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Abstract

In this study we explore whether a phenocopy frequency (de-
fined as a ‘penetrance’ for nondisease genotypes) can approxi-
mate or model genetic heterogeneity in a single-locus analysis.
We simulated two types of heterogeneity situations: ‘sporadic
models’, where there are two forms of a disease, one genetic
and linked to a marker and the other purely random, and ‘ge-
netic heterogeneity models’, where the disease is caused by
either of two different loci, one linked to the marker and the
other unlinked. We analyzed simulated data sets for linkage,
assuming a single-locus analysis with varying phenocopy fre-
quency, in analogy with earlier work on epistatic two-locus
models. We found that in the presence of purely random spo-
radics, there was a difference between assuming any nonzero
phenocopy frequency and a zero frequency, but that the actual
value of the assumed phenocopy frequency had little effect on
the maximum lod score. In contrast, when both forms of dis-
ease are genetic, and are generated under similar genetic
parameters, assuming a positive phenocopy frequency will
not, in general, compensate for the presence of the unlinked
form. However, when the modes of inheritance of the two
forms differ, the assumption of a nonzero phenocopy frequen-
cy does have an effect, either to increase or decrease the maxi-
mum lod score, depending on the modes of inheritance of the
two disease forms. We conclude with practical recommenda-
tions for investigators, based on these results.
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Introduction

While linkage analysis provides a powerful
tool to detect the chromosomal location of a
genetic disease and has proven successful in
detecting genes for single-locus mendelian
disorders, it has been less successful when
used to look for disease loci for the so-called
common complex diseases, such as epilepsy,
schizophrenia, etc. These are conditions in
which there is no clear mode of inheritance
and where confounding factors, such as re-
duced penetrance, heterogeneity and pheno-
copies, are thought to exist.

The work we report here is part of an ongo-
ing effort to determine optimal approaches to
analyzing linkage data from the common
complex diseases. Following up our earlier
work on the problem of heterogeneity [1-3]
we wanted to test the notion that one could
compensate for heterogeneity in a linkage
analysis by varying the assumed phenocopy
frequency.

In this work, we consider two (out of many
possible) heterogeneity models - a ‘sporadic’
model and a ‘genetic heterogeneity’ model (to
be defined more precisely under Methods).
These two kinds of heterogeneity lead to en-
tirely different ways of interpreting a pheno-
copy frequency assumed in a linkage analysis,
as we will show.

Our motivation for this work arose from
our earlier work on epistatic models {4-7].
There, we had shown that when a disease is
controlled by two or more mendelian loci act-
ing epistatically, this disease can be modeled
in a linkage analysis as a single-locus mende-
lian disease with reduced penetrance. That is,
‘reduced penetrance’ can be used to approxi-
mate or mimic the action of a second, epistat-
ic locus. In the current work we hoped to draw
an analogy between the epistatic and hetero-
geneity situations. Just as assuming reduced
penetrance can compensate for the action of
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the second locus in the epistatic case, we won-
dered whether a ‘phenocopy frequency’ (to be
defined below) might be able to mimic the
action of a second, unlinked locus in a genetic
heterogeneity model (also see the Discus-
sion).

Before approaching the above question, as
a control, we also explored the effect of vary-
ing the phenocopy frequency in a linkage
analysis when the true model is genetic plus
sporadic cases. We wanted to determine how
accurately one could estimate the phenocopy
frequency using the maximized maximum lod
score or mod score (MMLS) method [1, 8-
11}, i.e., maximizing the maximum lod score
over different values of the phenocopy fre-
quency.

When we assumed a ‘sporadic model’ to
analyze data generated from a ‘sporadic mod-
el’, we found that maximum lod scores were
extremely insensitive to phenocopy frequen-
cies used to analyze the simulated data; the
only thing that mattered was whether one
allowed for the existence of phenocopies at all.
We found that we could not estimate a pheno-
copy frequency accurately using MMLS with
the data set sizes that we used (40 nuclear
families). Secondly, when we used a ‘sporadic
model’ to analyze data generated under genet-
ic heterogeneity, we found that in general this
approach did not compensate very well for
genetic heterogeneity in a linkage analysis.
We found that there are also circumstances in
which it is better not to assume a positive phe-
nocopy frequency — even in the presence of
genetic heterogeneity. We will conclude with
practical recommendations for the investiga-
tor.

Methods

We define the phenocopy frequency, g = Plaf-
fected | nondisease genotype]. That is, g represents a
‘penetrance function’ for the genotype aa (if the disease
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is dominant) or for the genotypes Aa and AA (if the
disease is recessive). This is not to be confused with the
phenocopy rate, usually defined as P[nondisease geno-
types | affected], i.e., the proportion of sporadic cases
among all affected individuals in the population [12].

We describe first the generating models under
which we create the data. then the models used for
analysis.

Generating Models

Family data were generated by computer simula-
tion, with two clinically indistinguishable forms of dis-
ease in the population. For all cases, one form was
caused by a locus tightly linked to the marker, but the
second form differed for the ‘sporadic’ and ‘genetic
heterogeneity’ models (see below). We used our simu-
lation program [3, 13] to generate data under both
‘sporadic’ and ‘heterogeneity’ models, as follows:

Sporadic Models. Under these models, the second
form of disease was sporadic, or purely random. Indi-
viduals having this second form are called ‘sporadic
cases’. The probability of having this form is strictly
random, i.e. not correlated within families. The pheno-
copy frequency g defined above gives the probability
that an individual who is not at genetic risk will have
this form of the disease.

In the simulations, the linked (i.e., first) form of the
disease is autosomal dominant (for D) or autosomal
recessive (for R) with full penetrance, and a disease
allele frequency of 0.005 (D) or 0.1 (R). These gene fre-
quencies were chosen to yield a population prevalence
of about 1%. The disease is tightly linked to the marker
(recombination fraction 6 = 0.01). The second disease
form is modeled by fixing g at the values 0.002, 0.006,
and 0.010 (sporadic models 1-6; table 1). Thus, the
proportion of sporadic cases among all affected ranged
from 0.17 to 0.5. We use the notation D+P and R+P to
indicate dominant + phenocopies and recessive + phe-
nocopies, respectively. Table 1 summarizes these gen-
erating parameters.

For each of the six ‘sporadic’ models, 125 data sets
consisting of 40 families each were generated, by the
following protocol: Population samples of nuclear fam-
ilies (consisting of two parents and at least two off-
spring) were generated, and families were selected if
they had at least one affected member. Sibship sizes
were determined according to a negative binomial dis-
tribution with mean = 2.8 and standard deviation =
2.3. [14] For these ‘sporadic’ models, some families
exhibited the genetic form, and others, the sporadic
form. Only rarely did a ‘genetic’ family also include a
‘sporadic’ case.

Phenocopies and Heterogeneity

Table 1. Description and model numbers of 10
‘sporadic’ generating models and 12 ‘genetic heteroge-
neity’ generating models used in this study

A. Sporadic models

. R+Pmodels =

=0 . With‘f‘;t,q#ﬂ:f,ie =0
1 0.002 4 0.002
2 0.006 5 0.006
3 0.010 6 0.010

B. Genetic heterogeneity models
form 1 (linked): f; =1,0=0;
form 2 (unlinked): f=1,0=0.5

D+D models . R+Dmodels
with q = 0;005 with q; =01
model - . q; model gy
1 0.005 7 0.005
2 0.0025 8 0.0025
3 0.0005 9 0.0005
D+R models R+R models

with g, = 0.005 with q; =0.1
model 73 model &G

4 0.100 10 0.100
5 0.071 11 0.071
6 0.032 12 0.032

f = Penetrance; q = gene frequency; 6 = recombina-
tion fraction. In the sporadic models, g = phenocopy
frequency. In the heterogeneity models, the subscript 1
refers to the linked locus, and 2, to the unlinked locus.
For the ‘genetic heterogeneity’ models, gene frequen-
cies were chosen to ensure that the unlinked form
would occur in frequencies which were equal to, one
half of, and 10% of the population frequency of the
linked form. D+P models: autosomal dominant; R+P
models: autosomal recessive.
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Genetic Heterogeneity Models. Under these mod-
els, the second form of the disease is, like the first form,
genetic, but its locus is not linked to the marker. Both
D and R models of inheritance were simulated at each
disease locus. We use the notation D+D, D+R, etc.,
where the first letter describes the mode of inheritance
of the linked form of disease, the second describes the
unlinked form, and the + sign indicates heterogeneity
(as opposed to epistasis), as in [2] (also see the Discus-
sion).

In the simulations, there was full penetrance at
both loci. We generated families under three sets of
parameters each of the D+D, D+R, R+D and R+R
models. For the linked disease locus, the gene frequen-
cy was always 0.005 (D) or 0.1 (R), as with the ‘sporad-
ic’ models. For the unlinked form, the gene frequency
was chosen so that the unlinked form would occur in
frequencies which were equal to, one half of, and 10%
of the population frequency of the linked form. (That
is, 0.005, 0.0025, and 0.0005 for D and 0.1, 0.0707 and
0.0316 for R.) See table 1 for a summary.

Data sets were generated by the same protocol as
for the ‘sporadic models’, except that the families were
put into 250 data sets of 20 families each, because
these data sets were expected to be more informative
(since both kinds of families contained more linkage
information). The average data set contained approxi-
mately 100 individuals.

Analysis Models

All data sets, whether generated under a ‘sporadic
model’ or a ‘heterogeneity model’, were analyzed as-
suming a ‘sporadic model’. Lod scores were calculated
by LIPED [15].

The data were analyzed under the correct mode of
inheritance for the linked form (AD or AR), with the
correct gene frequencies at that locus. The analysis
phenocopy frequency, g, was varied over the values
0.0, 0.002,0.004, ..., 0.010 in the sporadic and hetero-
geneity data sets. The analysis penetrance was set to
=1.0. In all data sets, Z,x (the maximum lod score)
was calculated for each value of the assumed g. We cal-
culated the means and standard deviation of Z,, for
each assumed g, and plotted mean Z,, versus g.

Results

Our findings were twofold. First, we deter-
mined that, in the cases where the unlinked
form of the disease is sporadic, the value of
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the assumed phenocopy frequency g, makes
little difference to the final lod score, as long
as that assumed g is not zero. Second, if the
unlinked disease has a genetic basis, we found
that assuming a phenocopy frequency usually
does not compensate for this other form in the
linkage analysis. Below, we examine the re-
sults for the sporadic and genetic heterogene-
ity models in detail.

Sporadic Models

Figure 1 shows graphs of mean Z,,, as a
function of assumed g for the six ‘sporadic’
models. Note that the Z ., values remain sim-
ilar, no matter what valtue of g was used in the
analysis, provided only that the assumed g
was positive. These results suggest that the
actual phenocopy frequency cannot be easily
estimated from a linkage analysis, in contrast
with how accurately penetrance can be esti-
mated from a linkage analysis [4]. When we
assumed g equal zero, in contrast, Z.x was
lower than for any positive g.

Because Z,,x appeared to rise so sharply as
g rose from 0 to 0.002, we also examined phe-
nocopy frequencies smaller than 0.002, i.e.,
from 10-% to 0.001 (results not shown). The
initial increase in Z,,,x remains steep, with the
curve then flattening at phenocopy values
greater than 10-5. These results further sup-
port the idea that Z ., is almost independent
of the assumed g, as long as this assumed g is
positive.

Genetic Heterogeneity Models

Under the ‘genetic heterogeneity models’,
the behaviors of the Z,,,x versus g curves were
less clear-cut. For some models, Z ., decreased
monotonically as the analysis g increased.
Even when the curve did peak at some nonzero
g value, this g did nor appear to represent any
useful or meaningful ‘estimate’ of a phenocopy
frequency. Beyond that, the results differed
depending on the heterogeneity model.
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is dominant (D+P, models 1-3).
b Models where the linked locus is b
recessive (R+P, models 4-6).

Figure 2a shows graphs for the models
where the linked locus was D. Under the D+D
model, the actual value of the assumed g -
whether zero or nonzero - made little differ-
ence in the Z,,x. Unlike the models with true
sporadics (D+P, fig. 1), Z.x changed only in
the second or first decimal place as the analy-
sis g increased from zero to 0.02. Under the
D+R model, in contrast, Zny.« did increase
sharply and discontinuously as the assumed g
rose from zero, although less so than when the
model was D+P. Tha is, again allowing for
any phenocopies increased Zg.x relative to
allowing for zero phenocopies. After this ini-
tial increase, Zyax decreased monotonically

Phenocopies and Heterogeneity

e T T T T T T i Ny ™
0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.010

Analysis  phenocopy frequency g

with increasing g. In contrast, when the first
locus was R, assuming a positive g lowers Z max
compared to assuming a g of zero (fig. 2b). In
all these models, Z,,, decreased monotonical-
ly with increasing g.

Discussion

Our most striking findings were (a) when
the true model was ‘sporadic’, there was a
marked difference between the analyses as-
suming a zero phenocopy frequency and those
assuming any of a broad range of phenocopy
frequencies, and (b) when the true model was
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score vs. assumed phenocopy fre-
quency g for the ‘genetic heteroge-
neity’ models. Models are as de-
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the linked locus is dominant. Solid

Model 8
Model 10

lines indicate D+D (models 1-3);
dashed lines indcate D+R (models
4-6). b Models where the linked lo- 0

Mean maximum lod score
{e;}
H

Model 7

cus is recessive. Solid lines indicate
R+D (models 7-9); dashed lines in-
dicate R+R (models 10-12).

-3

‘genetic heterogeneity’, a phenocopy frequen-
cy does not appear, in general, to compensate
for heterogeneity. We now discuss the impli-
cations of these findings in more detail.

Sporadic Models

It is well known that under the correct
genetic mechanism, one can estimate un-
known genetic parameters by maximizing
maximum lod scores over those parameters
(MMLS or mod scores; [8-11]). Thus, our
goal was not to determine whether one could
estimate the parameter g, but rather sow well
one could estimate g in reasonable-sized data
sets. Our simulations yielded a relatively flat
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0.000 0.0010.002 0.003 0.004 0.008 0.006 0.007 0.008 0.009 0.010

Analysis phenocopy frequency g

Zmax versus g curve, from which g could not be
estimated with any precision, even with the
larger data sets of 40 families each.

The other interesting finding was the ‘dis-
continuity’ between using an assumed g of 0
and using any positive value. We surmise that
when the possibility of sporadics is not al-
lowed for (i.e., when one assumes a zero g val-
ue in the analysis), all families are considered
genetic. This produces evidence against link-
age. Assuming a phenocopy frequency then
allows for the possibility of another form of
disease. This allowance is sufficient to make
the sporadic families be incorporated as spo-
radic, as opposed to genetic. Yet, as noted
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above, there is still too little information in
the data - at least, in data sets of these sizes —
to estimate g.

When one looks at the family structures in
- a dataset generated under, for example, the
D+P model, the mixture does not look like a
fully penetrant autosomal dominant disease.
We wondered whether analyzing the data as-
suming reduced penetrance could have the
same effect as analyzing assuming a nonzero
g. We analyzed the ‘sporadic’ data sets under
a zero phenocopy frequency but assuming
several penetrance values (results not shown).
We found that the lod score increased only
slightly and that the increase did not exceed
one lod score unit at any value of the assumed
penetrance. In neither the dominant nor re-
cessive case did the lod score increase as dra-
matically as we observed when g was assumed
to be positive. Therefore, simply assuming a
reduced penetrance will not compensate for
sporadics.

Genetic Heterogeneity Models

The main focus of this study was on the
‘genetic heterogeneity’ models, because we
had been struck by the analogy between epis-
tatic two-locus (2L) models and genetic heter-
ogeneity models. For example, one can use
‘DD’ to refer to an epistatic disease in which
an individual must have one copy of the dis-
ease gene at each of the two disease loci in
order to be affected, i.e., locus A and locus B.
Then ‘D+D’ can denote a two-locus heteroge-
neity model in which an individual must have
one copy of the disease gene at either of the
two disease loci to be affected, i.e., locus A or
locus B [2, 16]. Thus, where the epistatic mod-
els are ‘multiplicative’, their heterogeneity
counterparts are ‘additive’. Moreover, if dis-
ease status is determined by, say, a DD mod-
el, then the unaffected state can be viewed as
being caused by an R+R model; that is, DD is
complementary to R+R. Similarly, DR -

Phenocopies and Heterogeneity

R+D, RD - D+R, and RR - D+D are all com-
plementary pairs of models. Pursuing the ana-
log, the role played by penetrance in an epis-
tatic model matches that played by phenoco-
py rate g in a genetic heterogeneity model.
Since it has been established [6, 7] that pene-
trance can successfully compensate for the
action of a second locus in a multiplicative
model - despite being a random probability
that does not reflect the genetic action of that
second locus - we wondered whether pheno-
copy rate could also compensate for the action
of a second locus in additive models such as
those considered here.

However, our results did not bear this out.
As figure 2 shows, when we increased the val-
ue of g used in the analysis, Z,; increased
for only one set of models (D+R), and then
only slightly; under all other models, Zpy,x
stayed steady or actually decreased with in-
creasing g.

We speculate that this is because, in con-
trast to the epistatic models, where the linked
disease locus is linked in al/l families, here in
the case of genetic heterogeneity not all fami-
lies are actually linked. Therefore, when one
assumes g > 0, families with the disease
caused by the unlinked locus give less nega-
tive evidence for linkage, but the lod score of
the linked families decreases. The final lod
score depends on how much information
from the linked families is lost compared to
what extent the negative contribution of the
unlinked families is ‘canceled’ out. When the
modes of inheritance and penetrance of the
linked and unlinked form of the disease are
the same, the unlinked families are similar in
structure to the linked form, so the loss and
gain in information neutralize each other.
Thus, despite our assumption of a range of
positive g values, the lod score for the D+D
model did not change as a function of g. How-
ever, for the D+R case, the lod score rose
when a positive g was assumed, just as it did
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when true sporadics existed. It appears that
the more ‘sporadic-like’ the unlinked form is,
compared to the linked form, the more effec-
tive it is to assume a nonzero g.

Moreover, the structure of recessive fami-
lies, especially those ascertained through only
one affected member, resembles that of spo-
radic families more than that of dominant
families. It appears that the more the second
disease ‘resembles’ a sporadic, the greater the
effect of assuming a nonzero g on the analysis.
In the models where the linked form was
recessive, the lod score either dropped (R+D
model, fig. 2¢) when we assumed a positive g
or remained approximately the same (R + R
model, fig. 2d). The drop in lod score when we
assumed a positive g can be attributed to the
loss of linkage information from many of the
linked families because they are more ‘spo-
radic-like’.

Another concern is whether assuming a
nonzero g could lead to spurious indications
of linkage, i.e., to inflation of type 1 error. To
investigate this possibility, we performed ad-
ditional simulations, with (a) only data sets
with linked families, but at a higher recombi-
nation fraction; (b) only ‘sporadic’ data sets,
and (c) only data sets with tightly linked fami-
lies. We observed no inflation of type 1 error
rate in these simulations, so we conclude there
is probably little if any such inflation in real
data sets.

In another set of simulations, we deliber-
ately selected families with both forms of dis-
ease present. Obviously, one would not delib-
erately sample families in this way, but we did
this in an effort to understand the behavior of
the lod scores more thoroughly. We were also
motivated by our previous work suggesting
that exclusive sampling of ‘high-density’ pedi-
grees might increase intrafamilial heterogene-
ity [2]. We found that in these families spe-
cially selected for having both forms of the
genetic disease present, assuming a pheno-
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copy frequency does compensate for the sec-
ond, unlinked form of disease. Not only is the
yield in linkage information (i.e., Zay) high-
er, but also the estimate of the recombination
fraction at this maximized Z,x iS much clos-
er to the generating value.

Therefore, it seems to be possible to use a
phenocopy frequency in the analysis to reduce
the influence of the second unlinked form of
the disease in families with intrafamilial het-
erogeneity, at least in the specially selected
families we used. It appears to work best when
the linked form of the disease is dominant.
The reason why this approach appears to yield
better results with intrafamilial heterogeneity
than with interfamilial heterogeneity may be
because the linked form within a family still
provides positive linkage information, where-
as the individuals affected with the second,
unlinked form will give reduced negative in-
formation when a phenocopy frequency is
assumed. In the interfamilial heterogeneity
situation, in contrast, whole families will be
forced to give little linkage information. This
finding gives more insight into the behavior of
lod score analysis in the presence of sporadics,
and can also be useful for some study designs
which may, perhaps inadvertently, increase
intrafamilial heterogeneity [2].

Finally, one might ask why an investigator
would even consider using this simple analy-
sis, rather than an admixture heterogeneity
linkage analysis [17, 18]. We feel that this
approach presents another tool for the analy-
sis of complex diseases, particularly for an ini-
tial genome scan, where an investigator may
prefer a simpler, quicker method. Also, stud-
ies have been published in which the investi-
gators assumed a positive g without consid-
ering a zero g, but we have demonstrated here
that this is not necessarily a good course of
action,
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Recommendations

We cannot generalize overmuch, since
simulation results are limited to the models
considered. On the other hand, this study has
covered a broad spread of simple genetic het-
erogeneity models, so we feel it is safe to make
the following recommendation:

In the analysis of complex common dis-
ease, where phenocopies and heterogeneity
are a possibility, we recommend testing the
effect of assuming a small phenocopy frequen-
cy (g = 0.002-0.005) in the analysis, as well as
zero g. If Z... increases, the presence of
another form of disease is possible, and the
information in favor of linkage increases. In
this case keep the phenocopy frequency in the

analysis. If a positive lod score under the
assumption of g = 0 decreases when g is posi-
tive, this suggests that the positive g is cancel-
ing out positive linkage information because a
‘more penetrant’ unlinked form is present in
the data set. In this case, go back to a phenoco-
py frequency of zero. We think it important,
however, not to simply assume a phenocopy
frequency, because it is possible to inaccurate-
ly decrease the evidence for linkage in some
situations. The lod score may increase sub-
stantially when there are sporadics in the data
set. It will increase moderately when there is
intrafamilial heterogeneity and the increase
will be greater when the linked form is domi-
nant and the unlinked form recessive.
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