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Segregation Analysis of Hemophilia A and B

I. BarraI'?2 H. M. Cann,? L. L. CAVALLI-SFORZA,*
G. Barsuiani,! anp P. DE Nicora’

SUMMARY

We analyzed a sample of 1,485 families with hemophilia A and B and
with unknown diagnosis. The frequency of sporadic cases was es-
timated to be .166 and .078 for the two types of hemophilia, respec-
tively. The sex ratio of mutation rates did not differ significantly from
unity.

The average age of maternal grandfathers of probands at birth of
mothers with a single child, affected by hemophilia B, and of maternal
grandfathers of probands at birth of mothers with more than one child
affected by hemophilia B, was higher than the age in appropriate
control groups.

INTRODUCTION

In 1968, we presented results of segregation analysis of data collected from
families of patients with hemophilia A and B [1]. The analysis showed that (1)
there was no significant segregation distortion in hemophilia A or B, (2) there
was a significant fraction of sporadic cases in each disorder, and (3) the average
age of maternal grandfathers of probands at birth of heterozygous mothers, in
sibships with no previous history of hemophilia, was not higher than in compa-
rable control groups. We were unable to show that (4) there was a difference in
the rate of mutation to the hemophilia allele in eggs and sperm.

The analysis has been criticized [2, 3] on the basis of the methods of ascer-
tainment and the methods of segregation analysis used. Our response to this
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criticism has been published in this journal [4]. The criticism to our initial
investigation originates in the controversy about presence or absence of sex
differences in mutation rates [2]. For X-linked recessive disorders, such as
hemophilia, differing mutation rates in eggs and sperm can be investigated at
equilibrium through the estimate of the fraction of sporadic cases (over all
cases) and the estimate of the selection coefficient for affected males [5, 6]. The
precision of these estimates and the assumption of equilibrium between selec-
tion and mutation are crucial in the assessment of sex differences in mutation
rates.

Modern methods of segregation analysis [7] provide precision in the estimate
of the fraction of sporadic cases; however, the assumption of equilibrium is
weak, since the fitness of the hemizygotes has been changing in the present
century.

After our initial investigation, we continued to receive additional family data
on hemophilia. We now have data on 1,485 families: 949 families with hemo-
philia A, 209 with hemophilia B, and 327 with hemophilia of uncertain or
unspecified diagnosis; the latter, although considered in previous work [1],
were not taken into account for segregation analysis in the present study. The
expanded data have been analyzed to reestimate the sporadic cases frequency
by segregation analysis. We have also analyzed the expanded data for age
effects among parents and grandparents of probands for each type of hemo-
philia; the analysis is also pertinent to the issue of sex differences in mutation
rates.

We present our data in such a way that anyone having access to a computer
program for segregation analysis [7] may analyze them.

MATERIALS AND METHODS

Families were classified into one of six categories: hemophilia A, hemophilia B, and
hemophilia of unknown type (U), with or without a family history of the disease. A
family history was considered positive if hemophilia occurred in previous generations or
in sibships other than that of the proband. For each family, we had available the number
of probands and the number of affected and normal brothers in the male sibship. The
sibships composed of one affected individual only were referred to as “‘uniplex’’; when
there were both one affected and other healthy male sibs, the sibship was referred to as
‘“‘simplex’’; when two or more hemophiliac males were present, the sibship was referred
to as ‘‘multiplex.’’ Besides the age of onset of the disease in the proband, the country of
residence of the family and the dates of birth of the proband, of his parents, and of his
grandparents were known. The procedure of data collection, with its possible advan-
tages and shortcomings, has been discussed [1, 4].

The general plan of segregation analysis for each type of hemophilia was the follow-
ing: (1) The probability of ascertainment 7 was estimated using all data for that type of
hemophilia, and heterogeneity among countries was tested. Significant heterogeneity
was the criterion for separate estimation of 7 by country of origin of families, with and
without family history. (2) The hypothesis p = .5, or, in other words, of complete
penetrance, was tested at the appropriate value of the probability of ascertainment in
multiplex families from different countries. When the hypothesis did not fit at the ob-
served value of m, the group of families was excluded from the total sample. (3) The
frequency of sporadic cases was estimated for all data for each type of hemophilia at the
appropriate values of p and .
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Finally, the average age of parents at birth of the proband, and of grandparents of
the proband at birth of his parents, was estimated in the 18 groups resulting from
classification of families as uniplex, simplex, or multiplex; by type of hemophilia; and by
presence or absence of history.

RESULTS
Probability of Ascertainment

The probability of ascertainment, w, was estimated from the distribution of a
probands among r affected individuals in multiplex sibships, from the following
equation [6]:
@71 —-m

P(alr) = T

In table 1, we present the distribution of the families by number of probands
in a male sibship for families with and without a history of hemophilia by
country of origin.

The probability of ascertainment was first estimated using all data for each
type of hemophilia in multiplex families, and we obtained the following values
for the chi-squares of heterogeneity among families:

Type of Degrees of

hemophilia w Chi-square freedom P
Ao .461 305.847 246 < .005
B.......ooi ST 80.575 59 < .05

Analysis of data for each type of hemophilia reveals significant heterogeneity
of « among all groups (with or without family history and from all countries
contributing data). For hemophilia A as well as for the B form, the
heterogeneity is accounted for by variation of m among countries, while there is
no significant difference in ascertainment of families with and without history
of the disease (since some countries contributed no cases of hemophilia B, the
degrees of freedom are diminished accordingly):

ALL GROUPS (COUNTRY

OF ORIGIN AND COUNTRY OF FaMmiLY
FAMILY HISTORY) ORIGIN HISTORY
TYPE OF —_——
HEMOPHILIA X2 df X2 df X2 df
Aol 109.275 23 98.475 11 10.800 12
B............ 42.966 16 38.437 9 4.529 7

On the basis of this analysis, we estimated m for each type of hemophilia in
each country. Such estimates were based on the distributions of probands
among affected males in multiplex sibships. Thus, in subsequent analyses, the
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genetic parameters of interest were estimated by country of origin with the
value of m appropriate for that country and for that form of hemophilia.

Segregation Frequency

In order to test that the segregation frequency, p, is equal to the expected
Mendelian value .5, we evaluated the maximum likelihood scores and the infor-
mation about p and w when there is more than one affected individual in a
family [7]. The distribution of r affected in families of size s is

Prr>1y =P a "-d-m]
I — 1 - pw)*® — spwqg’~

1

The distribution of affected by male sibship size and country is given in table
2. A summary of the segregation analysis of the multiplex families irrespective
of family history is presented in table 3, where U is the score for a parameter, K
is the amount of information for the parameter, and U%/K is distributed as a chi-
square with 1 degree of freedom (df). There is a good fit of the hypothesis that p
= .5 for hemophilia B. The hypothesis did not fit for hemophilia A; the devia-
tion from p = .5 is significant.

From table 3, we observe that the only score that deviates significantly, and
which is responsible for the heterogeneity, is the score for the families from
Argentina (chi-square = 19.40 with 1 df). When the families from Argentina are
excluded, no significant deviation from p = .5 is observed in multiplex families
(chi-square = .114, df = 1, nonsignificant) or any heterogeneity of p between
countries (chi-square = 12.34, df = 10, nonsignificant). Therefore, we sepa-
rated the families from Argentina from the set; segregation distortion in the
data from this country, which might be due to any cause, would influence the
estimate of the frequency of the sporadic cases, and presumably did in our
study of 1968 [1]. The remaining families are then used for subsequent analysis.

Frequency of Sporadic Cases

The frequency of sporadic cases, x, is estimated by comparing the observed
distribution of simplex families of sibship size s with that of the multiplex
families having the same size, irrespective of presence or absence of family
history. The distribution of simplex families is

spmlx + (1 —x) g "]
spmx + (1 — x) [1 — (I — pm)*]

P(r = lls, p, x, m) =

and the distribution of multiplex families is

(1-x[1 - -pn) — spug’”"]
sprx + (1 — ) [1 = (1 — p7w)’]

P(r>lls, p, x, w) =

The results of the tests of the hypothesis that p = .5 and x = 0 at the values
of 7 estimated for each country are presented in table 4 for hemophilia A and B,
both for families with and without history of the disease.

In families with history, nonsignificant disturbance of the segregation fre-
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quency is observed (chi-square = 3.324, df = 1, P < .10) and there is no
indication of presence of sporadic case (chi-square = 2.193, df = 1,
nonsignificant), as expected in families in which previous hemophilia cases
have been recorded. In this analysis, simplex families are, of course, included.

In families where there is no history of the disease, no fit of the hypothesis is
observed; the score for p is negative, indicating a significant depression of the
segregation frequency, and the score for x is positive, indicating the presence of
sporadic cases among simplex families. A slight, nonsignificant disturbance of
segregation is apparent also in hemophilia B.

The frequency of sporadic cases is defined as the fraction of cases that are
sporadic among all cases; therefore, we proceed to estimate x from pooled
data, irrespective of family history. The resulting estimate is x = .158 for
hemophilia A and x = .078 for hemophilia B.

The scores and the information on parameters are given in table 5 at the
maximum likelihood value of x. However, it is observed that for hemophilia A
there is heterogeneity of x among countries, and three sets of families, coming
from Britain, the Netherlands, and Yugoslavia, contribute the heterogeneity.
Since we want to estimate x with the greatest possible precision, we exclude
the families from these three countries, and use only the homogenous set of
families. We obtain, as given in table 5, a new and final estimate of the fre-
quency of sporadic cases: x = .164 + .034, with no residual heterogeneity
among countries. This estimate is based on 392 families with hemophilia A out
of the 562 available for segregation analysis.

We observe that this estimate is lower than the estimate of x in our 1968
study, when we did not dissect the probability of ascertainment by country; it is
surprisingly close to the estimate of x = .179 obtained by Kosower et al. in
1961 for hemophilia A [8].

For hemophilia B, the analysis is also given in table 5. We note that the
heterogeneity in 7 does not greatly affect the estimates. Using the average
value of = for all B families (w = .571), the value of x, the scores and variances
of p and x are practically the same as those obtained under the more accurate
analysis, in which data from each country are analyzed at the proper value. The
frequency of sporadic cases for hemophilia B has a large standard error (x =
.078 = .044), and significance of the estimate is borderline; from the likelihood
ratio (x = 0 vs. x = .78), the probability of such difference is equal to 8%, close
to marginal significance.

Sex Ratio of the Mutation Rates

The average year of birth of the probands with hemophilia A in this study
was 1946, with an average age at diagnosis of 2 years, 1 month; the median year
of birth was 1950. Therefore, we cannot use for the estimation of the sex ratio
of mutation rates the selection coefficient (m) calculated by Haldane in 1947 (m
= .714, [5]). A smaller selection coefficient, consistent with the progress of
medical therapy for hemophilia, should be used. The selection coefficient m =
.62 estimated in 1955 [9] should be appropriate for this set of data. Some of our
probands were born as late as 1965, and we would predict that for these the
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selection coefficient is even smaller. The value m = .62 seems therefore a
conservative estimate for the calculation of the sex ratio of the mutation rates.
From Haldane’s formula, one obtains for such sex ratio in hemophilia A: v/u
= m/x — 2 = 1.78, where v is the mutation rate in sperm, and «, the mutation
rate in eggs. The 95% fiducial interval is .69 < v/u < 4.37, and the mutation rate
could be four times greater in sperm than in eggs, or 1.5 times greater in eggs
than in sperm. We still have no evidence that the sex ratio of mutation rates is
significantly different from unity. However, since Haldane’s formula is derived
on the assumption of equilibrium due to balance between selection and muta-
tion, the changing equilibria for hemophilias introduce further uncertainty.

Our estimate of the frequency of sporadic cases for hemophilia B is close to
marginal significance, and we do not evaluate the sex ratio of mutation rates at
that locus. If we assume that mutation rates are equal in the two classes of
gametes, we obtain m = .23 for hemophilia B.

From the analysis of segregation we conclude that: (1) there is significant
fraction of sporadic cases in hemophilia A; (2) the estimate of the frequency of
sporadic cases for hemophilia B is of borderline significance; and (3) at the level
of the resolution power of these data, we are still unable to find a difference in
mutation rates in sperm and eggs for hemophilia A.

Investigation of Age Effects

Our method of investigation of age effects is based (1) on the comparison
between the average age of mothers at birth of probands in families with history
and no history of hemophilia and (2) on the comparison between average ages
of maternal grandfathers of probands at the birth of mothers, with the average
age of paternal grandfathers of probands at the birth of fathers. Theoretical
considerations about these comparisons for X-linked recessive disorders have
been presented by various authors [1-3].

The first comparison, in which the underlying hypothesis is that mutations
might accumulate in eggs, that is, with maternal age (MA), has a control group
that may not be satisfactory; mothers having a family history of the disease and
possibly knowing the risk of being carriers, or knowing they are, might repro-
duce later than women in the general population. However, the observed aver-
age ages of mothers with and without family history are not significantly differ-
ent, and in each of the three groups of families (uniplex, simplex, and
multiplex), they are all in the range of 26.6 to 28.5 years.

The second comparison (table 6), which tests the hypothesis that older men
have a higher chance of producing sperm carrying mutations, is made between
average age of paternal grandfathers (PGFA, the controls) and maternal grand-
fathers (MGFA), namely, fathers of obligate heterozygous women (mothers of
multiplex sibships and mothers of uniplex and simplex sibships with family
history) and fathers of potentially heterozygous women (mothers of uniplex
and simplex sibships with no family history). Given the strict correlation exist-
ing between ages at marriage in spouses, it seems that the control group is
adequate.

The data relative to all age effects are available on request. Paternal ages and
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TABLE 6

PAIRED #-TESTS FOR THE DIFFERENCE BETWEEN THE AGE OF MATERNAL GRANDFATHERS AT BIRTH OF
THE MOTHER AND PATERNAL GRANDFATHERS AT BIRTH OF THE FATHER OF PROBANDS
(No. AGE PAIRS IN PARENTHESES)

TYPE OF FAMILY

TYPE OF
HEMOPHILIA HisTory Uniplex Simplex Multiplex
A No............. .65 45 .60
(196) (148) (94)
Yes ............ .72 .18 .58
(99) (83) (72)
B No............. 3.40 (x) .61 .16
(35) (23) (19)
Yes ............ .07 .35 4.15 (xxx)
27) (18) (17)
Unknown NOo . ..ooovviiit .27 .59 1.83
(26) (46) (24)
Yes ..o, .16 1.00 1.11
(32) (20) (32)

NoTE: (x) significant at the .01 level, (xxx) significant at the .001 level.

paternal (PGMA) and maternal (MGMA) grandmothers’ ages have been in-
cluded to test consistency of any possible effect found. From these compari-
sons, we have no indication of a maternal-age effect in hemophilia of any type.
For maternal grandfathers, we find significant differences from the ages of
paternal grandfathers only in hemophilia B, for uniplex families without history
and multiplex families with history.

In the case of uniplex families, the paired z-test is 3.40 for 35 comparisons,
highly significant. The average age of maternal grandfathers at birth of mothers
of a child with hemophilia B, with no history of the disease in the family, is 33.8
+ 1.7 years; the age of paternal grandfathers at the birth of the husbands of
such women is 27.5 + .9 years.

For multiplex families with history of hemophilia B, only 17 pairs of grand-
fathers were available; the paired t-test was 4.15, again highly significant. The
average age of the 17 maternal grandfathers at birth of a carrier daughter was
33.1 + 1.4 years, and the average age of 17 paternal grandfathers at the birth of
the husbands of such women was 28.6 + 1.6 years. These outcomes are not
easy to explain since the possible effect of paternal age should affect all kinds of
families without history of the disease.

DISCUSSION

The results of segregation analysis of our expanded data sample from 13
countries indicate no evidence of segregation distortion for hemophilia A and
hemophilia B. To reach this conclusion, we had to test the segregation fre-
quency for both disorders from family data of each participating country be-
cause of heterogeneity in the probability of ascertainment among countries. We
also used this analytic strategy to estimate x, the frequency of sporadic cases.
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The estimate of x for hemophilia A is lower than that in our previous study [1]:
x = .164 vs. x = .271, respectively. This difference is probably due to
heterogeneity introduced in the 1968 study by data from Argentina, the only
country showing a significantly low segregation frequency for hemophilia A;
the segregation frequency affects the estimation of x. The origin of such a
segregation distortion in a single country is not known.

For hemophilia B, fewer families contributed about one-quarter of the infor-
mation available for hemophilia A. The resulting large standard error of x
makes precise evaluation of the frequency of sporadic cases difficult for the B
form.

Using a value of x more precise than in our previous study [1], and a reason-
ably conservative value of the selection coefficient, compatible with the
chronology of our data sample, we still are unable to demonstrate that there is a
significant difference between the rates of mutation to the hemophilia A allele
in sperm and eggs. Although some investigators provide evidence for such a
difference for X-linked recessive disorders [2, 3], others have not. For in-
stance, Yasuda and Kondo found no evidence of differing mutation rates be-
tween eggs and sperm for Duchenne muscular dystrophy gene [10]. Indeed, this
disease is a better model for the analysis of mutation rates, since the assump-
tion of equilibrium of the deleterious allele frequency (due to balance between
selection and mutation) is more reasonable than for hemophilia. However, a
recent study in which data on Duchenne muscular dystrophy coming from
different samples were analyzed together suggests that there might be a slight
but significant excess of mutations in male gametes [11]. The sex ratio of
mutation rates for Duchenne dystrophy is estimated to be equal to 1.62, a value
that is very close to the estimate found in the present study for hemophilia A:
1.74. We believe that the only serious objection to our conclusion of very slight
differences, if any, in mutation rates in sperm and eggs for hemophilia A is that
of the assumption of equilibrium, which is necessary to evaluate such differ-
ences. Progress in medical therapy of this disease is clearly contributing to
increased fitness of the patients. This progress has occurred in 1-2 generations,
a time period too short for a new equilibrium to be achieved.

As for the analysis of age effects, we found two significant differences, both
for hemophilia B. The maternal grandfathers of uniplex sibships with no family
history of the disease are older than controls (p = .0007), and maternal grand-
fathers in multiplex sibships with a history of the disease are older than their
controls too (P = .0005). Both levels of significance withstand correction for
the number of comparisons. The first observation is compatible with an age
effect on mutation rates in hemophilia B, but is not repeated in the same
comparison for simplex sibships. It is difficult to explain the second significant
difference, for multiplex sibships, in terms of mutations accumulating in male
germ cells. Interpretation of the hemophilia B age-effects analysis is made even
more complex because no effect whatsoever was found, with more data, for
hemophilia A. Also, for Duchenne muscular dystrophy, no effect of parental
age on the rate of mutation has been demonstrated [12].

On the basis of the results of segregation analysis and maternal- and grandpa-
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rental-age comparisons presented here, we conclude that evidence does not
support copy error as a major factor in the production of hemophilia A muta-
tions.

10.
11.
12.
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