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Purpose: Risk assessment is an essential component of genetic counseling and testing, and Bayesian analysis

plays a central role in complex risk calculations. We previously developed generalizable Bayesian methods to

calculate the autosomal recessive disease risk of a fetus when one or no mutation is detected, and another,

independent risk factor is present. Our methods are particularly useful for calculating the CF disease risk for a fetus

with echogenic bowel. In genetics practice, however, there are other scenarios for which our previous methods are

inadequate. Methods and Results: We provide herein methods for calculating genetic risks in a variety of common

clinical scenarios. These scenarios include the following: (1) different mutation panels that have been used for the

parents and for a fetus; (2) genetic testing results available on the proband or other relatives, in addition to the

consultand; (3) fetal ultrasound negative for echogenic bowel with a positive family history; and (4) a consultand

with a mixed ethnic background. Conclusion: Our Bayesian methods have proven their versatility through applica-

tion to many different common genetic counseling scenarios. These methods permit autosomal recessive disease

and carrier probabilities to be calculated accurately, taking into account all relevant information. Our methods allow

accurate genetic risk estimates for patients and their family members for CF or other autosomal recessive

disorders. Genet Med 2004:6(5):439–449.
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Risk assessment is an essential component of genetic coun-
seling and testing, and Bayesian analysis plays a central role in
complex risk calculations.1–4 We previously developed gener-
alizable Bayesianmethods to calculate the risk of an autosomal
recessive disease when only one or no mutation is detected in
the disease gene, and another, independent risk factor is
present [e.g., fetal echogenic bowel as a risk factor for cystic
fibrosis (CF; OMIM no. 219700)].5 Our methods are useful in
the setting of CF carrier screening and prenatal testing for mu-
tations of the CFTR gene (OMIM no. 602421).5 In genetics
practice, however, there are other scenarios for which our pre-
vious methods are inadequate. Such scenarios are common,
and generalizable methods for them are lacking. In this manu-
script, we illustrate principles of genetic risk calculations for a

variety of such scenarios using concrete examples. For exam-
ple, as the technology of mutation detection advances, more
mutations will be screened at lower costs, andmutation panels
such as those for CF will likely include many more mutations.
Even now, some organizations and institutions provide more
mutation coverage than others in a given ethnicity.We provide
methods for genetic risk calculations for scenarios in which the
proband or another family member has been tested using a
different mutation panel from that used for the consultand,
and in which the fetus has been tested using a different muta-
tion panel from that used for the parents.
Another common scenario requiringmethods beyond those

described in our previous report5 is that of a pregnant woman
with a negative ultrasound who does not undergo prenatal
genetic testing. A typical case is as follows: a mother undergoes
CF carrier screening and is found to be a carrier; the father tests
negative for CFTR mutations, and the fetus subsequently un-
dergoes ultrasound examination and is found to be negative
for echogenic bowel. If the fetus were positive for echogenic
bowel, testing for CFTR mutations would usually follow, and
genetic risk can be calculated as we described previously.5 The
fraction of fetuses with a positive ultrasound examination,
however, is small, even when twoCFTRmutations are present.
The probability that a fetus has an echogenic bowel if the fetus
is affected with CF, is a carrier, or is a noncarrier is estimated to
be � 0.11, 0.00089, or 0.00035, respectively (using the data by
Scotet et al.6).5 Therefore, the probability that a fetus does not
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have echogenic bowel if the fetus is affected, a carrier, or a
noncarrier is estimated to be 0.89 (� 1 � 0.11), �1 (� 1 �
0.00089), or � 1 (� 1 � 0.00035), respectively. This means
that a vast majority of pregnant CF carriers who undergo ul-
trasound examination will have negative results. Women with
negative fetal ultrasound results do not often undergo prenatal
testing, and accurate genetic risk calculations are needed in this
setting. We describe herein Bayesian analyses for various typi-
cal scenarios with a negative or positive prenatal ultrasound
result, with or without prenatal genetic testing.

In addition, we describe methods for genetic risk calcula-
tions in typical scenarios in which a genetic testing result is
available in family members other than the consultand or the
fetus, and in scenarios in which a consultand with a mixed
ethnic background undergoes CF carrier screening. The latter
examples are particularly important for countries or geo-
graphic regions with ethnic diversity.

Our Bayesian methods are versatile. They are applicable to
many common clinical scenarios and allow autosomal reces-
sive disease probabilities and carrier probabilities to be calcu-
lated accurately, taking into account all relevant information.

METHODS AND RESULTS

Table 1 summarizes commonly encountered scenarios that
are described in Scenario 1 through Scenario 4. Although these
scenarios are relatively common, our methods are applicable to
many different, even rare, scenarios. We also describe a variety of
other scenarios that pose particularly difficult problems in genetic
counseling. We assume that both CFTR testing for carrier screen-
ing and CFTR testing for prenatal testing detects the 25 CFTR
mutations designated by the American College of Medical Genet-
ics (ACMG).7,8 We use mutation detection rates for major ethnic
groups as reviewed in Ogino et al.5 We use the calculations of
Ogino et al.5 (from the data of Scotet et al.6) for the conditional
probability that a fetus has an echogenic bowel if affected, a car-
rier, or a noncarrier (0.11, 0.00089, or 0.00035, respectively). We
describe methods for risk calculations for more complex scenarios
in Scenario 5 through Scenario 9.

Scenario 1: Negative fetal ultrasound, no prenatal
CFTR testing

How can one calculate the genetic risk of CF to a fetus if
the mother has a negative ultrasound result and does not

undergo prenatal testing for CFTR mutations? First,
one calculates the carrier risk for each parent; if the family
history is negative for CF and no carrier screening has
been performed, then the carrier risk is the same as that
of his or her background population. If there is a family
history and/or a test result from carrier screening, then
one can calculate the carrier probability accordingly us-
ing published mutation frequency estimates and a de-
duced mutation detection rate for the appropriate ethnic
population.5,7,9

For example, suppose an Ashkenazi Jewish mother is pos-
itive for a CFTR mutation, and the non-Hispanic Caucasian
father who does not have a family history of CF is negative
for the 25 CFTR mutation panel recommended by ACMG.7,8

The fetus undergoes ultrasound examination, and is nega-
tive for echogenic bowel. Without prenatal CFTR testing,
what is the probability that the fetus is affected (or a car-
rier)? The Bayesian analysis for this case is shown in Table 2.
The conditional probabilities are derived as follows: For
Ashkenazi Jewish and non-Hispanic Caucasian populations,
the mutation detection rates of the 25-CFTR-mutation panel
are 0.97 and 0.9, respectively. Therefore, the probability that an
Ashkenazi Jewish or non-Hispanic Caucasian parent tests neg-
ative if he/she is a carrier is 0.03 or 0.1 (� 1 � [mutation
detection rate]), respectively. The probability that a parent
tests negative if he/she is a noncarrier is 1, regardless of ethnic-
ity. The probability that the fetus is affected, a carrier or a
noncarrier, if the father is a carrier, is 0.25, 0.5, or 0.25, respec-
tively (because the mother is a carrier). The probability that the
fetus is a carrier or a noncarrier, if the father is a noncarrier, is
0.5, or 0.5, respectively. The probability that the fetus does not
have an echogenic bowel if the fetus is affected, or if the fetus is
unaffected (a carrier or noncarrier), is 0.89, or �1, respectively
(see earlier). Each column represents a particular combination
of conditions. For example, column A represents the com-
bined condition that the father is a carrier, the father tests
negative for mutations in CFTR, the fetus is affected, and the
fetus is negative for an echogenic bowel. The posterior proba-
bility that the fetus is affected is the posterior probability of
column A, or 0.000923 (�1/1100), which is approximately
2.3-fold higher than that of a fetus in the general Caucasian
population.

If both parents are carriers and their fetus is negative for an
echogenic bowel, what is the probability that the fetus is af-
fected? The prior probability that the fetus is affected, a carrier,
or a noncarrier before the ultrasound examination is 0.25, 0.5,
or 0.25, respectively. The Bayesian analysis for this scenario is
shown in Table 3. The probability that the fetus is affected is
�0.23, which is sufficiently high to recommend prenatal ge-
netic testing (as in Scenario 2).

Scenario 2: Negative fetal ultrasound, with prenatal
CFTR testing

If a pregnant woman with a negative ultrasound result
undergoes prenatal CFTR genetic testing, Bayesian analysis

Table 1
Summary of various clinical scenarios of fetal ultrasounds with or without

prenatal genetic testing, necessitating genetic risk assessments

Fetal
ultrasound Prenatal genetic testing Scenario

Negative Not performed Scenario 1 (Tables 2 and 3)

Negative or
Positive

Performed: Negative or one
mutation detected

Scenario 2 and see Ogino et al.5

Positive Not performed Scenarios 3 and 4 (Tables 4
through 7)

Ogino et al.
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can be performed as described previously,5 with little mod-
ification. One should use the probability that the fetus does
not have echogenic bowel if the fetus is affected, a carrier, or
a noncarrier (0.89, �1, or �1, respectively).5

Scenario 3: Positive fetal ultrasound, one carrier
parent, the other parent not tested or negative by
carrier testing, no prenatal CFTR testing

If a pregnant woman with a positive fetal ultrasound re-
sult is found to have one CFTR mutation, and no genetic
testing has been performed on the other parent (a non-
Hispanic Caucasian) or the fetus, what is the probability
that the fetus is affected? The Bayesian analysis for this case
is shown in Table 4. The probability that the fetus is affected
is �0.64, and prenatal genetic testing (see Scenario 2) is

indicated. Suppose the father tests negative for mutations in
CFTR? The Bayesian analysis for this case is shown in Table
5. The probability that the fetus is affected is �0.16, which is
sufficiently high to recommend prenatal genetic testing (see
Scenario 2). If one or both of the parents have a family
history of CF, and one or more of the other family members
have been tested, the risk calculations can become quite
complex (see Scenario 5).

Scenario 4: Positive fetal ultrasound, one or both of
parents negative by carrier testing, no prenatal CFTR
testing

If one of the parents tests negative for mutations in CFTR,
but the fetus has an echogenic bowel, what is the probability
that the fetus is affected? Suppose that two non-Hispanic Cau-
casian parents have negative family histories for CF: Parent A
tests negative for mutations in CFTR, and Parent B has not
been tested. The Bayesian analysis for this case is shown in
Table 6. The posterior probability that the fetus is affected is
0.012 (�1/83).

If both parents test negative for mutations in CFTR, but
the fetus has an echogenic bowel, what is the probability that
the fetus is affected? The posterior probability in this rela-
tively common scenario is important, as it determines
whether prenatal CFTR testing should be offered. Suppose
both parents have a negative family history for CF, and both

Table 2
Bayesian analysis for a fetus negative for echogenic bowel, with a carrier mother (Scenario 1)

Father Carrier Noncarrier

Prior probability 0.04 0.96

Conditional probability of negative carrier screening 0.10 1

Fetus (given carrier mother) Affected Carrier Noncarrier Carrier Noncarrier

0.25 0.5 0.25 0.5 0.5

Conditional probability of negative fetal ultrasound 0.89 1 1 1 1

Joint probability 0.00089 0.002 0.001 0.48 0.48

Posterior probability 0.00092 0.0021 0.0010 0.4980 0.4980

Column A B C D E

Table 3
Bayesian analysis for a fetus negative for echogenic bowel, with carrier

parents (Scenario 1)

Fetus Affected Carrier Noncarrier

Prior probability 0.25 0.5 0.25

Conditional probability of negative
fetal ultrasound

0.89 1 1

Joint probability 0.2225 0.5 0.25

Posterior probability �0.23 �0.51 �0.26

Table 4
Bayesian analysis for a fetus positive for echogenic bowel, with a carrier mother (Scenario 3)

Father Carrier Noncarrier

Prior probability 0.04 0.96

Fetus (given carrier mother) Affected Carrier Noncarrier Carrier Noncarrier

0.25 0.5 0.25 0.5 0.5

Conditional probability of positive fetal ultrasound 0.11 0.00089 0.00035 0.00089 0.00035

Joint probability 0.0011 0.0000178 0.0000035 0.0004272 0.000168

Posterior probability 0.64 0.010 0.0021 0.25 0.099

Bayesian CF risk calculations

September/October 2004 � Vol. 6 � No. 5 441



parents are non-Hispanic Caucasian. The Bayesian analysis
for this case is shown in Table 7. The posterior probability
that the fetus is affected is 0.0013 (�1/740). If one or both of

the parents have a family history of CF, and if one or more
family members have been tested, the risk calculations can
become quite complex (see Scenario 5).

Table 5
Bayesian analysis for a fetus positive for echogenic bowel, with a carrier mother and the father tested negative (Scenario 3)

Father Carrier Noncarrier

Prior probability 0.04 0.96

Conditional probability of negative carrier screening 0.10 1

Fetus (given carrier mother) Affected Carrier Noncarrier Carrier Noncarrier

0.25 0.5 0.25 0.5 0.5

Conditional probability of positive fetal ultrasound 0.11 0.00089 0.00035 0.00089 0.00035

Joint probability 0.00011 0.00000178 0.00000035 0.0004272 0.000168

Posterior probability 0.16 0.0025 0.00049 0.60 0.24

Table 6
Bayesian analysis for a fetus with echogenic bowela (Scenario 4)

Parent A Carrier Noncarrier

Prior probability 0.04 0.96

Conditional probability of negative
carrier screening

0.1 1

Parent B Carrier Noncarrier Carrier Noncarrier

0.04 0.96 0.04 0.96

Fetus Affected Carrier Noncarrier Carrier Noncarrier Carrier Noncarrier Noncarrier

0.25 0.5 0.25 0.5 0.5 0.5 0.5 1

Conditional probability of positive
fetal ultrasound

0.11 0.00089 0.00035 0.00089 0.00035 0.00089 0.00035 0.00035

Joint probability 4.4 � 10�6 7.1 � 10�8 1.4 � 10�8 1.7 � 10�6 6.7 � 10�7 1.7 � 10�5 6.7 � 10�6 3.2 � 10�4

Posterior probability 0.012 0.00020 0.000040 0.0048 0.0019 0.048 0.019 0.91

a One parent (non-Hispanic Caucasian Parent A) tested negative by carrier screening, but no genetic testing has been performed on the other parent (non-Hispanic
Caucasian Parent B) or the fetus.

Table 7
Bayesian analysis for a fetus with echogenic bowela (Scenario 4)

Parent A Carrier Noncarrier

Prior probability 0.04 0.96

Conditional probability of
negative carrier screening

0.1 1

Parent B Carrier Noncarrier Carrier Noncarrier

0.04 0.96 0.04 0.96

Conditional probability of
negative carrier screening

0.1 1 0.1 1

Fetus Affected Carrier Noncarrier Carrier Noncarrier Carrier Noncarrier Noncarrier

0.25 0.5 0.25 0.5 0.5 0.5 0.5 1

Conditional probability of positive
fetal ultrasound

0.11 0.00089 0.00035 0.00089 0.00035 0.00089 0.00035 0.00035

Joint probability 4.4 � 10�7 7.1 � 10�9 1.4 � 10�9 1.7 � 10�6 6.7 � 10�7 1.7 � 10�6 6.7 � 10�7 3.2 � 10�4

Posterior probability 0.0013 0.000022 0.0000043 0.0052 0.0020 0.0052 0.0020 0.984

aBoth parents (non-Hispanic Caucasian Parent A and Parent B) tested negative by carrier screening, but no genetic testing has been performed on the fetus.

Ogino et al.
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Scenario 5: Complex scenarios: Consultand negative
by carrier testing, proband with one or two detectable
mutations

If a pregnant non-Hispanic Caucasian woman with an affected
nephew tests negative for mutations in CFTR, and the affected
nephew has only one detectable mutation, what is the probability
that the woman is a carrier? The probability that the woman is a
carrier, before carrier screening, is 1/2. The Bayesian analysis is
shown in Table 8, where the detectable mutation and the unde-
tectable mutation in the nephew are designated as Mutation A
and Mutation B, respectively. The posterior probability that the
woman is a carrier is 1/3, which is only slightly decreased from the
1/2 prior risk. Without further testing, the probability that the
fetus is affected is 1/3 � 1/25 � 1/4 � 1/300. If the fetus is found to
have one detectable mutation, the probability that the fetus is af-
fected is 1/3 � 1/2 � 1/6. This is because the risk that the woman
is a carrier derives from the risk of carrying an undetectable mu-
tation; for the fetus to be affected, the mutation must come from
the father, and the undetectable mutation must have come from
the mother. Suppose the fetus has no detectable mutation and
the father is also a non-Hispanic Caucasian. The Bayesian analysis
for this case is shown in Table 9. The probability that the fetus is
affected is 1/2946, which is approximately 1/10 the risk in the case
with no prenatal testing on the fetus.

If the affected nephew has two detectable mutations, the
consultand’s negative test result decreases her carrier risk to
less than that of an individual with a negative test result, the
same population background, and no family history (assum-
ing the proband and consultand were tested by the same mu-
tation panel). The remaining risk derives from the possibility
of an undetectable mutation in the family, unrelated to either
of the detectable mutations in the proband. The source of the
undetectable mutation, if any, is from one of the consultand’s
parents (provided that the other consultand’s parent has one of
the detectable mutations present in the proband). There is also
a small possibility that one of the consultand’s parents has two
mutations, one of which is undetectable, and one of which
causes very mild impairment of CFTR protein function, so that
the consultand’s parent seems asymptomatic.

Scenario 6: Complex scenarios: Consultand negative
by carrier testing, and an unaffected family member
with one detectable mutation

In a modification of Scenario 4 (Table 6), suppose the tested
woman has a family history of CF, but the affected nephew has

not been tested. Suppose further that an unaffected family
member, between the woman and the affected nephew in the
pedigree, is found to have one detectable mutation. The wom-
an’s carrier risk would be significantly lower than that of an
individual who tests negative, and is from the same population
background, and whose family history is negative. In general,
for a consultand who tests negative and has a family history, a
detectable mutation in an unaffected relative lowers the con-
sultand’s risk; the remaining risk derives from the possibility of
an undetectable mutation in the family, unrelated to the de-
tectable mutation in the carrier family member.

Suppose the tested pregnant woman has a family history of
CF, the affected nephew has not been tested, and the mother of
the affected nephew, not related to the pregnant woman, is
found to have one detectable mutation. The woman’s carrier
risk would decrease less than in the above case. For example,
suppose the woman has an unaffected brother whose son is
affected, and this affected nephew has not been tested. The
woman tests negative for mutations in CFTR. The mother of
the affected nephew is found to have one detectable mutation.
If this is a non-Hispanic Caucasian family, what is the proba-
bility that the woman is a carrier?

The Bayesian analysis for this case is shown in Table 10. The
risk that the woman is a carrier before a mutation is detected in
the mother of the affected nephew can be calculated by Bayes-
ian analysis: the prior probability that the woman is a carrier is
0.5, and the conditional probability of a negative test result if
the woman is a carrier or noncarrier is 0.1 or 1, respectively.
The posterior probability that the woman is a carrier is 1/11
(calculation not shown). The prior probability that the woman
is a carrier derives from the two mutations present in the af-
fected individual, with equal probability. The affected nephew
inherited the detectable mutation (Mutation A) from his
mother; therefore, the risk that the woman is a carrier now
derives from the probability that the woman carries a mutation
other than Mutation A (i.e., Mutation B, which can be identi-
cal-by-state with Mutation A). The posterior probability that
the woman is a carrier after the mutation is detected in the
mother of the affected nephew is calculated as 1/21 (Table 10).
This is a little more than half of the 1/11 posterior probability
when genetic testing is not performed on the mother of the
affected nephew.

Suppose an unaffected family member, who is more distant
from the affected nephew (i.e., who is not between the woman
and the affected nephew), is found to have one detectable mu-
tation. There is a possibility that the detected mutation is not

Table 8
Bayesian analysis for a pregnant woman with an affected nephew who has been found to have only one detectable mutation A (Scenario 5)

Pregnant woman Carrier with Mutation A Carrier with Mutation B Noncarrier

Prior probability 0.25 0.25 0.5

Conditional probability of negative carrier screening 0 1 1

Joint probability 0 0.25 0.5

Posterior probability 0 1/3 2/3

Bayesian CF risk calculations
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actually present in the affected nephew, especially if the disease
allele frequency is relatively high in the general population.
After the mutation is detected in the family member, the pos-
terior probability that the woman is a carrier decreases by less
than half, with the extent of the decrease depending on the
distance between the family member with the detected muta-
tion and the affected nephew.

Scenario 7: Complex scenarios: Consultand negative
by carrier testing, and proband or an unaffected
family member with one detectable mutation using a
different mutation panel

Suppose a pregnant woman tests negative for mutations in
CFTR, and that she has an affected nephew with only one de-
tectable mutation, e.g., �F508 (F508del), but the nephew was
tested using a different CFTR mutation panel. What is the
probability that the woman is a carrier (Fig. 1)? For example,
suppose the woman was tested using the ACMG, 25-mutation
panel, and the nephew for �F508 only. The prior probability
that the woman is a carrier (1/2) comprises a 1/4 probability of
carrying the �F508 mutation detected in the nephew, and a 1/4

probability of carrying a mutation undetectable by testing for
�F508 alone. The conditional probability that the woman tests
negative if she carries �F508, or if she is a noncarrier, is 0 or 1,
respectively. The conditional probability that the woman tests
negative if she carries a mutation undetectable by testing for
�F508 alone is (1 � 0.9) / (1 � 0.7), i.e., the false-negative rate
(1 � mutation detection rate) of the 25-mutation panel divided
by the false-negative rate (1 � mutation detection rate) of test-
ing for �F508 alone (Fig. 1). In general, the conditional proba-
bility that the woman in this case tests negative if she carries a
mutation undetectable by testing in the proband is (1 � [mu-
tation detection rate in the mother] / [1 � [mutation detection
rate in the proband])]. The Bayesian analysis for this example is
shown in Table 11. The posterior probability that the woman is
a carrier is 1/7.

Suppose the affected nephew is tested using the ACMG, 25-
mutation panel, which detects 90% of mutations in the non-
Hispanic Caucasian population and �F508 is detected but his
second mutation is not. Suppose that the woman tests negative
using an extended mutation panel that detects 93% of muta-
tions in the non-Hispanic Caucasian population (Fig. 2). What
is the probability that the woman is a carrier? The Bayesian

Table 10
Bayesian analysis for a pregnant woman with an affected nephewa (Scenario 6)

Pregnant woman
Carrier with Mutation A present

in the affected nephew
Carrier with Mutation B present

in the affected nephew Noncarrier

Prior probability 0.25 0.25 0.5

Conditional probability that Mutation A is
detected in the mother of the affected nephew

0 1 1

Conditional probability that the woman is
negative in carrier screening

0 0.1 1

Joint probability 0 0.025 0.5

Posterior probability 0 1/21 20/21

a The mother of the affected nephew has detectable Mutation A, and the woman is negative in carrier screening. Mutation A and Mutation B can be identical-by-state
(IBS).

Table 9
Bayesian analysis for the fetus of a pregnant woman with an affected nephew who has been found to have only one detectable mutation Aa (Scenario 5)

Pregnant woman Carrier (Dm) Noncarrier

Prior probability 1/3 2/3

Father Carrier (Dp) Noncarrier Carrier Noncarrier

0.04 0.96 0.04 0.96

Fetus Affected
(Dp � Dm)

Carrier
(Dp)

Carrier
(Dm)

Noncarrier Carrier
(Dm)

Noncarrier Carrier
(Dp)

Noncarrier Noncarrier

0.25 0.25 0.25 0.25 0.5 0.5 0.5 0.5 1

Negative prenatal
testing

0.1 � 1 0.1 1 1 1 1 0.1 1 1

Joint probability 1/3000 1/3000 10/3000 10/3000 480/3000 480/3000 4/3000 40/3000 1920/3000

Posterior
probability

1/2946 1/2946 10/2946 10/2946 480/2946 480/2946 4/2946 40/2946 1920/2946

a The fetus tested negative in prenatal testing. Dp and Dm indicate paternally and maternally derived disease alleles. Because the pregnant woman tested negative in
carrier screening, Dm, if present, has an undetectable mutation.

Ogino et al.
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analysis for this case is shown in Table 12. The conditional
probability that the woman tests negative if she carries a mu-
tation undetectable by the ACMG, 25-mutation panel is (1 �
0.93) / (1 � 0.9). The posterior probability that the woman is a
carrier is 0.26.

Scenario 8: Different mutation panel used in prenatal
CFTR testing from the standard panel used in carrier
screening of the parents

This scenario will likely arise as technology advances and as
testing more mutations than the current standard mutation
panel becomes cost-effective. The Bayesian methods we de-
scribed previously5 take into account only scenarios in which
genetic testing for both the parents and the fetus is performed
using the same mutation panel, and scenarios in which neither
parent is tested. We illustrate herein methods for calculating
genetic risks when different mutation panels are used for the
parents and for the fetus. Hence, the Bayesian analyses for this
scenario are modified from those used in our previous report.5

Each case assumes that both parents are non-Hispanic Cauca-
sian, that the extended panel detects 93% of all mutations
present in non-Hispanic Caucasians, and that the standard

panel detects the 25 ACMG-recommended mutations, which
comprise 90% of all mutations present in non-Hispanic
Caucasians.

In Scenario 2 (Table 5) in Ogino et al.,5 one of the parents
(Parent A) tests negative, and the other parent (Parent B) has
not been tested. The fetus has one detectable mutation by the
extended panel. How does this information affect the risk cal-
culations? The probability that a mutation in Parent A (Da),
undetected by the standard panel, would be detectable by the
extended panel is 0.3 [� (0.93 � 0.9) / (1 � 0.9)]. Therefore,
the conditional probability of “No other mutation detected” in
Column A would be 0.7 [� (1 � 0.93) / (1 � 0.9)], instead of
1. The conditional probabilities of “One mutation identified in
Da” in columns B and E are both 0.3 [� (0.93 � 0.9) / (1 �
0.9)], instead of 0. The Bayesian table is otherwise unchanged.

In the Scenario 3 (Table 6) in Ogino et al.,5 one of the parents
(Parent A) has a mutation detected by the standard panel and
the other parent (Parent B) has not been tested. The fetus has
one detectable mutation, which is the same mutation detected
in Parent A. The conditional probability of “Allele from parent
B” in Column A is now 1 � 0.93, replacing “1 � d.” The
Bayesian table is otherwise unchanged.

Fig. 1. Carrier screening for the 25 mutation panel on the mother who has an affected
nephew with only one �F508 by test that detects only the �F508 mutation (Scenario 7).

Fig. 2. Carrier screening for an extended mutation panel on the mother who has an
affected nephew with only one �F508 by test that detects the ACMG 25 mutation panel
(Scenario 7).

Table 11
Bayesian analysis for a woman with an affected nephewa (Scenario 7)

Pregnant woman
Carrier with �F508 present

in the affected nephew
Carrier with non-�F508 mutation

present in the affected nephew Noncarrier

Prior probability 0.25 0.25 0.5

Conditional probability that the woman tests
negative

0 (1 � 0.9)/(1 � 0.7) � 1/3 1

Joint probability 0 1/12 1/2

Posterior probability 0 1/7 6/7

a The affected nephew has been shown to have only one �F508 mutation by test that detects only the �F508 mutation. The woman tested negative in carrier screening
for the 25 mutations recommended by ACMG.

Bayesian CF risk calculations
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In Scenario 4 (Table 7) in Ogino et al.,5 one of the parents
(Parent A) has a mutation detected by the standard panel and
other parent (Parent B) tests negative. The fetus has one de-
tectable mutation, which is the same mutation detected in Par-
ent A. The conditional probability of “Allele from parent B” in
Column A is now (1 – 0.93) / (1 – 0.9) � 0.7, instead of 1. The
conditional probability of “Allele from parent B” in Column C
is now 0.3 [ � (0.93 – 0.9) / (1 – 0.9)], instead of 0. The Bayesian
table is otherwise unchanged.

In Scenario 6 (Table 9) in Ogino et al.,5 one of the parents
(Parent A) tests negative using the standard panel and the
other parent (Parent B) has not been tested. The fetus tests
negative using the extended panel. The conditional probabili-
ties of “No mutation detected” in this case are shown in Table
13. Changes in the conditional probabilities are in bold face.
The Bayesian table is otherwise unchanged.

In Scenario 7 (Table 10) in Ogino et al.,5 both of the
parents (Parent A and Parent B) test negative using the stan-
dard panel. The fetus tests negative using the extended
panel. The conditional probabilities of “No mutation de-
tected” in this case are shown in Table 14. Changes in the
conditional probabilities are in bold face. The Bayesian ta-
ble is otherwise unchanged.

In Scenario 8 (Table 11) in Ogino et al.,5 one of the parents
(Parent A) has a mutation detected by the standard panel and
the other parent (Parent B) has not been tested. The fetus tests
negative using the extended panel. The conditional probability
of “The other allele with no mutation detected” in Column A is
now 1 � 0.93, replacing “1 � d,” and the conditional proba-
bility of “One allele with no mutation detected” in Column C is
now 1 � 0.93, replacing “1 � d.” The Bayesian table is other-
wise unchanged.

Table 12
Bayesian analysis for a woman with an affected nephewa (Scenario 7)

Pregnant woman
Carrier with �F508 present

in the affected nephew
Carrier with undetectable mutation

present in the affected nephew Noncarrier

Prior probability 0.25 0.25 0.5

Conditional probability that the woman tests negative 0 (1 � 0.93)/(1 � 0.9) � 0.7 1

Joint probability 0 0.175 0.5

Posterior probability 0 0.26 0.74

a The affected nephew has been shown to have only one �F508 mutation by test that detects 90% of mutations in the non-Hispanic Caucasian population. The
woman tested negative in carrier screening for an extended mutation panel that comprises 93% of mutations in non-Hispanic Caucasian population.

Table 13
Generalized bayesian analysis for CF with one risk factor and no identifiable mutationa (Scenario 8) (Modified from Table 9 in Ogino et al5)

Parent A Carrier Noncarrier

Prior probability x 1 � x

Test negative 1 � c 1

Parent B Carrier Noncarrier Carrier Noncarrier

Prior probability y 1 � y y 1 � y

Fetus (mutation) Affected
(Da � Db)

Carrier
(Da)

Carrier (Db) Noncarrier Carrier
(Da)

Noncarrier Carrier
(Db)

Noncarrier Noncarrier

0.25 0.25 0.25 0.25 0.5 0.5 0.5 0.5 1

Risk factor #1
(e.g., echogenic
bowel)

a b b b� b b� b b� b�

No mutation
detected

(1 � 0.93)
[(1 � 0.93)/
(1 � 0.9)]

(1 � 0.93)/
(1 � 0.9)

1 � 0.93 1 (1 � 0.93)/
(1 � 0.9)

1 1 � 0.93 1 1

Joint probability 0.25 axy
(1 � 0.93)2

0.25 bxy
(1 � 0.93)

0.25 bxy
(1 � c)

(1 � 0.93)

0.25 b�xy
(1 � c)

0.5 bx
(1 � y)

(1 � 0.93)

0.5 b�x
(1 � y)
(1 � c)

0.5 by
(1 � x)

(1 � 0.93)

0.5 b�y
(1 � x)

b� (1 � x)
(1 � y)

Column A B C D E F G H I

a No detectable mutation has been found either in the fetus (for the extended panel), or in one of the parents (Parent A) (for the standard panel). The other parent
(Parent B) has not been tested.
a, probability that fetus is positive for risk factor #1 if fetus is affected; b, probability that fetus is positive for risk factor #1 if fetus is a carrier; b�, probability that fetus
is positive for risk factor #1 if fetus is a noncarrier; c, mutation detection rate of genetic test for the ethnic background of parent A; Da, disease allele derived from
parent A; Db, disease allele derived from parent B; x, prior carrier probability for parent A; y, prior carrier probability for parent B.
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In Scenario 9 (Table 12) in Ogino et al.,5 one of the parents
(Parent A) has a mutation detected by the standard panel and
the other parent (Parent B) tests negative. The fetus tests neg-
ative using the extended panel. The conditional probability of
“The other allele with no mutation detected” in Column A is
now (1 � 0.93) / (1 � 0.9), replacing “1,” and the conditional
probability of “One allele with no mutation detected” in Col-
umn C is now (1 � 0.93) / (1 � 0.9), replacing “1.” The Bayes-
ian table is otherwise unchanged.

Scenario 9: Carrier screening for an individual with
mixed ethnicity

For individuals with mixed ethnicity, genetic risk assess-
ments are often quite complex. Suppose a woman with a non-
Hispanic Caucasian father, a Hispanic mother and no family
history of CF undergoes carrier screening. If she tests negative
using the ACMG, 25-mutation panel, what is the probability
that she is a carrier? The Bayesian analysis is shown in Table 15.
We assume that the carrier frequencies for CF in non-Hispanic
Caucasian and Hispanic populations are 1/25 and 1/46, respec-
tively, and that the ACMG panel detects 90% and 57% of mu-
tations, respectively. The probability that the individual is a
carrier is the sum of the posterior probabilities in Columns A,
B, D, and F, or 0.0067.

DISCUSSION

Bayesian analysis plays an essential role in calculations of
genetic risk.1–3,10 We previously developed generalizable
Bayesian methods to calculate autosomal recessive disease risk
when only one or no mutation is detected and multiple muta-
tions have been identified in the disease gene.5 These methods
are particularly useful for CF. Prenatal screening for CF presents
a number of complex challenges, including different methods for
mutation detection, laboratory quality assurance issues, educa-
tion, reporting, residual risk calculations, and genetic counsel-
ing.11 Using concrete examples, we have illustrated herein princi-
ples of genetic risk calculations for a variety of common scenarios,
for which our previous methods are inadequate. For example, as
the technology of mutation detection advances, more mutations
will be screened at lower costs, and mutation panels such as those
for CF will likely include many more mutations. We have pro-
vided methods for genetic risk calculations for scenarios in which
the proband or another family member has been tested using a
different mutation panel from that used for the consultand (see
Scenario 7), and in which the fetus is tested by a mutation panel
different from that used for screening of the parents (see Scenario
8). The ACMG-recommended CF mutation panel will soon be
reduced to 23 mutations, but this will not alter any of our calcu-
lations significantly.

Table 14
Generalized bayesian analysis for CF with one risk factor and no identifiable mutationa (Scenario 8) (Modified from Table 10 in Ogino et al5)

Parent A Carrier Noncarrier

Prior probability x 1 � x

Test negative 1 � c 1

Parent B Carrier Noncarrier Carrier Noncarrier

Prior probability y 1 � y y 1 � y

Test negative 1 � d 1 1 � d 1

Fetus
(mutation)

Affected
(Da � Db)

Carrier
(Da)

Carrier
(Db)

Noncarrier Carrier
(Da)

Noncarrier Carrier
(Db)

Noncarrier Noncarrier

0.25 0.25 0.25 0.25 0.5 0.5 0.5 0.5 1

Risk factor #1
(e.g.,
echogenic
bowel)

a b b b� b b� b b� b�

No mutation
detected

[(1 � 0.93)/
(1 � 0.9)]
[(1 � 0.93)/
(1 � 0.9)]

(1 � 0.93)/
(1 � 0.9)

(1 � 0.93)/
(1 � 0.9)

1 (1 � 0.93)/
(1 � 0.9)

1 (1 � 0.93)/
(1 � 0.9)

1 1

Joint probability 0.25 axy
(1 � 0.93)2

0.25 bxy
(1 � d)

(1 � 0.93)

0.25 bxy
(1 � c)

(1 � 0.93)

0.25 b�xy
(1 � c)
(1 � d)

0.5 bx
(1 � y)

(1 � 0.93)

0.5 b�x
(1 � y)
(1 � c)

0.5 by
(1 � x)

(1 � 0.93)

0.5 b�y
(1 � x)
(1 � d)

b� (1 � x)
(1 � y)

Column A B C D E F G H I

a No detectable mutation has been found in the fetus (for the extended panel), or in either of the parents (for the standard panel).
a, probability that fetus is positive for risk factor #1 if fetus is affected; b, probability that fetus is positive for risk factor #1 if fetus is a carrier; b�, probability that fetus
is positive for risk factor #1 if fetus is a noncarrier; c, mutation detection rate of genetic test for the ethnic background of parent A; d, mutation detection rate of genetic
test for the ethnic background of parent B; Da, disease allele derived from parent A; Db, disease allele derived from parent B; x, prior carrier probability for parent
A; y, prior carrier probability for parent B.
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Prenatal and carrier screening strategy is still a controversial
topic.11,12 To decrease complexity in genetic counseling, a cou-
ple screening strategy was proposed.13 From a risk calculation
point of view, however, couple screening may actually increase
the uncertainty of genetic risk assessments when a couple com-
prises two individuals with different ethnic backgrounds. Fur-
ther complications arise when only one member of a couple
tests positive and a relative of either member presents for ge-
netic counseling.

Another controversial topic is neonatal screening for CF. We
have developed methods to calculate CF risks in various neonatal
screening scenarios (Ogino et al., unpublished data, 2004).

It is difficult to provide a hard and fast rule for how high the
CF risk for a given fetus should be before considering or rec-
ommending further testing. The decision depends on a num-
ber of criteria, including the willingness of the parents to pay
additional costs, the degree of the parents’ anxiety, and the im-
provement in the accuracy of risk calculations provided by addi-
tional testing. Keeping these criteria in mind, decisions regarding
additional testing need to be made on a case-by-case basis.

Although echogenic bowel is usually detected rather late in
pregnancy, proper counseling and testing should include both
parents. The accuracy of risk assessments increases as more
information becomes available, and risk assessments are most
accurate when both parents (and the proband, if applicable), in
addition to the fetus, are tested. Note that in testing and risk
assessment for CF, the conditional probabilities of echogenic
bowel should be updated when data on ethnicity-specific fre-
quencies of echogenic bowel among affected fetuses, carrier
fetuses, and noncarrier fetuses become available. With regard
to frequencies of echogenic bowel, our calculations currently
depend on the single large study by Scotet et al.6 In the future,

more population data should become available, increasing the
accuracy of genetic risk assessments.

In conclusion, we present a variety of versatile Bayesian
methods. They are applicable to many common clinical sce-
narios and allow autosomal recessive disease probabilities and
carrier probabilities to be calculated accurately, taking into ac-
count all relevant information. Our methods allow accurate
genetic risk estimates for patients and their family members,
for CF or other autosomal recessive disorders.
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