true confounder r, is known. This indicates to us that there
is much additional work that can be done to investigate the
question of model selection for the stratification score.
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XMCPDT Does Have Correct
Type | Error Rates

To the Editor: In the January 2007 issue of the Journal,
Chung et al.' compared X-APL proposed by them to
XMCPDT proposed by Ding et al.> Based on their simulation
results, they stated that with use of allele frequencies esti-
mated from observed parental genotypes, XMCPDT would
give inflated type I error rates. Here we wish to point out
that use of estimated allele frequencies is not the cause of
inflated type I error rates. Rather, the actual cause was the se-
vere violation of the XMCPDT assumption in their simula-
tion settings, which was discussed at length in Ding et al.?
As explicitly stated there, one assumption for XMCPDT to
be a valid test for association under linkage is that “the ped-
igrees in a study are assumed to be drawn from a population
of (extended) families, each of which has at least one affected
offspring.” They went on to say, “Otherwise, bias may exist,
especially when all families have the same structure and
affection pattern, which, fortunately, is not the case in a ge-
netic study that collects pedigrees of all shapes and sizes and
affection patterns.” To study the robustness of the test statis-
tic to departure from the assumption, Ding et al.? investi-
gated trios as well as families with six children and con-
cluded that “in a genetic study with pedigree data, bias
should be negligible, and the proposed test statistic may be
safely used.” However, the simulation settings in Chung
etal.," which fixed the affection statuses of the offspring, se-
verely violated the assumption, leading to appreciable bias.

A fuller dissection of the assumption of Ding et al.? is
needed in order to facilitate understanding of why the
settings in Chung et al.’ constitute severe violations. The
sampling assumption treats affection status of a given fam-
ily structure as a random event, and as such, all sorts of
affection patterns are permitted. For example, for nuclear

families with three children (a setting in Table 4 of Chung
et al."), under the assumption, one would expect some
families having one, some having two, and some having
all three children being affected. However, Chung et al.’
only allow exactly two of the three children in each of
the nuclear families to be affected, thus severely violating
the assumption. Such a restriction on the affection status
appears to be rather unrealistic in a genetic epidemiolog-
ical study, as it is unlikely that a family with three chil-
dren would only be included in the study if exactly two
of the three children were affected. With inclusion of
one-affected and three-affected families, the power is ex-
pected to increase substantially. More importantly, as dem-
onstrated below through simulations, it is in fact X-APL
that gave inflated type I error rates when the XMCPDT
assumption was roughly satisfied, especially when data
from extended families were included.

Our first simulation setting made use of the same family
structure, discussed above, as that of Chung et al.,! but
ours allowed for one-affected and three-affected families
to be included in addition to the two-affected ones. One
hundred nuclear families, each with two parents and three
offspring, were simulated in each replicate. Among those
100 families, 25 had three male offspring, 25 had two
male and one female offspring, 25 had one male and two
female offspring, and the remaining 25 had three female
offspring. Furthermore, parents in 50 of the families had
observed genotypes, and those in the other 50 families
did not. The disease models were the same as those in Table
1 of Chung et al.! For each of the four family types, we sim-
ulated the data until we had 25 families, each with at least
one affected offspring. The disease locus was used to calcu-
late powers. In addition to the disease locus, a marker with
the same allele frequencies and in complete linkage and
linkage equilibrium was also simulated and used to calcu-
late type I error rates. The second simulation setting had
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Figure 1. Comparisons of Type I Error Rates and Powers between X-APL and XMCPDT

(A and B) Type I error and power, respectively, for the setting with three-children families with at least one affected.

(Cand D) Type I error and power, respectively, for the setting with OSUMS family structures.

The horizontal dashed line in (A) and (C) marks the nominal level of type I error rate. A total of 12 models were considered: recessive
models RA-RF and multiplicative models MA-MF.> XMCPDT; and XMCPDT. are XMCPDT with true or estimated allele frequencies.

the same disease models but used the Ohio State University
multiple sclerosis (OSUMS) pedigree structures.” There were
atotal of 81 pedigrees, with both nuclear and extended fam-
ilies. The total number of individuals was 386, and among
them 102 were assumed to have missing genotypes. The
same setups as described above were used for studying the
type I error rates and powers. For each fixed family struc-
ture, we simulated genotypes and phenotypes for each
member of the family. If there was no affected offspring
in the family, we performed the same simulation again until
the requirement was met. Then the genotypes of individ-
uals that were missing in OSUMS were removed from our
simulated data before performing the analyses. A total of
1000 replicates were simulated under each setting. Type I
error rates and powers were calculated with X-APL and
XMCPDT with the nominal level « set to be 0.05.

The results are shown in Figure 1. Under the first setting
with only nuclear families, although X-APL had slightly
higher powers than XMCPDT with either the true allele fre-
quencies or the allele frequencies estimated from observed
founder genotypes (Figure 1B), it also had larger actual type

I error rates under most disease models (Figure 1A). In com-
parison of the two XMCPDTapproaches, use of true allele fre-
quencies gave slightly higher powers than use of estimated
allele frequencies, but both gave very similar type I error
rates, all around the nominal level. Under the second setting
with the OSUMS pedigree structures, which included
extended pedigrees, the power comparisons among the
three methods were similar to those under the first setting
(Figure 1D). On the other hand, although the type I error
rates from XMCPDT were still very close to and around the
nominal level, those from X-APL were higher than the nom-
inal level for almost all of the disease models (Figure 1C).
From the results of our simulation study, we can see that,
when the aforementioned assumption was not severely
violated, XMCPDT using estimated allele frequencies does
have appropriate type I error rates. However, if the amount
of data available for estimating the frequencies is extremely
limited, then the results could be affected. Although a sam-
ple size of one under each pedigree structure in the OSUMS
data was used, XMCPDT appears to be robust because of the
random nature in which each family was sampled. In
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Table 1. Type I Error Rates for Multiplex Families

Family Types?

Method® Three Children Four Children
X-APL 0.056 0.052
XMCPDT; 0.049 0.042
XMCPDTg 0.049 0.041

@ Two multiplex family scenarios were considered. Three and four children
refer to families with three and four children, respectively, with at least two
of them being affected.

b XMCPDT; and XMCPDT, refer to XMCPDT with true and estimated allele
frequencies, respectively.

addition to the simulation detailed above, we also consid-
ered a hypothetical study focusing on multiplex families.
We considered two scenarios, one with three children,
two or three of them being affected, and the other with
four children, at least two of them being affected. Either
scenario clearly violated the sampling assumption, but
the violation was not severe because not all families were
forced to have exactly the same number of affected chil-
dren. For both the three-children and the four-children
families, XMCPDT with either true or estimated allele
frequencies gave a p value of less than 0.05 (the nominal),
demonstrating once again its robustness to slight departure
from the assumption (Table 1). These results were based on
100 simulated families with the RecA model' and 4000 rep-
licated runs. For each run, half of the families were assumed
to have missing parental genotypes. We chose to perform
much longer runs to obtain more accurate estimates of
the actual type I error rates.

In contrast, for datasets with extended pedigrees, X-APL
tends to have inflated type I error rates. The reason might
be that when handling extended pedigrees, X-APL dissects
them into nuclear families and analyzes them as if they
were independent. However, whether this is the main rea-
son remains unclear because explicit explanation on how
extended pedigrees were handled was not available in
Chung et al.! It is clear, though, that X-APL is a valid test

only for nuclear families, and as such, it should not come
as a surprise that it has inflated type I error rates when
used for analysis of data from extended pedigrees. Perhaps
X-APL and XMCPDT should not be viewed as competing
approaches; rather, they should be viewed as complemen-
tary, utilizing their individual strengths. In particular, X-
APL could be used for analyzing data from nuclear families,
whereas data from extended pedigrees might be better
treated with XMCPDT. For a dataset comprising both types
of family, a combined analysis utilizing the strengths of
both methods would be desirable.
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Web Resources
The URLs for data presented herein are as follows:

X-APL, http://www.chg.duke.edu/research/software.html
XMCPDT, http://www.stat.osu.edu/~statgen/SOFTWARE/MC-PDT/

References

1. Chung, R., Morris, R.W., Zhang, L., Li, Y., and Martin, E.R.
(2007). X-apl: An improved family-based test of association in
the presence of linkage for the X chromosome. Am. J. Hum.
Genet. 80, 59-68.

2. Ding, J., Lin, S., and Liu, Y. (2006). Monte carlo pedigree
disequilibrium test for markers on X chromosome. Am. J.
Hum. Genet. 79, 567-573.

DOI 10.1016/j.ajhg.2007.11.011. ©2008 by The American Society of
Human Genetics. All rights reserved.

Response to Ding and Lin

To the Editor: In Chung et al.," we reported simulation re-
sults showing that when alarge fraction of families are miss-
ing parental genotypes, XMCPDT? can exhibit an inflated
type I error rate. Ding and Lin dismiss the fraction of miss-
ing parental genotypes as an explanation for excess type I
error and instead attribute our observation to violation of
a sampling assumption of XMCPDT. They point out that
our simulations condition on a fixed number of affected
and unaffected offspring and note that this violates the
XMCPDT assumption that family structure is random
with respect to the number of affected offspring. To investi-
gate this further, we performed a simulation study that

allowed a variety of nuclear-family structures and varied
the proportion of missing parent genotypes. Replicates
of 300 families, each with three siblings, were generated
via SIMLA® under an X-linked recessive disease model
(RecF"). To ensure a variety of family phenotypes, we set dis-
ease prevalence to 0.3 and randomly sampled families with
at least one affected sibling. Among 3000 replicates, the av-
erage proportions of families with one affected and two un-
affected siblings, two affected and one unaffected siblings,
and three affected siblings were 48%, 42%, and 10%, respec-
tively. We believe that this simulation model achieves the
family-ascertainment assumption of Ding et al.?

Figure 1 plots the relationship between type I error rate
and the fraction of missing parental genotypes for
XMCPDT, XPDT, and X-APL. Type I error rate increases
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