI testing is
done on DNA extracted from the paraffin tumor block
of the patient suspected of having HNPCC. The Bethes-
da criteria were developed to select patients for MSI
testing, as well as to expand on the Amsterdam criteria,
although patients meeting any of the first three modi-
fied Bethesda criteria may undergo direct genetic test-
ing for mismatch repair gene mutations without MSI
prescreening (Table 3). Finding MSI in the tumor usu-
ally leads to genetic testing, whereas a negative result is
usually considered to exclude HNPCC in the absence
of strong evidence to the contrary.

Diagnosis of HNPCC

The decision to seriously consider the diagnosis of
HNPCC in a given patient may not be an easy proposi-
tion for many clinicians, given the complexities of the
various criteria. The most practical advice is to main-
tain a high level of suspicion in the individual found to
have any of the following: colorectal or endometrial
cancer arising before age 50, colorectal adenomas
before age 40, synchronous or metachronous HNPCC-
associated cancers (Table 3), or colorectal cancer and a
first-degree relative with an HNPCC-associated cancer
or colorectal adenoma (one of the cancers diagnosed at
age <50 years or the adenoma at age <40 years). Any of
these circumstances may warrant consideration of at
least MSI testing of the patient’s colorectal cancer.
Strength of the family history remains the central con-
sideration in determining who should be considered
for direct genetic testing for mismatch repair gene
mutations without MSI prescreening.

Genetic Counseling

Pre- and post-test counseling with written
informed consent is a necessary part of any genetic
testing. Genetic counseling should include education

regarding the nature and basic genetics of the syn-
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drome, assessment of the individual’s hereditary cancer
risk, potential benefits and disadvantages of genetic
testing, and recommendations for screening and man-
agement. Due consideration must be given to psy-
chosocial issues that may be raised by genetic testing,
including the impact on other family members and
the determination of who will be informed and when,
survivor guilt in family members who test negative,
anxiety associated with overestimation of risk by the
patient, and concerns regarding insurability. Genetic
counseling can be time-consuming and involve a com-
plexity of issues that physicians are neither trained nor
prepared to manage. Physicians would be advised to
refer the patient and family to a regional center with
genetics counselors, geneticists, and other knowledge-
able health care professionals who can provide evalua-
tion, counseling, and management recommendations.

Conclusions

Considering the various cancers for which we
screen, the benefits of screening for colorectal cancer
have been shown most convincingly and are the least
controversial. While colorectal screening has been
shown to reduce colorectal cancer mortality, the bene-
fits of breast cancer screening have been questioned
recently, and prostate cancer screening is controversial.
Screening colonoscopy can potentially prevent the
great majority of colorectal cancers by detection and
removal of precursor adenomas. Awareness of family
history and genetic testing can assist in targeting indi-
viduals for more intense screening efforts. However, to
substantially reduce mortality and morbidity from col-
orectal cancer, practicing clinicians need to be aware of
the advances in colorectal screening that have occurred
in the last 5 to 10 years and assertively recommend the
appropriate screening strategies to their patients.

References

1. Jamal A,Murray T, Samuels A, et al. Cancer statistics, 2003. CA
Cancer J Clin. 2003;53:5-26.

2. Kronborg O, Fenger C, Olsen J, et al. Randomized study of
screening for colorectal cancer with faecal-occult-blood test. Lancet.
1996;348:1467-1471.

3. Hardcastle JD, Chamberlain JO, Robinson MH, et al. Random-
ized controlled trial of faecal-occult-blood screening for colorectal
cancer. Lancet. 1996;348:1472-1477.

4. Mandel JS,Bond JH,Church TR, et al. Reducing mortality from
colorectal cancer by screening for fecal occult blood. N Engl J Med.
1993;328:1365-1371.

5. Ries LAG, Miller BA, Hankey BF, et al, eds. SEER Cancer Statis-
tics Review, 1973-1991: Tables and Graphs. National Cancer Institute.
NIH Pub. No. 94-2789. Bethesda, Md; 1994:51.

6. Selby JV, Friedman GD, Quesenberry CP JR, et al. A case-con-
trol study of screening sigmoidoscopy and mortality from colorectal
cancer. N Engl J Med. 1992;326:653-657.

7. Winawer SJ, Zauber AG, Ho MN, et al. Prevention of colorec-
tal cancer by colonoscopic polypectomy. N Engl J Med. 1993;329:
1977-1981.

May/June 2003, Vol.10, No.3

8. Smith RA, Eschenback von AC,Wender R, et al. American Can-
cer Society Guidelines for early detection of cancer: update of early
detection guidelines for prostate, colorectal, and endometrial can-
cers. CA Cancer J Clin. 2001;51:38-75.

9. Winawer SJ, Fletcher RH, Miller L, et al. Colorectal cancer
screening:  clinical guidelines and rationale. Gastroenterology.
1997;112:594-642. [Update based on new evidence. Gastroenterol-
ogy. 2003;124:544-560.]

10. Screening for colorectal cancer: recommendation and ratio-
nale. US Preventive Services Task Force. Ann Intern Med. 2002;
137:129-131.

11. Rex DK, Johnson DA, Lieberman DA, et al. Colorectal cancer
prevention 2000: screening recommendations of the American Col-
lege of Gastroenterology. Am J Gastroenterol. 2000;95:868-877.

12. Burt RW. Colon cancer screening. Gastroenterology. 2000;
119:837-853.

13. Burt RW, Bishop DT, Lynch HT, et al. Risk and surveillance of
individuals with heritable factors for colorectal cancer. WHO Collab-
orating Centre for the Prevention of Colorectal Cancer. Bull World
Health Organ. 1990;68:655-665.

14. Mandel JS, Bond JH, Bradley M, et al. Sensitivity, specificity,
and positive predictivity of the Hemoccult test in screening for col-
orectal cancers. Gastroenterology. 1989;97:597-600.

15. Ahlquist DA, Wieland HS, Moertel CG, et al. Accuracy of fecal
occult blood screening for colorectal neoplasia: a prospective study
using Hemoccult and HemoQuant tests. JAMA. 1993;269:1262-1267.

16. Ransohoff DF, Lang CA. Screening for colorectal cancer with
the fecal occult blood test: a background paper. American College of
Physicians. Ann Intern Med. 1997;126:811-822.

17. Mandel JS, Church TR, Ederer F et al. Colorectal cancer mor-
tality: effectiveness of biennial screening for fecal occult blood. J
Natl Cancer Inst. 1999;91:434-437.

18. Helm JF Russo MW, Biddle AK, et al. Effectiveness and eco-
nomic impact of screening for colorectal cancer by mass fecal occult
blood testing. Am J Gastroenterol. 2000;95:3250-3258.

19. Muller AD, Sonnenberg A. Prevention of colorectal cancer by
flexible endoscopy and polypectomy: a case-control study of 32,702
veterans. Ann Intern Med. 1995;123:904-910.

20. Newcomb PA, Norfleet RG, Storer BE, et al. Screening sig-
moidoscopy and colorectal cancer mortality. J Natl Cancer Inst.
1992;84:1572-1575.

21. Rex DK, Cutler CS,Lemmel GT,et al. Colonoscopic miss rates
of adenomas determined by back-to-back colonoscopies. Gastroen-
terology. 1997;112:24-28.

22. Pignone M, Saha S, Hoerger T, et al. Cost-effectiveness analy-
ses of colorectal cancer screening: a systematic review for the US
Preventive Services Task Force. Ann Intern Med. 2002;137:96-104.

23. Sonnenberg A, Delco F Inadomi JM. Cost-effectiveness of
colonoscopy in screening for colorectal cancer. Ann Intern Med.
2000;133:537-584.

24. Fenlon HM, Nunes DP, Schroy PC, et al. A comparison of vir-
tual and conventional colonoscopy for the detection of colorectal
polyps. N Engl J Med. 1999;341:1496-1503.

25. Ahlquist DA, Skoletsky JE, Boynton KA, et al. Colorectal can-
cer screening by detection of altered human DNA in stool: feasibili-
ty of a multitarget assay system. Gastroenterology. 2000;119:1219-
1227.

26. Dong SM, Traverso G, Johnson C, et al. Detecting colorectal
cancer in stool with the use of multiple genetic targets. J Natl Can-
cer Inst. 2001;93:858-865.

27. Tagore K, Ross M, Shuber A, et al. Stool-based DNA multitar-
get assay for the detection of colorectal cancer (CRC) and advanced
adenomas. Gastroenterology. 2002;122:A481. Abstract.

28. Kolodner RD, Tytell JD, Schmeits JL, et al. Germ-line msh6
mutations in colorectal cancer families. Cancer Res. 1999;59:5068-
5074.

29. WuY,Berends MJ, Mensink RG, et al. Association of hereditary
nonpolyposis colorectal cancer-related tumors displaying low
microsatellite instability with MSH6 germline mutations. Am J Hum
Genet. 1999;65:1291-1298.

30. Potter JD. Colorectal cancer: molecules and populations. J
Natl Cancer Inst. 1999;91:916-932.

31. Burt RW,Ahnen D. Genetics of colon cancer. In: YamadaT,
ed. Gastroenterol Updates. 1998;3:1-16.

Cancer Control 203



32. Winawer SJ, Zauber AG, Gerdes H, et al. Risk of colorectal can-
cer in the families of patients with adenomatous polyps. National
Polyp Study Workgroup. N Engl J Med. 1996;334:82-87.

33. Pariente A, Milan C, Lafon J, et al. Colonoscopic screening in
first-degree relatives of patients with sporadic colorectal cancer: a
case-control study. Gastroenterology. 1998;115:7-12.

34. Fuchs CS, Giovannucci EL, Colditz GA, et al. A prospective
study of family history and risk of colorectal cancer. N Engl J Med.
1994;331:1669-1674.

35. American Medical Association and the American Gastroen-
terological Association. ldentifying and Managing Risk for Heredi-
tary Nonpolyposis Colorectal Cancer (HNPCC) and Endometrial
Cancer. American Medical Association, Chicago, Ill; May 2001.

36. Giardiello FM, Brensinger JD, Petersen GM. AGA technical
review on hereditary colorectal cancer and genetic testing. Gas-
troenterology. 2001;121:198-213.

37. Bussey HJ. Familial polyposis coli: family studies, histopathol-
ogy, differential diagnosis, and results of treatment. Baltimore, Md:
Johns Hopkins University Press; 1975.

38. Bulow S. Familial polyposis coli. Dan Med Bull. 1987;34:1-15.

39. Petersen GM, Slack J, Nakamura Y. Screening guidelines and
premorbid diagnosis of familial adenomatous polyposis using linkage.
Gastroenterology. 1991;100:1658-1664.

40. Jarvinen HJ. Time and type of prophylactic surgery for famil-
ial adenomatous coli. Ann Surg. 1985;202:93-97.

41. Laurent-Puig P, Beroud C, Soussi T. APC gene: database of
germline and somatic mutations in human tumors and cell lines.
Nucleic Acid Res. 1998;26:269-270.

42. Powell SM, Petersen GM, Krush AJ, et al. Molecular diagnosis
of familial adenomatous polyposis. N Engl J Med. 1993;329:1982-
1987.

43. American Gastroenterological Association medical position
statement: hereditary colorectal cancer and genetic testing. Gas-
troenterology. 2001;121:195-197.

44. Liu B, Parsons R, Papadopoulos N, et al. Analysis of mismatch
repair genes in hereditary non-polyposis colorectal cancer patients.
Nat Med. 1996;2:169-174.

45. Vasen HF Wijnen JT, Menko FH, et al. Cancer risk in families
with hereditary nonpolyposis colorectal cancer diagnosed by muta-
tion analysis. Gastroenterology. 1996;110:1020-1027.

46. Aarnio M, Sankila R, Pukkala E, et al. Cancer risk in mutation
carriers of DNA-mismatch-repair genes. Int J Cancer. 1999;81:214-
218.

47. Lynch HT, Smyrk TC,Watson P, et al. Genetics, natural history,
tumor spectrum, and pathology of hereditary nonpolyposis colorec-
tal cancer: an updated review. Gastroenterology. 1993;104:1535-
1549.

48. Mecklin JP, Sipponen P, Jarvinen JH. Histopathology of col-
orectal carcinomas and adenomas in cancer family syndrome. Dis
Colon Rectum. 1986;29:849-853.

49. Love RR, Morrissey JE Colonoscopy in asymptomatic indi-
viduals with a family history of colorectal cancer. Arch Intern Med.
1984;144:2209-2211.

50. Gryfe R, Kim H, Hsieh ETK, et al. Tumor microsatellite insta-
bility and clinical outcome in young patients with colorectal cancer.
N Engl J Med. 2000;342:69-77.

51. Lynch HT, Harris RE, Lynch PE, et al. Role of heredity in mul-
tiple primary cancer. Cancer. 1977;40:1849-1854.

52. Mecklin JR, Jarvinen HJ. Clinical features of colorectal carcino-
ma in cancer family syndrome. Dis Colon Rectum. 1986;29:160-164.

53. Vasen HF, Mecklin JP, Khan PM, et al. The International Col-
laborative Group on hereditary non-polyposis colorectal cancer. Dis
Colon Rectum. 1991;34:424-425.

54. Vasen HF,Watson P, Mecklin JP, et al. New clinical criteria for
hereditary non-polyposis colorectal cancer (HNPCC, Lynch syn-
drome) proposed by the International Collaborative Group on
HNPCC. Gastroenterology. 1999;116:1453-1456.

55. Salovaara R, Loukola A, Kristo P, et al. Population-based mole-
cular detection of hereditary nonpolyposis colorectal cancer. J Clin
Oncol. 2000;18:2193-2200.

56. Rodriguez-Bigas MA, Boland CR, Hamilton SR, et al. A Nation-
al Cancer Institute Workshop on hereditary nonpolyposis colorectal
cancer syndrome: meeting highlights and Bethesda guidelines. J Natl
Cancer Inst. 1997;89:1758-1762.

204 Cancer Control

57. Syngal S, Fox EA, Eng C, et al. Sensitivity and specificity of
clinical criteria for hereditary non-polyposis colorectal cancer associ-
ated mutations in MSH2 and MLH1. J Med Genet. 2000;37:641-645.

58. Wijnen J, Khan PM, Vasen H, et al. Hereditary nonpolyposis
colorectal cancer families not complying with the Amsterdam criteria
show extremely low frequency of mismatch-repair-gene mutations.
Am J Hum Genet. 1997;61:329-335.

59. IS,Fox EA,Li C,etal. Interpretation of genetic test results for
hereditary nonpolyposis colorectal cancer: implications for clinical
predisposition testing. JAMA. 1999;282:247-253.

60. Aaltonen LA, Salovaara R, Kristo P, et al. Incidence of heredi-
tary nonpolyposis colorectal cancer and the feasibility of molecular
screening for the disease. N Engl J Med. 1998;338:1481-1487.

61. Thibodeau SN, French AJ, Cunningham JM, et al. Microsatel-
lite instability in colorectal cancer: different mutator phenotypes and
the principal involvement of hMLH1. Cancer Res. 1998;58:1713-
1718.

62. Herman JG, Umar A, Polyak K, et al. Incidence and functional
consequences of hMLH1 promoter hypermethylation colorectal car-
cinoma. Proc Natl Acad Sci U S A. 1998;95:6870-6875.

Images courtesy of Viatronix Inc (http://www.viatronix.com).

May/June 2003, Vol. 10, No.3


http://www.viatronix.com

