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Methods for the detection of haemophilia carriers:
a Memorandum *

This Memorandum discusses the problems and techniques involved in the detection of
carriers of haemophilia A (blood coagulation factor VIII deficiency) and haemophilia B
(factor IX deficiency), particularly with a view to its application to genetic counselling.
Apart from the personal suffering caused by haemophilia, the proper treatment of
haemophiliacs places a great strain on the blood transfusion services, and it is therefore
important that potential carriers should have precise information about the consequences of
their having children.

The Memorandum classifies the types of carrier and describes the laboratory methods
usedfor the assessment of coagulant activity and antigen concentration in blood. Particular
emphasis is laid on the establishment of international, national, and laboratory (working)
standards for factors VIII and IX and their calibration in international units (IU). This is
followed by a detailed account of the statistical analysis ofpedigree and laboratory data,
which leads to an assessment of the likelihood that a particular person will transmit the
haemophilia gene to her children. Finally, the problems and responsibilities involved in
genetic counselling are considered.

The hereditary bleeding disorders consist of a
number of different diseases, the most common of
which are haemophilia A (classical haemophilia,
factor VIII deficiency) and haemophilia B (Christ-
mas disease, factor IX deficiency), which are in-
herited as X-linked recessive disorders, and von
Willebrand's disease, which is inherited as an auto-
somal dominant.
The X-linked inheritance of haemophilia A and B

is now sufficiently well defined for us to know that a
female carrier of haemophilia has a 50% chance of
producing either sons affected by the disease and/or
daughters who are themselves carriers. Haemophilic
males usually have a family history of haemophilia
on the maternal side but may be born in families
without a history of haemophilia; the latter are
referred to as " sporadic " haemophiliacs and may
arise in either of two ways. First, and probably most
often, they result from a long line of transmission of
the haemophilia gene through asymptomatic females
without the occurrence of affected males in the

* This Memorandum was drafted by the signatories listed
on page 699 on the occasion of a WHO/WFH (World
Federation of Hemophilia) Meeting of Investigators held in
Geneva, Switzerland in November 1976. Requests for re-
prints should be addressed to: Human Genetics, Division of
Noncommunicable Diseases, World Health Organization,
1211 Geneva 27, Switzerland. A French translation of the
Memorandum will appear in a future issue of the Bulletin.

family. Second, new mutations occur in rare in-
stances and a sporadic haemophiliac may represent
the first expression of haemophilia in a pedigree.
The ubiquity of haemophilia A, its dramatic

symptoms, and its presence in Queen Victoria's
descendants-especially the late Russian royal fam-
ily-have made haemophilia the object of great
medical, scientific, and public interest. It is now
known to be a worldwide disorder without ethnic or
geographical limitations. Improved methods of
detection have made it appear that its prevalence is
increasing and it is likely that modern treatment,
which allows haemophiliacs to live and reproduce,
will lead to a further increase in their numbers. It is
known that complete relaxation of selection could
lead to a doubling of their numbers in four genera-
tions (1). The total personal and social impact of
haemophilia on society is much greater than its
relative rarity would suggest. It is a life-long, crip-
pling disorder that has profound implications for the
individual affected, his family, and society in general.
The personal suffering is easy to perceive, but it has
been found in the more developed countries that the
quantity of blood required for factor VIII replace-
ment therapy strains the capacity of the blood
transfusion services to provide it, and the production
of this material is very costly. For these reasons it is
important that potential carriers have access to
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precise information about the consequences of their
having children.

Until recently, the only women who could be
designated as carriers with certainty were the
daughters of haemophiliacs-those women in
haemophilic families in whom the plasma factor VIII
levels were sufficiently low to cause clinical haemor-
rhage, or those who had had at least two affected
children. The finding of normal amounts of factor
VIII-related antigen in all haemophiliacs, despite
their low levels of factor VIII coagulant activity, and
the recent discoveries and designations of the mul-
tiple factor VHI-related activities, have greatly aided
the separation of haemophilia from von Wille-
brand's disease and the detection of haemophilia
carriers. The relationship between the factor VIII
deficiencies in X-linked haemophilia A and in auto-
somal von Willebrand's disease is at present a very
active field of investigation. In view of the hetero-
geneity of von Willebrand's disease and the com-
plexities in the relationship between theautosomal and
X-linked defects of factor VIII, however, the detection

and diagnosis of persons with von Willebrand's
disease will not be considered in this Memorandum.
The purpose of this Memorandum is to describe

the current status of carrier detection. It describes
the techniques and methods of procedure currently
used, in the hope that they will come to the attention
of those wishing to make carrier detection services
available in areas where these services are at present
lacking. Laboratory methods will be discussed in
somewhat less detail because they have been exten-
sively covered elsewhere, and emphasis will be given
to the important genetic and statistical procedures
less well known to blood coagulationists. These
procedures should provide the physicians respon-
sible for the clinical care of haemophiliac patients
and their families with the means to increase their
precision in predicting whether a female relative of a
haemophiliac will produce a haemophilic son. It
needs to be emphasized, however, that providing
such advice is only the first step in the support of
haemophilia families, who have anxieties and prob-
lems of many kinds.

CARRIERS OF HAEMOPHILIA A

Female carriers of haemophilia A usually become
known to a physician either because they have a
haemophilic male relative or they have, unexpected-
ly, given birth to a haemophilic son without a
previous family history. On the basis of the genetic
information obtained from careful enquiry it is
possible to classify these individuals as either obliga-
tory or possible carriers of haemophilia A.

Obligatory carriers are those women whose fathers
are haemophiliacs, those who have had more than
one haemophilic son at separate births, and those
with an affected son and a well documented haemo-
philic relative on the maternal side of the family. It is
important to emphasize that the precise nature and
the severity of the disease present in the affected
relative should be documented by a reliable factor-
VIII assay.

Possible carriers, who might benefit from genetic
counselling, fall into two major categories:

1. Women who have a haemophilic relative on the
maternal side but have not yet had an affected son.

2. Women who, without a family history of
haemophilia, have given birth to a haemophilic son.
These may be either:

(a) women who may have inherited the haemo-
philic gene through the maternal line but in whom
the gene has remained undetected, either because
there are no close male relatives or the male
relatives have, by chance, not been affected; or

(b) women who have produced a haemophilic
child as the result of a new mutation. If the
mutant gene is present on an X chromosome in all
the mother's cells she will be a true carrier,
whereas if it is present only in a single ovum she
will not be a carrier.

Study of the pedigree alone is of considerable help
in identifying some mothers as possible carriers, and
careful enquiry may enable one to see that a possible
carrier should be reclassified as an obligatory carrier.
The pedigree provides information additional to the
laboratory results and should always be carefully
recorded.
The study of possible carriers with coagulant

factor VIII assays, which began in the 1950s, was an
improvement over pedigree study alone. However,
the detection of carriers was revolutionized in 1971
by the discovery that the ratio between factor VIII
coagulation activity and the amount of a factor VIII-
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related protein, assayed by means of electroimmuno-
assay, was reduced in these heterozygotes (2). The
degree of discrepancy was sufficient to identify a
significantly greater proportion of possible carriers
as true carriers. The residual problems with this
method of detection concern: the precision of the
laboratory assays used; the tendency of the method
to overlook carriers who have normal phenotypes
because of the vagaries of X-chromosome inactiva-
tion (the Lyon hypothesis, 3); the proper statistical
procedures for incorporating all the data-from
pedigree and laboratory-into a single statement of
the probability of the carrier state; and the manner
in which this information is communicated to the
persons desiring it.

LABORATORY METHODS

Glossary of terms

Throughout this Memorandum the following
terms will be used:

Factor VIII: C (factor VIII coagulant activity)-
the coagulant activity of factor VIII as determined
by the ability to correct the clotting defect of
haemophilia A plasma. This activity is specifically
neutralized by homologous antibody occurring in
some patients with haemophilia A.

Factor VIIIR: Ag (factor VIII-related anti-
gen)-the antigen that can be identified by specific
precipitating antibodies raised in animals against
preparations of partially purified factor VIII.

Factor VIIIR: RCF (factor VIII-related ristocetin
cofactor)-the activity associated with factor VIII
that is needed for aggregation by ristocetin of nor-
mal washed or fixed platelets.

The international unit (IU) of factor VIII coagu-
lant activity is defined by the International Standard
for Blood Coagulation Factor VIII. The current
standard is the Second International Standard estab-
lished in 1976 (32). This is available on application
to the International Centre for Biological Standards,
National Institute for Biological Standards and Con-
trol, Hampstead, London, England. One ampoule of
the Second International Standard contains 1.10 IU
of factor VIII coagulant activity. In practice the IU
is similar to, but not necessarily identical with, the
factor VIII activity in one millilitre of " average
fresh normal plasma ".
At present, international standards have not been

established for factor VIIIR: Ag and factor
VIIIR: RCF.

Choosing the standard and working standard
It must be emphasized that, when carrier detection

is being carried out, all factor VIII: C estimations
should be carefully assayed by comparison with a
standard accurately calibrated in IU.

International and national standards

National standards are available in a few coun-
tries. They have been calibrated in IU by assays
against the International Standard. Working stan-
dards are locally or commercially produced pooled
normal plasma samples or factor VIII preparations.
Ideally they should be calibrated in IU by assays
against the national standard.

All estimates of factor VIII-related activities
should, where possible, be expressed ultimately in
terms of IU, as established by the World Health
Organization.

Within each country, a national factor VIII stan-
dard should be established and calibrated in terms of
IU by the national control laboratory or the national
blood transfusion service. This should be available
to every manufacturer and diagnostic centre in each
country. In some countries, commercial preparations
calibrated in IU and prepared in stable form may
also be useful as laboratory working standards.
The present position is unsatisfactory in that few

countries produce national standards and most com-
mercial reference materials are not yet calibrated in
IU.

Currently, standards are assessed only with re-
spect to factor VIII coagulant activity (VIRI: C).
Because of the increasing use of immunoassays for
factor VIII antigen, there is clearly a need for a
standard for this purpose. The International Stan-
dard has not been evaluated for its suitability for
immunoassays. Methods of carrier detection now in
use or in prospect are based on the comparison of a
pair of factor VIII-related properties (either VIII: C
versus VIIIR: Ag or VIII: C versus VIIIR : RCF)
in populations of normal and obligatory carrier
females. It is therefore essential that suitable inter-
national and national standards also be established
for VIIIR: Ag and VIIIR: RCF. Since these three
activities appear to be significantly but not highly
correlated in normal people (correlation coefficient
about 0.7) and vary independently in individual
plasma samples because of experimental error
and/or physiological fluctuations, it is desirable that
future standards be prepared by the pooling of
plasma from a large number of normal people.
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It should be noted that estimates of units of factor
VIII biological (coagulant) activity should not be
confused with estimations made by immunoassays.
The twenty-sixth report of the Expert Committee on
Biological Standardization (4) contains a detailed
discussion of the problem of standardization in
immunoassays and their relation to bioassays.

Laboratory or working standards
Working standardfor factor VIII: C. At the work-

ing level, there should be a working standard for
factor VIII: C calibrated in IU. The stability of this
working standard should be shown to be adequate at
the temperature at which it is stored. This principle
implies that each laboratory maintains records of the
calibration and stability of its working standard.

Working standard for factor VIIIR: Ag. A work-
ing standard prepared locally may be more appro-
priate for assays of factor VIIIR: Ag for carrier
detection than one made against a standard taken
from a remote population elsewhere. A local labora-
tory engaged in carrier detection should prepare its
own working standard by pooling plasma from at
least 20 normal people and base it work on this until
such time as it is possible to relate it to an interna-
tional standard for VIIIR: Ag. Sufficient supplies
of this working standard should be prepared, so that
it can be used to calibrate a replacement standard.

Preparation of working standards. In preparing
working standards locally, citrated plasma should be
processed as described below. Samples from each
of the donors should be pooled, divided into small
aliquots (about 1 ml in plastic tubes), snap-frozen at
a low temperature (e.g., with an alcohol-solid CO2
mixture) and stored at -70°C. Unless the working
standard has been shown to be stable by accurate
measurement, it is necessary to prepare a new work-
ing standard every 2-3 months to minimize inac-
curacy due to deterioration in storage. The same
laboratory working standard of pooled normal
plasma can be used both for factor VIII: C (cali-
brated in IU) and for factor VIIIR: Ag.

Measures should be taken to avoid loss or deterio-
ration of the working standard. It would be wise to
store duplicate samples of each working standard in
separate freezers. If the working standard deterio-
rates or is lost, a new working standard calibrated in
IU must be obtained or prepared.

Sampling, processing, and storage of blood
Approach to the patient. Both controls and carriers

must be in good health at the time of sampling, since

conditions such as pregnancy, fever, liver disease, and
chronic inflammatory states may raise the level of
factor VIII: C (6). Since there is no evidence that
oral contraceptives consistently change the level of
factor VIII: C, there is no reason to exclude those
using oral contraception from the control or carrier
groups. However, a record should be made of such
people at the time of sampling.

All people should be reassured before venipunc-
ture and preferably they should all come to the
laboratory (unless the requirements mentioned
below can be met). The venipuncture must be flaw-
less and must be carried out under aseptic condi-
tions.

Ideally, blood samples should be taken from the
normal and obligatory carrier groups on three sepa-
rate occasions and the median of each set of three
results taken. Then, when a possible carrier is tested,
three separate samples should also be taken and
assayed and the median values compared. Should
this requirement be too difficult to carry out, e.g., if
the carriers live a considerable distance from the
centre, one sample will have to suffice; in this case, a
suitable statistical approach should be used.
To eliminate bias, it is suggested that a sample

from a normal person be taken at the same time as
the sample from the possible carrier and that the two
samples be coded before assay.

Processing and storage of blood. The tubes or
syringes used should be of plastic or siliconized
glass. The use of vacuum tubes is discouraged
because some are poorly siliconized, and foam for-
mation and inconsistencies in the vacuum may occur
that may lead to variation in the amounts of blood
drawn into the tube.
The anticoagulant used should be 0.11 mol/litre

sodium citrate at a concentration of 1 volume to
9 volumes of blood. It is advisable to determine
haematocrit and to exclude those individuals with
very low or very high values.

Centrifugation should take place as soon as pos-
sible under conditions that produce plasma poor in
platelets. Factor VIII: C assays may be carried out
either in fresh or in fresh-frozen samples stored at
-70°C; whichever method is chosen, it should be
used consistently. Storage of samples at -70°C
before assay should probably not exceed 1 month.
The assay on factor VIIIR: Ag and/or factor

VIIIR: RCF is generally done on samples frozen at
-70°C. It is important that both assays are carried
out under the supervision of the investigator who is
responsible for the VIII: C assays.
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Coagulant assays: glossary of terms
Substrate plasma is plasma from a haemophilic

patient lacking factor VIII coagulant activity (factor
VIII: C).

Working standard plasma is a pool of locally
drawn or commercially produced normal fresh-
frozen or lyophilized plasma that has been calibrated
in IU. This is often referred to as " control " or
" normal " plasma.

The test plasma sample is the plasma sample taken
from the individual to be tested in whom the factor
VIII: C level is required to be known.

One-stage coagulant assay
The one-stage assay (5) is always based on the

correction of the partial thromboplastin time of
a plasma devoid of factor VIII: C. Several modifica-
tions have been described that are concerned with
the substrate plasma, the partial thromboplastin
(platelet substitute), and activation of the contact
phase of blood coagulation (see below).

(i) Reagents and equipment: quality control
Substrate plasma is usually obtained from a

patient with severe haemophilia (VIII: C less than
1% of the normal level) and without a circulating
inhibitor. Blood is collected and processed as indi-
cated above. Plasma may be frozen and stored for a
few months at -30°C or for even longer at -70°C
before being used in assays. Lyophilized substrate
plasma is also available commercially. Attempts to
prepare artificially-depleted plasma for use as sub-
strate have not gained wide acceptance, but may
become more important in the future.

Partial thromboplastin is usually a mixture of
phospholipids from either animal or vegetable
sources and several types are commercially available.
The sensitivity of the assay is dependent on the
concentration of the partial thromboplastin. To
improve the sensitivity of the factor VIII assay, the
concentration of the partial thromboplastin is
adjusted so that the partial thromboplastin time of
the factor VIII-deficient substrate is at least 2.5 times
that of the working standard.

Activation of the contact phase of the substrate
plasma should be accomplished either by the addi-
tion of particulate substances such as kaolin or celite
or by the use of a partially purified activation
product. Particulate activators require a standard
incubation period if constant activation is to be
achieved. Short periods of activation (2-4 min) result

in a higher assay sensitivity, as expressed by higher
clotting time ratios between factor VIII-deficient
substrate plasma and the working standard plasma,
but less accuracy. Activation periods longer than
6 min result in lower ratios but greater reproduci-
bility. A preformed contact product (celite eluate of
a normal plasma or commercially available reagents)
has several advantages: (a) elimination of an incuba-
tion period shortens the time required for the assay
and makes it technically easier; (b) the use of a clear
solution allows the assay to be carried out on an
automatically recording optical instrument; and
(c) a higher clotting time ratio between substrate and
control plasma can be obtained. Some laboratories
use commercial partial thromboplastin that contains
activators of the contact phase.

In most laboratories, the assays are performed
manually rather than with automatic equipment, but
automatic or semi-automatic equipment is available
that can be adapted for factor VIII assays. Labora-
tories should adopt automatic pipettes as replace-
ments for the older " mouth" pipettes to improve
accuracy and because of the danger of contracting
hepatitis from the haemophilic plasma.

(ii) Techniques
The clotting times of the assay mixtures are

determined at 37°C following the addition of various
dilutions of working standard plasma and test sam-
ples, made up in buffer or (in a few laboratories) in
haemophilic plasma. The mixtures also contain con-
tact activator, partial thromboplastin, and CaCl2.
At least three dilutions of test and control plasma
must be used in all assays to explore a reasonable
range of clotting times. The dilutions of the test
sample should be adjusted so that the clotting times
are within the range of clotting times obtained with
the working standard plasma.
For each plasma dilution of the working standard

and test samples, at least duplicate determinations
should be done and the mean of the values taken.
Some investigators use three determinations for each
dilution and take the median value; from the statisti-
cal viewpoint, this may be the best procedure.

(iii) Expression of results
Most investigators determine their assay results

graphically. When clotting times (response) are plot-
ted against plasma dilutions (dose) on log-log or
semi-log paper, the resulting line is referred to as a
dose-response curve. The dilution series of the work-
ing standard and test plasma samples must produce
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parallel lines in order to calculate the percentage of
clotting activity in the test sample. Graphical deter-
minations are usually quick and simple to carry out
and are satisfactory for most purposes. However, if
it is difficult to know where to draw lines through
scattered points, it is preferable to check the validity
of the results by calculation, as described by
Ingram (6).

(iv) Pitfalls

Systematic errors may be related to the sampling,
processing, and storage of plasma or to the selection
of biological reagents. Another systematic error is
related to the drift in clotting times during an assay

due to changes in the activity of the reagents. This
can be reduced by making the determinations in a

symmetrically balanced sequence (6).
Random errors cannot be eliminated from clotting

assays. They may be minimized, however, by tripli-
cate readings at each dilution and perhaps by the use

of mechanical rather than manual methods. Also,
the use of automatic methods for pipetting is an

advantage, and computed rather than graphical cal-
culation of results is usually more accurate.

Two-stage assay

The two-stage assay based on the thromboplastin
generation test, as described by Biggs (7), is a well-
established method. This method would appear

from the literature to have been rarely used in
studies of carrier detection in haemophilia A.

Antigenic assays

In the study of haemophilia carriers, VIIIR: Ag
has been measured in plasma by means of the
" rocket " electroimmunoassay described by Lau-
rell (8). Recently, immunoradiometric assays for fac-
tor VIII have become available and used for the
same purpose.

Electroimmunoassay. This technique is based on

the electrophoretic migration of an antigen through
a gel plate containing the relevant antibody. The
height of the precipitating peak depends on the
concentration of the antigen in the sample and
allows quantitative measurement of factor
VIIIR : Ag. A detailed description of this technique
has recently been published by Zimmerman et al. (9).

(i) Reagents and equipment
Agarose is available from a number of different

commercial sources. All these preparations seem to
be suitable for assay of human factor VIIIR: Ag
and have been used in different laboratories.

Anti-factor VIII antisera are precipitating anti-
bodies raised in rabbits or other animals by injection
of partially purified factor VIII preparations. Com-
mercial antisera are also available.
Most investigators use an alkaline, low-molarity

barbiturate buffer for dilution of samples and elec-
trophoresis. Some investigators have added 0.01
mol/litre EDTA to the buffer.
A variety of suitable commercial equipment is

available for electrophoresis. During electrophoresis
the plates are usually cooled with running tap-water
or by means of a cooled closed circuit.

(ii) Technique
Electrophoresis of different dilutions of working

standard and test plasmas are performed on the
same plate under standard conditions of time, cur-
rent, and temperature. A dose-response curve of the
working standard is prepared using serial dilutions
from 1: 2 to 1: 16. At least three dilutions are
needed for the test plasma. These dilutions are
usually made in the electrophoretic buffer but Zim-
merman et al. (9) have pointed out that it may be an
advantage to keep the protein concentration con-
stant. After electrophoresis, the gel plates are washed
in saline and stained with 1% Coomassie blue.
The concentration of antiserum in the agarose

must be selected so as to obtain a peak height of
about 2 cm in a 1: 2 plasma dilution of the working
standard. If the peaks are too small, the concentra-
tion of antiserum in the gel must be reduced.
Conversely, if the peaks are tall and faint, the
concentration of antiserum must be increased.

(iii) Expression of results
The results are calculated by plotting the peak

height against the plasma dilution on semi-log or
log-log graph paper. The dose-response curves of
the working standard and test samples must be
parallel in order to calculate the percentage of factor
VIIIR: Ag in the samples tested.

(iv) Pitfalls
Systematic errors related to the sampling, proces-

sing, and storage of plasma seem to be fewer than
those encountered in the assays of factor VIII: C.
However, inaccuracies can arise unless care is taken
with the storage of the agarose and the preparation
of the agarose gel:

1. The agarose must be stored in a well closed
container because it is rather hygroscopic.

2. The powder should be dissolved in a double
boiler.
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3. The agarose and the antiserum should be mixed
at a temperature below 56°C to prevent the antibody
from becoming denatured.

4. The gel should be poured on clean, prewarmed
glass plates when the temperature of the agarose is
still high enough to ensure true fluidity.

Electrophoresis should be carried out with a con-
stant current, a fixed electrophoresis time, adequate
cooling, and the correct application of wicks. Mea-
surement of the peak heights may be difficult owing
to the fact that factor VIIIR: Ag appears to contain
a number of heterogeneous components, which can
cause blurring of the rockets. Each laboratory will
have to vary the relative concentration of antigen
and antibody to determine the optimum shape,
height, and clarity of the peaks.

Other antigenic assays. Immunoradiometric assays
have also been proposed by a few investigators for
the measurement of factor VIIIR: Ag in carrier
detection surveys. The assay is carried out either in a

liquid phase (10) or in a solid phase system (11, 12).
In both cases, the antiserum is the same as that used
in electroimmunoassay. However, the antibodies are
further purified before or after labelling by incubat-
ing the antiserum with semi-purified factor VIII,
followed by separation of antigen-antibody com-
plexes and dissociation of these complexes by vari-
ous procedures.
The results obtained with these techniques appear

to be comparable to those obtained with electroim-
munoassay (13). However, these tests are more
complicated and require more expensive apparatus
than that needed for electroimmunoassay.

Potential use of ristocetin-dependent assays
H. M. Reisner et al. (personal communication,

1976) have proposed using the measurement of
another factor VIII-related activity, i.e., ristocetin
cofactor activity, instead of the factor VIIIR: Ag,
in the detection of carriers of haemophilia A. This
procedure is still in its infancy.

CARRIERS OF HAEMOPHILIA B

Haemophilia B, the deficiency state of factor IX, is
clinically a phenocopy of haemophilia A and is also
inherited as an X-linked disorder. In the early 1950s
it was found that the clotting factor activity lacking
in haemophilia B was different from that missing in
the disorder termed classic haemophilia or haemo-
philia A. The antihaemophilic globulin B (synonym:
Christmas factor) was later given the number IX.
Subsequently, it was observed that the X-chromo-
somal factor IX locus is fairly distant from the factor
VIII locus because it appeared not to be linked to
the loci for colour blindness and for glucose-6-
phosphate dehydrogenase (G6PD) deficiency. This
has been confirmed in dogs, where crossing-over has
been demonstrated between the two haemophilic
loci. Haemophilia B accounts for about 20% of all
X-linked haemophilia and, as in haemophilia A,
there are alleles giving rise to severe, moderate, and
mild forms of the disease. In the majority of cases,
the determination of carriers has to be made by
pedigree analysis and the assay of factor IX activity.
In recent years, however, it has been shown that
haemophilia B in itself is quite heterogeneous in that
material cross-reacting with antibodies (CRM), both
homologous and heterologous, can be present in the
plasma of the patient with haemophilia B. Also, a
CRM+ variant has been described with a prolonged
ox-brain thromboplastin time, which is probably due

to a molecular abnormality of factor IX. Nowadays,
haemophilia B subjects who have material that
cross-reacts with antibodies to factor IX are denoted
haemophilia B+ and those who lack such material
are classified as haemophilia B-. The relative fre-
quencies of haemophilia B+ and B- vary in differ-
ent countries. Whether this is related to technical
factors, such as the properties of the antibodies
employed, is not yet known. Furthermore, the use of
immunological assays for factor IX in carrier detec-
tion remains to be evaluated.

LABORATORY METHODS

Glossary of terms
Factor IX activity-the coagulant activity of factor

IX as determined by the ability to correct the
clotting defect of haemophilia B plasma. This activ-
ity is specifically neutralized by a homologous anti-
body occurring in some patients with haemophilia B.

Factor IX CRM (cross-reacting material)-mate-
rial devoid of factor IX coagulant activity but cross-
reacting with antibodies, both homologous and hete-
rologous, raised in rabbits. Since there is no unani-
mous opinion at present regarding the specificity of
the various antisera, it should be specified by which
antiserum factor IX CRM has been demonstrated.
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An international unit of factor IX coagulant activ-
ity is defined by the International Standard for
Blood Coagulation Factor IX (32). The current
standard is the First International Standard, which is
distributed by the International Centre for Biologi-
cal Standards, National Institute for Biological Stan-
dards and Control, Hampstead, London, England.
In practice, the IU is similar to, but not necessarily
identical with, the factor IX activity in one millilitre
of normal pooled plasma obtained from a large
number of healthy volunteers. At present, there is no
international standard for factor IX CRM.

Choosing the standardfor factor IX
Most of the principles underlying the factor VIII

standard (see p. 677) are valid for the standard
material for the assay of factor IX. As mentioned
above, an international standard is available.

It should be stressed once more that the working
standard should be calibrated in IU. A specific
problem is that factor IX activity rises with the age
of the subject. This suggests that when a certain
potency is assigned to the working standard, the
mean and variance of the age of the subjects who
donated blood to produce the normal pooled plasma
should be recorded. Preferably, those persons should
be of the same age group as the subjects to be tested.
The age-dependent rise of factor IX is of special
importance in selecting the reference group of nor-
mal persons used in carrier detection of haemophi-
lia B. Furthermore, it should be kept in mind that
factor IX is synthesized in parenchymal liver cells
and is dependent on the availability of vitamin K in
vivo. Another complicating factor is that oral contra-
ceptives definitely cause a rise in factor IX. Because
some consultands may be using oral contraceptives,
it may be necessary either to obtain both normal and
carrier reference groups that are on the pill or to
take consultands off the pill for a period before
testing. In the latter case, an alternative method of
birth control has to be prescribed.

Sampling, processing, and storage of blood
For practical purposes the procedures as given for

factor VIII (see p. 678) can be followed.

Coagulant assays
One-stage assay. The basic principle of the assay

of factor IX activity is a partial thromboplastin time,
using the plasma of a severely affected patient with
haemophilia B (less than 1 % factor IX activity) as
substrate plasma. Conditions for assay are identical
with those for factor VIII: C (see p. 679).

Two-stage assay. This assay is described in detail
by Biggs (7); it is even more complicated than that
for factor VIII: C and it is not known to be in use
for carrier detection.

Antigenic assays
The demonstration and quantification of factor IX

CRM can be achieved with homologous antibodies,
which develop in some patients with severe haemo-
philia B, in a fluid-phase assay by an inhibitor
neutralization test. Heterologous antibodies, raised
in rabbits, have been found that can also be used in a
fluid-phase assay system; when they are precipitating
antibodies they can be used in electroimmunoassay.
The inhibitor neutralization assay (INA) works

only when the inactive factor IX molecules still share
antigenic sites with the normally active factor IX
molecule. After a first incubation, when a known
amount of antiserum has been allowed to react with
the plasma sample to be tested, a fixed amount of
normal plasma is added to this mixture. Then, after
a second incubation period, the mixture is assayed
for residual factor IX activity. The level of factor IX
CRM in the first sample is determined by measuring
the residual factor IX activity after the second
incubation. Unfortunately, the accuracy of the test is
not great, and since the potential use in carrier
detection would be based upon a discrepancy be-
tween factor IX CRM and factor IX activity, there
does not seem to be much future for this test.
The electroimmunoassay is more accurate, but

further studies are needed to make it clear whether
the combined factor IX CRM and factor IX activity
assays improve carrier detection in haemophilia B+.
Furthermore, it is possible that the electroimmuno-
assay for factor IX CRM is more accurate than that
for factor IX activity and might be used alone for
carrier detection in haemophilia B- also.

STATISTICAL ANALYSIS OF PEDIGREE AND LABORATORY DATA

Glossary of terms Anterior-the part of a pedigree anterior to a

The following definitions are used for the purposes particular person is the whole pedigree other than
of this Memorandum: that person and his or her descendants.
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Bivariate-concerning two variates or types of
measurement.

Consultand-the person about whose genotype we
wish to make a probability statement; this is usually,
but not always, the person counselled.

Covariance structure-for two variates u and v, the
covariance structure comprises the variance of u, the
variance of v, and the correlation between u and v.

Descendant-any of the children, grandchildren,
great-grandchildren, etc. of a person.

Discriminant function-a mathematical expression
used to discriminate between groups on the basis of
more than one type of measurement or variate.
Function-a mathematical expression that depends

on variates; a rule for devising a new value from
values of the variates.

Linear function-if a and b are numbers, the
mathematical expression au + bv is a linear func-
tion of the variates u and v.

Quadratic function-a quadratic function of the
variates u and v is similar to a linear function,
except that the expression also includes terms
in u2, v2, and uv.

Likelihood-a synonym of " probability ", used in
special circumstances for extra clarity. The focus of
interest is usually the probability that a woman is a

carrier, given certain information. Suppose this
information includes the fact that the woman has a

son who is not haemophilic. To calculate the prob-
ability that she is a carrier it is mathematically
necessary to compare the likelihood (i.e., prob-
ability) that her son should be non-haemophilic if she
were a carrier (0.5) with the likelihood that her son

would be non-haemophilic if she were not a car-

rier (1). The word " likelihood " reminds us that the
probability is not that of her being a carrier (or non-

carrier) but the probability of some event given that
she is a carrier (or non-carrier).
Normality-the property of having a normal or

Gaussian distribution; bivariate normality implies
normality for each of the variates, and also for every

linear function of the variates.
Outlier-an observed result that is clearly separated

from the most usual results.
Univariate-concerning only one variate or type of

measurement.
GOAL

The aim of the statistical analysis of the pedigree
and laboratory data is to give the genetic counsellor

as precise information as possible on the carrier
status of the consultand. There is an established
theory for the allocation of a patient to one of two
groups, on the basis of several types of measurement
on each patient, in such a way as to minimize the
cost of possible misallocations-the allocation of a
carrier to the non-carrier group or vice versa. How-
ever, this theory requires that these costs be accu-
rately specified. The consequences ofmisinforming the
consultand as to her carrier status for haemophilia
affect the consultand herself, her family, and perhaps
even society at large. An example of introducing cost
considerations into the field of genetic counselling is
given by Gold et al. (14). Since, however, there is in
general no simple way of measuring the total cost
of all these consequences, the statistical analysis
discussed here will be concerned solely with arriving
at, for each consultand, a statement of the probability
that she is a carrier. This information should then
be used, along with other general information about
the disease in question, to counsel the consultand.
To arrive at the final statement about the proba-

bility of being a carrier, two kinds of information are
combined: pedigree information and the informa-
tion afforded by laboratory data. The analysis of the
pedigree should use all the clinical (and perhaps
genetic linkage) information that is available in the
consultand's pedigree. Here the application of
Mendelian laws will lead to a statement about the
probability of being a carrier based solely on the
pedigree information.

Then, given her laboratory data, how likely is the
consultand to be a carrier or non-carrier? This
question can only be answered if information is
available on the pattern of variability of the same
laboratory data for reference groups of obligatory
carriers and non-carriers. A comparison of the data
on the consultand with those on the two reference
groups will then result in a statement about the
relative likelihood of her being a carrier rather than
a non-carrier, solely on the basis of laboratory data.
The two statements (from pedigree and laboratory
data) are then combined to produce a final proba-
bility statement about the carrier status of the
consultand. It is this final probability, based on all the
information, that is relevant at the time of genetic
counselling. An early reference to this approach in
haemophilia A counselling, making use only of
pedigree information and factor VIII: C, is that by
Veltkamp et al. (15).

In order to combine information obtained from
two kinds of data, it is convenient to introduce the
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concept of " odds ". Suppose that, on the basis of
the pedigree information, the consultand has a 25%
chance of being a carrier and a 75% chance of not
being a carrier. This is the same as saying that the
probability that she is a carrier is 0.25, and the
probability that she is not a carrier is 0.75. Equi-
valently, we can say that the odds for her being a
carrier are 25 : 75 or 0.25: 0.75 or 1: 3. In general,
odds a: b (e.g., 1: 3) corresponds to probability
a/(a + b), e.g., 1/(1 + 3), and probability P(e.g., 0.25)
corresponds to odds P: 1 -P (e.g., 0.25: 1-0.25).

Fig. 1 shows diagrammatically how the consul-
tand's pedigree data and laboratory results are com-
bined mathematically to produce the final proba-
bility, or equivalently odds, of being a carrier for the
information of the genetic counsellor. By applying
Mendelian laws, one can derive the probability of
carriership based on the pedigree data (top left-hand
square in Fig. 1). By comparing the consultand's

7

/

/

FINAL PROMBILITY

Fig. 1. From the consultand, two types of information
are obtained: a probability based on the pedigree
(left) and a likelihood ratio based on laboratory data
(right). These are changed to odds ', which are then
multiplied together. The resulting odds, which can
be transformed back into a probability, are then used by
the genetic counsellor to counsel the consultand.

laboratory data with the reference data, one can
calculate how likely the consultand's laboratory data
would be if she were a carrier, and how likely if she
were a non-carrier (Fig. 1, right-hand square). The
ratio of these likelihoods has now to be combined
with the pedigree probability to produce the final
probability (bottom of Fig. 1) of interest to the
counsellor.
Once both the pedigree probability and the likeli-

hood ratio have been calculated, the arithmetic of
combining the two to obtain the final probability is
very simple (Bayes' theorem in its simplest form) if
we work with odds. Take the above example in
which, on the basis of pedigree information, the
consultand has odds of 1: 3 of being a carrier.
Suppose that, on the basis of her laboratory data
alone, the odds for her being a carrier are 10: 1. To
combine the two odds we simply multiply them
together, as follows:
odds from the pedigree information 1: 3
odds from the laboratory data 10: 1
combined odds I x 10: 3 x 1 or 10:3

The final probability of carriership, based on all the
information available, is therefore:

10
10+3 = 0.77.

Calculation of the pedigree probability is de-
scribed below. Fig. 2 is an enlargement of the upper
left hand square of Fig. 1 and is concerned only with
pedigree data. Once again, there is a division of data
into parts: the "anterior" pedigree consisting of
data on the consultand's parents and anyone else
related to her through them, and the " descen-
dants'" pedigree consisting of data on the consul-
tand's children and other descendants. The anterior
pedigree by itself always supplies, by means of
Mendelian laws, a probability of being a carrier (left-
hand square of Fig. 2). By analysing the descen-
dants' pedigrees, one can calculate how likely such
descendants would be if the consultand were a
carrier and how likely if she were a non-carrier. This
leads to a likelihood ratio (right-hand square of
Fig. 2), which is used to modify the " anterior"
probability by conversion of both to odds in exactly
the same arithmetic way as discussed in the context
of Fig. 1. Of course, some consultands may be
without children, in which case the likelihood ratio
for descendants is 1: 1 and the pedigree probability
of carriership is then simply equal to the anterior
probability of carriership.
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ANTERIOR
PROBABILITY

Fig. 2. From the pedigree, two types of information are
obtained: a probability based on the anterior pedigree
(left square) and a likelihood ratio based on the descen-
dants' pedigree (right square); these are changed to
odds, which are then combined by multiplication. These
odds are then combined with the odds obtained from the
laboratory data to give the final probability as shown
in Fig. 1.

In addition to calculating a probability that the
consultand is a carrier, the statistical analysis should
also have a monitoring function. Statistics should be
calculated to measure both the effectiveness of the
laboratory data in discriminating between carriers
and non-carriers and the appropriateness of the
statistical methods, and thereby determine empiri-
cally the best way to calculate the probability.

CALCULATING THE PROBABILITY
OF BEING A CARRIER

Pedigree clinical information
Since haemophilia A and B are X-linked recessive

diseases, the clinical information used in pedigree
analysis is confined to the male members of the
pedigree. A pedigree should be drawn showing the
sexes of each individual and, for each male member,
whether or not he is affected. At this point, we must
differentiate between those cases that are familial
and those that are sporadic.

Familial cases. If the pedigree contains at least two
individuals who are genetically related to the " con-
sultand" and who are affected by the same genetic
disease, a simple analysis is often sufficient, using
only the segregation probabilities for an X-linked
trait: carrier females have a 50% chance of transmit-
ting the X-linked gene to each child; haemophilic
males have only normal sons and carrier daughters.
The first step is to ignore all the descendants of the

consultand, if any, and to calculate the probability
that she is a carrier based only on the information
anterior to her. It is often sufficient to go back in the
pedigree from the consultand to the nearest maternal
relative, male or female, who is certainly carrying the
haemophilic gene, i.e., a haemophiliac or an obliga-
tory carrier. For each step in the chain, vertical or
horizontal in the pedigree, take 0.5 and multiply
these factors together to arrive at the probability of
being a carrier. This is illustrated in Fig. 3.

This procedure will result in the correct proba-
bility, however, only if none of the possible carriers
along the chain have any normal male children. If,
for example, II-4 in Fig. 3 had normal sons, this
method could not be used to determine the proba-
bility that III-2 or IV-1 are carriers; but it could be
used to find, based only on the information anterior
to her, the probability that II-4 is a carrier (0.5). This
probability would then be modified, as will now be
described, to take account of the normal sons.

Consider, for example, the pedigree illustrated in
Fig. 4, in which the consultand III-2 has some
male descendants. In this situation, the probability
based on the anterior information must be modified.
It is obvious that such modification is necessary
if one of the descendants is a haemophiliac, for
then the consultand automatically becomes an
obligatory carrier with a probability of 1. Conversely
if, as in Fig. 4, the consultand has only normal
male descendants, the probability that she is a
carrier becomes smaller.

685



MEMORANDUM

Fig. 3. Example of a pedigree for arriving at anterior
probabilities for carriership.

Fig. 4. Use of descendants' information to modify the
odds obtained from anterior information.

Table 1. Calculation of the probability of carriership
and equivalent odds based on anterior and descendants
information

Probability that con- Odds for con-
Given information sultand is: sultandGie (carrier: non-

Carrier Non-carrier carrier)

Anterior to 111-2
(generation I and 11) 0.25 0.75 1 : 3

Descendants of 111-2
(generation IV: n (0.5) n:1
normal sons)

Both anterior and (05) n 3
descendants ( * (0.5) n: 3

(0.5) n +3 (0.5) n +3

To calculate the probability of being a carrier in
such a situation one can proceed as follows. The first
step is to ignore all the descendants of the consul-
tand, i.e., generation IV, and to calculate the proba-
bility that the consultand is a carrier based only on
the information anterior to her. As we have seen,
this probability is 0.25. Similarly, the analogous
probability that 111-2 is not a carrier is 1-0.25 =
0.75, and these two probabilities are entered in the
first line of Table 1, together with the equivalent
odds. The next step is to calculate the likelihood that
III-2 would have n normal sons, separately for the
two possible cases that she is or is not a carrier. The
aim is to calculate the likelihood ratio contributed
by descendants and use it to modify the odds for
carriership. If she is a carrier, then the likelihood
that her n sons would be normal is (0.5)n, since each
son independently has a probability of 0.5 of not
receiving the abnormal gene. If, on the other hand,
she is not a carrier, then all her sons will necessarily
be normal, so the likelihood that her n sons would
be normal is then In = 1. These two likelihoods
expressed as odds are entered in the second line of
Table 1. The lines in Table 1 thus contain two
different kinds of probabilities, which have to be
combined. The first line contains the probabilities
that III-2 is a carrier or not, given only the informa-
tion anterior to III-2, but the odds in the second line
of Table 1 correspond to the probabilities of " gen-
eration IV " (the n sons being normal), given that we
know whether 111-2 is a carrier or not.
To obtain odds for carriership, given both the

anterior and the descendants' information, we mul-
tiply the odds in line 1 by the odds in line 2 to obtain
the odds [(0.5)n: 3] in line 3. Converting these odds
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into the probability that the consultand is a carrier,
we obtain:

(0.5)n 1

(0.5)n±+3 1+±3x28

The probability that she is not a carrier is:
3

3+(0.5)n

which a numerical example will show is 1 minus the
probability of carriership. Notice that with just one

normal son (n = 1), the final probability that the
consultand is a carrier is reduced from 0.25 to 0.14;
with two normal sons (n = 2), it is reduced to 0.08.

Sporadic cases. If only one haemophilic male is
known to be related to the consultand, mutation
must not be ignored in the calculations, since there is
now an appreciable probability that the haemophilic
male is a new mutant. It is important in such a

situation to know something about the mutation rate
(p) and the prevalence of carrier females in the
general population. (We shall assume, perhaps fal-
sely, that mutation rates are the same in the two
sexes.) Suppose the prevalence of carrier females
is H times the mutation rate (prevalence = Hp). It
will be seen shortly that it is H that is most
important for determining the probability that the
consultand is a carrier. It is thought that, for X-
linked recessive lethals, the frequency of carriers is
approximately four times the mutation rate, i.e., 4t,
so that H = 4 in this situation. Haemophilia A
and B are not lethal, however. If we assume that the
reproductive fitness of all non-haemophiliacs is the
same, regardless of sex or carrier status, and denote
the reproductive fitness of male haemophiliacs rela-
tive to them by f, then, at equilibrium, the preva-
lence of female carriers in the population is
2(2+f),u/(l-f), so that now H = 2(2+f)/(1-f)
(16). Whereas in some countries there may be genetic

I L

II I
1

O unaffected female

@ carrier female

unaffected male

affected male

nsul tand

Fig. 5. Use of descendants' information if no anterior
information is available.

equilibrium, this may well not hold true for popula-
tions with evident progress in the medical care of
haemophilia. Nevertheless, it is probably best to
takeH to be the quantity given by the formula above
unless f is about 0.9 or greater, which leads to a
value of H greater than 50; it is probably safe to
assume that at present the prevalence of carrier
females is not greater than about 50 times the
mutation rate (i.e., H <50). To calculate f for a

wrticVlar population one should estimate, for each
( male -haemophiliac born, the average number of

children he has had by the time of his death;
similarly one should estimate, for each non-haemo-
philiac born, the average number of children he or
she has had by the time of death; f is then the ratio
of these two quantities.

Fig. 5 shows a family in which there is one affected
and n unaffected males, and Table 2 gives the

Table 2. Calculation of the probability of carriership and equivalent odds in the
absence of anterior pedigree information (see Fig. 5)

Given information Probability that consultand is: Odds for consultand
Carrier Non-carrier (carrier: non-carrier)

Prevalence of carriers in the
population HA 1 -Hz& HM: (1 -Hz)

Descendants (generation II: n
normal and one affected son) (O.5)n+1 : (1 -)5)n/.

Prevalence in population and H (0.5)n+1 '_____H0_____
descendants

H (0.5)n+i +1 H (0.5)n+i +1 HIA (0.5)n+1 : (1 -HM) (1 A'n.H (0.5)5++1 H (O.)fl+' +1 - H(0.5)nl+i : 1
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appropriate calculation. In this case, there is no
anterior pedigree information prior to 1-2, the con-
sultand, and so the probabilities in the first line are
simply given by the prevalence of carriers in the
population. If I-2 is a carrier, each son has a
probability of 0.5 of being normal or affected, so in
this case the likelihood for the n + 1 sons is (0.5)n+1.
If, on the other hand, she is a non-carrier, the
probability that a son would be normal is 1-u, and
the probability that a son would be affected is ,u; and
so in this case, the resulting likelihood is (1 -/u)"p.
These two likelihoods, expressed as odds, are in-
serted in the second line of Table 2. The last line of
Table 2 shows that the final odds are HI4(0.5)n+1:
(1-Hp) (1 -.t)8u, which is virtually the same as

H(0.5)n+1: 1 when Hp and ,u are close to zero. Thus
the final probability that the consultand is a carrier,
based on all the pedigree information, is virtually:

H(0.5)nf+l H
H(0.5)nf+l + I H+ 2n+l

If we assume equilibrium and that the fitness is 0.5,
then H = 2(2+0.5)1(1-0.5) = 10 and the odds for
the consultand being a carrier are virtually
10(0.5)"+': 1. In other words, under these circum-
stances the probability would be 0.83 when there are
no normal sons, 0.71 when there is one normal son,
and 0.55 when there are two. Details of the calcula-
tions in more complicated situations, but assuming
lethality of the gene in question, have been pub-
lished (17).

Pedigree linkage information
In some situations, information at loci closely

linked to haemophilia A or B may also be used to
obtain more accurate odds that the consultand is a
carrier. Colour blindness and electrophoretic vari-
ants of G6PD are such traits, linked to haemophi-
lia A but not to haemophilia B (18,19). However,
they are not sufficiently polymorphic in most popu-
lations to be useful. The use of linkage information
will become much more worthwhile as other marker
loci are discovered close to the haemophilia loci,
especially if highly polymorphic ones are found.
While this technique is not highly practical at pre-
sent, the increasingly rapid accumulation of infor-
mation about the human X chromosome suggests
that it may be very useful in the near future.
As an example, suppose the consultand has a

G6PD variant allele. Let us use the pedigree in Fig. 6
as an example of how to use such information.

Fig. 6. Use of linkage between the haemophilia A locus
and an X-linked marker gene (e.g., G6PD) in order to
obtain odds for carriership.

11-3 has a son and a nephew who are both
haemophilic and G6PD deficient, so it can be con-
cluded that she almost certainly has the genes for
haemophilia and G6PD deficiency in coupling.
From laboratory evidence, 111-3 is known to be
heterozygous at the G6PD locus; it is therefore
virtually certain that III-3 inherited the rare G6PD
gene from her mother, 11-3, a known carrier of
haemophilia. Therefore, the probability that III-3 is
a carrier of haemophilia, based only on the informa-
tion anterior to her, is the probability that there has
been no cross-over, i.e., 1-0. where is the recom-
bination fraction between the G6PD and haemophi-
lia A loci; this is known to be about 0.05 (19). These
probabilities, and the corresponding odds, are
entered in the first line of Table 3. The next line of
Table 3 gives the odds for both sons of HII-3 not
being haemophiliacs. These odds are combined with
the anterior odds in the first line, giving the final
odds that III-3 is a carrier (last column). These odds
are converted into probabilities (first column). Sub-
stituting 0 = 0.05 into these probabilities (bottom
left formulae in Table 3) we find that the probability
that 111-3 is a carrier is 0.82 and the probability that
she is not a carrier is 0.18. If we had not had linkage
information, we would have concluded that the
probability favouring carriership was 0.20 (since she
is the mother of two non-haemophilic sons).

Laboratory data on a possible carrier
The purpose of the present section is to give

methods of taking into account laboratory data from
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Table 3. Calculation of the probability of carriership and equivalent odds based on
anterior information including linkage data and descendants information (see Fig. 6)

Probability that consultand is: Odds for consultandGiven information (are:nncrirCarrier Non-carrier (carrier: non-carrier)

Anterior to 111-3 (including
linkage data) 1 -9 9 1 -9: 9

Sons of 111-3 (both normal) (0.5)2 :1

Anterior to 111-3 (including
linkage data) and sons of (1 -9) (0.5)2 9
111-3 (1-) (0.5)2±9 (1-9) (0.5)2+9 (1-) (0.5)2 9

the consultand. Comparison of her laboratory data
with that of the reference groups leads to a likeli-
hood ratio. This likelihood ratio should then be
multiplied by the odds obtained from the pedigree
(which may or may not have been modified by
linkage data) to produce final odds for use in genetic
counselling.
We have already noted above that to obtain for a

possible carrier the likelihood ratio from given labo-
ratory data we need similarly obtained measure-

ments from two reference groups: obligatory carriers
and non-carriers. This reference material will give
information concerning the pattern of variability of
these measurements in the population and so, con-

versely, information concerning the relative likeli-
hood implied by observations on the consultand. We
therefore first give some recommendations for the
selection and handling of reference groups; follow-
ing this, a review is given of the relevant statistical
methods for calculating a likelihood ratio from
laboratory data. Although we cannot go into a

detailed discussion here, it should be noted that once

a thorough statistical analysis of the reference
groups has been performed, the calculation of the
final odds for any consultand can be greatly simpli-
fied by the use of graphs (20, 21).

Reference groups. Each laboratory should form its
own reference groups for use with its own popula-
tion of possible carriers. This will counteract any

biological variability from population to population
and also any variability in technique from laboratory
to laboratory.

All three categories, i.e., obligatory carriers, non-

carriers, and possible carriers, must be treated alike
with respect to such factors as (a) the use of fresh or

frozen plasma in the assay; (b) the use of oral
contraceptives; and (c) rest or exercise in the previ-
ous half hour. It may be necessary to consider

pregnant women completely separately from other
women. It is possible that a woman's age may
influence the biological measurements, and there are
two ways of dealing with this possibility. If the
possible carriers and the reference groups are re-
stricted to the " target " range of 15-40 years, the
influence of age, if any, will be minimized. If, on the
other hand, use is to be made of laboratory data
from older women it may be necessary to allow for
the influence of age by statistical means. In any case,
the regression on age for each measurement should
be studied and, if it is substantial, adequate correc-
tions should be made, as discussed in the following
section.
The obligatory carrier group is usually composed of

women (preferably unrelated) (a) whose fathers are
haemophiliacs, or (b) who have had two or more
haemophiliac sons, or (c) who have had at least one
haemophiliac son and also a documented family
history of the disease. Such women are virtually
certain to be carriers. It would probably be advisable
for carriers with severe, moderate, and mild haemo-
philia to be evaluated separately.
The composition of the control group of non-

carriers presents a certain problem. It has been
customary to choose women because they are easily
accessible, for instance members of staff of a hospi-
tal. Their haemophilia status is therefore unknown
but, because of the rarity of the disease, each woman
has a high chance of being a non-carrier. This
chance is even greater if it is verified that the woman
has no family history of haemophilia. However, one
may question the relevance of such a control group
to genetic counselling of a possible carrier, for the
latter will certainly have a family history of haemo-
philia. One may perhaps take as typical the case
where it is known that the possible carrier's mother
is herself a carrier. The question is whether the non-
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carrier daughters of carriers have the same factor
VIII activity and antigen values as non-carrier
daughters of non-carriers in general. A group com-
posed of hospital staff members, even if assumed to
be non-carrier, will be valid as a control group only
if the pattern of variation of the measurements is the
same for non-carrier daughters of carriers as it is for
non-carriers in general. If, among the daughters of
carriers, non-carriers could be identified, this ques-
tion could be investigated directly. Since this is not
possible, indirect ways to answer this question have
to be employed. If we have a group of possible
carriers who are all daughters of carriers, then one
may expect the group to consist of equal numbers of
carriers and non-carriers. Their mean factor VIII
activity and antigen values should be equal to the
average of the means for the two reference groups,
the obligatory carriers and controls. If it is not, the
study is not valid because the control group is not
identical to the non-carrier daughters of carriers. If
invalid control groups are used, inappropriate odds
will be quoted in counselling; the monitoring process
will help detect this, as discussed below under Moni-
toring statistical methods, p. 694.

Statistical methods for discrimination. There are
several methods for calculating odds from the labo-
ratory data. The methods may, in principle, handle
an arbitrary number of different measurements. The
present state of the art in carrier detection, at least
for haemophilia A, uses, however, only two (factor
VIII: C and factor VIIIR: Ag). In view of this, we
shall restrict ourselves here to this number of mea-
surements. The choice of the statistical method used
for discrimination depends on the pattern of varia-
bility for the observation pairs in the reference
groups. At this point the reader is cautioned that,
unless he has experience in this area of data analysis,
he would be wise to engage the help of a statistician,
at least until the reference data have been sufficiently
analysed to produce an appropriate formula or
graph that can be used for each consultand. A
distinction should be made between the calculations
that have to be done once, with the reference data,
and those that must be repeated anew for each
consultand. The latter are relatively simple, and for
them the help of a statistician should not be neces-
sary.

Aspects such as skewness or symmetry of the
distributions, and equal or unequal variances and
correlations in the two groups, are important guide-
lines in choosing the method for discrimination.
Hermans & Habbema (22) show that different statis-

tical methods can occasionally give quite different
odds for exactly the same data. The conclusion from
this study is that one has to choose the method with
care and perhaps calculate the odds by more than
one method in each counselling case. In the first
place an ordinary two-dimensional plot should be
made of the reference data, e.g., factor VIII: C
against factor VIIIR: Ag. Besides giving informa-
tion about the pattern of variability, this plot also
allows outliers to be detected. These should be
eliminated before any further statistical work is done
and the results should only be used for consultands
whose laboratory data fall in the range of the non-
outlying reference data points. If the proportion of
outliers is very different for obligatory carriers and
controls, this should be taken into account.

It should be noted that if either measurement
shows a substantial regression on age in either
reference group, a further complexity is added to the
method of analysis. If the same age regression holds
in both reference groups, it is sufficient to correct the
measurement for each member in the reference
groups and that for each new consultand to the same
standard age. If either measurement has a different
regression on age in the two groups, special methods
must be used (23). In any case it is strongly recom-
mended that, for each new consultand, her labora-
tory measurements and her age should be checked to
see that they fall within the ranges for the reference
groups. If they do not, her laboratory measurements
should not be used in the calculation of odds for her,
since this would be an extrapolation outside previous
experience.

Finally, as previously recommended, the assays of
activity and antigen should, if possible, be done
three times, and the median of the three outcomes
taken. It is recommended that this be done consis-
tently for the reference groups and the new consul-
tand. The median value, or if necessary a transfor-
mation of it, will be brought into the discrimination
methods. It may happen, however, for a particular
consultand that only a single assay result is avail-
able. It is inadvisable to calculate her odds for
carriership with a discriminant procedure based on
median values out of triplicate assay results for the
reference groups. In order to obtain adequate odds
for such a consultand, it is recommended that the
discrimination procedure be developed based on the
median of the triplicates for the reference group in
order to handle the usual case, but that a similar
discrimination procedure be developed using only
the first of the three assay results of each reference
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case. This latter procedure should then be used for
the consultand on whom only a single pair of assay
results is given.
We now describe four methods of discrimination,

giving the assumptions underlying each.

1. Classical discrimination (24). This method
assumes bivariate normality for the data in both
groups. This assumption can be checked approxi-
mately by inspecting the plot of the reference data in
order to determine whether the points in each group
are fairly symmetrically placed. If there is skewness,
a transformation (e.g., square roots or logarithms)
can usually be found that will eliminate it but any
transformation that is used must be applied to data
from both groups. If the data plots for both groups
also have the same size and shape (after transforma-
tion if necessary), the assumption of an equal
covariance structure is probably justified and the
odds calculation for a consultand may involve the
simple use of Fisher's linear discriminant function. If
the assumption of equal covariance structures does
not seem justified, then the odds calculations require
a quadratic discriminant function. It should be
stressed, however, that the assumptions of the fore-
going methods are easily violated in practice.

2. Reduction to univariate discrimination. In this
method, some function of the measurements is first
defined; this function is then calculated for each
individual and considered as a single new measure-
ment. For example, we could take the ratio of factor
VIII: C to factor VIIIR: Ag. A possibly better
approach would be to take the function that would
lead to the best discrimination if there were bivariate
normality, i.e., one of the discriminant functions
obtained by method 1. The distribution of this new
measurement, or discriminant score, is then exam-
ined for the cases in each of the reference groups. If
there is one-dimensional normality in both groups, it
is then relatively simple to use this score for the odds
calculation. It is therefore recommended, when using
this method, that the function be transformed, if
necessary, to make it approximately normally distri-
buted in each of the reference groups. There will be
some loss of information in the arbitrary choice of a
discriminant function but one can be more confident
of its distributional assumptions than of two-dimen-
sional distributional assumptions (21, 23).
Both of these methods of odds calculation can be

executed in two conceptually different ways that
differ in their handling of the statistical parameters
of the probability distributions involved. In the first

way, giving the so-called estimative methods, the
statistical parameters of each of the two populations
(carriers and non-carriers) occurring in the expres-
sion for the odds are simply replaced by their sample
analogues as found in the reference groups. For
example, in method 1 the values for the population
means of factor VIII: C and factor VIIIR: Ag for
each group occurring originally in the expression for
the odds are replaced by the sample means from the
reference groups. In method 2 the sample means and
variances of the discriminant score are used in the
expression for the odds. In the second way, giving
predictive methods, the uncertainty of the statistical
parameters is taken into account by giving prior
weighting to the possible parameter values.
The difference in the consequences of these two

ways may be stated as follows. Suppose that for the
control reference groups a sample mean of 970 is
found for factor VIII: C. In the estimative methods
it does not matter whether this sample mean is based
on 20 observations or on 50 observations. In the
predictive methods, however, the fact that a mean
value based on 50 observations is more accurately
determined than the same mean value based on 20
observations is automatically taken into ac-
count (25).
Thus the predictive methods assess the uncertainty

about the true state of carriership more thoroughly
than do the estimative ones. Two remarks may,
however, moderate this conclusion. First, the cal-
culations for the predictive methods are somewhat
more complicated than those for the estimative ones,
although this holds only for the calculations on the
reference data and not for the calculation on each
consultand. Second, only for small sample sizes will
the differences between the outcomes of the two
methods be important. In the paper by Hermans &
Habbema (22) already mentioned, method 1 is com-
pared in its estimative and predictive versions with
sample sizes of 22 obligatory carriers and 30 con-
trols. The differences between the estimative and
predictive odds for the 19 possible carriers were
found to be slight.

3. Kernel method. This method is completely
different from methods 1 and 2, in that the pattern of
variability of the data for each reference group is
described as a smoothed histogram in two dimen-
sions. Around each reference observation point is
put a " kernel ", indicating some probability for
observations near that point in the future. These
kernels are averaged over all observations in the
reference groups, leading to an empirical probability
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distribution for that group. Using these distributions
for the two groups, we calculate for the consultand
the two corresponding likelihoods from her labora-
tory results, and hence the relative likelihood that
she is a carrier. An important advantage of this
kernel method is its great flexibility in describing
different patterns of variability. It does not rely, as
do methods 1 and 2, on bivariate or univariate
normality, the distributions of which might be too
restrictive for medical data, and, of course, there is
no need to transform the data to achieve normality.
A disadvantage is that the method needs a computer
in order to be applied for each consultand. General
information about the kernel method is available
(26) and a computer programme for it is described by
Hermans & Habbema (27).

4. Regression method. One other method has been
used for carrier detection and will be briefly men-
tioned here. The regression line of factor VIII: C on
factor VIIIR : Ag has been calculated for the refer-
ence group of non-carriers, together with a confi-
dence limit for a future observation. A consultand
below this limit is classified as a carrier, and one
above the limit is classified as a non-carrier. Several
methodological objections can be made concerning
this approach: (a) the result is not odds for carrier-
ship but a deterministic statement (carrier or not);
(b) no carrier reference group is used to help deter-
mine the classification and the inference concerning
the consultand is made without considering the
measurements of any obligatory carriers; (c) in a
regression analysis the two measurements are treated
asymmetrically, while there is no reason to do so in
the structure of the data; and (d) pedigree information
cannot be taken into account.

A summary of the methods for calculating odds
from the laboratory data is as follows:

1. Assuming bivariate normal distribution for the
measurements:

(a) Equal covariance structure; estimative
method.
(b) Equal covariance structure; predictive
method.
(c) Unequal covariance structure; estimative
method.
(d) Unequal covariance structure; predictive
method.

2. Assuming normality of some informally chosen
function of the measurements:

(a) Equal variances; estimative method.
(b) Equal variances, predictive method.
(c) Unequal variances; estimative method.
(d) Unequal variances; predictive method.

3. Kernel method.

4. Regression method.

As suggested, we recommend methods 1, 2, or 3.
A summary of the mathematical equations for meth-
ods 1 and 2 is given in the Annex.

Laboratory data on more than one woman
As indicated above under Pedigree linkage infor-

mation, p. 688, information on a linked marker
sometimes helps in obtaining a more precise prob-
ability for being a carrier. At present, however, this
will rarely be the case. It is, however, often possible
to use laboratory data on women other than the
consultand herself if their carrier status affects the
probability that the consultand is a carrier. This is
best explained by an example.

In Fig. 4, it is clear that the probability that the
consultand is a carrier depends very much on
whether individual 11-4 is a carrier or not. Therefore,
in the absence of the kind of linkage data discussed
above, laboratory measurements on 11-4 could be
very informative. Suppose that the relative likeli-
hood that 11-4 is a carrier, based on her laboratory
results, is 49: 1. On the basis of the pedigree anterior
to her, the odds that 11-4 is a carrier are 1: 1.
Combining those two odds we obtain 49: 1 as the
odds for 11-4 being a carrier if we ignore all her
descendants. This corresponds to a probability of
0.98. It follows that, based on all the information
anterior to her, the probability that the consultand
III-2 is a carrier is 0.49. If we insert this figure
instead of 0.25 in Table 1, and make all the further
changes that this involves, we obtain the results
shown in Table 4, in which the last line gives the
probability that III-2 is a carrier, based on all the
pedigree information and the laboratory results on
11-4. The odds 49(0.5)n: 51 can then be further
multiplied by the odds based on the laboratory
results for the consultand to obtain the final prob-
ability that she is a carrier.
The above example is a simple case in which the

calculations can be performed fairly easily; in other
situations the appropriate calculations may be much
more difficult and will almost certainly require the
use of a computer. If, in Fig. 4, 11-4 had several
other daughters, laboratory data on them would also
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Table 4. Calculation of the probability of carriership and equivalent odds based on
anterior information including laboratory data and descendants information (see Fig. 4)

Probability that consultand is: Odds for consultandGiven information (are:nncrirCarrier Non-carrier (carrier: non-carrier)

Anterior to 111-2 (including
laboratory data on 11-4) 0.49 0.51 49: 51

Descendants of 111-2
(generation IV: n normal sons) (0.5) n: 1

Both anterior (including
laboratory data on 11-4) 49 (O.5)n 51
and descendants 49 (O.5)n +51 49 (O.5)n +51 49 (0.5) n : 51

be informative as to the carrier status of 11-4; this
would be especially true if it were not possible to
obtain laboratory data on 11-4 herself. In order to
calculate the final probability for the consultand
with such data one should calculate the likelihood of
the complete pedigree, together with the laboratory
data on each individual for whom it is available,
(a) assuming that the consultand is a carrier and
(b) assuming that the consultand is not a carrier. If
these two likelihoods are L(c) and L(n), respectively,
then the odds for the consultand being a carrier are
L(c): L(n). Methods have been described for cal-
culating these likelihoods in very general situations,
allowing for both laboratory and linkage informa-
tion and for pedigrees of arbitrary structure (28, 29).

MONITORING LABORATORY TECHNIQUE

AND STATISTICAL METHODS

Any imperfection of laboratory technique, such as
failure to keep measurement error (variability of
replicate observations on the same woman) to a
minimum or failure to standardize reference groups,
will interfere with the process of odds calculation.
Generally, poor laboratory technique will increase
the overlap between carrier and control reference
groups in the two-dimensional plot. Calculated odds
will therefore tend to be more conservative (i.e.,
nearer to 1: 1, or probability of carriership nearer to
0.5) compared to a situation with perfectly control-
led laboratory conditions.
Any imperfection of statistical methodology,

caused by such things as incorrect distributional
assumptions, unwise choice of discriminant function,
or merely reference groups that are too small will
also distort the odds. Mistakes of this kind have an
unpredictable effect on the odds; they may become
either more or less conservative. The only way to

monitor the statistical method used is to study odds
that they have produced for possible carriers whose
true carrier status (carrier or non-carrier) later be-
comes known. This is discussed below.

Monitoring laboratory technique
A laboratory may wish to compare its own per-

formance, in the matter of laboratory technique,
with that of other laboratories. Equally it may wish
to examine the consequences of modifying its own
technique. Although poor technique will affect the
odds, these depend also on the particular statistical
methods used. Since different laboratories may well
employ different statistical methods, comparison of
laboratories should be based on a direct study of the
overlap between the two reference groups and not on
a study of the odds generally obtained. In comparing
two laboratories for extent of overlap of reference
groups, it must be remembered that each laboratory
may be studying a different biological population.

There are many ways of defining overlap and
attempting to estimate it. In the idealized case of two
one-dimensional normal distributions with common
variance a2, a suitable measure of separation (i.e.,
the opposite of overlap) would be (t-fL2)/a, where
,u and p2 are the two population means. The sample
analogue of this measure, namely (xl-x2)/s or

equivalently ' +-t, where t is the usual
ni n2'

Student's t statistic for comparing the means of the
two groups, may therefore be calculated. For the
two-dimensional case, still relying on the idealization
of (bivariate) normality with common covariance
structure V, the analogous mathematical expression
is the Mahalanobis distance parameter (,lu-,U2) V-1
(1-P2), where p, and p.2 are the two-dimensional
population means for carrier and controls. One may
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calculate the sample analogue of this. Another
valuable technique is to calculate tolerance ellipses
for each of the reference groups and to see how
many observations in each group lie in the ellipse for
the other group (20, 25). Further research is prob-
ably needed before definite recommendations are

made on measures of separation when the data
depart from the idealized situations just mentioned.
On the whole it is better to avoid, if possible,

treating overlap in terms of so-called " error rates ".
First, the reference data are not to be used to make
definite classifications of possible carriers. Second,
even if they were, considerations of statistical analy-
sis as well as of overlap of populations are involved
in comparison of error rates. Third, there are several
different kinds of " error rate " and precise distinc-
tions must be made between them (24).
A separate aspect of laboratory technique is the

question of whether hospital staff form a valid
control group. This has been discussed above, and a

method of empirical investigation based on the mean
values for all daughters of carriers was mentioned.
An alternative line of study would be to look for a

correlation between the observations on mothers
and daughters over and above that induced by their
tendency to have the same genotype at the haemo-
philia locus. For instance, carrier mothers and their
carrier daughters only could be studied (if and when
identified).

Monitoring statistical methods

A laboratory may wish to compare the perfor-
mance of different statistical methods of calculating
odds from its own data. The question of the size of
the two reference groups is a related one because the
choice of statistical method will depend in part on

whether the reference groups are large or small. In
this section we therefore pose two questions:

1. Are the reference groups large enough for use

in conjunction with agreed statistical assumptions
(e.g., normality of either the one- or two-dimensional
data, equal or unequal covariance structure, etc.)?

2. Which of two competing statistical methods of
odds calculation (based on alternative sets of as-

sumptions such as equal or unequal covariance
structure, etc.) is in fact a more faithful discrimina-
tor? Here the reference groups are taken as given.

The natural way to answer question 1 is to use the
agreed statistical analysis in both its estimative and
predictive modes. If estimative and predictive odds
disagree in important areas of the two-dimensional
plot, then (a) either or both of the reference groups

are too small and (b) until the groups can be
enlarged, the predictive mode of analysis should be
used in preference to the estimative mode.
To answer question 2, odds should be calculated

by both methods for the same women. Their true
carrier status must then be determined. Ideally these
women should be consultands; in practice it may be
impossible to discover the true carrier status of
consultands, even by waiting many years, and there-
fore it may be necessary instead to form two " com-
parison groups ": women who are already known to
be carriers and women who are presumed to be non-

carriers (hospital staff for instance). The remarks on

standardization made above apply to these compari-
son groups just as much as to the original reference
groups.

Each competing statistical method will have pro-
duced a formula, based on the reference data, for
converting a pair of observations into odds for
carriership. Each formula should be applied, without
revision to take account of the new data provided by
the comparison groups, to the women in each of the
comparison groups. Specimen results are indicated
in the first two lines of Table 5 for the obligatory

Table 5. Specimen results to evaluate two competing statistical methods (formula 1
and formula 2) on obligatory carriers

Comparison group: obligatory carriers

1 2 3 4 5 ... ni

Odds for carriership
(formula 1) 18:1 3:1 2:1 1:2 1:2 ... 20:1

Odds for carriership
(formula 2) 6:1 9:1 1:3 2:1 1:3 ... 2:1

Ratio
(formula 1 :formula2) 3:1 1:3 6:1 1:4 3:2 ... 10:1

Log 1o (ratio) 0.48 -0.48 0.78 -0.60 0.18 ... 1.00
Approximation to log 4 (ratio) +1 -1 +1 -1 0 ... +2
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Table 6. Proposed layout for the evaluation of two competing statistical methods
(formula 1 and formula 2) on controls

Comparison group: controls

1 2 3 4 5 ... n2

Odds for control
(formula 1)

Odds for control
(formula 2)

Ratio
(formula 1: formula 2)

Logio (ratio)
Approximation to 10g4

(ratio)

carriers. The particular pairs of odds printed here
have been specially chosen to illustrate the various
numerical situations that can arise; they may not be
typical of genuine results. Table 6 refers to the
control group of presumed non-carriers and is con-
structed in the same way as Table 5 except that the
first two lines give odds for control (reciprocal of
odds for carrier). In the third line of each table the
ratio of the first two lines appears as a measure of
the relative success of the two formulae in predicting
carriership (or non-carriership) for the women in the
comparison group. The ratios may be studied as they
stand; a preponderance of values greater than one
would indicate that formula 1 is the more faithful
discriminator, while a preponderance of values less
than one would be in favour of formula 2. Alterna-
tively, one may calculate logarithms at this point (to
any convenient base, such as 10) as indicated in the
fourth row of Tables 5 and 6. The purpose of taking
logs is to achieve a more nearly symmetrical scatter.
A woman from the comparison groups will lend
support to either formula 1 or formula 2 according
to whether the logarithm of the ratio of the two odds
is positive or negative. If it is desired to avoid the use
of log tables, then instead of completing the fourth
lines of Tables 5 and 6 the following scoring system
may be used, as exemplified in the fifth lines.

Ratio of odds Score
Greater than 32: 1 +3
Greater than 8: 1 but not more than 32: 1 +2
Greater than 2: 1 but not more than 8: 1 + 1
From 1: 2 to 2: 1 inclusive 0
Less than 1: 2 but not less than 1: 8 -1
Less than 1: 8 but not less than 1: 32 -2
Less than 1: 32 -3

Mathematically the score is an approximation to the
logarithm, to base 4, of the ratio of odds.

If the average log ratio in the comparison groups
is found to be positive, as in our hypothetical
Table 5, it would be appropriate to choose the
statistical method leading to formula 1; if it is found
to be negative one might choose formula 2. In fact,
standard statistical tests of significance (one-sample t
test, sign test, etc.) could reasonably be applied to
the log ratios to determine whether the superiority of
one statistical method has been established.
There are several objections to a comparison of

rival statistical methods merely by counting so-called
misclassifications. The first objection is that the goal
of statistical analysis is to convey information, via
the genetic counsellor, to consultands. It is not to
make any decisions on behalf of consultands nor to
offer definite advice (which, in any case, they might
well ignore). The second objection to comparing the
" misclassification " rate of one statistical method
with the rate for a rival method is that it ignores the
" matched pairs " structure of the comparison,
implied by the fact that the same women can (and
therefore should) have odds calculated by both
formulae. A third objection to the misclassification
approach is that it fails to distinguish between, for
instance, two possible carriers who later turn out to
be carriers, one of whom had been told that her
odds on carriership were 1: 2 and another who had
been quoted odds of 1: 100.
The investigator who wishes to compare alterna-

tive statistical methods, based on his reference data,
for calculating odds for carriership has been advised
above to collect comparison data on fresh obligate
carriers and controls. This is in accordance with the
principle that methods should not be monitored on
the same data that suggested them in the first place.
The eager investigator will often wish to monitor his
statistical methods before comparison data become
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available. We then recommend that odds be cal-
culated by each statistical method for each woman in
the reference groups, but using the leaving-one-out
method of Lachenbruch (24) in order to satisfy the
principle just stated above. The leaving-one-out
method entails considerable computation because a
new discriminant function has to be found for each

woman in the reference groups. However, users of
the BMDP programme for discriminant analysis (30)
will have available the option that odds are cal-
culated for each woman in the reference groups,
using the leaving-one-out technique. Users of the
ALLOC programmes (27) for applying kernel
methods of odds calculation enjoy the same facility.

COUNSELLING CONSIDERATIONS

The aim of genetic counselling is to inform the
possible carrier, with as great a degree of accuracy as
possible, of the chances of her being a carrier and the
probabilities of transmitting the gene to her children.
She must be informed of the significance of this to
her family in future generations as well as the
consequences of having a child with haemophilia.

MAGNITUDE

How many women will request or potentially
require detection and/or counselling can be esti-
mated on the basis of several variables:

(a) Knowledge of the number of severe and
moderately severe haemophiliac patients in the
population (prevalence now reported at 1 in 4000
to 1 in 10 000 males).

(b) Mean family size in the population at risk.
(c) The extent and detail of pedigree analysis one

is capable of carrying out.

Suppose we restrict ourselves, among the relatives
of haemophilic males, to the sisters, the mother, and
the maternal nieces, aunts, and cousins. If the mean
number of females in a sibship is m, the average
number of such relatives for each haemophilic male
will be approximately: m sisters, 1 mother, m2 nieces,
(mr-1) aunts, and m(m -1) cousins, or a total of
2m2 + m in all (Table 7). A few of these relatives will
be counted as relatives of more than one haemophi-
lic male, so we may take (2m2 + m) times the preva-
lence of haemophilic males as an approximate upper
limit to the number of potential carriers in a popula-
tion who may need counselling. If, for example, the
mean sibship size in a population is 3, we have
m = 1.5 and 2m2 +m = 6.
On the basis of this, our best estimate of the

number of potential carriers in a new population is
of the order of 5 or 6 times the number of haemo-
philic males it contains. This estimate should be

Table 7. Approximate expected number of " potential"
carriers for each male haemopholiac if the mean
number of females per sibship is m a

Female relatives Number

Mother 1

Aunts m-1

Sisters m

Nieces m 2 2m2 +m

Cousins m (m-1)

a The fact that there are 2m-1 other males who might have been
affected has been ignored.

modified, however, according to the mean sibship
size in the population. In an empirical study, Gra-
ham (31) found the mean number of possible carriers
in a large multi-generation haemophilic family to
be 5.3.

LOCATION OF RESPONSIBILITY
AND TRAINING

The primary care physician who is responsible for
the management of the haemophilic patient may be
left with the grave responsibility of counselling the
patient and members of his family. Only a few
physicians, however, have been adequately trained
to explore with the patient, carrier, and/or possible
carrier the probabilities of gene transmission and of
producing affected sons. Many simple diagrams, such
as those exemplified in Fig. 7-9, can be used to
illustrate how an X-linked recessive gene is trans-
mitted. In addition, such diagrams are helpful
reinforcement tools for the patient and his family.
The job of genetic counselling has just begun when

this information is delivered to the patient. The
enormous psychological impact of this knowledge
cannot be underestimated, and the integration of
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It is for this reason that experts in the genetic
X Y counselling of haemophiliacs have emerged. They

should be trained to be thoroughly familiar with
NORMAL genetics and should be competent in the psycho-
MALE social aspects of counselling. The time needed for

detailed discussion, education, reinforcement, and
XY h y reassurance is great. Such counsellors ideally should

not function in isolation but be part of a comprehen-
NORMAL HAEMOPHILIC sive care team; in this setting, the counsellor will be
MALE MALE thoroughly familiar with the disease, its clinical,

amale and a normal male. financial, and psychological impact, and the labora-
tory data for carrier detection.

It is clear that once the laboratory data and
Xh y pedigree have been analysed, and the probability of

being a carrier determined, someone must take the

HAEMOPHILIC responsibility for counselling the consultand and her
MALE family. Although we have described the ideal situa-

tion, we recognize that this cannot always be at-
tained. We therefore encourage physicians who treat

X Y X2 only the occasional patient with haemophilia to
' delegate the responsibility to someone familiar with

NORMAL MALES the implications of the carrier detection assays,

female and a haemophilic pedigree analysis, and the clinical entity of haemo-
philia. By designating such a single person, contin-
uity and the opportunity to develop expertise are

Xh y assured. In addition, precise identification of the
X V Ycounsellor provides a permanent contact for the

consultand. At the same time, if the consultand's
HAEMOPHILIC physician is distant from the site of the counselling

MALE
programme, he must be made aware of what the
consultand has been told.

X Y XhY
NORMAL HAEMOPHILIC
MALE MALE

Fig. 9. Progeny of a carrier female and a haemophilic
male.

such information is very difficult. Each person has
his preconceived notions about the disease, its crip-
pling effects, costs, disappointments, and anxieties,
gained either from first-hand knowledge or by
impression. In any event, it is critical to recognize
that this information cannot be passed on to the
consultand without follow-up.

IMPACT AND EVALUATION

A major problem facing genetic counsellors,
whether or not they be professionals, is determining
whether the information relayed to the patient has
been correctly integrated. It is critical that consul-
tands be seen in follow-up consultations to ensure
that they understand the data. How the patient and
his family use the information in respect of family
planning remains an individual choice. However, it
is important to keep good records and to follow
families as they grow in order that the counsellor
may evaluate the results of his counselling. The sys-
tem followed in one large haemophilia centre has
been described recently (31).
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RECOMMENDATIONS

PRIMARY RECOMMENDATIONS

1. The organization of facilities for carrier detec-
tion should be included in each country's national
haemophilia programme. Carrier detection should
be made available to those who require it.

2. All laboratories entering into carrier detection
should be thoroughly experienced in the technology
of the assays, which will be based on the local or
working standard calibrated ultimately with the
International Standard. Careful pedigree analysis
and recognition of carriers with a deficiency of factor
VIII or IX will decrease the number needing detection
analysis.

3. Every country should aim to establish its own
national standard for factor VIII, calibrated in terms
of the International Standard. In some cases it may
be more appropriate for groups of countries to
combine in providing national standards. At present
an International Standard is available only for factor
VIII coagulant activity (factor VIIIR: C). It is
recommended that a standard should be made avail-
able for factor VIIIR: Ag.

4. Methods for the detection of haemophilia car-
riers demand that laboratories be developed in
regions that have a large haemophilia population
and/or the technical expertise to ensure accuracy.
When the technology is mastered it is important
to study at least 30 obligatory carriers, preferably
unrelated, to ensure the ability to detect them as
compared to a similarly sized reference group of
normal women. It is imperative that statistical help
in the form of a biostatistician and/or geneticist be
obtained.

5. A country should ensure that personnel are
trained appropriately and then given the opportunity
to have their data evaluated. This may well be
accomplished via the ongoing workshop pro-
grammes of the International Hemophilia Training
Centre Committee of the World Federation of He-
mophilia.

6. When the data are available it is imperative
that they be presented in a way that the consultand
can understand. This may be done by a variety of
people-the specialist physician with experience in
the care of haemophiliacs, the primary care physi-
cian, or the trained genetic counsellor. The psycho-

social impact of the information must be given
major consideration and the counsellor, either in
isolation or as a member of a comprehensive care
team, needs to be prepared to give support to the
patient and family.

7. Little is known about the success of the educa-
tion process and we encourage evaluation of this in
all those counselled.

8. A careful follow-up must be made of the
outcome of pregnancies in possible carriers who
have been assessed in the carrier detection pro-
gramme. The offspring will either be normal, or
haemophilic males, or carrier females. The accuracy
of each carrier detection centre can be monitored by
comparing, for each woman, the predicted risk for
being a carrier with the clinical status of the children
who are subsequently born.

SECONDARY RECOMMENDATIONS

There remain several unresolved but important
issues. We encourage investigators to attempt to
solve some of these.

1. The effect of pregnancy and oral estrogen
intake on carrier detection is unknown. It is impor-
tant to determine whether separate carrier and con-
trol groups are needed for such patients.

2. At present, almost all carrier data are being
determined for members of pedigrees where severe
haemophilia has been defined. It is of interest and
potential importance to establish reference data for
obligatory carriers of moderate and mild haemo-
philia also.

3. Further research is required on the antenatal
diagnosis of haemophilia in males.

4. More precise information is needed on the
prevalence of haemophilia in the population, to-
gether with the fitness and mortality rates for
affected individuals. Only in this manner can the
future prevalence of haemophilia and haemophilia
carriers be accurately projected.

5. Development of better laboratory methods for
the detection of haemophilia B carriers is required.

* *
*
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Annex

SUMMARY OF MATHEMATICAL EQUATIONS FOR THE SEVERAL
DISCRIMINATION METHODS

The following notation is used:

fc is the probability that the consultand is a carrier,
as derived from the pedigree, while r,n (= 1-gm) is
the probability of her being a non-carrier. fc is the
likelihood for the observed laboratory data if the
consultand is a carrier, while fn gives the likelihood
if she is a non-carrier. To arrive at these likelihoods,
one has first to make some assumptions on the type
of (probability) distributions for the laboratory data
and then to estimate the statistical parameters of
these distributions with the reference data. The

several discrimination methods arise as a result of
different distributional assumptions and different
handling of the statistical parameters.

Bivariate normal distributions
The following vector notation is used, where x

denotes the outcomes for the determinations of
factor VIII: C and factor VIIIR: Ag. If the original
measurements are transformed (e.g., a logarithmic
transformation), then x contains the transformed
values:

Xc(xn) = sample means for the reference carriers
(non-carriers).

Sc(Sn) = sample covariance matrix for the refer-
ence carriers (non-carriers).
S = (Nc-l)Sc+ (Nn-l)Sn 'I (Nc+Nn-2) =

pooled covariance matrix
Nc(Nn) = sample size of reference carriers (non-

carriers).
Equal covariance structure, estimative method. The

likelihood ratio is:
fc(x) = e LSl(XcKXn)
fn(X) = exp [ -x 1/2(c+-nS-(Xc±-Xn)I
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Equal covariance structure, predictive method. The
likelihood ratio is:

1 ± (Nc±Nn~2)(N( Nc+Nn-)
fc(x) Nc(Nn+ 1) (Nc + 1) (N2+Nn-2) (x- ) S-I(x-xc)
fn(x) Nn(Nc+1) (Nc+______) - in)' S-(x -xn)

1+(Nn ±1) (N -.-Nn -2)

Unequal covariance structure, estimative method.
The likelihood ratio is:

fc(x) |Sc |-2 exp [-12 (x-xc)' Sc1 (x-xc)]
fn(x) jS 22-1fnx Sn| 2' exp [-/2 (x-7n) Sn (x x-n) ]
Unequal covariance structure, predictive method.

The likelihood ratio is:

fc (x) (N2-1)2 |Sc|N- C (x-xc)Sc(x-xc)j

fn(x) Nn(Nn-2) Nn
( )Nn

(Nn-1)2 Sn 2|+
Nn - SnI(xxn)j

Normal distribution for some informally chosen
function of the measurements

Suppose z is the chosen function of x, e.g., the
linear discriminant function. The value of this
function can then be determined for each reference
patient and possible carrier. Suppose the sample
means and variances for the reference cases are
given by:

-- 2 2 2 2N
Zc,Zn, SC, Sn, and S2 = (Nc-1)sc + (Nn-1)sIn /(Nc + Nn-2)

Equal variances, estimative method. The likelihood
ratio is:

f,(z) - exp (z-/2 (ZC + Zn) (ZcZ)I2]

Equal variances, predictive method. The likelihood
ratio is:

NC (Z--C)2 _ c+Nn-1
fc (z) (Nc(Nn+ 1 )± 2 (Nc + 1) (Nc+Nn-2)s2 2
fn(z) Nn(Nc+ 1 ) + Nn ( -zn)2

(Nn+ 1) (Nc+Nn-2)s2

Unequal variances, estimative method. The likeli-
hood ratio is:
fc(z) Sn [ (Z-ZC)2 (z-Z-n)2

=-exp - 2 2
fn(z) Sc [ 2 sc 2 Sn
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Unequal variances, predictive method. The likeli-
hood ratio is:

fc(z) Nc(Nn 21) i(Y 2 ) r(N2 ) Sn { + Nc2-1 ( ) -

N(N2-1)) (r+n) F(NC -I) sc J N (z-i )2 Nn
where2isthegammafunctio22\/ \2/ ~~~ NnI1 Sn f

where r(x) 'is the gamma function.
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