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SUMMARY With the aim of offering carrier detection, genetic counselling, and prenatal diagnosis
to as many families with Duchenne (DMD) and Becker (BMD) muscular dystrophy as possible,
we used available DNA probes to determine the usefulness of the RFLP approach. We report in
detail the risks calculated using Bayesian theory and combining pedigree and creatine kinase
(CK) data with information derived from the RFLP studies. To date we have analysed members
of 28 DMD families (10 familial, 18 sporadic) and six BMD families (four familial, two sporadic)
with the closely linked pERT probes 87-1, 87-8, and 87-15 (DXS164). In addition, key members
of all families were analysed with probes D2 (DXS43), C7 (DXS28), 754 (DXS84), and L128
(DXS7). Of the 97 females at risk of being carriers (not including 26 obligate carriers), the RFLP
results were compatible with carriership in 22 and not in 51. In 24 females (including 17 mothers
of sporadic cases), no information regarding carriership was derived from the RFLP studies.
There was no disagreement between pedigree information, clearly raised CK values, and DNA
studies. Of 52 obligate or possible carriers under the age of 45, prenatal diagnosis is possible in 49.
Prenatal diagnostic RFLP studies have so far been done in three women. In one sporadic DMD
family and one BMD family with three affected males the probands showed a deletion involving
the three pERT87 subclones used. Experience derived from these families indicates that in our

society genetic counselling in X linked muscular dystrophy is received with approval or even

enthusiasm in spite of the 5% error estimate that we have quoted for pERT87 derived results.

X linked muscular dystrophy is characterised by
progressive wasting of the skeletal muscles. On
clinical grounds two forms are believed to exist.
Duchenne muscular dystrophy (DMD) is much
more common and more severe: the patients be-
come wheelchair bound by the age of 12 and usually
die of respiratory difficulties by their mid 20s.
Becker muscular dystrophy (BMD) patients are, as
a rule, able to walk after 12 years of age and live
much longer than DMD patients.'

Patients with muscular dystrophy have greatly
raised serum levels of the enzyme creatine kinase
(CK). Some female carriers have slightly raised CK
levels which have been used in carriership
determination.2 However, approximately one-third
of carriers of DMD, and perhaps a larger proportion
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of carriers of BMD, have normal CK levels. This
could be explained by the occasional non-random
inactivation of the X chromosome carrying the
normal allele, instead of the expected random
inaztivation of either X chromosome as predicted by
the Lyon hypothesis.3 In addition to raised serum
CK levels, several other manifestations of the gene
occur, or have been claimed to occur, in heterozy-
gous women. Common to these is that they do not
occur in all carriers and thus are of limited value in
carrier detection.
The lack of a reliable test for carrier detection has

been a major problem in counselling female rela-
tives of patients with DMD and BMD. This is
particularly difficult when only one affected male
occurs in the family. It is believed that about
one-third of sporadic DMD patients arise as a result
of new mutations and are sons of non-carriers.4
The gene in which mutations cause DMD was first
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localised to band p21 of the short arm of the X
chromosome based on female DMD 5patients with
balanced X;autosome translocations. At least 12
such females have been reported. Recently, most
translocation breakpoints in the X chromosome
have been claimed to be in sub-band Xp21-2 by
detailed cytogenetic studies.6 The localisation to
Xp2l has been confirmed by linkage analysis with
cloned X chromosome specific DNA sequences.7
Several polymorphic DNA probes in the vicinity of
Xp2l have been used to study linkage relationships
to DMD (table 1). The gene for BMD is probably
located in the same area as DMD and linkage
studies add weight to the original suggestion that the
diseases may be allelic.8 9 Until recently, probe 754
(DXS84) detected the closest RFLP with a high
heterozygote frequency (0-47) and at a genetic
distance of about 10 cM from the disease locus.'0

Carrier determination based on flanking probes
such as RC8 (DXS9) and Li-28 (DXS7) combined
with serum CK levels has been described."'-13 Using
these probes, together with probes 754 (DXS84) and
782 (DXS85), the risk of a female being a DMD
carrier could be lowered from 50% to 0-8% . Using
a total of 11 RFLPs, prenatal diagnosis and carrier
detection was performed in two families.'5 In 24
possible carriers of BMD, DNA probes RC8
(DXS9) and L1l28 (DXS7) were used in conjunction
with family data and CK measurements to deter-
mine final risk estimates of carrier status using
Bayesian calculations. 16 In two Finnish families with
sporadic DMD, risk estimates for carriership could
be lowered using probes 754 (DXS84) and D2
(DXS43). 17

In 1985 Kunkel et al used DNA from a male
patient with a small visible deletion to clone DNA
segments close to the X linked muscular dystrophy
locus.'8 19 One clone isolated in this experiment,
pERT87, originally 200 bp in length, was expanded
by chromosome walking to a 137 kb continuous
stretch of DNA, DXS164. It is located very close to
or within the gene(s) involved. This conclusion was
made after 88 of 1346 males with X linked muscular
dystrophy tested in 25 laboratories throughout the
world showed a deletion for all or part of DXSJ64.20
Using a total of seven RFLPs detected by the three
subclones pERT87-1, pERT87-8, and pERT87-15,
some 95% of women were found to be
heterozygous.20 Another polymorphic DNA seg-
ment, XJ1*1, located near DXS164, has been
isolated by cloning the breakpoint of an X;21
translocation chromosome from a female with
DMD.2' These closely linked probes are extremely
useful in the study of DMD and BMD and represent
a major advance in the diagnostic procedures
involving X linked muscular dystrophy.

The aim of this investigation was to use available
probes to determine, in an unselected series of
patients and families with X linked muscular dystro-
phy, the usefulness of the RFLP approach to carrier
detection and prenatal diagnosis.

Patients and methods

PATIENTS

An attempt was made to ascertain as many patients
as possible with X linked muscular dystrophy in
Finland (population almost 5 million). To achieve
this, neurologists and paediatricians known to have
a particular interest in these diseases were con-
tacted. Moreover, all centres for genetic counselling
in Finland were contacted, as well as those hospitals
and institutions for the care of the physically
handicapped in which persons with muscular dystro-
phy are treated.
At the beginning of 1984, 72 families with DMD

or BMD patients had been reported to us. In order
to establish contact with these patients, a letter was
sent out to the patients or their parents outlining the
new RFLP approach to carrier detection and prenat-
al diagnosis. As a result, 42 families replied that they
were interested in taking part in the study. So far we
have studied 34 families. In 14 of these the disease
was familial and in the rest the patients were
sporadic. Altogether 33 DMD patients from 28
families and 14 BMD patients from six families were
studied. We estimate that one-third of all cases in
Finland are included in our sample. Samples from
292 subjects were obtained in total, including 47
affected males.

CLINICAL CLASSIFICATION
The patients were considered to have muscular
dystrophy if they fulfilled the following criteria22: (1)
progressive muscular weakness of childhood onset;
(2) pseudohypertrophy of the calf muscles; (3) very
high levels (50 times or more) of serum CK; (4)
myopathic changes on electromyography; and (5)
typical histological findings in muscle. In families
where the disease showed clear X linked inheri-
tance, patients were accepted as having muscular
dystrophy even if they had been incompletely
studied. The possibility of the rare limb-girdle
muscular dystrophy in the sporadic cases was
ignored as long as the clinical features were compat-
ible with DMD or BMD. The disorder was classified
as Duchenne type muscular dystrophy if the patient
was confined to a wheelchair by the age of 12 and
Becker type if the progression was slower.

DNA ANALYSIS
DNA was extracted according to a previously
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TABLE 1 Polymorphic DNA markers from the short arm of the X chromosome used in this study. 10 201

Locus Probe Genetic Restriction enzyme Alleles Allele Allele Reference
distance to detecting RFLP length (kb) frequency
DMDIBMD (cM)

DXS43 D2 20 PvuII J1 6-6 0-29 26
J2 6-0 0-71

DXS28 C7 10 EcoRV El 8-0 0-15 27
E2 7-5 0-85

DXS164 pERT87-1 0-5 BstNI I1 3-1 0-63 20 28
12 2-5+0-6 0-37

XmnI RI 8-7 0-66
R2 7-5 0-34

pERT87-8 BstXI Vi 4-4 0-60
V2 2-2 0-40

TaqI WI 3-8 0-29
W2 2-7+1-1 0-71

pERT87-15 BamHI 01 9-4 0-38
Q2 7-1+2-3 0-62

TaqI Si 3-3 0-33
S2 3-1 0-67

XmnI Ti 2-8 0-32
T2 1-6+1-2 0-68

DXS84 754 10 PstI Ai 12-0 0-62 14
A2 9-0 0-38

DXS7 Ll-28 20 TaqI Fl 12-0 0-68 29
F2 9-0 0-32
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described method from heparinised blood, fibro-
blasts, cultured amniotic cells obtained by
amniocentesis,23 or chorionic villi.24 DNA was
digested to completion separately with the appropri-
ate restriction enzymes according to the manufac-
turer's recommendations. Electrophoresis, South-
ern blotting, and hybridisation were performed as
previously described.25
Because the four RFLPs detected with pERT87-1

and pERT87-8 display a high degree of linkage
disequilibrium,20 we first analysed key women in
each family with the frequent BstXI polymorphism
of pERT87-8. If the key person was homozygous
she was tested for the XmnI polymorphism of
pERT87-1. Remaining homozygotes were analysed
for the three RFLPs detected by probe pERT87-15.
Key members of all families were also analysed with
the less closely linked probes D2, C7, 754, and
L128 (table 1).

RISK ESTIMATES
The risk of carrying the gene for muscular dystrophy
was assessed for every available first degree female
relative of either an affected male or a carrier female
using data obtained from the pedigree and informa-

Family 10 Family 1
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tion from serum CK measurements. CK had been
determined at different times and in different
laboratories so methods and normal values varied.
The practice had usually been to take three or more
measurements. The risk was calculated using Baye-
sian theory22 30 and assuming that two-thirds of
carriers of DMD and BMD have raised levels of
serum CK. The risk for a female was then calculated
starting from her mother's risk, determined as
explained, then using the RFLP information, and
finally combining the information from her own CK
measurements by the Bayesian method. Genetic
counselling was given or offered to every family.
Second and third degree female relatives were
studied and counselled if they so wished.

Results

The 34 families studied were divided into two groups
according to the clinical type of muscular dystrophy.
There were 28 families with the Duchenne type and
six families with the Becker type. Both groups were
divided into two classes, familial and sporadic. The
pedigrees and segregation of pERT87 alleles are
shown in fig 1. In most families there was informa-
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tive segregation for one or several of the other four
probes used (data not shown in detail). We did not
attempt to make risk estimates based on both
pERT87 and other probes because it cannot yet be
determined on which side of a particular mutation
an informative pERT87 probe is located. However,
in four families, information on carriership was

obtained with pERT87 RFLPs in some women and
with other probes in other women. These additional
RFLP data are shown in the pedigrees as follows:
probe 754 (DXS84) in families 4, 8, and 15 and
probe L1l28 (DXS7) in family 5. In one family (17)
the only probe showing informative segregation was

D2 (DXS43). Of 52 obligate or possible carriers
under the age of 45, prenatal diagnosis is possible in
49. The probes for which these women are heterozy-
gous are: pERT87: 45 females; L128: two females
(family 10); 754: one female (family 2); and D2: one

female (family 13). When counselling regarding
prenatal diagnosis is given to females who are

heterozygous only for the distant probes (D2 and
L128), the high error rate due to recombination
must be stressed. The segregation of L1-28 in family
10, 754 in family 2, and D2 in family 13 is shown in
the pedigrees.

Allowing for the possibility that recombination
occurs between a pERT87 probe and the disease
locus with a 5% frequency,20 exclusion or confirma-
tion of carriership could not be done with certainty.
On the other hand, the 5% recombination value is a

maximum estimate based on a large and very
heterogeneous group of patients. In this paper, we

use the term carriership 'excluded' whenever the
calculated risk was 5% or less. The accuracy with
which 'confirmation' of carriership can be deter-
mined is different in different situations, such as

familial versus sporadic disease, whether CK was

determined or not, and what information was

obtained from RFLPs. In prenatal diagnostic deter-
minations, we have also taken care to point out the
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FIG 1 Pedigrees of the 34 families studied. Pedigrees 1 to JO representfamilial DMD, 11 to 28 families with one sporadic
DMD case, 29 to 32 families with familial BMD, and 33 to 34 families with one sporadic BMD case. Segregating alleles for
DXSJ64 and other relevant loci (see text) are shown by a letter (RFLP) and numbers (alleles). Symbols in parentheses
indicate inferred rather than determined alleles. The probe and allele symbols are as follows: J=D2, R=pERT87-1(Xmnl),
V=pERT87-8(BstXI), W=pERT87-8(TaqI), Q=pERT87-15(BamHI), S=pERT87-15(TaqI), and A=754. J=larger
fragment size, 2=smaller fragment size (table 1). The W3 allele in family 27 denotes a previously unobserved allele with
fragmentsizes of38+1 -1 kb using pERT87-8(TaqI). Del=deletion ofa particular probe.

5% error rate. These questions are dealt with in
more detail below.

DUCHENNE MUSCULAR DYSTROPHY, FAMILIAL
There were 10 DMD families with more than one
affected male. A total of 15 affected males, 19
obligate carrier females, and 28 females at risk of
being carriers were studied. Carriership could be
excluded in 12 females using pERT87 probes, in two
females with 754, and one female with L1-28. RFLP
segregation was compatible with carriership in six
females using pERT87 probes and in two using
Li -28. In the remaining five females the RFLP study
did not contribute to carrier determination. For
females under the age of 45 we were able to offer
prenatal diagnosis to nine of 10 obligate carriers and
all 13 females with a greater than 10% risk. If the
risk of being a carrier was less than 10%, prenatal
diagnosis was not offered if not specially asked for.
In 19 of these 22 women (including obligate carriers)
the diagnosis could be made by using an RFLP of
pERT87, in-two using L1-28, and in one using 754.

In this group of families, two prenatal determinations
have so far been performed. The carrier risk esti-
mates and the possibilities of prenatal diagnosis are
shown in table 2.

Example: family 9
In this extraordinary family there are two affected
boys, now aged 15 and 11. After the birth in 1975 of
the second affected son the mother underwent
termination of pregnancy three times after a male
fetus had been diagnosed through amniocentesis.
Thereafter the mother had had two spontaneous
abortions. When she became pregnant for the eighth
time in early 1985 RFLP studies were initiated on
the living family members and also on frozen
amniotic cells from the third aborted male fetus.
RFLP analysis with the BstXI RFLP of pERT87-8
showed that both affected males carried the Vl
allele. The 1985 fetus also carried the X chromo-
some with the Vi allele and the family decided to
have the pregnancy terminated after an affected
fetus had been predicted. DNA obtained from the
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previously aborted fetus carried the X chromosome
with the V2 allele indicating that the fetus had
probably been unaffected. Three other males (II.5,
11.6, and III.1) also carry the Vi allele. This shows
that the mother's mother (now dead), who was an

obligate carrier, must have been homozygous for the
Vi allele, because the Vl allele of II.2 and her
healthy son (111.1) is on an X chromosome not
carrying DMD. Thus, II.2 and her daughter (111.2)
are at low risk of being carriers. Carriership could

TABLE 2 Carrier risk estimates and possibility ofprenatal diagnosis using family data, CK measurements, and DNA
studies in females at risk ofbeing carriers in familial DMD.

Family Subject Pedigree Pedigree + Carriership Pedigree + Future pregnancies
risk (%) CK risk (%) information CK+DNA informative with

provided by risk (%) an RFLPprobe
RFLP

1 1.2 100 OC
11.4 100 OC
II.6 100 OC
II.7 50 26 NI
II.8 50 93 NI
II. 1 50 NC(Q)

2 1.2 100 OC
11.1 33 NC(S)
11.3 100 OC
II.4 11 NC(S)
111.1 17 NC(S)
111.3 17 NC(S)
III.4 17 NC(S)
111.6 50 26 C(S)

3 1.2 100 OC
II.5 50 26 NI

4 1.2 100 OC
11.2 100 OC
11.4 33 15 NC(V)

111.2 50 NC(A)
5 1.2 10( OC

11.1 100 OC
II.5 100 OC
11.6 50 26 C(F)
II.9 50 NC(F)
111.2 50 C(F)
111.3 50 NC(S)
111.5 50 C(S)

6 I.2 100 OC
11.3 50 26 NC(V)

7 11.3 100 OC

8 1.2 100 OC
11.2 100 OC
11.5 50 NC(A)

9 11.2 33 NC(V)
II.3 100 OC
11.4 33 NI
111.2 17 NC(V)
III.5 17 NI

10 I.2 100 OC
11.1 11 64 C(V)
II.3 100 OC
11.4 100 OC
11.6 50 26 NC(V)
11.8 33 87 C(V)
111.4 50 93 C(V)
111.6 50 93 C(V)

C=compatible with carriership.
NC=not compatible with carriership.
OC=obligate carrier.
NI=no information.
+ =informative.
The RFLP used to provide information is shown in parentheses.
For abbreviations of RFLPs see table 1.
*Prenatal diagnosis not possible due to apparent recombination in this family (see Discussion).
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not be determined in the mother's younger sister
(11.4) since her only son, who is healthy, has the X
chromosome with the V2 allele.

DUCHENNE MUSCULAR DYSTROPHY, SPORADIC
There were 18 families with only one affected male
and a negative family history. Typically, RFLP
studies can usually neither confirm nor exclude

carriership in the mothers of the probands in this
category. An exception is the mother in family 19,
heterozygous for the BstXI RFLP of pERT87-8.
She has an affected and a healthy son and both have
inherited the same allele. The affected male is
probably the result of a new mutation and the
mother is not a carrier of DMD. The segregation of
RFLP alleles often allows carriership to be excluded

TABLE 3 Carrier risk estimates and possibility ofprenatal diagnosis usingfamily data, CK measurements, and DNA
studies in females at risk ofbeing carriers in sporadic DMD.

Family Subject Pedigree Pedigree + Carriership Pedigree + Future pregnancies
risk (%) CK risk (%) information CK+DNA informative with

provided risk (%) an RFLP probe
by RFLP

11 11.2
II.3

12 II.2
11.3
III.1
III.4
111.5

13 1.3
IL.1
II.2

14 1.3
IL.1

15 1.1

I.3
11.1

16 II.3
III.1

17 1.2
1.3
II.3
II.4

18 II.2
III.2

19 1.2

20 1.4
11.2

21 11.1
III. 1

22 1.4
11.2
II.3

23 II.3
111.2

24 II.2
II.5
11.7
III.2

25 1.3
11.5

26 11.2
111.1
III.2

27 11.1
II.2
II.4
11.5

28 II.1

For abbreviations see table 1 and footnotes to table 2.
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in other females at risk. In total 47 females at risk of
being carriers were studied. Carriership could be
excluded in 17 of these women using pERT87
probes, in three using D2, and in one using 754. In
six females RFLP segregation was compatible with
carriership and in 18 females including 16 mothers
carriership could neither be confirmed nor ex-
cluded. In two females from family 12 carriership
could indeed be confirmed because the segregation
of pERT87-15 indicated that they had one X
chromosome with a deletion (see below). Of 23
females under the age of 45 and with a higher than
10% risk of being carriers, heterozygosity for an

RFLP enabling us to offer prenatal studies was

found in 21. Of these females 20 were heterozygous
for a pERT87 probe and one for D2. By prenatal
diagnosis and elective abortion, the birth of an
affected male can be prevented, but the male fetuses
with the same X chromosome as the affected boys
are not necessarily affected. So far we have made
one prenatal study in a pregnancy at risk in a woman

belonging to this category. The carrier risk estimates
and the possibilities of prenatal diagnosis are pre-
sented in table 3.

Example: family 24
In this family with one affected male aged 15 (Ill. 1),
his sister (III.2) and two other women (II.2 and II.7)
are at risk of being carriers. II.2 and II.7 have
different fathers. The mother and grandmother of

the affected male are heterozygous for the BstXI
RFLP of pERT87-8. Because II.7 is homozygous
Vi, the grandfather (I.4) must have been Vi. The
V2 allele of the affected male has thus been
inherited from his grandmother. The mother's (11.5)
carriership cannot be assessed. Since both of the
mother's sisters (II.2 and II.7) and the sister of the
affected male (III.2) have the X chromosome with
the Vl allele, none of these three women is a
carrier.

BECKER MUSCULAR DYSTROPHY, FAMILIAL
There were four BMD families with more than one
affected male. A total of 12 affected males, seven

obligate carrier females, and 15 females at risk of
being carriers was studied. In this group all analyses
were based on pERT87 probes. Carriership could be
excluded in nine females. RFLP segregation was
compatible with carriership in six females at risk.
We were able to offer prenatal determinations in
subsequent pregnancies to the two obligate carrier
females under the age of 45 and three additional
females with a high risk of being carriers. The
carrier risk estimates and the possibilities of prenatal
diagnosis are shown in table 4.

Example: family 29
In this BMD family there have been six known
affected males of whom four are alive. They are

aged 45, 42, 28, and 26. The females 1.2, 11.2, and
11.6 are obligate carriers. The affected males all

TABLE 4 Carrier risk estimates and possibility ofprenatal diagnosis using family data, CK measurements, and DNA
studies in females at risk of being carriers in familial BMD.

Family Subject Pedigree Pedigree + Carriership Pedigree + Future pregnancies
risk (%) CK risk (%) information CK+DNA informative with

provided risk (%) an RFLPprobe
by RFLP

29 11.2 100 OC >45 years
II.6 100 OC >45 years
11.8 33 C(V) 95 >45 years
11.9 50 NC(V) 5 NC
I. 10 50 C(V) 95 >45 years
III. 1 50 C(V) 95 >45 years
III.5 50 NC(V) 5 NC
III.8 5 NC(V) 5 NC
IV. 1 25 10 NC(V) 5 NC
IV.4 3 NC(V) < 1 NC

30 1.4 100 OC >45 years
II.2 20 C(S) 100 +(S)
II.3 50 C(S) 100 +(S)

31 I. 1 33 NC(S) 5 NC
1.6 50 NC(S) 5 NC
1.8 100 OC >45 years
1.11 33 NC(S) 5 NC
11.4 100 OC +(S)
111.3 50 C(S) 95 +(V)

32 11.2 100 OC >45 years
III.6 50 NC(S) 5 NC
III.8 100 OC +(V)

For abbreviations see table 1 and footnotes to table 2.
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carry the V2 allele for the BstXI RFLP of pERT87-
8. Subject III.1 has inherited the V2 allele from her
mother which is compatible with carriership. Her
daughter (IV.1) is homozygous Vi and is not a
carrier. As III.1 is heterozygous prenatal diagnosis
in further pregnancies would have been possible;
however, this woman is now aged 47. III.5, a sister
of two affected males, has received the Vi allele
from her mother so carriership can be excluded.
Since female 11.9 is homozygous Vi, the grandfather
(1.1) must have been Vi and the grandmother (I.2)
heterozygous Vi-2. II.9 is thus not a carrier but her
heterozygous sisters II.8 and II.10 are carriers. On
the other hand, III.8 is not a carrier since she has
inherited Vi from her carrier mother (11.8).

BECKER MUSCULAR DYSTROPHY, SPORADIC

Of a total of six BMD families, in two there was only
one affected male and a negative family history. Of
seven women at risk of being carriers carriership
could be excluded in six using a pERT87 probe. In
family 33 the mother is not a carrier for the same
reason as in family 19. No new possible carrier
females were detected in these two families. We
were able to offer prenatal diagnosis to the only
possible carrier female in this group using probe
pERT87-8. The results are presented in table 5.

Example: family 34
In this BMD family with one affected male aged 25,
carrier analysis and prenatal diagnosis had been
attempted earlier based on probe D2.17 Subject II.3
was pregnant and sought advice. We concluded that
she was not a carrier, the pregnancy continued, and
she is now the mother of a healthy son (III.4).
Results with probe pERT87-8 corroborate the
previous conclusion. The affected male as well as his
mother have the Vi allele for the BstXI RFLP. The
dead grandmother must have had at least one V2
allele. It can not be assessed if the mother is a

carrier, but if she is, then the X chromosome with
the BMD mutation is the paternally derived one
carrying Vi. Alternatively the mother is not a
carrier and the mutation occurred at gametogenesis.
Both alternatives exclude the grandmother as a
carrier and so her other daughters II.3 and 11.4 are
not carriers.

GENETIC COUNSELLING BASED ON DELETIONS
In one sporadic DMD family (12) and one familial
BMD family (30) the probands had deletions
involving all three pERT87 probes. We assume that
the disease in these cases is caused by the deletion.20

In family 12 RFLP studies with pERT87-15
showed that not only the mother (II.2) of the
affected male, aged 7 (111.3), but also the grand-
mother (1.2), is a carrier of the deleted X chromo-
some. The grandmother (1.2) must be hemizygous
for the Si allele since the mother (11.2) does not
have this allele and only has the S2 allele from the
grandfather (I.1). The sister and brother (II.3 and
II.4) of the mother have inherited the normal X
from the grandmother. The sister (III.1) of the
affected male has an X chromosome with the Qi
and S2 alleles. Since one X chromosome of a female
is from her father and since III.1 does not have any
Q2 allele she must have another biological father.
Subsequently paternity determinations using ABO
and several other blood groups exclude II.1 as the
father of III.1 (courtesy of Dr P A Tippett, MRC
Blood Group Unit, London). We conclude that
III.1 is a carrier of the deletion since she does not
have the Q2 allele from her mother but instead has
the X chromosome with the deletion.

In family 30 all three living affected males, aged
28, 26, and 26 (11.4, 11.5, and II.6) have the
deletion. They became wheelchair bound at 15, 13,
and 13 years, respectively. At this stage consider-
able muscular strength was still preserved but fixed
contractures of the ankles prevented the patients

TABLE 5 Carrier risk estimates and possibility ofprenatal diagnosis usingfamily data, CK measurements, and DNA
studies in females at risk ofbeing carriers in sporadic BMD.

Family Subject Pedigree Pedigree + Carriership Pedigree + Future pregnancies
risk (%) CK risk (%) information CK+DNA informative with

provided risk (%) an RFLPprobe
by RFLP

33 11.2 35 16 NC(S) 2 NC
111.2 18 8 NC(S) 1 NC
III.4 18 8 NC(S) 1 NC

34 11.1 50 26 NI 26 +(V)
II.3 13 3 NC(V) <1 NC
II.4 4 NC(V) <1 NC
III.3 7 2 NC(V) < 1 NC

The Bayesian calculations were performed in the same way as in the DMD families.
For abbreviations see table 1 and footnotes to table 2.
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from walking. At present they can still use their
arms and their intelligence is normal. Since there
was an affected male in generation I, the maternal
grandmother of the living patients must have been
an obligate carrier. Genetic counselling could be
given in this family using the TaqI RFLP of probe
pERT87-15. Both sisters of the affected males (11.2
and I1.3) have inherited the deleted X chromosome
from their mother since autoradiographs show only
the S2 allele from their father. Further pregnancies
with a male fetus can be scored by the presence
or absence of the DNA fragment hybridising with
probe pERT87-15 in these two families.

Discussion

Genetic counselling of women at risk of being
carriers in families with DMD and BMD patients
has been both difficult and unsatisfactory. There has
been no reliable method of carrier detection and
during pregnancy nothing more than prenatal sex
determination has been available. Cloned DNA
fragments from the short arm of the X chromosome
have opened new possibilities for detecting carriers
and affected fetuses. The first RFLP probes showing
medium linkage (15 to 20 cM) to the disease locus,
RC8 (DXS9) and L1-28 (DXS7), were isolated in
the first half of the 1980s. 14 31 Since then, over a
dozen more RFLP probes have been identified,
some of which are somewhat more closely linked (5
to 10 cM) to the disease locus.
The real breakthrough was made in 1985 when

Kunkel et al19 cloned DNA fragments from a
DMD male with a small, visible interstitial deletion
of the short arm of the X chromosome. These DNA
fragments are probably located within a critical
region in which point mutations or deletions cause X
linked muscular dystrophy. The locus is called
DXS164. The seven RFLPs of pERT87 subclones 1,
8, and 15 that we have had access to have been quite
informative in the Finnish DMD and BMD families
studied. Of a total of 97 females at risk of being
carriers studied, segregation analysis of the pERT87
probes gave information that could be used in
genetic counselling in 64 (66%), and of a total of 52
obligate or possible carriers under the age of 45
prenatal diagnosis using these probes is possible in
45 (87%).

In this study, approximately one-third of the
families with DMD and BMD in Finland were
investigated. The sampling of the families was
unbiased with respect to familial or sporadic cases,
so our series should be representative of X linked
muscular dystrophy families wishing to be counsel-
led. One problem was to determine whether the
patient had DMD or BMD. The age at becoming

wheelchair bound was used in the classification.
Patients who were confined to a wheelchair before
the age of 12 were considered to have DMD and
patients who were able to walk after 12 were
regarded as having BMD. These criteria are widely
used and even generally accepted.22 Yet some
patients were difficult to classify as they lost their
ability to walk around or soon after 12 years, that is,
too late for DMD and much too early for classical
BMD. We believe that subdividing X linked muscu-
lar dystrophy into DMD and BMD may be not only
difficult but also useless. In X linked muscular
dystrophy the patients' symptoms seem to form a
continuous spectrum and the severity of the disease
may or may not depend on the site and nature of the
mutation. Some of the patients now classified as
DMD or BMD may even have another disorder, X
linked or not. Perhaps the most illustrative evidence
of how futile it is to divide patients into DMD and
BMD is the fact that some patients under the age of
12 by definition cannot be classified.
No point mutations have been identified or

characterised but at least 88 deletions have already
been seen.20 In a diagnostic situation it is usually
unknown in which direction the particular mutation
occurs relative to DXS164. It has been estimated
that DXS164 will be in error in predicting the DMD
X chromosome about 5% of the time.20 This can be
due to several unrelated reasons, such as (1)
recombination; (2) heterogeneity, that is, the occa-
sional occurrence of mutations in other X linked or
even autosomal loci causing phenotypes similar to
DMD and BMD; or (3) new mutations in families
where DMD or BMD has already occurred. One
apparent recombination between DXS164 and fami-
lial DMD was observed in our series. In family 7 the
two affected brothers had different alleles for the
BstXI polymorphism of probe pERT87-8. This is an
important example of a family in which prediction
based on pERT87-8 in the mother's last pregnancy
would have been wrong. This phenomenon may be
due to recombination but alternative explanations
listed above can not be excluded. At present, no
error free or almost error free method is available
except for predictions in male offspring of carriers of
deletions.

In our predictions of carrier risk we have empha-
sised findings obtained with the probe (or family of
probes) most closely linked to the disease locus, that
is, pERT87. We show that numerous women at risk
of being carriers can be shifted into low or high risk
groups using this strategy. It has been shown by
others that similar results can be obtained using
flanking probes at greater distance from the disease
locus. For instance, in two families, Bakker et al'5
tested as many as 11 probes to identify flanking

570



Carrier detection andprenatal diagnosis inXlinked muscular dystrophy

RFLPs showing heterozygosity in relevant family
members. In a large study of 73 sisters of DMD
patients, Williams et al'3 studied four probes distal
to and three proximal to DMD. Informative flank-
ing markers occurred in 53 of the women and could
be used to modify the risk estimates significantly.
We have not tried to use a pERT87 RFLP and
another RFLP as flanking markers because in most
cases the orientation (proximal or distal) of pERT87
relative to the disease locus is not known. More-
over, except for probes 754 and OTC, the linked
probes used by most researchers' 1-17 are either
relatively far away from DMD (for example, probes
782, D2, and L1l28) or have a low heterozygote
frequency (for example, probes RC8, 99-6, and
C7), making their use either difficult or impossible.

In females at risk there was no disagreement
between pedigree information, clearly raised CK
values, and pERT87 results. As expected, normal
CK values were seen in several females who had a
high risk of being carriers by DNA studies. At
present there are situations in which we find it
difficult to combine the information obtained by
different methods. For instance, should a high CK
value in a woman whose carriership had been
'excluded' by DNA studies be considered a proof of
recombination? What is the significance of unstu-
died healthy sons in estimating their mother's
possible carriership? For example, in family 10, the
conventionally determined risk of being a carrier of
the female 11.1 based on pedigree information was
substantially lowered by her three healthy sons. We
now know that the sons have inherited X chromo-
somal material close to the DMD locus (pERT87)
from their grandfather and thus the fact that they
are unaffected hardly alters their mother's risk of
being a carrier at all. We hope that the relative value
of various types of information will be better
understood when more comprehensive studies of
this type have been done.
Most of the females at risk in these 34 families had

been counselled before this study by clinical geneti-
cists or paediatricians. Carriership risks had been
calculated using the information obtained from the
pedigrees with or without CK determinations. After
this study the families were counselled using RFLP
information in addition to pedigree and CK in-
formation. The change in risk estimate is shown in
fig 2a and b. After this study many females who had
earlier been counselled as having a medium risk
could be shifted to a clearly high or low risk group
on the basis of the RFLP results.

In our counselling we concentrated on informing
the females about their risks and explained the
possibilities for prenatal studies. We did not explain
the principle of RFLP studies if the counsellees did
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FIG 2 (a) Evaluation ofthe risk of97female relatives
being carriers ofthe geneforDMD or BMD. Only data
obtainedfrom the pedigree and the CK measurements were
used. (b) Evaluation ofthe risk ofthe same 97female
relatives shown in (a) ofbeing carriers ofthe geneforDMD
or BMD. The data obtainedfrom the pedigree and the CK
measurements were combined with the results ofthe RFLP
studies.

not specifically ask. The risk of 'recombination' was
explained as a risk of misinterpreting the results. As
discussed above, only further studies will indicate
what the real reasons for wrong predictions are.
They may well turn out to be different in different
cases. At counselling it was emphasised that these
occasional difficulties of interpretation are insur-
mountable today but may soon be overcome when
more becomes known about the gene and more
probes become available. After verbal counselling
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each female received the same information in written
form. It was indicated that the molecular biology
involved is being rapidly explored and that the coun-

sellees should contact us every time a new pregnancy

was being planned or had started. Our impression
was that the information of the risk was usually
understood and most females at risk would want to
have their future pregnancies studied even under the
present not totally favourable circumstances.
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