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Clinical criteria, microsatellite analysis (MSA) and immunohisto-
chemistry (IHC) are important diagnostic tools for identification
of hereditary nonpolyposis colorectal cancer (HNPCC) patients
who are likely to carry pathogenic germline mutations in mis-
match repair genes. Based on MSA and IHC results and subse-
quent mutation analyses of 1,119 unrelated index patients meeting
the Amsterdam II criteria or the classical Bethesda guidelines, we
analyzed the value of these tools to predict MLH1 and MSH2
mutations with the aim of establishing optimal strategies for their
most efficient sequential use. The overall prevalence of pathogenic
germline mutations in our cohort was 20.6% (95% CI 5 18.3–
23.0%) and 61.8% (95% CI 5 56.8–66.6%), respectively, after
MSA/IHC-based preselection. IHC was highly predictive (99.1%)
and specific (99.6%) with regard to MSA. However, 14 out of 230
mutations (6%) escaped detection by IHC. Thus, IHC cannot be
recommended to substitute MSA fully. Nonetheless, IHC is impor-
tant to indicate the gene that is likely to be affected. To combine
both methods efficiently, we propose a novel screening strategy
that provides 2 alternative ways of sequential IHC and MSA
application, either using IHC or MSA in the first place. A logistic
regression model based on the age of the index patient at first
tumor diagnosis and the number of fulfilled HNPCC criteria is
used to allocate individual patients to that alternative pathway
that is expected to be least expensive. A cost analysis reveals that
about 25% of the costs can be saved using this strategy.
' 2005 Wiley-Liss, Inc.
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Hereditary nonpolyposis colorectal cancer (HNPCC) is a highly
penetrant cancer susceptibility syndrome characterized by the
early onset or familial clustering of colorectal tumors and a variety
of extracolonic malignancies.1,2 Germline mutations in DNA mis-
match repair genes, most commonly in MLH1 and MSH2, have
been identified as a cause for HNPCC.3–6 The identification of
pathogenic germline mutations in such families is an important
issue since it enables predictive testing of family members and tar-
geted surveillance of mutation carriers. However, mutation analy-
sis is time-consuming and expensive and therefore cost-effective
screening strategies are needed to preselect those families that are
likely to carry a pathogenic mutation. Information on the clinical

presentation of the syndrome within the members of HNPCC fam-
ilies can be used in the first selection step. The Amsterdam criteria
and the Bethesda guidelines are based on such clinical information
and allow an increase in the probability to detect a mutation.7–11

It has been shown that the presence of high-level microsatellite
instabilities is a strong and extremely sensitive predictor for germ-
line mutations in cases with early tumor onset or a positive family
history.12–14 This genomic instability is characterized by small
deletions or insertions within simple repeat sequences in tumor
DNA caused by the inability of the defective mismatch repair sys-
tem to correct DNA replication errors.15,16 Another predictive but
less expensive screening method is the analysis of tumor tissue for
reduction or loss of expression of mismatch repair proteins by
immunohistochemical staining with monoclonal antibodies.17,18 In
contrast to microsatellite analysis, this method provides also infor-
mation about the mismatch repair gene that is likely to be
affected.

To date, microsatellite analysis (MSA) is regarded as the stand-
ard screening method prior to mutation analysis. Several investi-
gations have compared the diagnostic performance of MSA and
immunohistochemistry (IHC), and screening strategies using both
methods sequentially have been proposed.19–21 However, the
question of whether either MSA or IHC should be used in the first
place, in particular with regard to the total costs of the screening
process, has not been addressed in detail so far.

In 1999, the German HNPCC Consortium was established to
provide comprehensive medical care to members of HNPCC fami-
lies. Located at 6 universities, an interdisciplinary team consisting
of medical geneticists, pathologists, gastroenterologists and sur-
geons offer genetic counseling, molecular testing and a standar-
dized surveillance program. Within the framework of a prospec-
tive registry, comprehensive information about family pedigrees,
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individual tumor histories of family members, molecular and his-
topathologic tumor analyses and the results of regular surveillance
examinations is gathered in a central database of the consortium.

At present, the German HNPCC Consortium has collected
data on 1,119 unrelated families that fulfill defined clinical crite-
ria and that have completed a well-defined diagnostic process
using microsatellite analysis, immunohistochemistry and muta-
tion analysis.

In this work, we sought to define a screening strategy with opti-
mal sequential application of clinical information, microsatellite
analysis and immunohistochemistry. To do so, we characterized
the performance of different clinical criteria for family selection,
analyzed the predictive values of IHC and MSA and compared
different screening strategies with regard to their costs.

Material and methods

Patient recruitment and diagnostic procedures

Families were enrolled into the study if a member fulfilled at
least one of the clinical selection criteria shown in Table I. These
criteria correspond to the revised Amsterdam (Amsterdam II) cri-
teria and the Bethesda guidelines. However, the 50-year age
restriction of the Amsterdam II definition (which requires that at
least one case must be diagnosed before the age of 50 years) was
not applied. After declaration of written informed consent, one
patient from each family (index patient) underwent the following
diagnostic procedure: tumor material of the index patient was ana-
lyzed both for microsatellite instabilities (MSI) and for a reduction
or loss of MLH1 and MSH2 protein expression by immunohisto-
chemical staining. Analysis for MSI was performed as recom-
mended by the international guidelines for the evaluation of MSI
in colorectal cancer.22–24 Tumors were classified as MSI-H (high-
level MSI) if at least 2 markers of the reference panel (BAT25,
BAT26, D5S346, D2S123, D17S250) exhibited instabilities.
Tumors showing no instabilities in these markers were classified
as microsatellite-stable (MSS). A second panel of 5 alternative
markers (BAT40, D10S197, D13S153, MYCL1, D18S58) was
applied if only one marker of the first reference panel was instable.
In this case, the result was interpreted as MSI-H if at least 30% of
all markers showed instabilities; otherwise it was regarded as
MSI-L (low-level MSI). Immunostaining for MLH1 and MSH2

was performed by a reference pathologist at each center following
a standardized procedure as previously described.25

Analysis for pathogenic germline mutations in MLH1 and
MSH2 was only performed if microsatellite analysis revealed the
MSI-H phenotype and/or immunohistochemistry showed a reduc-
tion or loss of protein expression. By protocol, no mutation analy-
sis was planned if the tumor was MSS or MSI-L and protein
expression was normal.

Mutation analysis started with the gene that was likely to be
affected according to the preceding immunohistochemistry. The
analysis was performed either by prescreening of exons using
denaturing high-performance liquid chromatography (DHPLC)
and subsequent sequencing of exons showing aberrant chromato-
grams or by direct sequencing. As a rule, screening or sequencing
was continued until a pathogenic mutation was detected or all
exons of the 2 genes were completely analyzed. Detected
sequence variations were classified as pathogenic mutations,
unspecified variants, or frequent polymorphisms. Pathogenic
mutations included nonsense mutations, frameshift mutations,
mutations at the highly conserved splice site positions AG/GT,
mutations that destroy the translation start site and genomic rear-
rangements. Descriptions of the mutation spectrum found in the
families of the German HNPCC Consortium, genotype-phenotype
correlations and pathology are reported in separate studies.26–29

The study has been approved by the local ethics committees of the
participating centers.

By the end of May 2004, a total of 1,913 index patients from
1,913 unrelated families suspected of having HNPCC were regis-
tered in the central database of the consortium. These patients ful-
filled at least one of the clinical selection criteria as defined in
Table I. In 502 index patients, diagnostic information was not
fully complete for historical reasons or because tests were still in
progress. The remaining 1,411 index patients underwent tumor

TABLE I – DEFINITION OF SELECTION CRITERIA OF THE GERMAN
HNPCC CONSORTIUM

Definition

A21 Modified Amsterdam II (i.e., without 50-year age
restriction): family with at least 3 members in at least
2-successive generations who have a histologically
verified carcinoma of the colon, rectum, endometrium,
small bowel, renal pelvis, or ureter and 1 of the 3
members is a first-degree relative of the other 2 and a
familial adenomatous polyposis is excluded

B2 Bethesda guideline 2: individual with 2 HNPCC-related
cancers, including synchronous and metachronous
colorectal cancers or associated extracolonic cancers
(endometrial, ovarian, gastric, hepatobiliary, small
bowel or transitional cell carcinoma of the renal
pelvis and ureter)

B3 Bethesda guideline 3: individual with colorectal cancer
and a first-degree relative with colorectal cancer and/or
HNPCC-related extracolonic cancer and/or a colorectal
adenoma; one of the cancers was diagnosed at
age < 45 years and the adenoma was diagnosed at
age < 40 years

B4 Bethesda guideline 4: individual with colorectal or
endometrial cancer diagnosed at age < 45 years

B7 Bethesda guideline 7: individual with at least one
adenoma diagnosed at age < 40 years

FIGURE 1 – Current diagnostic strategy of the German HNPCC
Consortium using MSA and IHC in parallel.
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tissue analysis as described above, of which 1,338 (95%) had con-
clusive test results. Of these, 1,119 were included in the present
analysis since they were also evaluable regarding mutation analy-
sis. The patients who were not included in the analysis were not
significantly different as judged by the frequencies of their clinical
selection criteria.

Cost analyses

Cost analyses considered the costs of MSA and IHC for 3 dif-
ferent screening strategies (Figs. 1 and 2). In strategy MSA1IHC,
both methods are applied concurrently (this is the current strategy
of the German HNPCC consortium). In strategy IHCfiMSA, all
cases are first subjected to IHC. In case of an abnormal result,
gene-specific mutation analysis will be performed without prior
conduct of MSA. MSA will be only performed in case of normal
IHC. If MSA shows an abnormal outcome, then the mutation anal-
ysis will be performed as well. This strategy identifies exactly the
same cases for mutation analysis as the concurrent strategy. In
strategy MSAfiIHC, all cases are first subjected to MSA. IHC is
only performed if the preceding MSA is abnormal in order to iden-
tify the gene that is likely to be affected and thus to allow gene-
specific mutation analysis. This strategy is not identical to the con-
current strategy because cases with normal MSA but abnormal
IHC will not be selected for mutation analysis. However, this con-
cerned only 3 out of 1,119 cases of our present cohort and there-
fore this strategy is considered to be comparably effective.

CMSA and CIHC describe the absolute costs for MSA (using 5 or
10 markers) and IHC (analyzing MLH1 and MSH2), respectively,
spent per index patient. The absolute costs of the 3 strategies are
described by the following cost functions:

Cabs
MSAþIHC ¼ CMSA þ CIHC ð1aÞ

Cabs
IHC!MSA ¼ CIHC þ ð1� pIHCÞ � CMSA ð2aÞ

Cabs
MSA!IHC ¼ CMSA þ pMSA � CIHC ð3aÞ

The variables pIHC and pMSA are the probabilities to observe
abnormal IHC and MSA outcomes, respectively, in the population
of interest. The cost functions can be simplified if only the cost
ratio R 5 CMSA/CIHC is considered (that is, each equation
describes the costs relative to the costs of one IHC):

Crel
MSAþIHC ¼ 1þ R ð1bÞ

Crel
IHC!MSA ¼ 1þ ð1� pIHCÞ � R ð2bÞ

Crel
MSA!IHC ¼ Rþ pMSA ð3bÞ

The cost ratio R at which both sequential strategies will yield
identical costs (so-called break-even point; BEP) can be deter-
mined by equating Equation 2b with Equation 3b:

RBEP ¼ 1� pMSA

pIHC
ð4Þ

Statistical analysis

Categorial outcome data were reported as absolute or relative
frequencies where appropriate. Ninety-five percent confidence
intervals for proportions were calculated using Wilson’s score
method.30 Multivariate logistic regression analysis was used to
estimate the probability of having an abnormal IHC or MSA outcome.
The logistic model of the form log [p/(1 2 p)] 5 b0 1 b1 Æ x1 1
b2 Æ x2 considers the logarithm of the odds of having an abnormal out-
come as a linear function of the weighted sum of the predictors

x1 and x2. The variable x1 represents the age of first tumor diagnosis
of the index patient and x2 represents the number of fulfilled selection
criteria A2, B2, B3 and B4 (see Table I for definition). The variable
x2 was chosen in this particular way for the following reasons. First,
all 4 mentioned selection criteria were significantly predictive in a
logistic model using separate indicator variables for each criterion.
Second, in order to simplify the approach and because the odds ratios
did not differ largely between the 4 variables, the summary predictor
x2 was defined. b0, b1 and b2 are regression coefficients that were
estimated using the maximum likelihood method. The receiver-operat-
ing-characteristic (ROC) method was used to compare the predicted
outcome classifications with the observed outcomes. The predictive
value of the model was characterized by the area under the ROC
curve (AUC), which is the probability to classify correctly a randomly
chosen pair of truly positive and negative cases. p-values below 0.05
were considered significant. SPSS 10.0.7 (SPSS, Chicago, IL) was
used for all statistical data analyses.

Results

Diagnostic performance of clinical selection criteria

To characterize the diagnostic value of the different clinical
selection criteria, we compared the number and percentage of
index patients showing abnormal tumor tissue screening results
and pathogenic mutations between groups of patients fulfilling dif-
ferent sets of selection criteria (Table II). The Amsterdam I defini-
tion (group A1) was met by 19.8% of all families with consider-
ably higher frequencies of patients with abnormal screening
results and pathogenic mutations (62.6% and 49.5%, respectively)
compared with the total cohort (33.2% and 20.6%, respectively).
The additional benefit of the Amsterdam II over the Amsterdam I
definition for patient selection is shown by the group ‘‘A2 and not
A1’’ (comprising families that met Amsterdam II but not Amster-

FIGURE 2 – Two-way sequential screening strategy. A logistic
regression model is used to allocate patients to that pathway that is
expected to be least expensive.
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dam I). This group made up only 2.6% of all families, however,
with similar frequencies of abnormal tumor screening results
(69.0%) and pathogenic mutations (58.6%) compared with A1. In
our study, the 50-year age restriction within the Amsterdam II def-
inition was not applied in order to increase sensitivity. The posi-
tive predictive values in the group identified by this modification
(group ‘‘A21 and not A2’’) were considerably low with 14.3%
tumor screening abnormality and 7.1% mutation positivity. More-
over, some cases in this group also fulfilled one or more of the
Bethesda guidelines 2, 3, 4 and 7. Exclusion of these cases (group
A21 only) showed that only one additional mutation could be
identified in our study by waiving the age criterion.

Despite the fact that 28.7% of all families met the A21 defini-
tion, only 9.1% were identified exclusively by A21, that is, they
did not fulfill any other of the Bethesda guidelines 2, 3, 4, or 7
(group ‘‘A21 and not B2/3/4/7’’). Surprisingly, the predictive val-
ues are low in this group. The largest fraction of families (90.9%)
met one or more of the Bethesda guidelines B2 to B7 (group B2/3/
4/7). After exclusion of those fulfilling A21 (group B2/3/4/7 only)
as well, a percentage of 71.3% remained. The Bethesda guideline
3 (group B3) was met by 34.9% of all families. However, only
3.3% fulfilled this criterion exclusively (group B3 only), because
most patients in this group include B4 cases diagnosed with colo-
rectal cancer before the age of 45 years. Bethesda guideline 4 was
the most frequent criterion (group B4; 64.2%) and 31.2% of the

patients were selected exclusively by this criterion (group B4
only). Bethesda guideline 7 was exclusively fulfilled in 3.3% of
the patients; however, only one pathogenic mutation was detected.
In general, predictive values were considerably lower in the
groups fulfilling only one criterion than in the groups that fulfilled
more than one selection criterion.

Predictive value of immunohistochemistry and microsatellite
analysis

Table III summarizes the results of tumor screening and muta-
tion analysis depending on the outcome of IHC and MSA. About
2/3 (66.8%) of the cases were found to have completely normal
screening results. Information about pathogenic mutations is
largely not available for this group as mutation analysis was not
mandatory according to the study protocol. Nonetheless, 49 out of
732 index patients underwent mutation analysis that, however,
revealed no pathogenic mutation in MLH1 or MSH2. Of all index
patients, 58 (5.2%) had normal IHC but were MSI-H. Fourteen
patients in this group (24.1%) had a pathogenic mutation of MLH1
or MSH2. As expected, the largest numbers of index patients car-
rying pathogenic mutations were found in the groups that were
MSI-H and showed a loss of protein expression (positive predic-
tive values for mutation: 72.1% for MLH1 and 66.4% for MSH2).
No pathogenic mutation could be detected in 3 cases with MSI-H

TABLE II – FREQUENCIES OF ABNORMAL TUMOR TISSUE SCREENING AND PATHOGENIC GERMLINE MUTATIONS FOR DIFFERENT SELECTION CRITERIA

Groups of clinical criteria Number of families

A1 A2 A21 B2 B3 B4 B7
Total With abnormal IHC and/or

MSA With pathogenic mutation

n % n % of total (95% CI) n % of total (95% CI)
% of abnormal

IHC/MSA (95% CI)

Total # # # # # 1,119 100.0 372 33.2 (30.5–36.1) 230 20.6 (18.3–23.0) 61.8 (56.8–66.6)
A1 1 1 1 222 19.8 139 62.6 (56.1–68.7) 110 49.5 (43.0–66.1) 79.1 (71.6–85.1)
A2 and not A1 2 1 1 29 2.6 20 69.0 (50.8–82.7) 17 58.6 (40.7–74.5) 85.0 (64.0–94.8)
A2 1 1 251 22.4 159 63.3 (57.2–69.1) 127 50.6 (44.5–56.7) 79.9 (73.0–85.4)
A21 and not A2 2 2 1 70 6.3 10 14.3 (7.9–24.3) 5 7.1 (3.1–15.7) 50.0 (23.7–76.3)
A21 and not

B2/3/4/7
1 2 2 2 2 102 9.1 17 16.7 (10.7–25.1) 8 7.8 (4.0–14.7) 47.1 (26.2–69.0)

A21 only 2 2 1 2 2 2 2 54 4.8 4 7.4 (2.9–17.6) 1 1.9 (0.3–9.8) 25.0 (4.6–69.9)
B2/3/4/7 only 2 2 2 # # # # 798 71.3 203 25.4 (22.5–28.6) 98 12.3 (10.2–14.7) 48.3 (41.5–55.1)
B2 only 2 2 2 1 2 2 2 140 12.5 27 19.3 (13.6–26.6) 10 7.1 (3.9–12.6) 37.0 (21.5–55.8)
B3 only 2 2 2 2 1 2 2 37 3.3 4 10.8 (4.3–24.7) 3 8.1 (2.8–21.3) 75.0 (30.1–95.4)
B4 only 2 2 2 2 2 1 2 349 31.2 68 19.5 (15.7–24.0) 22 6.3 (4.2–9.4) 32.4 (22.4–44.2)
B7 only 2 2 2 2 2 2 1 37 3.3 2 5.4 (1.5–17.7) 1 2.7 (0.5–13.8) 50.0 (9.5–90.5)
A21 1 321 28.7 169 52.6 (47.2–58.0) 132 41.1 (35.9–46.6) 78.1 (71.3–83.7)
B2/3/4/7 # # # # 1,017 90.9 355 34.9 (32.0–37.9) 222 21.8 (19.4–24.5) 62.5 (57.4–67.4)
B2 1 339 30.3 167 49.3 (44.0–54.6) 119 35.1 (30.2–40.3) 71.3 (64.0–77.6)
B3 1 390 34.9 215 55.1 (50.2–60.0) 161 41.3 (36.5–46.2) 74.9 (68.7–80.2)
B4 1 718 64.2 279 38.9 (35.4–42.5) 176 24.5 (21.5–27.8) 63.1 (57.3–68.5)
B7 1 84 7.5 26 31.0 (22.1–41.5) 18 21.4 (14.0–31.3) 69.2 (50.0–83.5)

1, criterion fulfilled; 2, criterion not fulfilled; #, at least one of the criteria is fulfilled.

TABLE III – RESULTS OF IMMUNOHISTOCHEMISTRY, MICROSATELLITE ANALYSIS AND MUTATION ANALYSIS

Result of tumor tissue screening Families Result of mutation analysis

IHC MLH1 IHC MSH2 MSA n % of total
Pathogenic

Not pathogenic, n Not determined, n
Positive predictive value

MLH1, n MSH2, n % 95% CI

Normal Normal MSS/MSI-L 747 66.8 0 0 49 698 0.0 (0.0–7.3)
Normal Normal MSI-H 58 5.2 10 4 44 0 24.1 (15.0–36.5)
Normal Loss MSS/MSI-L 1 0.1 0 0 1 0 0.0 (0.0–79.3)
Normal Loss MSI-H 165 14.7 0 119 46 0 72.1 (64.8–78.4)
Loss Normal MSS/MSI-L 2 0.2 0 0 2 0 0.0 (0.0–65.8)
Loss Normal MSI-H 140 12.5 93 0 47 0 66.4 (58.3–73.7)
Loss Loss MSS/MSI-L 0 0.0 0 0 0 0 0.0 (0.0–100.0)
Loss Loss MSI-H 6 0.5 2 2 2 0 66.7 (30.0–90.3)
Total IHC abnormal 314 28.1 95 121 98 0 68.8 (63.5–73.7)
Total MSA abnormal 369 33.0 105 125 139 0 62.3 (57.3–67.1)
Total IHC and/or MSA abnormal 372 33.2 105 125 142 0 61.8 (56.8–66.6)
Total 1,119 100.0 105 125 191 698 20.6 (18.3–23.0)
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despite abnormal IHC. There were 6 cases with abnormal MSA
and IHC for both MLH1 and MSH2, of which 4 cases had patho-
genic mutations (2 in MLH1 and 2 in MSH2). If the result of IHC
is compared with the corresponding result of MSA, the positive
predictive value and specificity of the IHC were 99.1% and
99.6%, respectively. However, about 6% of the pathogenic muta-
tions (14 out of 230) escaped detection by IHC. The positive pre-
dictive value of the combination of both screening methods was
61.8%, which is 3 times higher than the prevalence of pathogenic
mutations in the total cohort. This means that preselection by par-
allel application of IHC and MSA results in a 3-fold enrichment of
mutation-positive patients.

Cost-saving sequential use of IHC and MSA

Presently, the German HNPCC Consortium uses both screening
methods in parallel (Fig. 1). Alternatively, IHC and MSA can be
applied sequentially in 2 different ways as illustrated in Figure 2
(dark shaded areas). These strategies are less costly because the
second step depends on the result of the first step. To quantify the
resulting cost reduction for the present patient cohort, we calcu-
lated the costs of the parallel strategy and both sequential strat-
egies as described above. Figure 5 depicts the costs of the sequen-
tial screening strategies IHCfiMSA and MSAfiIHC relative to
the costs of the parallel strategy. The costs are functions of the
actual MSA-to-IHC cost ratio Ract. Because the cost functions are
crossing, Ract determines which of the 2 alternative strategies is
less expensive. The break-even point RBEP yields 2.4 in our spe-
cific cohort (see Equation 4, pIHC 5 0.28 and pMSA 5 0.33).
According to the present official regulation of charges for physi-
cians in Germany, CMSA amounts to approximately 260 € and
400 € (5 and 10 markers, respectively) and CIHC amounts to
approximately 80 €. Thus, Ract (5 CMSA divided by CIHC) ranges
from about 3.25 to 5, which is larger than RBEP. This means that
the costs of strategy IHCfiMSA are lower (77–79% of the costs
of the parallel strategy) than those of strategy MSAfiIHC.

The cost reductions demonstrated so far are achieved by sub-
jecting all patients to the same strategy (fixed allocation). How-
ever, for further cost reduction, one may wish to allocate patients
individually to that sequential screening strategy that is expected
to be less costly than the other depending on individually pre-
dicted values for pIHC and pMSA (individual allocation). Logistic
regression analysis shows that the age of the index patient at first
tumor diagnosis (x1) and the number of fulfilled selection criteria
A2, B2, B3 and B4 (x2) are highly significant predictors for both
IHC and MSA outcome (Table IV). The predicted probabilities for
pIHC and pMSA cover a broad range 0.01 and 0.94 for the cases in
our cohort (Fig. 3). ROC analysis revealed predictive values
(AUC) of the regression models of 0.78 and 0.76 for IHC and
MSA, respectively. Using this predictive model, RBEP can be indi-
vidually determined as a function of the variables x1 and x2 as
shown in Figure 4. This graph can be used to choose the optimal
sequential screening strategy, given the individual clinical infor-
mation and the actual MSA-to-IHC cost ratio Ract. If RBEP is less
than or equal to Ract, then the patients should be allocated to the
strategy that uses IHC in the first place (IHCfiMSA). Conversely,
if RBEP is less than or equal to Ract, then MSA should be applied
first (MSAfiIHC). As shown in Figure 5, the costs of this individ-
ualized allocation strategy lie between 73% and 75% compared
with the parallel strategy, that is, a cost reduction of about 25%
can be achieved.

Discussion

Since the discovery of mismatch repair gene defects as the
genetic basis for the cancer disposition syndrome HNPCC, an
increasing number of investigations are focusing on the important
issue of developing optimal strategies for molecular diagno-
sis.19,20,31–36 Clearly, mutation analysis cannot be applied at a
large scale and should only be offered to patients with substantial
risk of having a deleterious mutation. Also, microsatellite analysis

TABLE IV – RESULTS OF LOGISTIC REGRESSION AND ROC ANALYSES

Model

Logistic regression analysis

ROC analysis AUC (CI95)Constant Age of diagnosis (x1) Clinical criteria (x2)

b0 p b1 p b2 p

pIHC 21.894 < 0.001 20.025 0.001 1.176 < 0.001 0.784 (0.752–0.816)
pMSA 21.366 < 0.001 20.029 < 0.001 1.141 < 0.001 0.775 (0.744–0.806)

FIGURE 3 – Left: Estimated probability to detect an abnormal outcome in IHC (solid line) or MSA (dashed line) as function of the age of the
index patient at first tumor diagnosis (x1) and the number of fulfilled clinical selection criteria (x2). Bold parts of the curves indicate ranges in
which observations were available in the present data set. Right: ROC analysis comparing predicted with observed IHC (solid line) and MSA
(dashed line) outcome.
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and immunohistochemistry, which have been shown to allow
effective enrichment of high-risk patients, are presently not rec-
ommended for all cases of colorectal tumors. Instead, a sequential
approach using preselection by clinical criteria, followed by fur-
ther selection using MSA and/or IHC and final verification by
mutation analysis, is currently applied for diagnosis. However,
appropriate definitions of selection criteria and the optimal order
of available testing methods are still under debate.

Here we present data from the German HNPCC Consortium on
1,119 unrelated index patients who underwent standardized
molecular diagnosis of HNPCC using clinical selection criteria,
immunohistochemistry, microsatellite analysis and mutation anal-
ysis. Our objective was to analyze and compare the value of these
selection and screening methods for the identification of patients
with pathogenic germline mutations and to develop optimal
screening strategies with regard to costs.

Our analysis was restricted to MLH1 and MSH2 because other
genes have not been analyzed to the same systematic extent in our

study so far. However, among all genes associated with HNPCC,
the majority of mutations is detected in these 2 genes.

The clinical selection criteria of the present study were identical
to the Bethesda guidelines proposed in 1996 with the exception
that the 50-year age restriction within the Amsterdam criteria was
not applied. However, our data clearly show that waiving the age
criterion was not effective as only 1 patient was identified to carry
a pathogenic mutation out of 54 patients who were additionally
selected through this modification. The Amsterdam criteria were
applied using the revised definition of 1999 (Amsterdam II),
which considers defined malignancies in addition to colorectal
carcinomas.8 Although the number of Amsterdam families addi-
tionally identified by the broader tumor spectrum was comparably
low (29 out of 222 families), the predictive values for IHC/MSA
and mutation positivity were similar to those observed in the
group fulfilling only Amsterdam I. This result clearly confirms a
previous analysis of 56 kindreds by Stormorken et al.,34 who
found that the revision of the Amsterdam I criteria was of great
importance to identify additionally mutation-positive families that
would have escaped detection by the original criteria. However,
despite the predictive importance of the Amsterdam criteria, about
91% of the index patients of our cohort fulfilled at least one of the
Bethesda guidelines 2, 3, 4, or 7. This group comprised 222 out of
230 (96.5%) families with pathogenic mutations, that is, only
3.5% would not have been ascertained if the Amsterdam II criteria
would not have been considered for selection. Thus, in connection
with the Bethesda guidelines, the Amsterdam criteria are only of
little additional value for the identification of families. Moreover,
in contrast to the Amsterdam criteria, which require deeper infor-
mation about the tumor history within a family, the Bethesda
guidelines 2, 3, 4, and 7 require only information about the tumor
history of the index patient and his first-degree relatives.

Recently, revised Bethesda guidelines for testing colorectal
tumors for microsatellite instability have been proposed.10 In these
new guidelines, the former guideline 7, which recommended ana-
lyzing patients with colorectal adenomas diagnosed before the age
of 40 years, is no longer proposed. Our present data show that this
former guideline is in fact largely ineffective for patient selection
(only 2 patients out of 37 had abnormal results of IHC or MSA, 1
had a pathogenic mutation). However, a recent study of de Jong
et al.37 showed that adenomas in young mutation carriers were
significantly larger and that a higher proportion had villous com-
ponents and/or high-grade dysplasia compared with adenomas of
noncarriers, suggesting that adenomas with such features should
be analyzed by immunostaining to identify patients with suspected
HNPCC.

The new Bethesda guideline 5 (hereafter ‘‘nB5’’), which rec-
ommends MSI testing in colorectal cancer patients having 2 or
more first- or second-degree relatives with HNPCC-related tumors
regardless of age, is similar to A21. In our cohort, 421 (37.6%)
patients fulfill nB5, of whom 206 (48.9%) had abnormal IHC and/
or MSA and 154 (36.6%) had a pathogenic mutation. Interest-
ingly, 115 (10.3%) patients fulfill nB5 but not A21, of whom 42
(36.5%) patients showed abnormal IHC and/or MSA and 26
(22.6%) had a pathogenic mutation. Thus, the new Bethesda
guideline 5 seems to be useful to identify additionally a consider-
able number of patients with mutations that do not fulfill the
Amsterdam II criteria without the 50-year age restriction.

The prevalence of patients with MSI-H was 33.0%, which
agrees to findings obtained by others in cohorts complying with
the Bethesda guidelines.38,39 The overall prevalence of patients
with pathogenic mutations was 20.6% in our cohort, which, how-
ever, might be subject to verification bias since mutation analysis
has largely not been performed according to the study protocol if
no abnormal result in IHC and MSA was present. Thus, although
the analysis of 49 patients in this group did not reveal any patho-
genic mutation, the existence of such cannot be excluded. If one
assumes a mutation frequency of 7.3% in this group (upper limit
of the 95% confidence interval for the expected mutation fre-

FIGURE 4 – Functional relationship between individual patient char-
acteristics (number of fulfilled clinical selection criteria, age at first
tumor diagnosis) and the MSA-to-IHC cost ratio RBEP, at which both
sequential screening alternatives yield identical costs. Bold parts of
the curves indicate ranges in which observations were available in the
present data set.

FIGURE 5 – Comparison of the costs of different screening strat-
egies. The gray shaded area indicates the range of the actual MSA-to-
IHC cost ratio in Germany.
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quency), about 55 positive cases would be expected and the over-
all mutation prevalence would increase to 25.5%. There were 58
cases (5.2%) with normal IHC and abnormal MSA, of which 14
cases had a pathogenic MLH1 or MSH2 mutation. This group
should also include cases with mutations in other MMR genes,
such as MSH6 or PMS2, the frequency of which, however, was
not comprehensively determined in this study. The extension of
immunohistochemical screening to these proteins may lead to a
relevant reduction of cases in this group.38,40

The positive predictive value of the parallel IHC/MSA test com-
bination to detect pathogenic mutations was 61.8%. Thus, in rela-
tion to the overall mutation prevalence of 20.6–25.5%, an enrich-
ment factor of 2.4 to 3 could be achieved by this selection strategy.

Microsatellite analysis is currently regarded as the standard
method for selecting patients with a high risk of carrying a patho-
genic mutation. However, immunohistochemistry poses a less
resource-demanding alternative. Moreover, this method gives
information about the presumably mutated gene and thus allows
reducing the cost for sequencing. Ideally, the positive predictive
value (PPV) and the specificity of IHC with regard to MSA should
be 100%. To date, a number of investigations have compared the
performance of MSA versus IHC, the results of which are in good
agreement to those of our present analysis. The largest evaluation
has been performed by Lindor et al.,31 who determined a PPV and
specificity of 100% for IHC of MLH1 and MSH2 in a series of
colorectal cancers from 1,144 patients. Further investigations on
smaller series confirm the nearly perfect PPV and specificity.19,36

The PPV and specificity of IHC in our well-defined cohort were
99.1% and 99.6%, respectively. Three cases with loss of protein
expression failed to show the expected microsatellite instability.
Fourteen cases (6.1%) with pathogenic mutations escaped detec-
tion by the corresponding IHC but were detected by MSA. This
finding confirms that IHC is currently not able to replace MSA.
On the other hand, application of MSA in case of an abnormal
IHC is unnecessary because MSA provides no additional informa-
tion. Therefore, alternative strategies using both methods sequen-
tially should be more cost-effective.

Christensen et al.19 and also Debniak et al.20 proposed a step-
wise strategy using IHC in the first place, followed by MSA in
case of normal IHC. In contrast, Ponz de Leon et al.21 suggested a
strategy using MSA first, followed by IHC in case of abnormal
MSA. We here propose a combination of these 2 alternative ways
of sequential IHC and MSA application. If IHC is used as first
screening method, then MSA is applied with the intention to com-

pensate for the limited sensitivity of IHC. Conversely, if MSA is
used first, then IHC is applied to determine the gene that is likely
to be affected. However, this latter alternative does not select the
rare cases that have stable microsatellites but abnormal immuno-
histochemistry (3 out of 1,119 cases in our cohort). In this work,
we compared the costs of both sequential alternatives with those
of the parallel strategy. Importantly, the cost functions of the
sequential strategies intersect. Since the costs depend on the
MSA-to-IHC cost ratio and the expected probabilities to obtain an
abnormal MSA and IHC outcome, the least expensive alternative
is determined by the actual values of these parameters, which can
vary between different countries and patient populations. More-
over, our logistic regression analysis shows that the probabilities
for abnormal IHC or MSA results are significantly dependent from
individual clinical factors (age of the index patient at first tumor
diagnosis and the number of fulfilled selection criteria). Therefore,
a second important result is that an individualized allocation to
one of the sequential screening alternatives is possible instead of
using one fixed alternative for all patients. Using the individual-
ized allocation strategy as proposed here, about 25% of the costs
(85–120 € per patient in our study, depending on the number of
microsatellite markers) can be saved compared with the strategy
using IHC and MSA in parallel. However, this does not represent
the maximum possible cost saving (as indicated in Fig. 5 by the
dashed line), because the logistic model does not perfectly predict
the tumor screening outcome (as indicated in Fig. 3 by the ROC
curve). We are currently investigating whether the model can be
improved using further information, e.g., from histopathologic
examinations.

It has to be emphasized that the proposed strategy does not
allow selection for MSH6 mutations. Several investigations sug-
gest that neither MSA nor IHC should be a definitive selection cri-
terion for MSH6 mutation analysis, as some mutations may not be
detected by either method.29,41,42 Thus, more sophisticated strat-
egies may be needed if also cost-effective detection of MSH6
mutations is required.

In summary, we conclude that the Bethesda guidelines 2, 3 and
4 are the most important criteria for the selection of patients with
high risk of having a pathogenic mutation in MLH1 or MSH2. In
order to save costs of tumor screening prior to mutation analysis,
we recommend a sequential strategy using either IHC or MSA in
the first place. A logistic regression model based on the age of the
index patient at first tumor diagnosis and the number of fulfilled
selection criteria can be used to determine individually which of
the 2 sequential alternatives is expected to be least expensive.
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Appendix

The German HNPCC Consortium, funded by the Deutsche
Krebshilfe, comprises centers at the following locations (co-
workers are listed in addition to authors): clinical centers:
Bochum (F.E. Brasch, J.T. Epplen, S.A. Hahn, K.M. Mueller, E.
Kunstmann, W. Schmiegel, K. Schulmann, J. Willert), Bonn
(H.P. Fischer, W. Friedl, J. Girmscheid, A. Hirner, C. Lamberti,
H. Lauschke, M. Mathiak, P. Propping, T. Sauerbruch, N. Wer-
nert), D€usseldorf (T. Goecke, D. Goedde, A. Hansmann, K.L.
Schaefer, T. Vogel, C. Wieland), Dresden (D. Aust, F. Balck,
R. H€ohl, F. Kreuz, S. Pistorius, S. Kr€uger), Heidelberg
(F. Cremer, J. Gebert, M. Keller, H.P. Knaebel, M. von Knebel
Doeberitz, U. Mazitschek, M. Tariverdian), Munich/Regensburg
(I. Becker, R. Kopp, Y. M€uller-Koch, M. Sarbia, U. Schiemann,
M. Scholz, H. Vogelsang); center for reference pathology: Kas-
sel (A. Mueller, T. Brodegger); center for documentation and
biometry: Leipzig (M. Herold, J. Schaefer, R. Speer).
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