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Segregation Analysis of Schizophrenia and Related Disorders

N. RiscH,!?3 AND M. BArRON??

SUMMARY

Segregation analysis was applied to 79 nuclear families ascertained
through chronic schizophrenic probands. Analysis was performed on
the diagnosis of schizophrenia alone and on schizophrenia and schizotypal
personality disorder (milder phenotype) combined. The models used
were the transmission probability model and the mixed model. Because
the disease is associated with reduced fertility, all likelihoods were
calculated conditional on parental phenotypes. However, compatibility
of the mating-type distribution predicted by each model with the observed
was also examined. In all analyses, results suggested consistency with
genetic transmission. In the analysis of schizophrenia alone, discrimi-
nation among models was difficult. In the analysis including the milder
phenotypes, all single-locus models without polygenic background were
excluded, while pure polygenic inheritance could not be eliminated.
The polygenic model also gave good agreement with supplementary
observations (lifetime disease incidences, mating-type distribution, and
monozygotic twin concordance). The estimated components of variance
for the polygenic model were: polygenes (H) 81.9%; common sib en-
vironment (B) 6.9%; random environment (R) 11.2%.

Although the polygenic model was parsimonious, segregation analysis
and the supplementary observations were also consistent with a mixed
model, with a single major locus making a large contribution to genetic
liability. Such a locus is more likely to be recessive than dominant, with
a high gene frequency and low penetrance. The most likely recessive
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mixed model gave the following partition of liability variance: major
locus, 62.9%; polygenes, 19.5%; common sib environment, 6.6%; and
random environment, 11.0%.

INTRODUCTION

The characterization of diabetes as a geneticist’s nightmare [1] can be applied
equally to schizophrenia. In fact, in many respects, the genetic-epidemiologic
study of schizophrenia has been more difficult and more controversial. While
many accept that schizophrenia may be familial, there are those who believe the
aggregation to be due to nongenetic factors [2, 3]. Then there are some who
contend that schizophrenia is not, in fact, familial [4]. Finally, others argue that
schizophrenia is not even a disease entity [5]. Whether considered as a disease
or not, schizophrenia poses a major public-health concern, with many of its
victims incapable of functioning in a self-sufficient manner. This fact alone makes
it a phenotype worthy of study.

One of the major problems characterizing schizophrenia research is diagnostic—
that is, how does one decide whether an individual is schizophrenic or not?
Accurate phenotype definition is a critical aspect of any genetic-epidemiologic
study. Diagnostic criteria have varied both in time and place, often making it
difficult, or impossible, to compare studies.

Nearly every study design available to the genetic epidemiologist has been
applied to schizophrenia: familial-aggregation studies, twin studies, and adoption
studies (for areview, see [6]); segregation analysis [7—10], linkage analysis [11—
13], and biochemical-marker association [14]. The recent path-analysis applications
[15-16] seem to suggest that a large proportion of the familial aggregation is
due to genetic inheritance. This result is consistent with the evidence from the
adoption studies (still considered by some to be controversial; e.g., see [2]). As
to what a likely genetic mechanism may be, everything from a single major locus
[17] to multiple loci [18] to a polygenic system [19] has been proposed. A recent
report [20] suggested that single-locus inheritance underlying all of schizophrenia
could be ruled out. However, this study, as well as the path-analysis reports,
was based on historical data (mostly of northern European origin), which were
prone to varying diagnostic criteria, as well as to crude methods of risk estimation,
which may lead to bias [21]. In addition, the report of O’Rourke et al. [20]
focused on risk to parents and sibs of probands, both of which (and especially
the former) are sensitive to the strong reproductive disadvantage of schizophrenics
[22]. In fact, the crude risk to parents may be too low by a factor of three [23].

Results of segregation analysis applied to family data have been largely equivocal.
Elston et al. [7], using Kallman’s twin family data [24], found evidence for
vertical transmission, but Mendelian transmission probabilities were strongly
rejected. Similarly, Tsuang et al. [10], analyzing schizophrenia families from
the Jowa 500 [25], found evidence for vertical transmission, but Mendelian trans-
mission was again strongly rejected. Carter and Chung [9], analyzing hospital
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records in Hawaii, found high heritability estimates for hospitalized schizophrenia
(H = .62), but were unable to distinguish between single locus and polygenic
alternatives. Finally, Debray et al. [8], using a simple likelihood analysis, found
that their French families were most consistent with single-locus, two-locus, and
four-locus models.

Both linkage analysis and biological-marker association studies have been
unsuccessful in identifying major contributing loci [13, 14]. However, much
work remains to be done in this area.

In the following passages, we review in greater detail the principles underlying
segregation analysis and the various reports on segregation analysis of schizo-
phrenia.

SEGREGATION ANALYSIS

Segregation analysis has evolved considerably since its initial applications in
human genetics. Original formulations were designed to test a recessive hypothesis
by estimating the segregation ratio in sibships, and testing its equality to 1/4. It
was primarily applied to rare diseases, where nuclear families were ascertained
through affected siblings and parents were normal. Because the method of sampling
families influences the observed segregation ratio, statistical procedures were
devised to account for ascertainment [26-28].

Within the past decade, the goal of segregation analysis has expanded to include
the identification of major-locus effects underlying variation in both qualitative
and quantitative traits, rare or common [29]. Many more parameters are now
estimated than simply the segregation ratio and/or ascertainment probability:
gene frequencies, transmission probabilities, penetrances (or means), polygenic
heritability, common sib environmental effects (or intergenerational differences
in heritability), and age-of-onset parameters. Nuclear families have given way
to extended pedigrees, although ascertainment correction for pedigrees remains
an unresolved problem except for simple, limiting cases [30, 31].

It has been suggested that evidence for a major locus can be accrued in two
ways: (1) by inability to reject Mendelian transmission in a model that allows
for arbitrary transmission probabilities, coupled with the ability to reject equal
transmission probabilities (an environmental hypothesis) [32], and (2) by rejection
of pure polygenic inheritance in a mixed model that incorporates the combined
effects of a major locus, polygenic background, and common sib environment
(or intergenerational differences in heritability) [33]. Recently, the two approaches
have been combined into a single ‘“‘unified” model [34].

An additional consideration has been whether likelihoods calculated in nuclear
families should include parental phenotypes, or should be conditioned on parental
phenotypes. Conditions that argue in favor of a conditional approach are fertility
differences related to the trait, and assortative mating [35]. In these cases, the
observed parental-mating-type distribution is influenced by factors other than the
genotype distribution in the population, and a joint likelihood may induce mis-
leading results. On the other hand, not including the parental-mating-type dis-
tribution may lead to a loss of power in testing hypotheses about inheritance and
in estimating gene frequencies [36].
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There is an additional question in segregation analysis as to whether one should
constrain the model parameters to conform to a previously determined disease
incidence value. This approach has been advocated when using a conditional
likelihood [33]. However, such constraint can significantly influence the results
of segregation analysis. Hence, one should be cautious about imposing incidence
constraints, particularly when such values are not known to a high degree of
certainty.

SEGREGATION ANALYSIS OF SCHIZOPHRENIA

Two of the reports on segregation analysis of schizophrenia employed a single-
locus model with arbitrary transmission probabilities. The first of these, the study
of Elston et al. [7], used nuclear families of schizophrenic twins collected by
Kallmann [24]. The families were divided into two groups based on diagnosis in
the proband: catatonic or hebephrenic (nuclear) and paranoid or simple ( peripheral).
Individuals characterized by Kallmann as “probable schizophrenic” were included
as schizophrenic. An additional diagnostic category of *‘schizoid state” was
defined, giving three phenotypes: schizophrenia, schizoid state, and normal. Age
of onset was assumed to be log-normally distributed. Two models were described:
(1) susceptibility to schizophrenia and schizoid state are fixed, while mean age
of onset is genotype dependent, and (2) susceptibility is genotype dependent,
while age of onset is not; mean age of onset for schizoid state is less than for
schizophrenia, and all susceptible individuals eventually pass through the schizoid
state and become schizophrenic. Probability of ascertainment was allowed to be
a function of age at onset. These two models have differing implications. Model
1 predicts that sporadic (nongenetic) cases have a later mean age of onset, and/
or that age of onset is correlated in families. Equivalently, individuals with early
onset should show a higher risk to relatives. Model 2 predicts that age of onset
is uncorrelated in families. Both models imply that schizophrenic and schizoid
individuals have identical genotype distributions, and therefore equal risk to
relatives (i.e., schizoid state is not genetically ‘‘less severe’ than schizophrenia).
Joint likelihoods were calculated, and disease incidence was left unconstrained.

Results of parameter estimation and hypothesis testing using the two models
and two sets of families were similar. In all cases, Mendelian transmission prob-
abilities were strongly rejected. Equal transmission probabilities were also rejected.
In general, the unrestricted model gave estimates of 74,4 and 7,44 significantly
greater than their Mendelian values of .5 and 0, respectively.

Tsuang et al. [10] analyzed 134 families of schizophrenia probands from the
Iowa 500 series [25]. The segregation analysis model used was the same as model
1 described above in the study of Elston et al. [7]. Disease incidence was constrained
to .006. In this study, once again, Mendelian transmission probabilities were
rejected at enormous levels of significance. Equal transmission probabilities (en-
vironmental hypothesis) were similarly rejected.

The rejection of Mendelian inheritance in both these studies should be interpreted
with caution. First of all, both studies employed joint likelihoods of parents and
offspring. The reproductive disadvantage of schizophrenics is well-documented:
the number of offspring produced by schizophrenics may be one-third that of
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normals [23]. In terms of segregation analysis, we would expect a significantly
reduced number of affected parents, causing distortion in parameter estimation.
The general effect of such bias has been unexplored, but we can guess that the
transmission probabilities will be estimated so as to predict a higher incidence
of disease in the offspring generation than in the parental generation (note that
Mendelian transmission probabilities imply equal incidences in the parental and
offspring generations). The reason the transmission probabilities will be affected
is because they are the only component of the model that can absorb such a
difference between generations.

Another possible bias relates to ascertainment. In the study of Elston et al.
[7], all probands were twins. However, ascertainment correction in their model
was apparently applied to all individuals in the family. Clearly, nontwin relatives
could not have been probands. Hence, the effect of their ascertainment correction
on parameter estimates is unknown. Also, ascertainment was assumed to be a
function of age of onset, the probability of ascertainment decreasing with increasing
age of onset. However, the reduced fertility effect also causes affected parents
to have a later age of onset than affected offspring—that is, individuals with
later onset are more likely to have children. If affected parents were included
when comparing ages of onset for probands vs. nonprobands, this may account,
at least in part, for the ascertainment-age-of-onset relationship. In addition, the
age-of-onset distribution function is estimated from all individuals in the sample,
including parents. Hence, it will be biased toward later ages.

We have examined the parameter estimates in the unrestricted models from
both Elston et al. [7] and Tsuang et al. [10]. From the Elston et al. [7] analysis
of model 1 for the group 1 families, the predicted incidence of schizophrenia in
the parental generation is .016, while in the offspring generation, it is .127.
Similarly, from the model 1 analysis of the group 2 families, the incidence in
the parental generation is .008, while in the offspring generation, it is .078. How
much of this discrepancy may be accounted for by fertility and ascertainment
effects is unknown. From Tsuang et al. [10], the dominant unrestricted model
predicts a frequency of disease of .006 in the parental generation (fixed), while
the frequency in the offspring generation is .348. In the recessive unrestricted
model, the incidence in the offspring generation is .354. These offspring values
seem enormously inflated and may raise questions concerning the ascertainment
correction procedure. No description of ascertainment correction was given by
Tsuang et al. [10] (although ascertainment correction was applied; M. T. Tsuang,
personal communication). Also, predicted risk to offspring by parental-mating
type in the unrestricted models are counter to genetic expectations. In the dominant
unrestricted model, the risk to offspring of a normal X normal mating is .349,
while the risk from a normal X affected mating is .193. Similarly, in the recessive
unrestricted model, the risk from a normal X normal mating is .356, while for
anormal X affected mating itis .111. Furthermore, the chi-square values testing
the Mendelian and environmental models in the Tsuang et al. [10] analysis were
3157.02 and 2442.62 on 3 and 2 degrees of freedom, respectively. These values
seem to be unrealistically high, particularly considering the moderate sample
size involved (total of 480 individuals).
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Carter and Chung [9] examined admission records from the State Mental Hospital
of Hawaii (which is the sole mental hospital in Hawaii). Probands were identified
as those cases of schizophrenia existing in the State Mental Hospital in 1942
according to the 1942 Hawaii census. Records contained information on names
and birthdates of first-degree relatives. The hospital admission files up to the
year 1977 were then examined to determine which of the relatives had been
admitted after 1942 with a diagnosis of schizophrenia. One advantage of this
approach is that the family members have been followed up over an extended
period of time and, therefore, are substantially through the risk period. Any
individual who was followed up must have been born prior to 1942, and, hence,
was at least 35 years old by 1977. However, loss of individuals through death
or migration cannot be accounted for. It should also be remembered that the
phenotype examined here is “hospitalized” schizophrenia.

The observed distribution of probands among affecteds within sibships was
used to calculate the ascertainment probability w. ‘“Prevalence of hospitalized
schizophrenia’ was then estimated as a/wN, where a is the number of probands,
and N, the size of the baseline population in 1942 (all individuals older than 15
years). However, this number is not, in fact, the prevalence of hospitalized
schizophrenia in 1942, because nonproband sibs were those hospitalized after
1942. In fact, the prevalence of hospitalized cases in 1942 is just a/N. The number
a/mN represents something closer to the cumulative lifetime incidence of hos-
pitalized schizophrenia (i.e., the probability that an individual will be hospitalized
for schizophrenia at any time during his or her life). In fact, this is the appropriate
population parameter for use in segregation analysis. However, the baseline
population (N) included only individuals over age 15; certainly, some of the
siblings who were hospitalized after 1942 were under 15 years in 1942. Hence,
the values given by Carter and Chung [9] are probably overestimates of the true
values.

Segregation analysis was performed using the mixed model [33]. According
to the simple polygenic model, heritability (H) was estimated at .62. The likelihood
surface was apparently somewhat flat, as there was little power to distinguish
between single locus and polygenic alternatives.

Debray et al. [8] studied the families of 25 chronic schizophrenics in France.
The total sample comprised 1,333 individuals. Information on relatives was ap-
parently obtained both through family history and family-study methods, although
the proportion in each category was not given. Individuals were weighted according
to the quality of information obtained. Three diagnostic categories were defined:
(1) schizophrenia; (2) schizophrenia spectrum—acute schizophrenia, chronic
delusion, psychopathy, paranoid personality, non-unipolar depression, neurotic
depression, and anorexia nervosa; and (3) normal. Clearly, category 2 is quite
broad and probably contains conditions unrelated to schizophrenia.

The statistical method used to analyze these families differed from conventional
approaches. The likelihood of the data for each of 12 different genetic models
was calculated. Parameters within each model were fixed—that is, no parameters,
such as gene frequency or penetrances, were estimated. Also, ascertainment



SEGREGATION ANALYSIS OF SCHIZOPHRENIA 1045

correction was unconventional. Hence, it is difficult to interpret the results of
their analysis. Some of the models gave higher likelihoods than others. However,
no statistical tests could be performed.

Finally, with the exception of the study of Tsuang et al. [10], none of the
previous studies fully satisfied modern criteria for collection of family data on
schizophrenia: (1) prospective proband identification (to minimize selection bias);
(2) use of structured interview schedules and explicit diagnostic criteria (to enhance
diagnostic reliability); (3) use of personal interviews as opposed to the family
history method (to avoid underreporting of psychopathology); and (4) blind as-
sessment of family members with respect to clinical and kinship status (to minimize
bias in determining the presence or absence of psychiatric illness according to a
preconceived notion). In addition, none of the previous studies assessed the
“spectrum’ of schizophrenia (i.e., milder phenotypes thought to be genetically
related to schizophrenia) using structured diagnostic instruments and explicit
criteria of demonstrated reliability. The importance of these issues for schizophrenia
research has been discussed [37].

The objective of this investigation was to perform segregation analysis using
appropriate statistical-genetic methodology on a body of family data collected
according to the guidelines discussed above.

MATERIALS AND METHODS

Our probands were patients consecutively admitted with a diagnosis of chronic schizo-
phrenia to clinical research wards at two New York City psychiatric hospitals. All probands
were white and between the ages of 17 and 45. There were 52 males and 27 females. All
probands were directly interviewed, at which time names of all first-degree relatives
(parents, sibs, spouses, and offspring) were obtained. As many of the first-degree relatives
as possible were directly interviewed (85%), using both the Schedule for Affective Disorders
and Schizophrenia (SADS) [38] and the Schedule for Interviewing Borderlines (SIB) [39].
Most of the interviewers were blind to the proband’s diagnosis, although in a small
percentage of cases (25%), complete blindness could not be achieved. Family-history
information on the unavailable relatives was obtained through as many interviewed first-
degree relatives as possible. A detailed description of the sampling procedure has been
given [40, 41].

For each individual, assignment of diagnosis was based on a combination of the direct
interview, medical records, and family-history data. Diagnosis of chronic schizophrenia
was according to the Research Diagnostic Criteria (RDC) [42], which are more restrictive
than DSM-III criteria [43] (all schizophrenic probands were also diagnosed as such by
DSM-III criteria); schizotypal personality disorder (SPD) was diagnosed according
to DSM-III criteria. Two subclassifications of SPD were made according to number of
schizotypal features: definite (SPD-D) with four or more features (DSM-III criteria), and
probable (SPD-P) with two or three features. The rationale for inclusion of the milder
phenotypes in the analysis was their higher frequency among relatives of schizophrenics
than among relatives of controls [41, 44]. Both age at interview and age at onset (defined
as earliest age at which subject met criteria for the diagnosis) were obtained for all individuals.

Because few of the probands were married and/or had children, the analysis presented
here focuses on the nuclear families consisting of the probands and their sibs and parents.
In all, there are 79 probands, 158 parents (of whom five are unknown), and 185 sibs (of
whom 13 are unknown). Each family was ascertained through a single proband (i.e., no
multiple ascertainments occurred).
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Statistical Methods

The data were analyzed twice: (1) first using only the phenotypic dichotomy affected
(schizophrenic) and normal (all others); and (2) allowing for four distinct phenotypes —
schizophrenic (S), schizotypal personality disorder-definite (SPD-D), schizotypal personality
disorder-probable (SPD-P), and normal (N). Individuals with unknown phenotype were
classified as unknown (U).

Two different statistical models were used to analyze the data: the transmission probability
model (TPM) and the mixed model (MM). In the analysis of the dichotomized phenotype
(S vs. N), the two models can be combined into a single, unified model (UM) [34]. In the
UM, affection is defined in terms of a continuous liability scale, with a threshold above
which individuals are deemed affected. Contributions to liability occur through a single,
diallelic major locus, polygenic background, environment common to sibs, and random
environment. The overall population mean for liability is assumed to be 0, and total
variance within each major-locus genotype is 1. Parameters of the unified model are as
follows: Y, ¥y, and {s;, the frequencies for genotypes AA, Aa, and aa, respectively (the
frequency p of allele A = {§; + ¥»/2); 7, 72, and 73, the probabilities that individuals of
genotypes AA, Aa, and aa, respectively, transmit allele A; g;, 82, and g3, the mean liability
of individuals of genotype AA, Aa, and aa, respectively; T, the threshold for affection;
H, the proportion of within-genotype variance due to polygenic background; B, the proportion
of within-genotype variance due to common sib environment; R, the proportion of within-
genotype variance due to random environment; and p and o, the respective mean and
standard deviation of the age-of-onset distribution. The penetrance for each major-locus
genotype can be calculated directly from g, g, g3, and T.

Calculation of the likelihood of the nuclear family was obtained as in equation (17) of
Morton and MacLean [33]. However, their numerical integration scheme was replaced by
Gauss-Hermite quadrature equations, similar to the program POINTER [45].

Preliminary evidence suggested that the age-of-onset distribution could be well char-
acterized by a square-root normal distribution after subtracting 8 years. Also, examination
of the age of onset in our sibships indicated no relationship between age of onset and risk
to relatives (e.g., onset was the same in multiplex and simplex families). Therefore, age
of onset was modeled as follows: only individuals with liability greater than the threshold
T are ‘“‘susceptible,” and their age of onset is determined by the square-root normal
distribution. All individuals with liability greater than T are ‘“‘equally”’ susceptible— that
is, they have the same age-of-onset distribution irrespective of their liability value. Clearly,
this model predicts that age of onset in probands is uncorrelated with morbid risk in
relatives.

When polychotomous phenotypes are considered, the TPM and MM (or UM) no longer
precisely overlap. This is because the MM (or UM) is defined in terms of a liability scale,
with different thresholds for the different severities of disorder (e.g., S, SPD-D, SPD-
P). This parameterization necessarily constrains the relationship among the various genotypes
and phenotypes. More specifically, penetrances of the three genotypes for the four phenotypes
are determined by the three g’s and three thresholds (T ’s), a total of six parameters. In a
general model with four phenotypes, we could allow for a maximum of nine independent
penetrances (three genotypes for three phenotypes; the total penctrance for each genotype
must be 1).

Therefore, in the analysis of the polychotomous phenotypes (S, SPD-D, SPD-P, N),
we have employed two different models. The first is a transmission probability model
with the following parameters: ¥, ¥y, U3, p, 71, T2, T3, K, and o, defined as above; v;;,
i=1,2,3,j = 1,2, 3, where v;; is the penetrance of genotype i to phenotype j. The
genotypes AA, Aa, and aa are ordered 1, 2, and 3, respectively; the phenotypes S, SPD-
D, SPD-P, and N are ordered 3, 2, 1, and O, respectively.

We assumed the same age-of-onset distribution for the three disease phenotypes. In
fact, preliminary examination suggested some slight differences among them; however,
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genetic analyses were virtually identical when three distinct age-of-onset functions were
allowed vs. one.

Parameterization for the unified model (UM) applied to the polychotomous data is
similar to the previous description. In this case, however, we define three thresholds
instead of one: T, T,, and T5. Only individuals with liability greater than T; are susceptible
to schizophrenia; individuals with liability between T, and T; are susceptible to SPD-D;
individuals between T, and T, are susceptible to SPD-P; and individuals below T, are
normal. As before, age of onset is assumed independent of liability; that is, an individual’s
susceptibility to each disease form is determined by his or her liability, and then age of
onset is derived from the single, square-root normal distribution.

Likelihoods were calculated conditional on parents’ phenotypes and ages of onset (if
affected). A conditional approach is necessary, in this case, because of the severe reduction
in fertility of schizophrenics. As described above, conditioning on parents’ ages of onset
is also required because affected parents tend to have later onset, biasing the distribution
to older ages. All families were ascertained through a single proband. Hence, equations
for ascertainment correction assuming single ascertainment were applied (the likelihood
for each family was multiplied by the number of schizophrenic sibs and divided by the
sum of the probabilities for each sib to be affected by his age at examination, given the
parental phenotypes).

In general, we did not impose an incidence condition for any of the disease phenotypes.
The cumulative lifetime incidence of schizophrenia is probably in the range of .005 to
.015. In our control sample [41], the rate was .006. Less information exists about the
incidence of SPD. In our control sample [41], the frequency of SPD-D was .021, and for
SPD-P, .065. If our maximized likelihoods gave predicted incidence values for schizophrenia
clearly out of range, we then imposed an incidence condition (.01), which also acted as
a test of the adequacy of that particular model.

Likelihoods for the UM were calculated using the FORTRAN program MIXQUAL [46], and
for the TPM, with the program TPMQUAL [47]. Likelihood maximizations were obtained
using MAXLIK [48]. Tests of hypotheses were derived using the likelihood-ratio criterion,
comparing twice the log-likelihood difference between a restricted and unrestricted model
with a chi-square distribution, the degrees of freedom determined by the number of in-
dependent constraints applied in the restricted model.

Although likelihoods were calculated conditional on parents’ phenotypes, we did compare
the observed phenotypic-mating-type distribution with that predicted by each of the models
to further assess the plausibility of each model. To do this, for each model, we calculated
the joint probability of each mating type and a schizophrenic child. From these we determined
the posterior probability of each mating type given an affected child. Because of the effects
of reduced fertility and possible assortative mating, no formal goodness-of-fit tests were
performed.

RESULTS

Considering schizophrenia alone, among the 79 families, 67 were simplex with
both parents normal or unknown, eight families were multiplex with both parents
normal or unknown, three were simplex with one parent affected, and one was
multiplex with one parent affected. Considering the schizophrenia spectrum, 23
families were simplex with both parents normal or unknown, eight were multiplex
with both parents normal or unknown, 13 were simplex with one parent affected,
13 were multiplex with one parent affected, five were simplex with both parents
affected, and 13 were multiplex with two parents affected.

Results of segregation analysis of schizophrenia alone using the mixed model
(MM) are presented in table 1. In all cases, the MM converged to a single-locus
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TABLE 2

TESTS OF HYPOTHESES IN THE ANALYSIS OF SCHIZOPHRENIA ALONE

Hypothesis Unrestricted model Parameter restriction X2 df P

Environmentalism ...... Unrestricted T =T, =T 12.72 2 < .01
Mendelism ............ Unrestricted 7=10,7=051m=0 002 2 .90
Dominance ............ Codominant Y= Y2 0.04 1 > .80
Recessivity . ... . Codominant Y2 = V3 7.12 1 < .01
No major locus Dominant* p=20 7.30 1-2 < .05
Incidence = .01 ....... Polygenic T = 2.330 0.34 1 > .50

* The dominant mixed model converged to the dominant single-locus model.

model (i.e., H = B = 0). Therefore, in the table, penetrances for each major-
locus genotype (v;, i = 1, 2, 3) are given instead of means on the liability scale.
In the unrestricted model, 7, was fixed at 1.0 because ¥; converged toward 0.

Table 2 gives tests of hypotheses using the log likelihoods from table 1. The
environmental model is clearly rejected. Mendelian transmission probabilities
are not rejected (in fact, the unrestricted T values are quite close to their Mendelian
values). Dominant inheritance is not rejected compared with codominant. Since
the genotype frequency ; in both the dominant and codominant models converged
toward O, and Y, was also near 0, these models with and without the Hardy-
Weinberg assumption are identical. Comparing the recessive model with the
codominant model assuming Hardy-Weinberg equilibrium in both gives a significant
rejection of the recessive model. The major-locus effect is significant when com-
paring the dominant mixed model (MM) (which converged to the single-locus
dominant model) with the polygenic model (P < .05). An incidence of .01 for
schizophrenia was not rejected in the polygenic model.

In table 3 we calculated the predicted mating-type distribution, incidence and
monozygotic (MZ) twin concordance for the various models and compared them
with the observed (ranges for cumulative lifetime incidence [CLI] and MZ con-
cordance are taken from Gottesman and Shields [6]). Only mating types where
both parents are known are included (hence, four are excluded). The mating-
type distribution predicted by the dominant model is clearly discordant from the

TABLE 3

SUPPLEMENTARY PREDICTIONS OF MODELS FOR SCHIZOPHRENIA ALONE

MobEL
MATING TYPE OBSERVED Dominant Recessive Polygenic Polygenic*
NXN .............. 71 8.1 72.8 50.2 57.8
NXS . ..ol 4 66.5 2.1 24.0 16.8
S XS 0 0.4 0.1 0.8 0.5
Incidence ............ .005-.015 .0068 .0025 .0202 .010
MZ concordance ...... .35-.58 .89 .40 1.00 1.00

* Cumulative lifetime incidence of schizophrenia constrained to .01.
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observed, even allowing for reduced fertility. Also, the MZ concordance is over-
estimated. The recessive model gives reasonable agreement with the observed
mating-type distribution, but slightly underpredicts the number of N X S matings,
especially considering the reduced fertility effect. Also, incidence is slightly
underestimated. The polygenic models overpredict the number of N X S matings,
but might be acceptable in the presence of a strong fertility effect. The MZ
concordance, however, is overestimated. Implications of these rsults are elaborated
in the DISCUSSION section.

Tables 4 and 5 give the results of segregation analysis for the schizophrenia
spectrum using the transmission probability model (TPM) and the mixed model
(MM), respectively. Tests of hypotheses are given in table 6. The environmental
hypothesis is strongly rejected (P < .001), while Mendelian transmission prob-
abilities are not rejected (P > .40). Both dominant and recessive models are
acceptable when compared with the codominant model. The CLI of schizophrenia
predicted by the dominant model is somewhat high (.038); however, a CLI of
.01 is not rejected (P > .50). Tests of no polygenic component are not quite
rejected in the mixed-dominant and mixed-recessive models (.10 < P < .20 in
both cases). Similarly, tests of no major locus are not rejected in the dominant
and recessive mixed models (P > .40 and P > .30, respectively). The polygenic
model gives an estimate of CLI (.0006) well below the observed. However, a
CLI of .01 was not rejected in the polygenic model (P > .50).

Table 7 gives observed and predicted mating-type distributions, CLIs, and MZ
concordance for various models. The CLIs for SPD-D and SPD-P were obtained
from a control series [41]. Considering the observed mating-type distribution
(for which we have combined SPD-D and SPD-P into a single category: SPD),
we expect the frequency of N X S, SPD X S, and S X S matings to be reduced
because of the fertility effect, while SPD X SPD matings may be increased if
there is positive assortative mating. Comparing predictions of the various models
with the observed, we see that once again the dominant model predicts distributions
highly discrepant from the observed. Allowing for possible fertility and assortative
mating effects, none of the other models can be strictly ruled out, although clearly
the recessive mixed model gives the closest correspondence to the observed.
Examining the incidence estimates, the dominant and recessive models overpredict
the observed, and the polygenic model underpredicts them. However, the polygenic
model with a CLI of .01 for schizophrenia imposed gives reasonable agreement
with the observed CLIs for SPT-D and SPT-P, as do the dominant and recessive
mixed models. Considering the estimated MZ concordance, the dominant mixed
model and the dominant model without polygenic background overpredict while
the single-locus recessive model underpredicts the observed. Other models give
reasonable agreement.

DISCUSSION

In the analysis allowing for a dichotomous phenotype (schizophrenic vs. normal),
segregation analysis using a conditional likelihood yielded significant evidence
for a major-locus effect. Mendelian transmission probabilities were not rejected,
while the polygenic model was rejected. The most likely model was dominant
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inheritance. However, examination of the observed mating-type distribution and
that predicted by the dominant model revealed an enormous discrepancy.

For comparison, we also performed segregation analysis using a joint likelihood
(ignoring the effect of reduced fertility). The results were entirely different.
Twice the negative log likelihoods for the various models were as follows: dcininant,
748.46; recessive, 740.16; and polygenic, 741.48. Evidence for a major locus
disappears (the polygenic model is not rejected), and the recessive model is much
more likely than the dominant model. We also calculated the joint likelihoods
for the single-locus models, specifying the penetrance for schizophrenia in the
parents to be one-third the value in the offspring [23]. In this case, the dominant
and recessive models had nearly identical likelihoods.

These results indicate that great caution must be taken when interpreting results
of segregation analysis using a conditional likelihood, even though, in this case,
it is required because of significant fertility effects related to the disease. In a
preliminary presentation of the segregation analysis results [49], we had not
considered the observed and predicted mating-type distributions and were unable
to reject the single-locus dominant model. In any event, the results do suggest
consistency with Mendelian transmission, but little power to distinguish among
hypotheses.

An increase in power is derived by incorporating SPD into the analysis as part
of the schizophrenia spectrum. In the transmission probability model (TPM),
Mendelian transmission probabilities are not rejected, and the dominant model
gives the highest likelihood. However, the dominant model is once again highly
discordant with the observed mating-type distribution as well as the MZ con-
cordance. Examination of results from the mixed-model (MM) analysis suggests
that familiality is not due exclusively to the effect of a single locus as these
models were nearly rejected in segregaton analysis and were discordant with
supplementary observations. The polygenic model could not be rejected in seg-
regation analysis, and its predictions were in reasonable agreement with the
observed mating-type distribution, SPD incidences, and MZ concordance. How-
ever, the results here suggest that a single locus may contribute significantly to
the liability of schizophrenia and SPD; it is more likely to be recessive than
dominant, with high gene frequency (.611) and low penetrance for schizophrenia
(.017). The recessive mixed model gives the highest likelihood in segregation
analysis, good correspondence to the observed mating-type distribution and in-
cidences for S, SPD-D, and SPD-P, and reasonable agreement with the MZ con-
cordance. Furthermore, considering the strong selection against schizophrenia,
it is difficult to reconcile a dominant major gene with the high incidence of
disease. A recessive allele may be maintained at high frequency in the population
through balanced selection [50]. The components of liability variance for the
recessive mixed model are: major locus, 62.9%; polygenes, 19.5%; common sib
environment, 6.6%; and random environment, 11.0%.

Many qualitative and quantitative traits that seemed to conform to polygenic
inheritance have subsequently been shown to have a small number of major loci
making the major contribution to their genetic variance. Such loci can be found
either through genetic linkage studies or through associated biochemical traits.
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Because of the high predicted gene frequency, the results presented here suggest
that for schizophrenia such a trait might be very frequent among schizophrenics,
but also not infrequent among normals (i.e., there is low specificity).

Segregation analysis was also performed assuming two thresholds, one for
schizophrenia and one for SPD-D, with SPD-P classified as normal. The results
were not significantly different from the analysis with three thresholds. Also,
results of parameter estimation with the polygenic model assuming one, two, or
three thresholds (for S alone; S and SPD-D; and S, SPD-D, and SPD-P) gave
consistent estimates for thresholds and components of liability variance (results
not shown). This provides further evidence that SPD-D and SPD-P are in the
genetic spectrum of schizophrenia.

In evaluating the observed and predicted parental-mating-type distribution, we
have allowed for reduced fertility among schizophrenics. It is possible that fertility
is reduced in SPD as well. From our sample, we can obtain the distribution of
number of offspring produced by the various mating types. The number of matings
and mean number of children per mating is given in table 8 for the various mating
types. These values do not represent true relative fertilities, since each mating
has produced at least one schizophrenic child. However, if we assume that within
each mating type the risk for a child having schizophrenia is independent of the
number of children in the family, then the parameter represented by the values
in table 8 is w + o*/w, where p. and o are the mean and variance of the progeny
distribution, respectively (see APPENDIX). The mean number of progeny in table
8 for SPD X SPD, SPD X N, and N X N matings are 3.57, 3.29, and 3.23,
respectively. These results suggest that either SPD individuals have at least the
same number of children as normals or, if not, then they are more variable with
respect to their mean than normals. In fact, if fertility within marriage for SPD
is the same as for normals, but the frequency of marriage reduced, the parameter
p + o is expected to stay the same (see APPENDIX). Hence, the question of
fertility differential related to SPD is difficult to assess from our data.

The question of assortative mating is also difficult to answer. If we combine
all three diagnoses (S, SPD-D, SPD-P) into a single category called schizophrenia
spectrum (SS), the observed mating-type distribution from table 7 becomes 31
N X N, 26 N x SS, and 18 SS X SS. The frequency in category SS X SS
seems to be somewhat high. However, the expected values depend strongly on
mode of inheritance. For example, if we let a = freq(N X N), b = freq(N X
SS), and ¢ = freq(SS X SS), the ratio b*4ac can take on values greater than 1
(e.g., dominant inheritance), equal to 1 (e.g., recessive inheritance), or less than
1 (e.g., recessive with sporadic cases). Hence, the issue of assortative mating
with regard to the schizophrenia spectrum requires more direct study.

TABLE 8
No. OFFSPRING PRODUCED BY THE VARIOUS MATING TYPES

Mating type ........... NxN NXSPD SPDXSPD NxS SPDXxS SXxS§
NOw v, 31 24 16 2 2 0
Mean no. children ...... 3.23 3.29 3.57 1.50 1.50 cee
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Inferences with regard to mode of inheritance in this study were based on a
sample of 79 nuclear families. We would therefore expect greater power to obtain
either in a larger sample of nuclear families or in extended pedigrees.
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APPENDIX
FERTILITY IN MATINGS PRODUCING AN AFFECTED CHILD

Let N be a random variable representing the number of children produced (progeny
distribution). Let ¢; = Prob(N = i), and let u and o? be the mean and variance of N,
respectively. The probability that a child comes from a sibship of size s is sq,/Ziq; = sq,/
. The number of children in such a family is s. Therefore, the expected number of
children i121 the family with at least one affected is Zs(sq,/p) = (Ss?q,)/p = (6? + w3/
=wn + o/p.

Suppose fertility of affecteds is normal within marriage but marriage rate is reduced.
Then the progeny distribution for affecteds (A) may be given by ry = Prob(A = 0), r; =
(1 = ro)pil(1 = po), i > 0.

pa = Zir; = Zi(l — rgp/(1 — pp) = (1 — reyw/(1 — po) .
oal = Zifr; — pa? = S — ropd(1 — pp) — pa
= (1 — rg)(e® + pH/(1 — pp) — (1 — r’p(1 — pog)*

(1 = ro)a¥(1 = po) + (1 = ro)(ro — po)RH(1 — po)* .

Thus, pa + 0p%pa = (1 = rOp/(1 = po) + %/p + (ro — pp/(1 — p)) = p + o¥/p.
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