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Purpose: To examine the data from � 335,000 Cystic fibrosis (CF) tests to detect unsuspected findings and obtain

clinical data when indicated to optimize genetic counseling. Methods: A proprietary database containing 335,204

consecutive CF DNA tests and 445 CF prenatal diagnostic tests was queried. Clinical information was obtained for

prenatal and selected nonprenatal cases by telephone contact with physician offices. Results: The mutation

1078delT was found in much lower frequency than expected with rates of only 1:55,867 tests and 0.06% of CF

mutations. This level is below the threshold set by the American College of Medical Genetics. Homozygosity was

observed for 2789�5G�A in a 29-year-old women and compound heterozygosity with delta F408 in a 40-year-old

woman with isolated chronic sinusitis. Many patients elected prenatal diagnosis when not at a 1:4 risk due to

echogenic bowel or IVS-8 5T issues. Conclusions: With the exception of 1078delT, all CF mutations in the ACMG

panel were detected with a frequency of � 0.1% of CF chromosomes. When ACMG guidelines are strictly adhered

to, population-based CF carrier screening will accurately identify couples at risk for having children with CF. Genet

Med 2004:6(3):136–140.
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Cystic Fibrosis (CF) is the most common genetic disease
affecting Caucasians with an incidence of approximately
1:3,300 to 1:3,360 births1,2 Classical CF is amultisystemdisease
caused by the plugging of alveoli and pancreatic ducts with
viscous mucus resulting in exocrine pancreatic insufficiency,
pancreatitis, chronic lung disease, recurrent pneumonitis, and
congenital bilateral absence of the vas deferens (CBAVD) in
males.3,4 The CF foundation estimates that there are approxi-
mately 30,000 individuals with CF currently living in the
United States.5

Although most prevalent in Caucasians, CF is seen in all
ethnic groups in the US with frequencies of 1:8,000–9,500,
1:15,300, and 1:32,100 in Hispanics, African Americans, and
Asian Americans, respectively.1 Carrier frequencies in the US,
estimated from incidence figures, are 1:31 for the US popula-
tion as a whole, 1:28 for Caucasians,6 1:46 for Hispanics,
1:60–65 for African Americans, and 1:90 for Asian
Americans.2

The gene responsible for CF, the CF transmembrane regu-
lator protein (CFTR), was identified in 1988.7–9 More than
1000 different mutations in CFTR have been described in CF
patients. These are compiled in an electronic database main-
tained by Toronto Sick Children’s Hospital.10 The presence of

a mutation in a CF patient and hence in the database provides
presumptive but not conclusive evidence that the particular
mutation is capable of causing CF. InMay 2001, the American
College of Medical Genetics (ACMG) published a recom-
mended panel of 25 mutations and 6 polymorphisms for US
population based carrier screening.2 These particular muta-
tions were chosen because they had � 0.1% frequency in CF
patients. The ACMG also recommended that a reflex test for
the IVS-8 5T variant be performed in the presence of the mild
CF mutation R117H.2

As with the introduction of any large scale screening pro-
gram, the initial 18 months of population-based CF carrier
screening revealed the imperfections of such a program. The
initial ACMG recommended panel used the Toronto Sick
Children’s Database10 among others, as a reference for CFmu-
tations and their frequencies. Further work by another labora-
tory established that in CF patients, the I148T caused CF al-
most exclusively when coupled with a second, much rarer
mutation, 3199del6.11–13 This haplotype also includes the
IVS-8 9T allele. In response to these new data, the ACMGpub-
lished an advisory recommending that any patient who is dis-
covered to have I148T and 9T should be tested for 3199del6. If
the patient is negative for 3199del6, they can be counseled that
their risk of being a CF carrier is low.11

It is possible that invasive prenatal procedures were per-
formed on women not truly at risk for having a fetus with CF.
Based on this new information it is possible an unaffected fetus
might have been terminated based on a genotype of I148T and
another CF mutation. The current policy in our laboratory if
we receive a prenatal sample, and the primary indication for
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testing is that one or both parents carries I148T, is to contact
the physician and advise him or her. Other laboratories may
have differing practices. It is important to note the other 24
mutations on the original ACMG panel are not found in higher
than predicted frequencies, reinforcing the conclusion that
they are, in fact, true CF mutations.

Clinical interpretations must be continuously reevaluated in
light of new data. This article reports our experience perform-
ing 335,204 carrier tests and 445 prenatal diagnoses using the
ACMG/American College of Obstetricians and Gynecologists
(ACOG) panel and some of the lessons learned from this ex-
perience. We believe such empirical data are essential in the
on-going evaluation of CF carrier testing.

MATERIALS AND METHODS

From July 2001 until December 2002, assays were per-
formed using the CF Gold Line Probe assay strips (Roche Mo-
lecular Systems) as described previously.12 Subsequently in
December 2002, we began using the CF OLA ASR reagent (Ap-
plied Biosystems) run on an ABI 3100 automated DNA se-
quencer. In the line probe assay, results were entered manually
into a proprietary database, which included the presence or
absence of the IVS-8 5T allele (5T). Data were automatically
uploaded using the OLA assay and the actual IVS-8 genotype
was stored (i.e., 7T/9T). Race was not captured into this data-
base. Attempts were made to contact physician offices to ob-
tain clinical information for all patients found to be have two
CF mutations that were not sent from known CF centers. Clin-
ical information for selected patients was obtained by tele-
phone contact with the referring physicians’ offices.

RESULTS AND DISCUSSION

Table 1 shows the genotype frequency of the initial 335,204
consecutive patients tested in our laboratory using the ACMG
recommended panel. Because current evidence suggests that
I148T is not CF causing mutation (see earlier) the 1,136 pa-
tients with I148T have been considered “wild type” and ex-
cluded from the table. In addition, patients with R117H are
divided into those with and those without the 5T variant be-
cause only those individuals with R117H and 5T in the same
allele are at risk for having children with classic CF. It is as-
sumed that the overwhelming majority of patients were tested
based on the ACOG recommendations for population based
screening but the data could not be sorted by indication for
testing. Although our database does not specify race, experi-
ence suggests that individuals of all ethnic groups are being
screened, and not just Ashkenazi Jews and Caucasians. The
initial recommendations were to recommend screening to
Caucasian and Ashkenazi Jewish couples but to inform couples
of other ethnic or racial groups that CF screening is available.

We queried our database to learn whether the expected in-
cidence of CF carriers detected in our population matches the
incidence of 1:29 predicted from the frequency of CF of 1:3,300
in US Caucasians.1 Because the ACMG panel is only expected

to detect 88.34% of CF chromosomes in non-Hispanic US
Caucasians,6 we would expect to identify approximately 1:32
individuals to be CF carriers using the ACMG panel. Using the
data from Table 1, which omits I148T cases, excludes carriers
of the mild mutation R117H without 5T, and also excludes half
of the patients with R117H and 5T (because only half would be
predicted to have the 5T in cis), there are 10,139 carriers of
classic CF. This yields a carrier frequency of 1:33 that is similar
to the prediction of 1:32.

One mutation, 1078delT, is observed much less frequently
than initially predicted, with a population frequency of
1:55,867, accounting for 0.06% of detected CF mutations. Had
the ACMG applied the 0.1% incidence threshold (see earlier
discussion) to these data, 1078delT would not have been cho-
sen for the panel. It is possible that the assays used in our

Table 1
Frequency of CF mutations found in 335,204 consecutive patientsa

Mutation
Total
no.

Frequency,
all tests

Frequency,
CF mutations

(%)

delta F508 7610 1:44 75%

R117H/7T or 9T 1030 1:325 NAb

R117H/5T 103 1:3,254 0.51c

W1282X 529 1:625 5.2

G542X 382 1:909 3.8

G551D 278 1:1,250 2.7

N1303K 201 1:1,668 2.0

3849�10kb C�T 167 1:2,007 1.6

1717-1 G�A 102 1:3,286 1.0

R553X 102 1:3,286 1.0

621�1 G�T 98 1:3,420 0.97

2789�5 G�A 82 1:4,087 0.80

3120�1 G�A 73 1:4,591 0.72

R1162X 54 1:6,207 0.53

R334W 54 1:6,207 0.53

685E 52 1:6,446 0.51

R560T 52 1:6,446 0.51

Delta I507 51 1:6,572 0.50

711�1 G�T 40 1:8,380 0.39

1898�1 G�A 37 1:9,059 0.36

3659 del C 36 1:9,311 0.36

A455E 34 1:9,858 0.33

R347P 33 1:10,158 0.32

2184 del A 14 1:23,943 0.14

1078 del T 6 1:55,867 0.06

aI148T has been eliminated from these data.
bR117H without 5T is not considered a classic CF mutation (see text).
cOnly half of these patients were used for calculations due to the prediction that
50% of the 5T alleles will be in trans to the R117H (see text).
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laboratory did not detect all patients with this mutation.
Genomic controls consistently performed well on both plat-
forms, and both platforms yielded similar frequencies, with 5
individuals detected in 233,955 Roche tests and 7 individuals
detected in 238,975 ABI tests yielding frequencies of 0.0000213
and 0.0000292, respectively. These numbers are in excess of the
335,204 described in Table 1 due to fact that this query was
made at a later date than the queries performed for the original
manuscript preparation. These facts argue that the assay is, in
fact, performing well.

We detected 1,136 patients with I148T in this series. After
the publication of the association of the haplotype I148T/
IVS-8 9T/3199del6 with CF,13 we began analyzing the IVS-8
status for all patients found to have I148T. Of 544 heterozygous
patients for I148T, only 86 (16%) lacked the 9T allele. Because
most patients with I148T will have the 9T allele and the num-
ber of patients in the initial published study13 was only 9, we
believe that all patients found to have I148T should be offered
3199del6 testing regardless of their IVS-8 genotype. Approxi-
mately 1% of more than 400 patients with I148T were found to
have 3199del6 (data submitted elsewhere). In our series of
335,204 tests, 1,136 patients had I148T, predicting that ap-
proximately 11 patients would be expected to have 3199del6.
In comparison with the mutations on the ACMG panel,
3199del6 would be the second least frequent CF allele with an
incidence of 0.1% of CF mutations.

Table 2 is a summary of individuals found to have 2 CF
mutations. These are all postnatal samples and no efforts to
determine the phase of 5T and R117H were made. Clinical
information was sought only when there was an apparent dis-
crepancy between the genotype and the clinical situation; for
example, when 2 CF mutations were found in a female sample
referred by an Obstetrician’s office. One sample obtained from
a CF center had the genotype delta F508/R117H without 5T.
This 4-year-old female patient had chronic asthma, a positive
sweat test, and the presumptive diagnosis of CF. There was also
a male patient homozygous for R117H without 5T who was
azoospermic and infertile but had bilateral presence of vas
deferens.

Table 3 summarizes clinical data for 4 women who were
referred for general population obstetrical screening who were

found to have 2 CF mutations. Two of these patients have
isolated pancreatitis without significant pulmonary disease
and have the genotype delta F508/R117H (with an IVS-8 ge-
notype of 9T/5T) and delta F508/2849�10kb C3T respec-
tively. The other two have chronic sinusitis alone without
lower respiratory tract disease or pancreatitis. One individual
was homozygous for 2789�5G�A and the other was com-
pound heterozygous for 2789�5G�A and delta F508 (see Ta-
ble 3). It is possible that the 2789�5G�A mutation is a mild
CF mutation, causing sinusitis comparable to R117H causing
CBAVD. The 2879�5 G3A mutation has been previously
described as being associated with milder disease.14 Other pub-
lished data sets regarding CF genotype/phenotype correlations
suffer from ascertainment bias, as only symptomatic patients
were tested for CF. The patients described illustrate the diffi-
culty in making blanket phenotype predictions based on geno-
type information in this disorder.

Excluding patients with I148T and R117H without 5T, in
our series of 335,204 patients, only 4 patients were discovered
to have 2 CF mutations who did not previously have the diag-
nosis of CF, yielding a “false positive” rate of 0.0012% for 2 CF
mutations. This means that when a prenatal diagnosis discov-
ers two ACMG mutations in a fetus, genetic counseling can be
performed with confidence. Whether counseling recommen-
dations should be altered for patients with 2789�5G3A will
require further data.

Prenatal diagnosis for CF

We received 445 prenatal samples for CF mutation analysis.
Table 4 contains a compilation of indications for testing and
resultant diagnoses. Of 90 fetuses at a 1:4 risk for CF (two
carrier parents), 17 (19%) affected fetuses were identified. In
all, 5 prenatal diagnoses were performed identifying one par-
ent as heterozygous for I148T. One mother was a compound
heterozygote for delta F508 and R117H (without 5T), the fa-
ther was heterozygous for I148T, and the fetal genotype was
delta F508/I148T. This couple received counseling regarding
the significance of I148T and elected to continue the preg-
nancy. We were unable to obtain follow up. Fortunately, none
of the other 4 couples in which one parent is heterozygous for

Table 2
Individuals in whom 2 CF mutations were detected

Mutation 1 Mutation 2 No. of patients

�F508 �F508 116

�F508 Classic CF mutationa 55

�F508 R117H 38

R117H R117H 4

R117H Classic CF mutation 6

Classic CF mutation Classic CF mutation 20

aAll ACMG panel mutations except R117H (without 5T) and �F508. R117H in
cis to 5T is considered a classic CF mutation.

Table 3
Patients with 2 CF mutations and unexpected phenotypes

Genotype Gender Age Symptoms

�F508/R117H Female 22 years no respiratory symptoms

(5T/9T) 3 episodes of pancreatitis

�F508/3849
� 10kb
C�T

Female Adult chronic pancreatitis

2789�5
G�A/2789�5
G�Aa

Female 29 years chronic sinusitis

�F508/2789�5
G�A

Female 40 years recurrent sinusitits
requiring surgery

aBoth parents confirmed to be carriers of 2789�5 G�A.
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I148T and the other for delta F508 had potentially affected
genotypes and no pregnancy losses occurred.

In our series, we identified 10,319 CF carriers. With a carrier
frequency of 1:33 (see earlier), we would estimate that 312
couples (10,319/33) to be at 1:4 risk although there is no way
for us to validate this estimate. However, we received only 90
prenatal diagnostic samples during the same period of time
from couples at 1:4 risk. We feel that the most likely explana-
tion for this phenomenon is that we did not receive the prena-
tal specimens from many prenatal diagnoses performed on
couples identified through our testing program. Our experi-
ence suggests that many couples are referred to physicians
other than the primary obstetrician for genetic counseling and
the prenatal procedure. These specialty physicians may choose
to send prenatal specimens to a different referral laboratory.
Therefore it would be unwise to make any estimates of cost per
identified affected fetus based on this data set. Such calcula-
tions can only come from clinics who perform all their own
screening and prenatal procedures. In addition, in 90 prenatal
diagnoses for parents at 1:4 risk, we observed only 18 affected
fetuses rather than the expected number of 22. This is most
likely due to the low number of cases and we would hypothe-
size this figure to normalize with a larger data set.

Echogenic bowel was the indication for prenatal diagnosis in
100 cases. In only a single instance were both parents tested and
found to be CF carriers before the amniocentesis. That fetus
was the only affected fetus in our series of 100 cases. In the
remaining cases, amniocentesis was performed simultaneously
with carrier testing, or carrier testing was not performed at all.
None of these 99 fetuses were affected with CF and only 5 were
CF carriers. The 5% CF carrier frequency in fetuses with echo-
genic bowel is not dramatically higher than the 3% general
carrier rate in the population. Our data support the estimates
of Hodge et al.15 of a 1% risk of CF in a fetus with echogenic
bowel.

The remainder of the prenatal CF tests were performed for
other indications (see Table 4). Of note is that no affected

fetuses were detected in any of these circumstances, emphasiz-
ing the importance of performing carrier testing on parents
either before pregnancy or early in gestation so that unneces-
sary amniocentesis can be avoided.

Clinical significance of 5T

The ACMG statement recommends that the 5T allele be
analyzed as a reflex in the presence of the R117H, a usually mild
CF mutation. The presence of a 5T allele causes aberrant splic-
ing and reduces the amount of functional CFTR mRNA from
the gene containing it.16–18 The ACMG recommendation is
based on 2 factors: an effort to screen only for patients at risk
for offspring with classic CF and the fact the R117H mutation,
when on a chromosome that does not contain a 5T allele, usu-
ally does not cause classic CF in combination with a classic CF
mutation. Compound heterozygous males for R117H and a
classical CF mutation are often infertile due to congenital bi-
lateral absence of the vas deferens (CBAVD). This combina-
tion can also cause atypical phenotypes. However, when an
allele contains R117H and a 5T, this allele can cause classic CF
when inherited with a classic CF mutation. Our previously
published data revealed a gene frequency of 0.046 for the 5T
allele and a carrier frequency of 9.2% in 20,103 patients.12

The most common CF mutation, delta F508, occurs almost
exclusively on chromosomes containing the 9T variant. Pa-
tients who are carriers for delta F508 and have the IVS-8 geno-
type 5T/9T can be assumed to have the 5T in trans. Patients
with this genotype present a unique opportunity to investigate
the phenotype of patients who inherit a CF mutation from one
parent and 5T from the other. In our series, there were 219
such patients for whom we were able to obtain clinical infor-
mation. There were 184 females of whom 177 had no symp-
toms attributable to CF, six patients who have asthma, and one
who has had sinus surgery. The incidence of asthma of 6 per
184 or 32 per 1000 is actually below the population frequency
in the US of 96.6/1000 reported by Center for Disease Con-
trol.19 Noone et al.19,20 described two female patients who pre-

Table 4
Summary of prenatal CF tests

Indication for prenatal No. of procedures No. affected No. heterozygotes No. homozygous wild type

Both parents CF carriers 90 17 45 28

Echogenic bowel 100 1 5 94

Abnormal sonogram (not echogenic bowel) 5 0 1 4

Family history of CF (Parents not tested) 20 0 3 17

Population screening (Prenatal performed
for other indications)

88 0 4 84

One parent carrier 57 0 31a 26

One parent carrier other parent 5T 33 0 19 14

One or both parents 5T 32 0 0 0

Miscellaneous 3 0 1 2

Indication unavailable 17 0 1 16

a1 patient was compound heterozygous for R117H/delta F 508 and negative for 5T.
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sented with lung disease suggestive of CF, one of whom was
homozygous for 5T alone with normal sequence analysis of
CFTR, and another who was a compound heterozygote for
delta F508 and 5T. It is possible that these 2 patients have CF
not associated with CFTR mutations21 or that other sequence
variations such as the intron 8 TG repeat polymorphism influ-
ence the penetrance of the 5T genotype.22

There were 35 males compound heterozygous for delta F508
and 5T. Unlike the females with the same genotype (see ear-
lier), more than half these patients experienced symptoms at-
tributable to CF. Twelve (34%) have CBAVD, 3 have pulmo-
nary symptoms, and of the 20 remaining patients, only 10 had
fathered children and none of the 20 had pulmonary disease.
Although this series clearly suffers from ascertainment bias
because most men were probably tested due to their symp-
toms, the data do reinforce the observations that many men
with CBAVD have a genotype of one CF mutation and a 5T in
trans.23–25 We were unable to determine how many of these
men were tested because of fertility problems versus popula-
tion-based carrier screening. Chillon et al.23 described 3 adult
males with CBAVD and lung disease who were compound het-
erozygotes for delta F508 and 5T.

We also investigated the clinical effect of homozygosity for
5T. We randomly selected 84 of the 219 patients with that
genotype and obtained clinical information. Of 75 women, 4
had mild respiratory symptoms. Of the 9 men, 1 has CBAVD
and 1 is oligospermic but this series again suffers from ascer-
tainment bias. Although it is impossible to say with certainty
that homozygosity for the 5T allele is completely benign, any
potential risk appears to be limited to infertility in males.

Conclusion

This article summarizes our experience with population-
based carrier screening using the ACMG recommended panel.
The single genotype/phenotype error regarding I148T was rec-
ognized quickly and interpretative reporting comments ad-
justed accordingly. The difficulties encountered secondary to
the reporting of the 5T variant in population screening are
being publicized and should be minimized quickly. It should
be noted that these difficulties were secondary to lack of com-
plete compliance with the ACMG guidelines and not a lack of
thoroughness in the guidelines. As we gain more experience in
population-based CF carrier detection, progressively more ac-
curate genetic counseling can be performed adding to the ef-
fectiveness of the program. In order to investigate the cost ef-
fectiveness of CF population-based carrier screening data must
be generated from settings performing both carrier screening
and prenatal diagnosis.
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