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A common practice among researchers performing linkage studies is the use of
equal allele frequencies as input when reporting p-values from computer linkage
programs such as S.A.G.E. SIBPAL.  Our results, using 5,000 sets from a
uniform-prior distribution of allele frequencies, showed that such input may be
problematic.  Further, we found that the S.A.G.E. SIBPAL test for proportion of
alleles shared identical by descent among concordantly affected sib pairs showed
a greater percentage of significant p-values with decreasing parental genotype
information (Table III), while the S.A.G.E. SIBPAL Haseman-Elston test
produced significant p-values comparatively less frequently (Table IV).
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INTRODUCTION

In this paper we present a method using a Bayesian approach and produce a
probability measure that can be used to assess the stability of performance of statistical
tests in S.A.G.E. SIBPAL [Tran et al., 1994] to specified values of allele frequencies. We
are assuming a uniform prior distribution of allele frequencies, and estimating the posterior
distribution of the p-values.  Our two goals for this paper were: 1) to  mathematically show
the effects of having to rely on unknown allele frequencies, and 2) take these mathematical
results and apply them to a specific data set with commonly used programs. 
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The accurate estimation of population allele frequencies has been a long  standing
problem in population genetics [see Wilson and Bossert, 1971].  Estimation depends
almost entirely on the assumptions being made (selection, genetic drift, etc.) and the
resultant model being used.  The question has been raised, to what degree does uncertainty
in allele frequency specification affect output from methods that require allele frequencies
as input?  This question has been addressed in applying identity-by-state (IBS) methods.
Perhaps the most well known of the IBS methods is the affected-relative-pair (APM)
method, by D. Weeks and  K. Lange [1988, 1992].  Babron et al. [1993] and Weeks and
Harby [1995] demonstrated that misspecification of allele frequencies leads APM to
produce false-positive results, especially when the single-locus model is used.

We focus on two well known linkage tests, namely the test for the proportion of
alleles shared identical by descent (IBD) at a marker locus for affected sib pairs (hereafter
referred to as Proportion-IBD test) and the regression of the squared-trait difference on the
estimated proportion of alleles shared IBD at a marker (hereafter referred to as the H-E test
[Haseman and Elston, 1972]).  Both tests appear in S.A.G.E. SIBPAL.  We consider the
IBD test because it is considered one of the most powerful for linkage in diseases, such as
bipolar illness where the population prevalence is low [Risch, 1990].  The H-E test, on the
other hand, allows us to incorporate the information provided by the distribution of alleles
IBD in discordant sib pairs and unaffected sib pairs as well.  

Given that the allele frequencies are specified by their random prior distribution, the
p-values of the Proportion-IBD test and the H-E test for a given data set are random
variables. Therefore, we can discuss  their distribution functions and compute the
probability that each random variable is less than specified critical values [Hogg and Craig,
1978].  These computed probabilities estimate how likely it is that the p-value observed
from a test is less than the values most commomly used as significance thresholds (e.g.,
0.05, 0.01, 0.001 and 0.0001) and hence give us one quantitative measure of the question
of stability of performance of each test for a given data set.  

METHODS

We defined state-known sib-pair percentage (SKSP) of a family data set as the
percentage of affected sib pairs in that data set for whom complete marker-genotype
information is available on both parents.  We used the SKSP parameter because the
mathematical formulae in S.A.G.E. SIBPAL for estimating the proportion of alleles shared
by a sib pair use the marker-allele frequencies when full genotype information on the
parents is not available [Tran et al., 1994].  We then examined the relationship between
the p-values reported in the Proportion-IBD test using a given specification of allele
frequencies with the p-values reported in the H-E test using the same specification.
Additionally, we examined the association of these results with differing SKSPs.  

We chose ACTHR112, from the GAW10-NIMH1 data set, as our example marker
for this analysis, because Berrettini et al. [1994] have listed this marker as a candidate gene
for linkage to bipolar illness.  In the GAW10-NIMH1 family data provided by Gershon,
Goldin, and Berrettini, ACTHR112 has three alleles.  The affection model that we chose
is referred to as Model 2 in the GAW booklet; this model includes all schizo-affective
codes, bipolar I, mania, bipolar II with major depression, and recurrent unipolar as
affected.
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Entries with SKSP equal to 49.5% resulted from the analysis of the GAW data set
as given.  We randomly deleted about half of the parental genotype information to generate
results with SKSP equal to 21.9%; we  deleted all parental genotype information to
generate results with SKSP equal to 8.3% (0% could not be achieved since S.A.G.E.
SIBPAL infers marker-genotype information on parents when it can be unequivocally
inferred from siblings’ marker-genotype information). 

Since the marker locus we focused upon (ACTHR112) has three alleles, we created
a 5,000 x 3 matrix, M, of random numbers between 0 and 1, using the random number
generator drand48 [Kernighan and Ritchie, 1988].  Each row of M was normalized so that
the row sums to 1; we used these rows of this new matrix (M ) as the input frequencies to1

our analysis.  We then ran S.A.G.E SIBPAL five thousand times, using a different row of
M each time as the set of input allele frequencies.  The p-values from each run were1 

collected into a file, for further analysis.  In calculating the summary statistics probabilities
and correlations for the different SKSPs (Tables I-V), we used the same matrix M .1

RESULTS 

In Tables I and II, we gave the p-values observed when we ran S.A.G.E SIBPAL
using allele frequency of 1/3 for each of the three alleles.  In Table II, we presented the
effective degrees of freedom (Effective  D.F.) calculated for use with the S.A.G.E SIBPAL
H-E test [Tran et al., 1994].  Numbers of sib pairs and effective degrees of freedom
changed because we considered various degrees of missing data.  We defined as
(suggested) linkage any observed p-value below a given significance-level threshold. 

Depending upon the SKSP, the statistical test chosen (Proportion-IBD or H-E), and
the significance threshold  chosen, random assignment of allele frequencies can render
differing conclusions about linkage.  For example, when we considered the 49.5% SKSP
(the complete family data), our calculations for the Proportion-IBD test at the 0.01
significance-level threshold indicated that there was  linkage approximately one quarter
(24%) of the time with random assignments of allele frequencies (Table III).  Similarly,
for the Proportion-IBD test with a 21.9% SKSP, and a 0.01 significance-level threshold,

TABLE I.  Summary Statistics for  Posterior p-Values of S.A.G.E. SIBPAL Proportion-IBD Test
(NIMH1 Family Data)
                     Min.                  Max.                            Standard                 Eq. freq.          Number of
SKSP         p-value             p-value         Median          deviation                   p-value              sib pairs
 49.5%         0.000                0.196            0.015               0.008                        0.017                    99
 21.9%         0.000                0.134            0.011               0.007                        0.013                    73 
   8.3%         0.000                0.057            0.001               0.005                        0.013                    72

TABLE II.  Summary Statistics for  Posterior p-Values of S.A.G.E. SIBPAL H-E Test (NIMH1
Family Data)
                Min.                 Max.                                  Standard                    Eq. freq.
SKSP       p-value            p-value         Median           deviation                    p-value        Effective D. F.
 49.5%      0.005                0.318            0.028               0.011                          0.027                  176
 21.9%      0.019                1.000            0.054               0.055                          0.050                    78 
   8.3%      0.019                0.793            0.031               0.031                          0.023                  100
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our computations showed that linkage was established for approximately 47% of the
random assignments of allele frequencies.   Using the Proportion-IBD test with an 8.3%
SKSP, at the 0.01 significance-level threshold, our computations indicated that linkage was
determined 54% of the time when random assignments of allele frequencies were used
(Table III).  Using the H-E test with a 21.9% SKSP at the 0.05 significance-level threshold
led us to conclude linkage for approximately  one out of every three random assignments
of allele frequencies (32.8% -- Table IV).   Similarly, using the H-E test with a 8.3% SKSP
at the 0.05 significance-level threshold led to our conclusion of linkage approximately
three  times as often as not (76.9% -- Table IV).

The choice of equal frequencies for each of the alleles at a marker is not necessarily
the most conservative choice when  using these statistical tests.  In fact, when we looked
at the Proportion-IBD test, the probability of observing a p-value greater than the equal-
frequencies p-value was more than 0.19 for each SKSP (Table III).  The results for the H-E
test were more striking: all SKSPs showed probabilities of greater than 0.5 for observing
p-values greater than the equal-frequencies p-value (Table IV). 

 Finally, we noted the considerable difference among most of the corresponding
probabilities that appear in the Proportion-IBD test and the H-E test (Tables III and IV).
The differences were greatest for the significance-level threshold of 0.001 and 0.01, but
even at the 0.05 level, for 8.3% and 21.9% SKSPs, the Proportion-IBD test had a
probability of 0.99 for each, and the H-E test had corresponding probabilities of 0.77 and
0.33,  respectively.  To investigate these differences further, we performed a correlation
analysis among the Proportion-IBD test p-values and the H-E test p-values for all of the
SKSPs (Table V).  We used the Spearman correlation coefficients because, in our tests of
distribution-fitting, none of the data sets was well-fit by a normal distribution or even an
approximately  normal distribution (results not shown).  Also, the Spearman correlation
coefficients are more robust to outliers than the Pearson correlation coefficients, and in
each of our data sets we had outliers (Tables I and II -- maximum observation versus
median).  

In Table V, we found further empirical evidence that the Proportion-IBD test and the
H-E test have p-values that respond differentially with respect to specification of the allele
frequencies.  The correlation for the 8.3% SKSP was -0.91. This result suggested that
random assignment in allele frequencies caused the p-values from the respective tests

TABLE III.  Probability of Observing Certain Posterior p-values for S.A.G.E. SIBPAL
Proportion-IBD Test (NIMH1 Family Data)
                                                                                                                                               $ Equal freq.
 SKSP                  #0.0001                # 0.001                 # 0.01                   # 0.05                   p-value
 49.5%                    0.004                     0.014                   0.243                    0.999                      0.353
 21.9%                    0.031                     0.076                   0.466                    0.999                      0.368
   8.3%                    0.036                     0.092                   0.541                    0.999                      0.197

TABLE IV.  Probability of Observing Certain Posterior p-values for S.A.G.E. SIBPAL H-E Test
(NIMH1 Family Data)
                                                                                                                                               $ Equal freq. 
 SKSP                  #0.0001                # 0.001                 # 0.01                   # 0.05                    p-value
 49.5%                    0.000                     0.000                   0.031                    0.999                       0.550
 21.9%                    0.000                     0.000                   0.000                    0.328                       0.643
   8.3%                    0.000                     0.000                   0.000                    0.769                       0.777
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TABLE V.  Spearman Correlation Between p-values Observed with the H-E Test and Proportion-
IBD Test 
SKSP                                                                                                                        Spearman correlation
49.5%                                                                                                                                      0.27
21.9%                                                                                                                                      0.26
  8.9%                                                                                                                                     -0.91 

for the 8.3% SKSP to move in opposite directions.  Considering the summary statistics
from Tables I and II, as well as the probabilities from Tables III and IV, we observed that
the Proportion-IBD test appeared to result in lower p-values, while the H-E test appeared
to result in larger p-values.  The largest correlation was 0.27, occurring for a SKSP of
49.5%.

We performed this analysis on another marker from the GAW10 data sets (namely,
D18S37 from the Hopkins study) and observed similar results regarding differing
responses for or against suggested linkage with the Proportion-IBD and the H-E tests,
when using a uniform-prior distribution of allele frequencies.  Also, we observed low
positive correlation among the two tests, for varying SKSPs (results not shown).  We note
that, for the Hopkins data, there were five alleles at marker 37, and the unmodified family
data had an SKSP of 76.1%, with 46 sib pairs (results not  shown).

DISCUSSION

Based on the data set as given (SKSP = 49.5%), our technique would lead us to
conclude both the Proportion-IBD and H-E test are significant at the 0.05 level, but not at
the 0.01 level for either test. Using our technique in an analysis of this data set without
parental genotype information, we would conclude a linkage significant at the 0.05 level
with the Proportion-IBD test but not with the H-E test.

Also, for the Proportion-IBD test, we observe a consistent increase in the probability
of observing posterior p-values below a given significance threshold as the percentage-
genotype information on parents decreases, independent of the significance threshold (with
the exception of 0.05, which was always 0.999 -- Table III).

While we recognize that some of the rows in our matrix M  (see methods) may not1

be plausible as marker-allele frequency estimates, we note that a uniform prior distribution
is a good preliminary distribution for computing our posterior probabilities, especially if
our alternative is equal allele frequencies as our input for the computer programs.
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