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Abstract

Objective: Familial adenomatous polyposis (FAP) is a well-known hereditary colorectal cancer-
predisposing syndrome. Genetic testing for colorectal cancer risk is now part of standard medical prac-
tice, but very little is known about the economic impact of this technology. The aim of this study was
to assess, from a healthcare system perspective, the direct costs of two strategies for screening at-risk
relatives of FAP patients: clinical screening versus genetic testing for FAP.

Methods: A systematic review of the literature was carried out. Additional information was gathered
from experts in research and clinical laboratories and in hospital departments. A decision tree was
constructed to compare per-person and per-family costs of the two strategies for screening at-risk
relatives of FAP patients. Sensitivity analysis was performed to assess the stability of the model across
the full range of plausible values for all key parameters.

Results: According to the decision analysis, with FAP screening starting at puberty, the average screen-
ing costs are $3,181 and $2,259 (Canadian dollars), respectively, for the clinical screening and the
genetic testing strategies. Genetic screening is cost saving up to a first screening age of 36. Sensitivity
analysis shows that the results of the baseline analysis hold across a variety of assumptions concerning
the parameter values.

Conclusions: The genetic testing strategy is cost saving relative to the clinical screening alternative.
Apart from its lower costs, it is associated with many other benefits. Accordingly, under predefined
conditions, predictive genetic testing seems to be the optimal screening strategy for FAP.

Keywords: Familial adenomatous polyposis, Genetic testing, Clinical screening, At-risk relatives, Cost
analysis

Familial adenomatous polyposis (FAP) (OMIM: 175,100) is a well-known hereditary form
of colorectal cancer (CRC) (12). FAP accounts for approximately 1% of all CRC patients
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Table 1. Description and Characteristics of FAP

Incidence 1/6,000-1/13,000
Proportion of all CRCs 0.5-1.0%
Gene APC
Molecular mechanism Tumor suppressor
Localization 5q21-22
Penetrance Almost complete
Predictive genetic testing methods PTT and other techniques (RPA, SSCP, DGGE)
Main feature Polyps (hundreds to several thousand)
Clinical features Weight loss and inanition
Bowel obstruction or bloody diarrhea
Ocular CHRPE

Adenomatous polyps in the upper gastrointestinal tract
Cutaneous and skeletal features (jaw cysts, sebaceous
cysts and osteoma)

Extracolonic cancers Duodenum, brain, thyroid, and others

Prophylactic surgery Polypectomy, subtotal colectomy, or total colectomy
with protectomy

Follow-up Flexible sigmoidoscopy or colonoscopy

Abbreviations: APCG=adenomatous polyposis coli; CHRREongenital hypertrophy of the retinal pigment ep-
ithelium; PTT= protein truncation test; RPA ribonuclease protection assay; SSEBingle-strand conformation
polymorphism; DGGE= denaturing gel gradient electrophoresis.

(15). FAP affects about 1 in 10,000 individuals and is nearly 100% penetrant (6;44). Thus,
virtually every person who inherits the mutated gene will develop the disease, and when
mutations are absent in relatives from mutation-positive families, the risk is returned to
the usual rate in the nonmutated population. However, 20% to 25% of FAP cases result
from de novomutations and thus occur without a family history of the disease (6). FAP

is an autosomal-dominant disease caused by mutations of the adenomatous polyposis coli
(APC) gene located on chromosorbg21-22(7;31;34;38;41). The offspring of an affected
individual have a 50% risk of inheriting the altered APC gene. FAP is characterized by
numerous colorectal adenomatous polyps (Table 1). One or more polyps will progressively
evolve to malignancy in untreated mutated gene carriers. Carcinoma may arise at any age
from late childhood through the seventh decade, with a median age at clinical diagnosis of
40 years (12;51).

Recentfindings in molecular genetics have led, for the first time in cancer syndromes, to
predictive genetic testing of at-risk relatives of FAP patients (7;19;22;28;31;33;38;46;47).
The large size of the APC gene and the number of known mutations—more than 300—are
not conducive to DNA mutation analysis. However, about 90% of mutations cause premature
truncation of the APC protein (26). A test based on this finding (52) detects approximately
80% of truncated APC proteins; thus, this test is positive in about 80% of individuals with
FAP. The objective of screening for the presence of colorectal adenomatous polyps is to
prevent CRC in asymptomatic at-risk relatives of FAP patients. Early recognition of FAP
may allow for timely intervention and improved final outcome (9;10;11;23;54,55;57;64).
Conventional clinical screening is intensive and consists of regular bowel examinations and
repeated sigmoidoscopies or colonoscopies, beginning at age 10-12 years and continuing
to age 50 (1;2;3;4;8;13;21;65).

The use of DNA-based testing for early identification of at-risk family members is
recommended by the Agency for Health Care Policy and Research (AHCPR) and the
American Academy of Family Physicians (AAFP) (64).

The purpose of this study was to compare, from a healthcare system perspective, the
direct costs (per person and per family) of two strategies for screening at-risk relatives of
FAP patients: conventional clinical screening and predictive genetic testing for FAP.
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METHODS

A systematic review of the literature was carried out. The literature was searched us-
ing MEDLINE, CancerLit, Health-STAR, and Current Contents for references published
from 1980 to December 2000. Keywords in various combinations were “familial adenoma-
tous polyposis,” “hereditary colorectal cancer,” “adenomatous polyposis coli gene,” “clini-
cal screening,” “genetic testing,” “familial risk,” “cost analysis,” “colonoscopy,” “mutated
gene,” and “at-risk relative.” We manually identified additional studies through reference
lists, review articles, and meeting summaries. Additional information was gathered from
experts in research and clinical laboratories and in hospital departments. The target pop-
ulation of this study consisted of persons at-risk for FAP, defined as first-degree relatives
(parents, siblings, and offspring) of the proband.

Clinical Screening Strategy

The first-degree relatives of a FAP patient have a 50% risk of inheriting the mutated gene

and developing the disease. The asymptomatic at-risk relatives require long-term clinical

screening on a regular basis. Since polyposis often starts before puberty, flexible sigmoi-

doscopy beginning at puberty is recommended as a screening procedure (59;64). When
adenomatous polyps (a few or many) become evident, prophylactic surgery—polypectomy,

subtotal, or total colectomy—is necessary to prevent CRC.

According to the diagram presented in Figure 1, APC mutation carriers and “no mu-
tation detected” patients require CRC surveillance. This strategy relies on flexible sigmoi-
doscopy or colonoscopy. Usual clinical practice is to screen annually between the ages of
12 and 25 years, every other year between the ages of 25 and 35 years, and every third year
between the ages of 36 and 50 years (1;2;4;37;54). At-risk relatives exit the model when
adenomatous polyps are identified. Relatives who have not developed multiple adenoma-
tous polyps on complete bowel examination by the age of 50 are assumed to be unaffected
by FAP and exit the model. At-risk relatives who are diagnosed with multiple adenomatous
polyps are assumed to be affected and are referred for FAP management (surgery).

Colonoscopy is preferred over flexible sigmoidoscopy because it is now generally
believed that colonoscopy is the most sensitive and specific method to identify adenomatous
polyps in the colon and rectum (25;30;35;48;54). Although this procedure is relatively
more costly, it also has the advantage of allowing polypectomy. Morbidity and mortality
related to colonoscopy are not very well documented, but are currently believed to be
0.03%—-0.17% and 0.02%, respectively (32). With the current acquired expertise, however,
colonoscopy is considered to be a safe procedure and is recommended for CRC high-risk
persons (17;23;25;35;43). For this study, the morbidity and mortality rates of colonoscopy
were considered as nil. It was also assumed that compliance with the clinical surveillance
was the same for the two strategies considered.

Genetic Testing Strategy

Under this strategy, the proband is tested first to guide subsequent testing and screening
decisions. Detection of an APC mutation in the proband confers a mutation-known status
to the family, which allows testing of the at-risk relatives (49;51;58). At-risk relatives who
have the APC mutation require clinical surveillance to detect the phenotypic onset of FAP.
Once adenomatous polyps are detected, the person exits the model. At-risk relatives who
are tested negative forgo any further screening and exit the model at the time of genetic test
results. However, if an APC mutation is not detected in the proband, all the at-risk relatives
of the FAP patient require clinical screening (Figures 1 and 2).

Since more than 90% of the mutations in FAP lead to a truncated protein, it has become
routine to use the protein-truncated test (PTT) for detecting mutations. When a truncated
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gene test results are known.

Figure 1. Screening strategies for at-risk relatives of FAP patient.

protein is found, it is possible to localize the mutation to a specific segment of the gene and
then use DNA sequencing to precisely identify the mutation. This two-step procedure for
FAP genetic testing has become a common practice because itis a simple and less expensive
screening technique followed by a definitive test (14;52;58).

When the mutation in a family is already identified from one or more affected members
previously investigated, only one test—usually PTT—needs to be performed. A positive
resultis considered mutation-positive, while a negative finding is a mutation-negative result.

When the mutation in a family is not known, the PTT is useful only whenitis positive. If
no mutation is detected, the test is noninformative and must not be interpreted as a negative
result because the PTT misses about 20% of APC mutations. Moreover, even by combining
two or more techniques such as single-strand conformation polymorphism, heteroduplex
analysis, or Monoallelic mutation analysis, it is not possible to achieve 100% sensitivity
because the mutations may not be in the coding region of the gene or because FAP exhibits
locus heterogeneity (29).
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chosen.

_ Chance node representing the point in time at which the patient moves to an outcome
based on probability estimates of the outcomes.

_ Markov chains used to model the progression of patients from asymptomatic status
(without polyps) to symptomatic status (with colorectal polyps) during colonoscopic
examinations.

G=1: The relative inherited the same gene as the proband. The cumulative probability to
detect polyps during this period is indicated. A beta (4.3, 1.15) distribution was used to
represent the uncertainty in this probability value. This distribution has a mean of
approximately 80% and a 95% interval of approximately 50% to 100%.

G=0: The relative did not inherit the mutated gene.

*: These probabilities that are age-dependent multiply the G=1 or G=0 branch. They
were extended to ages intermediate to those for whom results are available by
constructing a model with a piecewise constant hazard between these ages.

Probability | 0.5 0.33 0.285 0.03
Age (years) |12 25 35 50

Figure 2. Decision model used in the cost-minimization analysis of genetic testing versus
clinical screening of at-risk relatives for FAP.

Cost Estimates

This economic evaluation is a cost-minimization analysis because both of the strategies use
the same clinical screening. The effectiveness of clinical screening, as measured by survival
and lives saved, is well documented (5;36;43). The genetic component of the second strategy
allows the targeting of high-risk relatives carrying the mutated gene. The cost analysis was
performed from the Quebec healthcare system perspective according to the data obtained
from experts in research and clinical laboratories, in hospital departments, anBégien
d’Assurance Maladie du Quehgbe payer organization (53).

The direct costs for genetic testing, including genetic counseling, were evaluated in the
context of a newly developing molecular clinical laboratory performing these tests. Labo-
ratory equipment and supplies, technologist labor time, data interpretation and reporting by
the laboratory head, and counseling time, before and after the test, were included. Essential
laboratory equipment such as a sequencer was valued using current replacement costs on
an annualized basis, using a 5% discount rate and with an assumed working life of 5 years
(40). Twenty percent of total testing costs was allocated to overhead.

The APC gene test cost was estimated at $500 for the proband and $250 for at-risk
relatives from a mutation-known family.
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Table 2. Cost Estimates

Variable

Baseline value

Cost of a colonoscopy

Equipment 16.75
Professional fees 209.25
Other personnel fees 24.13
Overheads (20%) 50.02
Total 300.15
Cost of colonic biopsies and histologic interpretation
Polyp exeresis 70.00
Histologic examination 38.00
Laboratory fees 86.00
Overheads (20%) 38.80
Total 232.80
Genetic testing cost
Proband
Professional fees 105.00
Genetic counseling (pre and post-test) 125.90
Test (technologist labour and supplies) 185.10
Overheads (20%) 84.00
Total 500.00
Relative 250.00

These costs were estimated according to the data obtained from experts in research and clinical laboratories, in
hospital departments, and from the payer organization, RAREgie d’assurance maladie du ©oeg.

Each component of the clinical management of FAP was evaluated, including the med-
ical specialists’ fees, the technicians’ and nurses’ salaries, and the procedure (colonoscopy,
polypectomy) costs. A 5% annual discount rate was applied to the costs of each subsequent
procedure following the baseline endoscopy. Recurrent inputs, medical and surgical sup-
plies, and the use of the colonoscope were evaluated on an annualized bagia,fugear
working life. Twenty percent of the total surveillance costs for each procedure was allocated
to overhead, accounting for administrative and support services, utilities, and cost for use
of the hospital space.

The costs for colonoscopic biopsies and histologic interpretation include the endoscopy
units’ fees for obtaining and handling the biopsy specimens as well as the histopathologic
interpretation by the pathologist (Table 2) (45). The model assumes that colorectal biopsy
specimens are obtained at the time of diagnosis.

Discounting is used to quantify the magnitude of time-related consumer preferences in
paying for goods and services. In this analysis discounting is important because the model
spans almost 40 years. A 5% annual discount rate was used, as is standard for cost-
effectiveness analyses in health and medicine (16;63); we also used a 3% rate, according to
the recommendations of the Washington group (42), in order to compare our study with
others.

Baseline estimated costs are listed in Table 2.

Decision Analysis

A decision analysis was performed to determine the least costly management strategy under
baseline assumptions. This analysis relied on the creation of a decision algorithm describing
the management of the FAP patient and his or her relatives (Figure 2). Diagnostic test
results and related management decisions, as well as costs for the screening strategies, were
incorporated into the model. The baseline estimates and range of values used for sensitivity
analysis in the decision model are listed in Table 3.

72 INTL. J. OF TECHNOLOGY ASSESSMENT IN HEALTH CARE 18:1, 2002



Cost analysis of genetic testing versus clinical screening in FAP

Table 3. Baseline Estimates and Range of Values Used in the Decision Model

Baseline Range

Variable estimates tested
Risk of carrying APC mutation (%) 50 -
Sensitivity of colonoscopy (%)

Detection of FAP polyps at age 45 50

Detection of FAP polyps at age 25 60

Detection of FAP polyps at age 35 95

Detection of FAP polyps at age 50 100
Sensitivity of the genetic test in the proband{%) 80
Number of at-risk relatives in a family 1 3-12
Age of at-risk relative at initiation of screening 12 12-50
Cost of a colonoscopy ( CAN $) 300.15 216.56-402.15
Cost of colonic biopsies and histological interpretation (CAN $) 232.80 145.20-268.80
Cost of genetic testing for APC mutation in proband (CAN $) 500.00 200.00-700.00
Cost of genetic testing of each relative (CAN $) 250.00 -
Frequency of colonoscopy screerfing 1/2/3 1/1/1-2/3/5
Discount rate (%) 5 0-3

aA beta (4.3, 1.15) distribution was used to represent the uncertainty in this probability value. This distribution
has a mean of approximately 80% and a 95% interval of approximately 50% to 100%.

b These probabilities were extended to ages intermediate to those for whom results are available by constructing
a model with a piecewise constant hazard between these ages.

¢ The first number refers to age range of 12-25 years; the second to 26-35; the third to 36-50, and the value refers
to the frequency of the colonoscopic examination during each period.

All analysis was carried out using customized functions of the Splus statistical pro-
gramming language (version 5.0 for UNIX; MathSoft, Seattle, WA). A Markov model with
age-dependent probabilities was used to evaluate the costs under both strategies. Using this
model, the mean and the 95% range of costs were calculated for each arm of the decision
tree by backfolding the tree, as per the usual steps dictated by decision analysis.

Costs for typical families were calculated using an assumed age structure for families
of size 3 through 12. For the clinical screening arm, this was calculated as the simple sum
of the costs for the individuals in each family. Total family costs for the genetic testing arm
were calculated similarly, except that the initial genetic screening of the index case needs
to be carried out only once per family, and the probability of knowing the mutation result
from the index case screen remains fixed for all family members.

Sensitivity Analysis
The model’s stability was examined while varying baseline assumptions over a range of

probability and cost estimates. One-way sensitivity analyses were performed on variables
that are within the control of those responsible for the screening program.

RESULTS

Decision Analysis

When FAP screening starts at puberty, the average screening costs are $3,181 ($533—-4,104)
and $2,259 ($750-4,664), respectively, for the conventional clinical screening and the ge-
netic testing strategies.

Genetic screening is cost saving up to a starting age of 36 years (Figure 3). Since
the probability of having undetected FAP decreases with age, the extent of cost savings is
dependent on the initial age at which screening starts. At age 12, for example, the average
cost of clinical screening is $3,180.95 (95% confidence interval [CI] for an individual:
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Figure 4. Average lifetime cost per at-risk family according to family size.

$532.95-4,103.90), while the average cost in the genetic screening arm is $2,259.23 (95%
Cl: $750.00-4,664.43). The average savings per person screened with initial screening
at age 12 are thus $921.72. With an initial screening age of 20, however, this average
savings reduces to $526.84, and by age 30 it is further reduced to $211.67. Finally, at age
36, clinical screening becomes the path of lesser cost, but by only $36. This advantage
increases to $468.21 by age 50.

Genetic screening is cost saving regardless of the family size (Figure 4). The cost
savings increase with family size. However, since genetic screening is age-dependent, the
screening of young families will result in larger cost savings than screening of older families.
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For a pedigree of six at-risk relatives, which is considered a typical family size in Quebec,
the genetic testing strategy yields a cost saving of $3,511.

Sensitivity Analysis
The mean cost differentials observed are in favor of the genetic screening strategy up to a

starting age of 36 (Figures 5-9). The results of the baseline analysis hold across a variety
of assumptions concerning the parameter values.
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Figure 5. Sensitivity analysis: Mean cost differential between the two screening strategies
according to the genetic test cost (GTC).
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Figure 6. Sensitivity analysis: Mean cost differential between the two screening strategies
according to the colonoscopy cost (CC).
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Figure 8. Sensitivity analysis: Mean cost differential between the two screening strategies
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DISCUSSION

In this cost-minimization study, it was implicitly assumed that the two screening strategies
were equally effective in detecting adenomatous polyps, and thus in preventing colorectal
cancer mortality.

Similar to the results obtained by other investigators (3;21), our results suggest that the
genetic strategy can reduce the cost of the follow-up of at-risk relatives of FAP patients.
However, our results show that genetic screening is cost-saving only up to age 36. Beyond
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Figure 9. Sensitivity analysis: Mean cost differential between the two screening strategies
according to the discount rate (DR).

this age, the direction of the savings is reversed. These savings are achieved by identifying at-
risk individuals who are not carrying the APC gene mutation detected in the proband. These
persons are freed from unnecessary repeated colonoscopic examinations between the ages of
12 and 50 years. When a mutation is detected in a FAP patient, his or her first-degree at-risk
relatives (parents, siblings, and offspring) may have a wide range of ages. We simulated this
by varying the age at which an at-risk relative begins screening to determine the least costly
FAP screening strategy. The cost savings due to genetic testing decrease as the starting age
of the at-risk relative increases until 36 years. At this age, genetic screening becomes more
expensive than clinical screening (Figure 3). However, genetic screening is cost saving
regardless of the family size (Figure 4), across all the typical family structures tested.

Our model shows that cost savings are age-dependent, since the probability of having
the mutation and being symptom-free at age 12 is approximately 50%; this probability
decreases with age, conditional on not yet being detected at a future age.

Variations in the costs of the genetic test, the colonoscopy, the biopsy, the surveillance
frequency, and the discount rate parameters used to examine the robustness of the model
did not change the model’s results. All of the mean cost differentials were in favor of the
genetic screening strategy up to age 36 (Figures 5-9).

APC mutation carriers also require surveillance for extracolonic neoplasms and other
clinical manifestations, such as congenital hypertrophy of the retinal pigment epithelium.
Therelated costs are saved for the mutation noncarriers. Furthermore, the cost-minimization
analysis was performed from the perspective of a healthcare system, and thus all personal
and indirect costs, such as loss of productivity of patients and accompanying persons during
each clinic visit for the colonoscopy, were not included. All of these costs would be saved
for noncarriers under the genetic testing strategy.

As aprecancerous syndrome, FAP constitutes a model for cancer prevention (20;56;60).
Prophylactic surgery in affected individuals eliminates the risk of colon or colorectal can-
cer, depending on the type of surgery performed. Subsequent screening of the rectum
and for other extracolonic manifestations associated with FAP is part of the follow-up of
FAP patients. Clinical screening ensures that at-risk relatives of FAP patients benefit from
early diagnosis and treatment. Genetic testing allows targeting the follow-up to only the
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mutated-gene carriers identified as high-risk and frees the mutation noncarriers from un-
necessary clinical screening.

The existence of several other factors that may affect the choice of the best screening
strategy requires further investigation. It will be important to pay attention to misuse of the
gene test as reported by Giardiello et al., (29), and to the impact of predictive genetic testing
on quality of life and patient preferences for knowing or not knowing their genetic status
(18;24;27;39). There is also the possibility that gene test results could influence patient
compliance to clinical screening.

A policy decision concerning the use of this technology should take into account its
drawbacks, such as noninformative results, psychological distress, social and genetic dis-
crimination, and confidentiality problems (61;62), as well as its potential benefits. These
benefits include prognostic information for making timely informed choices, better com-
pliance with medical recommendations for the carriers, early detection and prophylactic
surgery, relief of anxiety for noncarriers, and release from unnecessary long-term and in-
tensive follow-up for noncarriers and their children (3;21;50;54;56).

CONCLUSION

The genetic testing strategy is cost saving relative to the conventional clinical screening
alternative, especially if the starting age of screening is young and the family size is large.
Apart from its lower costs, genetic testing is associated with many other benefits. It re-
duces diagnostic uncertainty and—for at-risk relatives who have not inherited the mutated
gene—relieves anxiety and reduces the need for costly screening procedures. Accordingly,
predictive genetic testing appears to be the optimal screening strategy for FAP under pre-
defined conditions.
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