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Summary

Characterizing the distribution of parameters of iron metabolism by hemochromatosis genotype remains an
important goal vis-a-vis potential screening strategies to identify individuals at genetic risk, since a specific
marker to detect the abnormal gene has not been identified as yet. In the present investigation, we analyze
serum iron values in ascertained families using a method which incorporates both segregation of the clini-
cal affection status and the HLA linkage information to identify the underlying genotypes. The analysis is
performed using an extension of the model presented by Bonney et al., comprising regressive models for
segregation analysis and the multipoint linkage strategy implemented in LINKAGE. The gene was found to
be completely recessive with respect to both clinical manifestations and serum iron abnormalities, with
significant differences in expression by sex. Clinical manifestations were present for all male homozygotes
in this data set, suggesting that the recessive hemochromatosis genotype is fully penetrant at all ages in
males. This was not the case for younger females. Significant genotype-specific age and sex effects were
found for serum iron values. It is interesting that deletion of the HLA marker information did not affect
our ability to resolve the genetic model when we analyzed a bivariate phenotype. This serves as a reminder
that a search for relevant biological markers can be equally important in discerning the genetic etiology of
a disease trait, as a search for linked genetic markers.

Introduction Lacking a specific marker to detect the abnormal
gene, and given that the abnormal gene for hemochro-
matosis has not been identified as yet, screening proce-
dures based on the measurement of some relevant
parameters of iron metabolism have been considered
for the detection of genetically predisposed individu-
als, i.e., hemochromatosis homozygotes. While trans-
ferrin saturation has been recommended as the single
best screening measure (Dadone et al. 1982; Borwein
et al. 1983; Bassett et al. 1984), it is still important
to understand the genotype-specific distributions of all
available biochemical measures. Although previous

Hemochromatosis is an iron metabolism disorder
governed by an autosomal recessive gene linked to HLA
(Simon et al. 1977). Gene frequency estimates from var-
ious studies are about 6%-7%, leading to a recessive
homozygote frequency of approximately .0042. Since
clinical symptoms appear as a consequence of a progres-
sive accumulation of iron storage aggregates which in-
terfere with normal organ function, the disease pene-
trance roughly is a function of the net iron overload
and of the age and sex of the individual. Phlebotomy
therapy instituted in individuals having a positive iron
balance has been shown to be effective in preventing

future organ damage (Bomford and Williams 1976). ever) go on to exhibit clinical symptoms (Beaumont

et al. 1979; Cartwright et al. 1979; Bassett et al. 1981;
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studies suggest that heterozygous individuals rarely (if
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the detection of predisposed individuals in the early
stages of iron accumulation with heterozygotes.

Our recent segregation analyses of 146 hemochroma-
tosis families from Brittany, France, suggested no evi-
dence of heterozygote expression for any of the bio-
chemical measurements studied. This conclusion was
reached for serum iron (SI) (Lalouel et al. 1985), latent
capacity and transferrin saturation (Borecki et al. 19895,
19904), and serum ferritin (Borecki et al. 1990b).
However, admixture analyses of these variables sug-
gested the possibility of sex-dependent mean genotypic
effects for transferrin saturation and latent capacity and
of genotype-dependent age effects for serum ferritin
(Borecki et al. 1989a). The transformations used to ame-
liorate these effects might have reduced the distinction
among genotypes. In addition, in light of the known
linkage with the HLA complex (Simon et al. 1977),
the simultaneous consideration of HLA haplotypes can
aid significantly in the assessment of probable genotype.

The genetic epidemiologic analysis of common familial
diseases such as hemochromatosis can profit greatly
from a multivariate approach incorporating all avail-
able information, including relevant covariates that
potentially modify gene expression. Bonney (1984,
1986) has provided a convenient framework in which
to integrate these data in the regressive models for segre-
gation analysis, and this method has been merged re-
cently (Bonney et al. 1988) with the multilocus linkage
analysis method as implemented in the LINKAGE pro-
gram (Lathrop et al. 1984). Motivated especially by the
suggestion of genotype-specific mean and variance
effects for the iron metabolism parameters (Borecki et
al. 1989a), we sought to investigate these data in this
highly informative analytic context. The extended model
is applied here to SI values, which show the least dis-
tributional complications; that is, the distribution is
comparable between males and females, there is no at-
tenuation in range as exhibited by measures of trans-
ferrin saturation, and SI values do not appear to be
strongly correlated with the progress and/or duration
of the disease, as are serum ferritin levels.

Material and Methods

The Model

Combined segregation and linkage analysis has been
implemented in a PASCAL program, REGRESS, on the
basis of the class A regressive model (Bonney 1984,
1986) and the multipoint linkage strategy used in LINK-
AGE (Lathrop et al. 1984). This method has been de-
scribed and applied elsewhere (Bonney et al. 1988). Sev-
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eral enhancements have been implemented in the current
version of the program. The trait under investigation
can be represented by as many as three phenotypic mea-
surements: an affection status indicator and two quan-
titative measures that relate to the definition of the trait.
It is assumed that a single major gene affects all the
specified phenotypic outcomes and is potentially linked
to a marker or series of linked markers. An arbitrary
number of covariates can be entertained in the pene-
trance functions; the regressors may be genotype specific
with respect to their effect on a quantitative trait. An
ascertainment correction for single selection has been

. implemented- also.

The model extensions in this version follow from the
basic formulations provided by Bonney et al. (1988).
For the present application which motivated these ex-
tensions, the data consist of a quantitative indicator
of the disease (Yqu), affection status based on clinical
considerations (Yqr), and phenotypes at a linked marker
locus (M). The generalized penetrance function is
P(Yqu,YqL,M|g,Ya,X), where the probability of ob-
serving the phenotypes is conditional on the underly-
ing genotypes (g), phenotype observations on relevant
ancestors (Ya), and adjustment for relevant covariates
(X). This expression can be factored as P(Yqu, YqL|g,
Ya,X) - P(M|Yqu,YqL,g,Ya,X). For HLA and RFLP-
determined markers in general, the second factor is unity
because the marker phenotypes are completely deter-
mined given the genotypes. Thus, we only need to specify
the penetrance function for the genotype underlying the
disease trait phenotypes. The first term in the expres-
sion above can be factored as P(Yqu|g,Ya,X) -
P(YqL|Yqu,g,Ya,X). Assuming that the value of the
quantitative trait does not directly affect the affection
status (after conditioning on the major genotype), the
dependence on Yqu in the second term can be dropped.
This assumption can be tested easily.

In general, since the underlying trait genotypes (g)
are unobserved, their prior probabilities are taken.to
be in Hardy-Weinberg proportions for individuals with
no parents in the pedigree and are based on segregation
probabilities from parental mating types for individu-
als with ancestors in the pedigree (for a complete dis-
cussion, see Bonney 1984). In the present case, the prob-
ability of a genotype in any individual is modified by
the linkage relationship and the segregation of geno-
types at the marker locus. The dependency on pheno-
types of ancestors (Ya) is modeled under class A as-
sumptions (Bonney 1984), which essentially posits that

" sibs are conditionally independent, given their parents’

genetic contribution. The quantitative penetrance can
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be modeled by a normal density function. For each in-
dividual, the quantitative penetrance function is as-
sumed to follow a normal distribution:

d(zw) = J211t_10 exp[ —‘zz/(Zw)] s

where

z=(Y=-pg) — bs(Ys—pgs) — br(YF — ugF)
= bm(Ym - pgm) - 21 bg;X;,
j=

and where Y is the phenotype Yqu, Hg is the genotype-
specific mean, b is a regression coefficient, b, is a
genotype-specific regression coefficient, S refers to the
spouse of this individual, F refers to the father of this
individual, M refers to the mother of this individual,
and j is the jth of m covariates. It should be noted that
the dependencies are modeled on residual phenotypes,
after account is taken of the mean effects of the major
locus. The variance can be written as w = o§ (1-
bsprm — beprc — bmpmc), with no adjustment for the
covariates, since they are treated here as fixed effects.
If father, mother, or both parents are missing, the zand
w are modified according to formulas of G. E. Bonney,
C. Murigande, F. M. Demenais, and A. Sorant (un-
published data).

In order to enhance the speed of likelihood function
evaluations, an approximation in the calculation of the
mean of the normal density function is employed, in
which each genotype mean appearing in the equation
is substituted with the genotype mean for the index case:

z = (Y=pg) — bs(Ys—ug) — br(Yr—py)
- bm(YM—ng) — ,El beiX;
j:

corresponding to case (2) of Demenais et al. (in press).

The penetrance function for the qualitative trait is
modeled by a multiple logistic function. It is convenient
to transform the affection status variable (YqL) such
that the resulting variable (Z) is 1 if affected, O if miss-
ing, and -1 if normal. In this way, missing values do
not contribute to the estimates of the regression co-
efficients (7). Now we define an individual’s logit score as

m
A = ag + YsZs + YFZF + YMZM + 21 BiXj
]:

where a is the genotype-specific intercept, ¥’s are the
logistic regression coefficients, and B’s are the regres-
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sion coefficients for the m covariates. Thus, the proba-
bility that an individual is affected (AF) given the geno-
type, the phenotypes of his spouse, father and mother,
and the values of his covariates is

Pr(Y=AF|g,YA,X1,....m) = e/(1+eY) .

The ascertainment correction implemented in the cur-
rent version of the program essentially entails condi-
tioning the likelihood of observing a family on the likeli-
hood of observing the proband affected under the
parameters of the model

L(Yqu,YqL,X;0)/L(YqLer = AF;m) ,

where @ denotes the parameters of the model. This has
been shown to be a valid correction when pedigrees
of arbitrary structure are ascertained under single se-
lection (Cannings and Thompson 1977).

The parameters of the model as concerns the quan-
titative trait include major gene effects (genotype means
and gene frequency), residual variance and residual
correlations (spouse-spouse, father-child, and mother-
child), and the regression coefficients for any covariates
(sex and age) which may be genotype-specific. The
qualitative trait is assumed to be under the influence
of the same biallelic major gene, whose effect is ex-
pressed as the probability of being affected given each
possible genotype (i.e., via penetrances). The degree
of dependency on a respective spouse, father, and
mother is estimated as part of the multiple logistic
regression function. The effects of covariates also can
be made part of the logistic function. Finally, the strength
of the linkage relationship is expressed by the recombi-
nation fraction (8) between the trait and marker loci.
Parameter estimation is carried out using maximum
likelihood methods, with the routine implemented in
GEMINI (Lalouel 1979).

The Family Data

The data being investigated comprise 146 single-
proband families ascertained from consecutive patients
referred to the Cliniques Médicales A and B, Centre
Hospitalier Régional, Rennes (LeMignon 1982). First-
degree relatives and spouses of probands were screened;
whenever possible, the investigation was extended to
more remote relatives. For 43 of the 146 families there
was information (clinical and laboratory assessment and
HLA typing) on non-first-degree relatives, usually
nephews and nieces; in 15 families, data on half-siblings,
cousins, grandchildren, and grandnephews or grand-
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Table |
Distribution of Sl Values (uM/liter) in Controls and Probands
Group (N) Mean SD Skewness  Excess

Controls:
Males (163) ...... 21.341  6.231 .288 331
Females (235)..... 20.438 6.898 174 422

Probands:
Males (230) ...... 43.809 9.643 .190 -.257
Females (43)...... 42.302 6.243 151 -.757

nieces were also available. Note that the likelihood for
a family of aribtrary structure can be written as a series
of recursive parent-child relationships, as described in
detail by Elston and Stewart (1971).

Clinical and laboratory screening, including several
biochemical measures of iron metabolism, was per-
formed on all individuals entering the study. In the pres-
ent analysis, we will be concerned only with the mea-
sure of SI. HLA typing of the A and B loci was performed
on all individuals by the standard microlymphocytotox-
icity method.

Raw SI values were used in this analysis, and age and
sex were entertained as covariates potentially affecting
SI values and the disease penetrance function. In addi-
tion to data on the family members of probands re-
cruited into the study, data were also collected on a
series of unrelated probands and on unaffected con-
trols (Lalouel et al. 1985). The distribution of raw SI
values by sex are shown in table 1 for all controls (con-
trols plus marry-ins to the families) and for all probands
(probands for the family data plus the unrelated pro-
bands). None of the distributions were significantly
skewed, and only for female probands was there sig-
nificant excess (y2). Detailed information regarding the
distribution of SI values can be found in the work of
Borecki et al. (19894). Linkage equilibrium between
the hemochromatosis and HLA loci was assumed.

Results

Initial modeling was carried out under certain as-
sumptions in order to reduce the number of estimated
parameters. Close linkage between the hemochroma-
tosis locus and HLA was assumed, with & = .001. On
the basis both of the estimates presented by Lalouel
et al. (1985) and of some preliminary explorations of
the data, the penetrance of the homozygous recessive
hemochromatosis genotype was fixed at .959, 1.000,
and 1.000, and at .929, .999, and 1.000, in males and
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females, respectively, for the age groups 20-39, 40-59,
and 60+ years. The penetrance of the heterozygous
genotype was assumed to be zero for all age groups
in both sexes. The “general” model consisted of a reces-
sive effect, residual spouse-spouse and parent-child
correlations, genotype-specific effects of sex and age
on mean SI values, and residual spouse and parent de-
pendencies in the disease penetrance function. The
results of hypothesis testing against this general model
are summarized in table 2. Residual familial dependency
in the penetrance function was not significantly differ-
ent from zero and, accordingly, was dropped from the
model. However, residual familial correlations for SI
values were significant. Sex and age both had a sig-
nificant effect on SI values, and the relationship appears
to be different for hemochromatosis homozygous indi-
viduals and individuals of other genotypes. There was
no evidence of heterozygote expression either in dis-
ease penetrance or in elevated SI values. The maximum
likelihood estimate of 6 between the hemochromatosis
and HLA loci was .015.

This analysis provided an initial assessment of which
model parameters were significant in the context of fixed
penetrances with respect to the homozygous recessive
genotype for six age- and sex-specific groups (liability
classes). In the subsequent model-fitting procedure, the
approach with liability classes was abandoned, and the
logistic penetrance function parameters were estimated
directly. The model is shown in table 3, along with stan-
dard errors of the parameters. The parameters were
named as follows: 0 is the recombination fraction be
tween the hemochromatosis and HLA loci; q is the fre-
quency of the hemochromatosis allele (H) versus the
normal allele (O); @, Psex, and Bage are parameters of
the logistic penetrance function; Py is the mean SI for
the ith genotype; o is the within-genotype SD; rrm and
rpc are the father-mother and parent-child SI residual

Table 2
Results of Hypothesis Testing
Hypothesis ¥ df

No residual familial dependency for disease

PENELIANCE . . .. ettt ettt 1.93 2
No residual familial correlations for SI ........... 6.32 2
No effect of covariateson SI ................... 41.01 4
No genotype dependency for effects of

COVAMIAES .. oo vvvte i e eeneennnnnn, 15.78 2
No heterozygous disease penetrance ............. 3.57 6
No elevation of SI in heterozygotes .............. 1.79 1
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Table 3
Parameter Estimates + Standard Errors under Various Models
MobpEL
No Linked Affection Status No Ascertainment No Likelihood
PARAMETER General No Quantitative SI Marker Only Correction Approximation
General:
0......... .017 + .007 .000? . .5b e .000°? .015
I B .065 + .010 .081 + .018 .065 + .011 .093 + .022 .506 + .017 .098
Logistic
penetrance
function:
[ I 27.111 £ 2.793 2.989 + 2.527 22.028 + 15.685 903 + 1.527 .620 + .999 24.623
ex « oo -16.870 + 4.925 -3.623 + 1.565 -13.196 + 7.775 -2.843 + 1.039 -2.526 + .547 -15.197
Bage - oo .237 + .095 156 + .026 134 + .039 .140 + .023 161 + .011 .219
Quantitative
penetrance
function:
HOO/HO- . - . 24.806 + .872 24.854 + .861 25.148 + .878 28.802
MHH- .- . ... 58.898 + 1.015 59.095 + 1.007 53.143 + 2.251 57.061
[ U 7.663 + .129 7.487 + .128 7.657 + 135 7.906
TEM - o v nnnn .035 + .019 .035 + .019 .027 + .023 .040
rPC .066 + .021 .074 + .020 .029 + .026 124
Bsex/0- .... —2.385 t .423 -2.707 + .417 -2.637 + .437 -2.492
Bsex/HH . ... —35.771 £ 916 -5.860 + .900 -7.282 + .995 -6.126
Bage/o- - . .. .047 + .013 .053 + .013 .051 + .013 -.016
Bage/HH . . . . -.136 + .036 -.136 + .036 .020 + .063 -.087

2 Parameter estimated to a boundary value.
b Parameter fixed at value shown.
¢ Sex coded “1” for males, “2” for females.

correlations, respectively; and Bsex/g(i) and Bagesg(i) are
genotype-specific sex effects and genotype-specific age
effects, respectively, on SI values. The results of the
general model are shown graphically in figure 1A. For
these data, there was no putative male hemochromato-
sis homozygote who was not clinically affected; there-
fore, the gene appears to be fully penetrant over all ages
in males. In females, the genotype appears to reach full
penetrance by approximately 50 years of age. Mean
SI values, by sex and genotype, as a function of age
are shown in figure 2. The linear effects of age were
significantly different between hemochromatosis homo-
zygotes and nonhomozygotes; higher-order terms and
interaction effects were not entertained.

In order to assess the impact of certain aspects of
the data, the basic model, inferred as described above,
was refit under various conditions. The resulting pa-
rameter estimates are shown in columns 2-5 of table
3. The first variation was to remove the information
_on SI values, using only clinical affection status and
HLA (fig. 1B); then removing the information on HLA
haplotypes, using only clinical affection status and SI

values (fig. 1C); and, finally, considering only clinical
affection status (fig. 1D). The highest penetrance values,
for both males and females, are obtained when all of
the information is used together (depicted in fig. 1A),
and the lowest penetrances are observed when only clin-
ical affection status is considered in the segregation anal-
ysis. There is a trend toward higher penetrance of the
homozygous hemochromatosis genotype as the amount
of information utilized in the analysis increases. Pre-
sumably, the increased information (from SI measure-
ment, HLA typing, or both) serves to alter the geno-
typic classification of some individuals, from unaffected
hemochromatosis homozygotes to either heterozygotes
or normal homozygotes. Particularly in the case where
the HLA information is deleted, there is a substantial
loss of precision in the estimates of the parameters
describing the disease penetrance function, as evidenced
by the standard errors (table 3); however, the shape of
the penetrance curve (fig. 1C) remains much the same
as that which was inferred with the additional infor-
mation from the marker cosegregation (fig. 1A). This
would suggest that the simultaneous consideration of
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Penetrance of the recessive homozygous hemochromatosis genotype as a function of age (x-axis) and by sex. There was

no evidence to suggest that clinically detectable disease could result in individuals with any other genotype. A, With use of clinical affection,
SI, and HLA. B, With use of clinical affection and HLA only. C, With use of clinical affection and SI only. D, With use of only clinical

affection. — — — = Males; ---- = females.

a quantitative marker can provide considerable infor-
mation for this type of analysis, even in the absence
of a linked genetic marker.

The effect of the ascertainment correction also was
of interest. The model parameters were reestimated
without conditioning the likelihood on probands’
affected status. As shown in table 3, the expected dis-
tortion in the estimate of the gene frequency is obtained.
This has a significant effect on the resulting disease
penetrance function, shown in figure 3. Whereas the
curve for females is nominally affected, it seems that
the elevated estimated gene frequency predicts consider-
ably more preclinical hemochromatosis homozygotes,
suggesting higher degrees of incomplete penetrance in
males. Residual familial dependencies in the logistic
function remain nonsignificant (33 = 1.02).

Finally, recall that an approximation designed to re-
duce computing time was implemented in the calcula-
tion of the residuals from major genotype in the quan-
titative penetrance function, where the parents were
adjusted for the genotype of the ith child. In order to
assess the effect of this procedure, the model parameters
were reestimated by adjusting each phenotype for the
actual parental and spouse genotypes, weighted by their
appropriate probabilities. This resulted in an approxi-
mately 36-fold increase in the CPU time required by
a SUN 4/260 computer to reach the solution. The in-
formation matrix associated with this solution could
not be factored to obtain standard errors for the pa-
rameter estimates; however, the observation can be made
that the point estimates are comparable to those ob-
tained by using the approximation. One notable differ-
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Figure 2  Estimated mean SI values (pM/liter), by genotype
and sex, as a function of age. — — — = HH males; —-— = HH
females; ---- = OO/HO males; -—- = OO/HO females.

ence is the underestimation of the parent-child residual
correlation (rpc) under the solution utilizing the ap-
proximation; a similar observation was made in simu-
lation experiments carried out by Demenais et al. (in
press).

Discussion

The fact that autosomal recessive single-gene in-
heritance for predisposition to hemochromatosis is well
established both from a consensus of studies conducted
in various populations and for the Brittany data in par-
ticular allows us to validate this newly developed and
extended methodology. The assumption of conditional
independence of siblings, given their common parents,
appears to be justified in this situation, as there is no
evidence of excess sibling correlation in these data
(Lalouel et al. 1985). In fact, results from likelihood
ratio tests support the recessive hypothesis with respect
to disease penetrance, as well as biochemical expres-
sion in SI values among hemochromatosis homozygotes.

The estimated penetrance of the recessive hemochro-
matosis genotype under the general model shows a clear
difference between males and females. The genotype
appears to be fully penetrant among males; this is com-
parable to the derived penetrances obtained by using
the bivariate version of POINTER incorporating age-
specific population prevalence data (Lalouel et al. 1985).
This conclusion was somewhat surprising; therefore,
the data were examined to determine which cases were
providing the support for full penetrance in males, even
at young ages. The youngest male homozygotes were
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Figure 3  Penetrance of the recessive homozygous hemochroma-
tosis genotype when estimated neglecting the ascertainment of the
families,. ——— = Males; ---- = females.

14,17, 19 (two individuals), and 21 years of age. These
young men all had some mild symptoms, usually cuta-
neous manifestations or diabetes, which could be at-
tributed to the disease. While this presentation might
not ordinarily be recognized as hemochromatosis, these
individuals were assessed to be clinically affected for
the purposes of the present study, and the diagnosis
was supported by follow-up biochemical tests. It should
be noted that the extrapolation of the penetrance curve
to age zero is simply a result of the estimated logistic
function; there are no actual affected male hemochroma-
tosis homozygotes younger than 14 years old in this
data set. Thus, the implication that the hemochroma-
tosis gene is fully penetrant in young males (i.e., those
younger than 14 years of age) is not actually supported
by the data. In the case of females, the genotype ap-
pears to reach full penetrance by approximately 50 years
of age.

The distribution of SI values was characterized. Al-
though mean SI values by genotype are expressed here
as a function of age, the values obtained from this anal-
ysis are quite comparable to those presented in the previ-
ous studies by Cartwright et al. (1979) and Bassett et
al. (1981). The means are comparable also to those
presented by Dadone et al. (1982) in their analysis of
a series of Utah pedigrees, with the exception of
hemochromatosis homozygous females, whose mean
SI value was considerably lower (32.2 pM/liter, with
no significant age effects) than the estimate from the
present study (41.9 pM/liter, at age 40 years). Genotype-
specific covariate effects were demonstrated. Although
only linear effects were entertained in this case, higher-
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order terms and age X sex interaction can be entertained
easily. The ability to statistically detect and estimate
the effects of covariates in the context of the analysis
model will be of great importance in subsequent inves-
tigations of other parameters of iron metabolism, where
we anticipate more substantial and complex covariate
effects. Moreover, this methodology may raise some is-
sues about standard methods of adjusting phenotypes
for covariate effects by regression prior to analysis, es-
pecially when the only available data comprise the ascer-
tained sample of families.

It is well known in the context of a linkage analysis
that ascertained families selected for their distribution
of affected individuals will not bias either tests of hy-
potheses or estimates of 0, as long as they have been
selected without regard to the marker phenotypes (Ott
1985 p. 121). However, in the present model, segrega-
tion parameters are being estimated simultaneously, and
neglecting the ascertainment does produce bias in ad-
dition to the expected overestimation of the gene fre-
quency. Thus, an ascertainment correction appropri-
ate for the data appears to be necessary at least insofar
as parameter estimation is concerned.

Linkage equilibrium constitutes one of the assump-
tions of this analysis. However, significant allelic as-
sociations between hemochromatosis and the HLA an-
tigens A3, B7, and B14 have been reported (Simon et
al. 1980), and LeMignon et al. (1983) also have reported
a weaker, but significant, association with All. The
effect of ignoring allelic associations in a linkage anal-
ysis was studied by Clerget-Darpoux (1982), the prob-
lem being formulated to address the analysis of reces-
sive diseases presumed to be linked to the HLA complex.
Her results suggest that the lod score may be consider-
ably underestimated (not pertinent to the present anal-
ysis) and that 8 also may be slightly underestimated;
for true ©’s less than 5%, the bias appears to be
negligible.

Virtually all of the model fitting and hypothesis test-
ing was carried out utilizing an approximation in the
likelihood for calculating the residuals from major geno-
type, which led to conclusions not different from those
of either other studies or previous analyses of these data
by another method (Lalouel et al. 1985). Results from
simulation studies reported by Demenais et al. (in press)
suggest that, in the context of class A model assump-
tions, use of this approximation may lead to underesti-
mation of the residual parent-child correlation in the
case where there is an additional sibship correlation.
Under these circumstances, Demenais et al. (in press)
also report a spuriously high rejection rate for the “no
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major gene” hypothesis when the null hypothesis is true.
However, in the present case, Mendelian inheritance
of a hemochromatosis gene was justifiably assumed,
and use of the approximation expedited the likelihood
function evaluations, making the segregation analysis
of a multivariate phenotype with a linked marker pos-
sible within the practical limitations of available com-
puting resources.

There are far-reaching applications for this sort of
combined segregation/linkage analysis approach. This
synthesis (Bonney et al. 1988) provides a comprehen-
sive framework in which to conduct tests for candidate
genes, as well as to consider several phenotypic out-
comes simultaneously in order to detect and character-
ize the expression of an unmeasured gene. This latter
aspect is particularly important; hemochromatosis has
served as an excellent example of the power afforded
for detecting Mendelian segregation by the simultane-
ous consideration of a quantitative indicator related to
the disease liability and affection status. Although the
discovery of a linked genetic marker certainly provides
considerable information about the genetic etiology of
a trait, careful studies to identify associated biological
markers of the disease can be equally significant and
powerful.
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