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Genetic Analysis of Idiopathic Hemochromatosis Using
Both Qualitative (Disease Status) and Quantitative

(Serum Iron) Information

J. M. LALOUEL,'2 L. LE MIGNON,3 M. SIMON,3 R. FAUCHET,4
M. BOUREL,5 D. C. RAO,2 AND N. E. MORTON6

SUMMARY

An ongoing family study of idiopathic hemochromatosis in Brittany,
France, allowed us to investigate the segregation of this trait and its
linkage and association to the HLA-A locus in 147 pedigrees, compris-
ing 1,408 individuals with over 900 characterized for relevant biolog-
ical parameters and typed for HLA. The joint consideration of affec-
tion status and serum iron concentration reveals no dominance effect
on the latter trait and documents the increased information afforded
by the consideration of a biological correlate of liability to affection
for disease exhibiting incomplete penetrance. Our overall results are
in general agreement with published results on a Utah family study.

INTRODUCTION

Idiopathic hemochromatosis (IH) is a familial disorder classically defined by
the triad of cirrhosis of the liver, skin hyperpigmentation, and diabetes mellitus
[1]. It is an iron-storage disorder where progressive accumulation of iron in
parenchymal cells may lead to these classical symptoms as well as other clini-
cal signs such as hypogonadism, arthropathy, and myocardiopathy. With a
positive iron balance of about 2 mg a day [2, 3], decades may pass before an
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excessive iron storage of about 20-40 g leads to full-blown clinical mani-
festation; as a consequence, all degrees of severity may be encountered. A
number of biological variables are usually found altered: serum iron, transferrin
saturation, serum ferritin, iron hepatic concentration, and chelatable iron are
generally increased. Indeed, recognition of biological perturbations may lead to
early diagnosis before the occurrence of patent clinical symptoms.
A number of family studies have attempted to unravel the mode of inher-

itance of IH. In fact, every conceivable model has found its partisans, as
reviewed in [4]. The identification of association of IH to HLA-A3 by Simon et
al. [5] has clarified this issue, revealing very tight linkage to HLA and providing
new support for the recessive hypothesis [6, 7]. With the added consideration
of biological variables such as serum iron or transferrin saturation, the question
has arisen of a possible expression of the gene among heterozygotes: significant
elevations of serum iron, transferrin saturation, or ferritin among unaffected
first-degree relatives of affected individuals have been reported (see [4] for
review). Moreover, Kravitz et al. [8], by segregation analysis of transferrin
saturation in pedigree data, concluded in favor of partial manifestation among
heterozygotes.
An ongoing family study is under way in Brittany, France, since 1966. We

report here the results of a genetic analysis of 147 kindreds typed for HLA
since 1975, with special regard to IH and serum iron, for which an appropriate
methodology has been developed. The data, together with some preliminary
analysis, are reported in [9].

THE FAMILY STUDY

Protocol of the Survey

Probands for the family study were ascertained from consecutive patients referred to
the Cliniques Mddicales A and B, Centre Hospitalier Regional, Rennes. Informed con-
sent was sought for screening of first-degree relatives and spouses of probands; when-
ever feasible, the investigation was extended to more remote relatives.
A control sample of independent individuals was collected through hospitalized pa-

tients without hepatopathy or inflammation, hospital staff members, and non-blood
relatives of probands from familial data, as in the latter case the correlations between
spouses regarding all biological parameters studied were not significant.

Clinical and Laboratory Procedures

Whenever a suspicion of hemochromatosis was entertained for a given patient, on the
basis of either noted clinical or biological signs, a thorough screening was undertaken,
including: (1) determination of serum iron, total iron-binding capacity, and serum ferri-
tin; (2) whenever feasible, the chelatable iron pool investigated by a Desferrioxamine
test; (3) confirmation of the diagnosis sought by performing a liver biopsy for histologi-
cal examination and determination of iron hepatic concentration; and (4) in instances
where the biopsy was not performed, diagnosis established by tolerance of a therapy of
weekly phlebotomies over a sufficient time period.

After informed consent, individuals meeting diagnostic criteria were entered as pro-
bands in the family study. The same clinical and laboratory screening was performed
among the spouse and the first-degree relatives of the probands, although the chelation
test and liver biopsy were conducted only when such confirmation was required for
diagnosis. HLA typing of A and B loci was performed on all individuals participating in
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the study by the microlymphocytotoxicity method [10]. At a later stage of the study,
other markers of chromosome 6 (DR, Bf, Glol) were also determined.
Serum iron and total iron-binding capacity were assayed by the method of Ramsay

[11, 12]. The same method was applied in the Desferrioxamine test. Hepatic iron con-
centration was determined following Barry and Sherlock [13]. These assays were per-
formed at the laboratory of the Clinique Medicale A, Rennes. Ferritin was assayed by
radioimmunoassay [14] by C. Beaumont at INSERM U49, Rennes.

MODELS FOR SEGREGATION AND LINKAGE ANALYSES

Analysis of a Dichotomy of Affection Status

Idiopathic hemochromatosis develops slowly as storage iron progressively
increases over time. It follows that almost all possible degrees of severity
could, in theory, be defined. In such instances, the necessity of disease man-
agement often leads clinicians to put forward strict diagnostic criteria, imposing
a dichotomy on a continuous diathesis, and, thus, defining normal and affected
individuals. As a consequence of the phenotype definition and the possible
influence of other factors on the disease process, of which some could be
familial, onset and disease penetrance may be function of age as well as familial
factors. Were a single gene involved in determining disease susceptibility, such
phenotypes would not, in general, exhibit classical Mendelian ratios.

Statistical inference on the mode of inheritance of such discrete phenotypes
must then be based on models that attempt to account for such particular
aspects of the disease process, as does the mixed model of Morton and Mac-
Lean [15] and its subsequent extensions and implementation into the computer
program POINTER [16, 17]. Accordingly, we assume that liability to IH is an
unobservable variable, x, which results from the joint effects of genotype at an
autosomal locus, g, a multifactorial transmissible component, c, and random,
nontransmitted environmental factors, e, such that x = g + c + e, with
variance V = G + C + E. Affection occurs whenever x exceeds some
threshold, which may be made a function of age and sex by assigning specific
thresholds to various liability classes, defined from corresponding morbid risks
appropriate for the reference population. The mean, u, and variance, V, ofx are
arbitrary, taken as 0 and 1, respectively. This model involves the following
parameters for the major locus: the gene frequency, q, of the allele, a, leading
to increased disease liability; the distance between homozygote means on the
liability scale, or displacement, t; and the position of the heterozygote mean
relative to the two homozygote means, or dominance d; in addition, one may
consider general transmission probabilities [18], Tr, T2, and T, which specify,
respectively, the probabilities of the three genotypes AA, Aa, and aa transmit-
ting the normal allele, A. The multifactorial transmissible component requires
two additional parameters, H and z, where H = CIV is the heritability in
childhood while z is the ratio of adulthood and childhood heritabilities. Com-
plete specification of the model can be found in [15-17].

This model allows tests of hypotheses regarding: (1) the extent of familial
aggregation; (2) the existence of a major gene, its dominance relation, and
agreement of transmission with Mendelian expectations; (3) residual family
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resemblance; and (4) heterogeneity among mating types. Such tests are carried
out by the likelihood ratio criterion, where twice the difference between the
log-likelihoods of an hypothesis HI and a subhypothesis Ho involving k inde-
pendent parameter restrictions is asymptotically distributed as a X' with k
degrees of freedom when Ho is true.

The Adjunct Consideration of a Biological Indicator

There is some arbitrariness in the previous disease definition that leads to a
serious loss of information in inferring both the mode of inheritance and genetic
risks. Under the major gene hypothesis, penetrance is low in younger individ-
uals, and individuals classified as normal do not contribute much information.
More information would be expected of a phenotype definition that could take
into account various grades of affection, and some authors have proposed the
definition of major and minor iron load in IH (e.g., [8]). This approach, how-
ever, would again require the specification of rather arbitrary diagnostic criteria
and could lead to some confusion of both severity and duration of the disease
process.
The underlying disease process being continuous rather than discrete, a natu-

ral alternative, for an investigation into etiology, would consist in defining a
continuous variable that would be a good indicator of intrinsic liability to dis-
ease rather than a measure reflecting the actual course, duration, or severity of
the disease; that is, we seek a variable, or a combination of variables, which
would be primarily altered in genotypes at risk prior to affection, rather than a
variable whose alteration would be subsequent to affection per se.
Morton and MacLean [15] proposed the following model for such a situation

(fig. 1A). Let x, as defined earlier, be an observable biological correlate of
liability to affection, the latter being now defined by y, and assume that the
relationship between x and y is such that y = x + w, with var(y) = var(x) +
var(w). Affection is defined by a threshold on the y-scale, and us represents
random environmental effects, the correlation between x and y being equal to
{var(x)/[var(x) + var(w)]}"/2. A consequence of this formulation is that, as var(w)
> 0, we have var(ylg) > var(xlg), which constrains the overlap of liability
distributions within major genotypes to be greater than that of the corre-
sponding distributions for the biological indicator. This constraint did not ap-
pear appropriate in the present instance, as will be shown further, which led us
to propose an alternate formulation (fig. IB).

Let x denote a biological indicator and y denote the liability of affection such
that disease occurs whenever y exceeds some threshold, and x = g + c + e
with expectation E(x) = u and variance V = G + C + E as before, while y =

gl. + xc + Pe + w with zero expectation and unit variance V! such that V, =

G . + Ot2C + 2E + W. While the parameters defined earlier refer implicitly to
x, we are led to define new parameters for y: dominance, d!,; displacement, t,;
heritability, H, = oCIVt,; and environmental covariance, E = PE. This model
assumes that a major locus, a multifactorial transmissible component, and
nontransmitted environmental factors exert specific effects on x and y without
the previous unnecessary constraint. It preserves the general probability for-
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DISCRETE -CONTINUOUS BIVARIATE PHENOTYPE: MODEL I

DISCRETE- CONTINUOUS BIVARIATE PHENOTYPE: MODEL

FIG. 1.-A (top), Two genetic models for a bivariate discrete/continuous phenotype. B (bottom),
Two genetic models for a bivariate discrete/continuous phenotype.

mutation previously used [16, 17], particularly regarding the two-dimensional
integration. Different displacements and dominance parameters can be consid-
ered on x and y. The latter generalization also seems necessary in view of the
fact that one can conceivably envision the case of a recessive condition for
which a biological trait leads to recognition of heterozygotes, at least in proba-
bility.

This model allows segregation analysis on a bivariate phenotype consisting
of a dichotomy of affection status and/or a quantitative trait. The conditional
phenotype probabilities required are given in the APPENDIX.

x-Y

x- g+c+e
y- x+w

x = goc +e AyO-: X-®
y~~~~~~I
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Linkage Analysis
Both association to HLA-A3 and linkage to the HLA-A locus have been

reported ([5, 7, 8, 19]; see [4] for a review). Therefore, linkage analysis has
been performed with the computer program LINKAS [20], which accommo-
dates association in terms of coupling frequencies, that is, conditional probabil-
ities of the IH allele given alleles at the test locus. To keep computations
manageable, the model used for linkage analysis does not make provision for
multifactorial inheritance. However, it was extended to allow proper handling
of a bivariate phenotype as defined earlier.

GENETIC ANALYSIS: RESULTS

Segregation Analysis of Affection Status

Morbid risks for IH vary with age and sex, the disease being more frequent in
males than in females. This was taken into account in the analysis by estimating
morbid risks for age- and sex-specific liability classes. Le Mignon [9] reported
age at first diagnosis for 220 male and 43 female probands, of whom only three
were then under age 20. Omitting nonprobands under that age, we divided each
sex into four age groups (20-39, 40-59, 60-79, 80 + ), and assigned the frequen-
cies of the 1975 French national census. Alexandre [21] estimated the preva-
lence in the general population as 16/14,000 = .0011. This led to the following
estimated cumulative risks at the midpoint of the ith age class [16]: .00098,
.00357, .00541, and .00559 in males and .00019, .00064, .00104, and .00109 in
females.
No generally valid solution has yet been found to account for ascertainment

in the analysis of extended familial structures. For the present analysis, we
have followed the pointer logic presented in [16], where a pedigree is resolved
into its component nuclear families and the probability density of each sibship
is written conditional on the parental phenotypes, the probability of ascertain-
ment through the sibs (if appropriate), and the phenotypes of possible individ-
uals or pointers outside the nuclear family who may have led to ascertainment.
An example is given in figure 2. Thus, 147 pedigrees yielded 297 nuclear
families comprising 1,408 individuals, including 745 offspring, 922 distinct indi-
viduals with affection status known, and 915 individuals with serum iron con-
centration determined.

This approach requires the estimation of a probability of ascertainment under
incomplete selection. The ascertainment probability, Tr, among families in the
sampling frame was estimated as follows. The study was conducted over 15
years of a nominal 70-year generation. There were 151 probands in the family
study among 274 total probands. Therefore, Tr = (15/70)/(151/274) = .118. This
is in reasonable agreement with the estimate of .061 + .041 from the distribu-
tion of probands among affected in 42 sibships with one or more probands.
Since the latter estimate has such a large standard error, we used 7T = .118.
The segregation analysis of affection status was rather inconclusive. There

was patent familial aggregation, as well as evidence for a major effect, but
Mendelian transmission was rejected, and no resolution could be obtained
between dominant and recessive hypotheses. Under the mixed model, all max-
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| C1_0 ~~~~Fomily 1

iFornily 2 j . Family 3

FIG. 2.-Resolution of a pedigree into component nuclear families while taking into account
ascertainment. Family 1: incomplete selection; family 2: complete selection; family 3: complete
selection with proband (PR) pointing to his brother. Affection is indicated by shading.

imum likelihood solutions were obtained for a residual variance of liability E =
0. The analysis under a generalized single-locus model without residual family
resemblance, while favoring a codominant Mendelian model (d = 0.35), led to
rejection of Mendelian transmission. These results indicate that either the
model or the assumed prevalences are inappropriate to account for these data.

The Choice of a Biological Indicator

As mentioned above, a biological indicator of liability to affection should, for
the purpose of a formal genetic analysis under the models entertained pres-
ently, be independent of both the actual duration and the severity of the dis-
ease; otherwise, it could lead to misclassification, in probability, of genotypes
at risk and thereby distort estimates of genetic parameters, in particular segre-
gation ratios.
With several quantitative traits available for the present analysis, we had to

choose between the alternatives of either constructing a discriminant function
with regard to a classification of affection status or selecting a particular trait
for segregation analysis. In view of the above discussion and the assumptions
that a discriminant analysis would imply concerning dominance, the latter ap-
proach was adopted for this preliminary investigation involving a new model.
The measures of both the chelatable iron pool and the hepatic iron concentra-

tion, available only on some definitely affected individuals, are indeed indi-
cators of disease rather than of liability. Serum ferritin is closely correlated to
the size of the body iron stores [22, 23].

Transferrin saturation is the ratio of two variables: serum iron concentration,
divided by the total iron-binding capacity of transferrin (TIBC). The latter is
assayed by progressive addition of iron to a sample until the binding capacity of
transferrin is fully saturated; it is therefore an indirect measurement of serum
transferrin concentration that is not independent of serum iron concentration,
and such ratios are known to have undesirable statistical properties. An arcsine
transformation may stabilize its variance, but there remains the additional
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problem that more than 50% of the probands in the present study exhibit 100%
saturation. The serum transferrin concentration is inversely related to the size
of the body iron stores [24]; moreover, transferrin synthesis occurs primarily in
the liver and is therefore dependent on hepatic function and, possibly, also
reduced with increasing serum ferritin concentrations [25, 26]. It is probably
the best biological discriminant of affection status in IH, as its increase may
result from both increased serum iron and decreased serum transferrin associ-
ated with liver damage.

In contrast, serum iron concentration is reportedly elevated in IH for minim-
ally increased iron stores [27], and the serum iron concentrations in males and
females are similar despite differences in the average body iron stores [28].
Without ignoring the clinical significance of other parameters, we have there-
fore chosen serum iron as a biological indicator of liability for further genetic
analyses.

The Distribution of Serum Iron in Controls and Probands

Characteristics of the distribution of serum iron in controls and probands are
reported in table 1. There is no significant difference in means between the two
sexes within both controls and probands, although they are slightly lower in
females than in males, as often reported [28]. A larger variance is found in male
probands than in controls. Positive skewness, at the limit of significance in
male controls, is quite significant among male probands. Kurtosis, not
significant in controls, is significantly increased in male probands.

Polynomial regression of serum iron on age revealed a significant quadratic
relation in male controls, leading to the equation: (expected) serum iron =
19.515 + 0.204 age - 0.00350 age2; serum iron increases moderately with age
through adolescence (from 21.0 Rmol/l at age 5 to 22.3 at age 20), remains fairly
stable until age 40, and then decreases progressively with advancing age, to
about 19.0 by age 60. The same general trend is also found in male probands.
This trend is rather weak when referred to the variance of serum iron, as
attested by a multiple correlation coefficient of .19. Family and control data
were, however, adjusted for age according to this equation and standardized by
the estimated residual variance for further analysis. In contrast, no significant
association was found between serum iron and age in females, whether controls
or probands.

After standardization, male and female controls were pooled and revealed
persistent skewness (pi = 0.186, P < .05). Although such marginal skewness is
unlikely to simulate segregation of a major gene, evidence for some degree of
expression in heterozygotes could be sensitive to distributional assumptions.
Therefore, an analysis of distributions allowing for a mixture of two underlying
distributions as well as a power transformation to remove skewness, following
[29], was carried on the control sample (table 2). Skewness is significant when
one underlying distribution is assumed (x2, = 5.07); it is not significant under
the assumption of two underlying distributions (x2, = 1.77). Evidence for a
mixture of distributions with allowance for a power transformation is mar-
ginally significant (x2, = 5.70), the proportion of individuals in the higher

707



LALOUEL ET AL.

oncN N00 0
- 0_ N- \ C c

,000 00 r-~eI

0OenrttOON0 W)0000 en00-
N 00 OC N-00 ON 'I x N eri

- 0 0_£ Wr en

C00 r'OIN-.C. N O 0000 . en0- 0d- - NO\m 00000 r00

-00 rn - n 001- - 00

en .0 r V)N _T
000 N _N N

d--0~ o'/ -~ '

cri W%00 00r1 rr
-0 ,60~ en 4 000= Ci -.0 e
eq 1 rn ri~re

_ N

en - _D mOo-emt C') d-dt-

C
CL . 0 .

0 0 0 0 0 4 0

> bZ C bZ > bZ 2 bZ

C13 P "a E

CZ
0

0.
c
0

708

V)
0
z
6

0

o
a
z

6

0
U.-

0

z0

U

0

.-
6

mJ <

.-
m

z

zo
67
0

c
0

L &

*
-

m_- i

C

cn

W

E

C *~

CCU
0. Cu
0 C

C

.s _

CO

CO _

0 10

._ u

C5 m

CZ In.
U(-)

0. LIZ
.= u

to

Cs
Ca O

._ _

_

L.

_ _9

11 11

mo m

* 4-



IDIOPATHIC HEMOCHROMATOSIS

TABLE 2

SERUM IRON IN CONTROLS: ANALYSIS OF SKEWNESS AND COMMINGLING

No. Power
distributions transformation -2 In L Vu t q p

I ...... No 952.34 0.988 -0.000 (0) (0) (1)
I ...... Yes 947.27 0.989 -0.048 (0) (0) 0.421
2 .... No 943.34 1.295 0.554 1.721 0.339 (1)
2 .... Yes 941.57 1.440 0.696 1.982 0.335 1.500

NOTE: -2 In L: minus twice the natural logarithm of the likelihood. V: total variance: u: overall mean:
t: distance between means of two distributions, q: admixture parameter; p: parameter of power transform.
Parameters values between parentheses are held constant.

distribution being estimated as 0. 1, around a mean of 1.6 u. Previous genetic
analyses [8, 19] that favored the hypothesis of some degree of expression of the
JH gene in heterozygotes, also led to an estimated gene frequency of .05. The
present results being compatible with this hypothesis, the segregation analysis
was first performed without, then with, a power transformation.

Segregation Analysis ofIH and Serum Iron
The first step of the analysis revealed that a model relating x and y through

the sole consideration of an additional random component w ([15]; fig. IA) was
not appropriate for the present data (table 3). For the general model, it led to
the rejection of the hypothesis of Mendelian transmission (X2I = 48.83), and
clearly a common displacement on both scales could not simultaneously ac-
count for appropriate disease penetrances and the proper degree of overlap of
serum iron distributions in the two homozygous classes. Thus, for the best-
fitting Mendelian model, the lifetime morbid risks (over age 80) in normal
homozygotes, heterozygotes, and homozygotes for the 1H gene are: .003, .013,
and .456 in males, .0004, .0019, and .223 in females; the corresponding risks of
affection are: .603, .207, and .189 in males and .363, .162, and .474 in females.
All available data point to a higher penetrance in IH homozygotes in males and
a much lower proportion of sporadic cases.

This led us to entertain the alternate model discussed earlier (fig. IB), used in
all subsequent analyses. Because serum iron exhibited some, degree of
skewness that, we have noted, could be compatible with heterozygous expres-
sion, the segregation analysis was first performed without skewness-removing
transformation in order to avoid a possible reduction of evidence for partial
manifestation. Essential results are reported in table 4.
The best-fitting Mendelian model favors recessivity for both serum iron and

liability to affection: dominance parameters, when iterated, do not differ
significantly from zero (X22 = 1.93). More remarkable is the fact that, by con-
trast with the previous analysis, the Mendelian hypothesis is quite acceptable
(X2, = 0.00). Mendelian transmission was therefore assumed for subsequent
tests. Taking the recessive hypothesis with Mendelian transmission as general
model (row 3), intermediate (d = d, = 0.5) and dominant (d = d. = 1.0)
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models are overwhelmingly rejected (twice the logarithm of the odds are 282.25
and 286.36, respectively). The best-fitting models, whether Mendelian or gen-
eral, did not show evidence of either environmental correlation between serum
iron and disease liability or residual familial correlation for disease liability.
This is not altogether surprising in view of the limited overlap between liability
distributions within major genotypes. Indeed, Reich et al. [30] showed by com-
puter simulations that no resolution of residual family resemblance could be
expected in such instances. By contrast, there is support in favor of some
residual familial correlation for serum iron (H = 0.18, X21 = 11.76). Still, it
must be noted that conclusions are not altered when this factor is ignored. As
for the major gene hypothesis, its support is also overwhelming (X23 = 656.10).

It appeared, however, that the likelihood surface was very flat with respect
to dominance on the liability scale, d, as reflected in row 4 of table 4. There-
fore, the adjunction of serum iron to the phenotype definition, under the pres-
ent model, and the prevalence assumed here, do not help in resolving this issue.
Given that the inferred IH gene appears recessive for serum iron levels, it
seems more likely that it would also be so for liability to disease, but this
argument stems more from biological considerations than from statistical sup-
port.

Let us examine the parameter estimates for the best-fitting Mendelian model.
Displacements, relative to the within-genotype standard deviations of x and y,
are 3.04 and 7.0, respectively; this explains why the previous model could not
apply to the present data. The estimated gene frequency, .06, is in good agree-
ment with the frequency reported by Cartwright et al. [19] for a set of Mormon
pedigrees.
The available evidence does not support a hypothesis of partial expression of

the IH gene for serum iron. It is therefore unlikely that skewness of serum iron
in controls results from some degree of heterozygous expression. As serum
iron as such exhibits greater variance among male probands, the same analysis
was repeated after a power transformation to remove skewness and stabilize
the variance [15]. Results were essentially unaltered by this transformation,
leading to the following estimates for the best-fitting Mendelian model: V =
1.19, u = 0.31, d = 0.0, t = 2.91, q = .06, H = .19, d-, = 0.0,t =7.0,-HY = 0,
and E, = 0. Segregation at the major locus accounts for 3% and 15% of the total
variance in x and y, respectively, which leads to a correlation of .07 between
serum iron and liability. This shows that, although the major gene accounts for
the joint segregation of serum iron and affection, it does not imply an important
correlation between serum iron and disease liability. The previous model, by its
emphasis on correlation between x and y, could not account for the observed
results.

Linkage and Association with HLA

Significant associations have been reported between hemochromatosis and
the HLA antigens A3, B7, and B14 [4]. Association appears to be primarily
with the antigen A3, with a relative risk of 6.61 for these data [9], the associa-
tion with B7 and B14 being in accordance with their well-documented linkage
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disequilibrium with A3 [9]. Le Mignon et al. [31] also reported evidence of a
significant association with Al 1, which could have been unnoticed previously
because of the strong association already exhibited with the more prevalent
allele A3. In view of the known cross-reactions between A3 and All, this
observation deserves some attention. Previous linkage analyses under the as-
sumption of linkage equilibrium have yielded maximum lod scores for a recom-
bination value of 0 = 0 [8, 19].

Analysis of linkage between hemochromatosis and the HLA-A locus was
performed on 147 pedigrees including 930 HLA-typed individuals, with the
computer program LINKAS [20]. This program allows both linkage and associa-
tion. Rather than estimating sex-specific recombination rates, we have as-
sumed a ratio of female-to-male genetic distances of 2, as seems reasonable in
the HLA region [32]. The model therefore includes as parameters the male
recombination rate, Om, and coupling frequencies c;, i = 1. ... 6, where ci is
the conditional probability of the IH gene given the ith allele at the HLA-A
locus. Noniterated coupling frequencies are constrained to be equal. It was
appropriately extended to accommodate the present model, although multifac-
torial transmission was not taken into account. The parameters of the model
were taken as reported above after power transformation, with H neglected.
LINKAS allows consideration of a maximum of six alleles at the test locus.
Hence, HLA-A3 and -All were specifically coded, while other alleles were
randomly recoded following Ott [33].
The results of this analysis are reported in table 5. The evidence for linkage is

very strong at a maximum likelihood estimate of Om = 0.011 + 0.0078, with a
likelihood-ratio x2 = 174.77, which corresponds to a lod score of 37.95. The
association with A3 is very significant (x2, = 148.28). The association with All
also appears significant (X21 = 10.80), adding support to previous claims [31].
Similar results are obtained when affection status alone is considered, with a
maximum lod score of 34.59 at Om = 0.0073.
As the hypothesis Om = 0 could be rejected with these data (x21 = 6.14), we

examined lod scores at Om = 0 in each pedigree in order to identify possible
evidence of recombination. Four pedigrees give lod scores close to 1.0 and

TABLE 5

IDIOPATHIC HEMOCHROMATOSIS: ANALYSIS OF LINKAGE AND ASSOCIATION WITH HLA-A

Hypothesis -2 In L o. CA. ('AIICI

Om, CA3, (AlI .......... 8447.68 0.011 0.168 0.080 (0.036)
-+-0.0078 ± 0.0051 ±+0.0057 ...

Om, CA3 .. ...... . 8458.48 0.012 0.168 (0.039) (0.039)
om-t AlI*.............. 8595.96 0.013 (0.059) 0.081 (0.059)
Om = 0,° A3, CA.II...... 8453.82 (0) 0.167 0.081 0.036
Om = 0.5. CA3-, dAI .... 8622.20 (0.5) 0.172 0.088 0.035

NOTE: Iterated parameters are indicated by a "hat.' Constrained values are reported within parentheses.
When not iterated, coupling frequencies are constrained to be equal and such that icip, =-q over all alleles at the
test locus, where ci and pi are the coupling frequency and gene frequency of the ith test locus allele, and q is the
gene frequency of the hemochromatosis gene; c(, denotes all the other alleles.
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share the following features: the only informative sibship contains two affected
individuals that share one HLA haplotype, the other haplotypes being identical
at the HLA-A, but differing at the HLA-B locus; these latter haplotypes have
been coded as distinct haplotypes, which will tend to overestimate recombina-
tion between HLA-A and IH whenever a recombinational event may have
occurred between the HLA-A and -B loci. Had such families been coded with-
out the B locus, they would have been uninformative about recombination and
0m would no longer be significantly different from zero. Another pedigree
yielded a lod score of 1.64; most of the evidence for recombination comes from
two individuals who are concordant for HLA-A but discordant for disease
status. Two unaffected individuals in this pedigree exhibit elevation of both
serum iron and ferritin levels while chelatable iron is moderately elevated in
one of them. This pedigree deserves careful reexamination before concluding
this as a possible recombinational event.

DISCUSSION

The mode of inheritance of idiopathic hemochromatosis has long been a
source of controversy. The present analysis, when restricted to the segregation
analysis of a classification of affection status, was indeed inconclusive. It illus-
trates difficulties associated with the very definition and analysis of progressive
disorders whose population prevalence and age- and sex-specific morbid risks,
in the absence of a thorough population-based, epidemiological investigation,
are at best only very approximately estimated. Analysis under the mixed model
with age- and sex-specific thresholds led to inflated estimates of heritability and
subsequent failure to distinguish, with the available methodology, between
dominant and recessive inheritance. Careful examination of the data revealed it
can, in part, be attributed to an underestimate of morbid risks in females as
compared to males. While the sex ratio is 4.2:1 among probands, it is 2.4:1 in
secondary cases. Resorting to simpler models, such as the generalized single-
locus model, is no palliative: here, it favored a Mendelian model with partial
expression in heterozygotes (d = 0.35), but transmission frequencies departed
from Mendelian expectations.

In the absence of more reliable population data, and given the relative arbi-
trariness of a boundary to separate affected from normal individuals, there was
little motivation to refine estimates of morbid risks and repeat the analysis of a
disease classification. Rather, our analysis focused on a biological correlate of
liability to disease and linkage to the HLA-A locus.
The greater information content of quantitative traits as opposed to disease

classification implying incomplete penetrance, for segregation analysis, has
been emphasized and investigated [34]. When several biological indicators are
available, as was the case here, a choice must be made among several possible
strategies: combining these indicators into a single function prior to segregation
analysis [35], analyzing a multivariate phenotype [36], or carefully selecting a
particular variable by considering the physiopathology of the disease at hand.
We opted for the last alternative because the first one may blur differences in
heterozygous effects of the presumed IH gene on each trait as well as the

713



LALOUEL ET AL.

primary or secondary nature of their association with the disease process,
while the multivariate approach is impractical for complex models and simul-
taneous consideration of affection status.

Ferritin and chelatable iron reflect duration and severity of disease rather
than intrinsic liability to disease. While transferrin saturation, when considered
singly, may indeed be the best discriminant between patent cases and normal
controls, it is a ratio variable involving in the denominator an indirect estimate
of serum transferrin concentration. Transferrin synthesis in the liver is most
likely to be affected by the degree of fibrosis of the liver. For these reasons,
serum iron appeared to be a better indicator of liability to disease and was
therefore selected for further analysis.

In the present situation where ascertainment operates through a definition of
affection status, segregation analysis requires combination of both aspects of
phenotype definition rather than substitution of a biological variable for affec-
tion status. Two alternative formulations of a bivariate, discrete/continuous
model were applied to the data. Tests of the transmission parameter Tr proved
useful in recognizing that the model in figure IA was not appropriate for these
data. This led to the development of an alternate model (fig. IB) that proved
adequate to account for these observations and that could be of value in other,
similar instances where disease definition is complemented by a biological
correlate.
The adjunct consideration of a quantitative trait helped to resolve the issue of

whether heterozygotes are at an increased risk of affection. The estimated
dominance for liability to affection was compatible with a recessive hypothesis
for affection status. For serum iron, the data were quite informative about the
dominance parameter and led to the conclusion of no partial expression of the
IH gene in heterozygotes for serum iron levels. This lends additional support to
a recessive hypothesis for affection status. The significant increase of mean
serum iron in unaffected relatives of probands compared with controls that
some have reported (see [4] for references) may result either from
nonidentification of preclinical cases or from the slight but significant residual
familial correlation detected in our study. Segregation analysis of transferrin
saturation in a large Mormon pedigree [8] could not resolve between two com-
peting hypotheses with dominance parameters of d = 0.17 and d = 0.61,
respectively. Linkage analysis clearly favored the former hypothesis, but joint
estimation of recombination and segregation parameters did not modify appre-
ciably estimates of the latter parameters [8].

Linkage analysis confirmed the very tight linkage already reported between
IH and the HLA-A locus, as well as the association with A3. In addition, it
confirmed a suspected association with All [31], which may point to yet stron-
ger association of IH with an antigenic determinant common to these two
complex antigens with known cross-reactivity. The recombination rate in
males was estimated as .011 + .0078 when using affection status and serum
iron as a phenotype and as .0073 + .0072 when using affection status alone, the
corresponding lod scores being 37.95 and 34.59, respectively. This shows that,
as opposed to the situation encountered in segregation analysis, most of the
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information on tight linkage can be provided by a definition of affection status
alone, at least in instances where the estimated proportion of sporadic cases is
very low. While the hypothesis of complete linkage (Om = 0) could be rejected
with these data, there was no clear identification of recombinants. The most
suggestive evidence, which came from two individuals concordant for HLA but
discordant for the disease phenotype, calls for a careful reexamination of this
pedigree.
Our overall conclusions are in good agreement with those of the Utah family

study [8, 19]. These two studies, however, were conducted in two populations
that may differ in their epidemiological characteristics. Some further differ-
ences are the biological variables studied and some methodological aspects
already discussed. In the present study, serum iron was selected as a biological
indicator of intrinsic liability to disease; it exhibited recessive inheritance. In
the Utah family study, the emphasis instead was on transferrin saturation.
Presumably because it integrates some of the disease process, it behaved more
like an indicator of realized liability. By contributing to the identification of
heterozygotes, it may have added some linkage information in extended pedi-
grees. Further analyses of the biological parameters, including transferrin sat-
uration, singly or in combination with other parameters [37], will be required to
complete the genetic and biological analysis of idiopathic hemochromatosis in
the present French population.

APPENDIX

CONDITIONAL PHENOTYPE PROBABILITIES UNDER THE NEW
BIVARIATE DISCRETE/CONTINUOUS MODEL

Phenotype definition consists of a classification of affection status and a biological
correlate of liability to disease. The biological correlate is such that x = g + c + e, with
variance V = G + C + E, with model specifications given in [15]. In particular, we
recall that r denotes the parent-offspring correlation between multifactorial transmis-
sible variables, which is also their degree of relationship. Affection status is defined by a
threshold on the liability scale, y, which, for convenience of derivation and implementa-
tion, we can formulate, in simply notational departures from figure lB, as y = g,. + ac
+ Pe + w. The major gene effect, go involves specific dominance and displacement
parameters d,. and t,, respectively; a and P are two scalars, and w is an independent
random variable N(O, W). Mean and variance of y are arbitrary, taken as 0 and 1,
respectively. From these specifications, it follows that V,, = G,1 + a2C + 12E + W = 1.

Calculation of phenotype probabilities will require expressions of conditional densi-
ties of x given major genotype and multifactorial transmissible effects, as already given
in [16], and of conditional probabilities of affection status given such effects and x, if
measured. The latter will be tails of normal distributions whose moments must be
obtained for parents, pointers to parents, and offspring or pointers to offspring.

If i denotes the ith major genotype with corresponding effects on x and y denoted gi
and gi;, respectively, the required moments for a parent are

E(ylx, i, c) = go. + ,B(x -gi) + (a - p)c
var (ylx, i, c) = W
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if x is known, else

E(yli, c) = g.,i + ac

var (yji, c) = 2E + W

For a pointer with major genotype i and degree of relationship r to a parent P, we
have, with A = (1 - r2)C + E,

E(ylx, i, cd) = g.'j + {[(1 - r2)oC + 3E](x - gi) + r(ot - 13)E(cp}IA
var (ylx, i, cp) = V, - G. - {(1 - r2)o&'C2 + [2c (I - r) + ,2& CE

+ 2 E2}/A

and

E(yli, cp) = g.1 + rotcp
var (yli, c,) = (1 - r2) c2C + 132E + W

For an offspring, or a pointer to the offspring, with major genotype i, F and M
denoting the parents and letting B = (1 - 2r2)C + E, we have

E(YIX, i, CF, CM) = g!9v + {[(1 - 2r2)C& + rEI(x - gj) + r(ot - 3)E (cF + CM)}IB

var (ylx, i, CF, CM) = V! - C! - {(I - 2r2)oC2 + 2[(1 - 2r2)aB

+ r]2&CE + 32E2}1B

and

E(yIi, C F, CM) = g!; + rx(CF + CM)

var (yli, CF, CM) = (I - 2r2)&2C + 32E + W
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Erratum

In the paper "Tourette Syndrome: Clinical and Psychological Aspects of 250
Cases," by D. E. Comings and B. G. Comings (Am J Hum Genet 37:435-450,
1985), numbers that appeared in table 3 on p. 441 need correction. They are
corrected below.

TABLE 3

TYPE AND FREQUENCY OF MOTOR AND VOCAL TICS THROUGHOUT THE COURSE OF TS

No. % No. %

Motor tics

Facial ....................... 206 82 Shoulder ..................... 79 32
Eyeblinking .14 140 56 Arms .57 23
Mouth-opening .94 38 Hands .37 15
Facial grimacing .72 29 Flexing-clasping .12 5
Rolling eyes ................ 22 9 Piano fingers .15 6
Squinting eyes .10 4 Copropraxia .7 3
Opening eyes .............. 7 3 Other 15 6
Closing eyes while driving ... 7 3 Othr.1 6
Sticking tongue out .14 6 Diaphragm.31 12
Licking lips .9 4 Legs and feet .51 21
Licking shoulder ........... 7 3 Kicking .17 7
Biting tongue ............ 3 1 Hopping-skipping .11 7
Looking at the sun .......... 3 Flexing feet. 7 3
Grinding teeth ............ 7 3 Other .20 8

Head and neck .157 63 Hitting self .17 7
Hair out ofeyes .31 12
Horizontal head tic .50 20
Vertical head tic .23 9
Chin on shoulder .8 3

Vocal tics

Throat-clearing .139 56 Humming 15 H i........................ 14 6
Grunting .79 32 Yelling-screaming ................. 17 7
Sniffing .37 15 Blow-out breath .................. 16 6
Spitting .22 9 Suck-in breath ................... 11 4
Barking .21 8 Whistling ........................ 5 2
Snorting .16 6 Other ........................ 52 21
Squeeking .15 6 No vocal tics ..................... 9 4
Coughing .17 7


