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ORIGINAL RESEARCH ARTICLE

Regional meta-analysis of published data supports
linkage of autism with markers on chromosome 7
JA Badner and ES Gershon

Department of Psychiatry, University of Chicago, Chicago, IL, USA

Although the concept of meta-analysis of multiple linkage scans of a genetic trait is not new,
it can be difficult to apply to published data given the lack of consistency in the presentation
of linkage results. In complex inheritance common diseases, there are many instances where
one or two studies meet genome-wide criteria for significant or suggestive linkage but several
other studies do not show even nominally significant results with the same region. One possi-
bility for resolving differences between study results would be to combine an available result
parameter of several studies. We describe here a method of regional meta-analysis, the mul-
tiple-scan probability (MSP), which can be used on published results. It combines the reported
P-values of individual studies, after correcting each value for the size of the region containing
a minimum P-value. Analyses of the power of MSP and of its type I error rates are presented.
The type I error rate is at least as low as that for a single genome scan and thus genome-
wide significance criteria may be applied. We also demonstrate appropriate criteria for this
type of meta-analysis when the most significant study is included, and when that study is
used to define a region of interest and then excluded. In our simulations, meta-analysis is at
least as powerful as pooling data. Finally, we apply this method of meta-analysis to the evi-
dence for linkage of autism susceptibility loci and demonstrate evidence for a susceptibility
locus at 7q.
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Introduction

Suarez et al1 demonstrated a curious finding, which
has since been widely cited by statistical analysts of
common disease genetics as an explanation of incon-
sistencies in linkage results. They found that, for an
oligogenic trait simulated under reasonable para-
meters, when sampling families sequentially, the first
true linkage to be detected will not likely be replicated
when a second pedigree series reaches the same size.
One can interpret their sequential sampling simulation
results into a fixed sample size, and conclude that
acceptable power to replicate the first linkage was
present only when the sample was several times larger
than the initial sample. The reason was self evident—
if there are 10 true linkages to be found, the probability
of detecting any one of the 10 is higher than the prob-
ability of detecting one in particular. This finding led
many research planners to demand megasamples for
linkage studies of inherited common disease, when oli-
gogenic inheritance is thought to exist. But this has its
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disadvantages—experiments that are so large they may
never be tested for replication, and very long lead times
between envisioning a study and receiving a result. In
the meanwhile, for disease, like bipolar illness and
schizophrenia, many linkage studies with modest sam-
ple sizes are reported with results that are hard to inter-
pret. In a given chromosomal region there may be one
or two significant or suggestive reports (by the guide-
lines of Lander and Kruglyak2), and other results that
do not suggest linkage. There also have been instances
where several studies show nominally significant
results within a given chromosomal region but none
exceeds the thresholds suggested by Lander and Krug-
lyak.2 Although meta-analysis of linkage studies has
been proposed and performed many times in recent
years,2–6 criteria for evaluating a series of linkage stud-
ies have not been developed. Intuitive interpretations
have been widely offered. Some scientists hold that
there is no replication unless a finding can be seen in
every study, others believe that pooling of data is the
only acceptable way to combine disparate studies, and
others eschew statistics and believe a sophisticated
scientist can tell by inspection of a series of results
when there is a subtle finding and when there is not.

We have undertaken to develop a statistical criterion
for evaluating a series of linkage studies. In several dis-
eases where multiple studies have been done, signifi-
cance criteria are not met consistently, yet the evidence
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is not easily dismissed. Recently, Horikawa et al7

detected a susceptibility gene for non-insulin-depen-
dent diabetes mellitus (NIDDM1) by following up on
linkage results that were not, on inspection, inspir-
ing.8–10 Interpreting the significance of multiple gen-
ome scans with conflicting results within the same
region, as is true of NIDDM1, is difficult. One possi-
bility is to combine the different studies into one sam-
ple and test for linkage. However, this is often difficult
to do and may give misleading results if there are
biases as to which studies are included. Another possi-
bility is to assess the probability of the different studies
exceeding specified thresholds within a given linkage
region by chance. Badner and Goldin11 developed stat-
istics for assessing the probability of when r genome
scans out of a total of s genome scans exceed a parti-
cular threshold within an n cM region. They showed
that it was possible to obtain highly significant results
when nominal P-values of each genome scan exceeded
relatively modest significance criteria. For example,
the estimated probability of 4/4 genome scans demon-
strating a P-value of less than 0.01 within a 30 cM
region was 3 × 10−5.

Hedges and Olkin12 describe a method of combining
P-values developed by Fisher.13 This method has been
applied to genetic analysis by Allison and Heo6 and
Guerra et al.5 For k independent studies testing the
same null hypothesis (eg linkage is not present) yield-
ing P-values Pl, . . . Pk, if the null hypothesis is true,
then −2�i=1,kln(Pi) is distributed as a �2 with 2k degrees
of freedom. We will call P(�2 � −2�i =1,k ln(Pi)) MSP for
Multiple Scan Probability. The advantage of this test is
the simplicity of use and the applicability to a wide
range of published data. Other techniques of meta-
analysis using parameter estimates of linkage (eg Ident-
ity By Descent scores) might prove more accurate but
would be difficult to apply to published studies where
the information required may not be readily available
for all studies.

Since there can be significant variation in location
estimates for a true linkage finding,14 it would be desir-
able to look at a linkage region rather than a single
point in the genome. Also, when results from pub-
lished studies are used, frequently only information on
local minimum P-values is available. Therefore, we cal-
culate the MSP by taking the minimum P-value over
n cM in each study, correct this observed P-value by
estimating the probability of it occurring within n cM
and sum the logs of the corrected P-values as above.
The null hypothesis is that the distribution of the P-
values is uniform. If this null hypothesis is rejected,
that implies that true linkage is present in at least one
of the studies. Allison and Heo6 advocated a similar
method of using P-values within a region of linkage
and correcting for the size of the linkage region but
they did not estimate the type I error and power of
this method.

In this paper, we discuss how to correct for combin-
ing P-values across regions rather than at a single point.
Simulations are performed to demonstrate the type I
error, and power of the MSP. This test is applied to
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published evidence for linkage of susceptibility loci
for autism.

Methods

If the probabilities at the same point in a genome scan
(ie observed P-values at the same marker across
studies) are combined from multiple studies, the
resulting probability can be calculated using the equ-
ation for MSP, ie
Given k independent studies with P-values Pl, . . . Pk

Y2 = −2�i=1.kln(Pi) (1)

MSP = P(�2 with 2k degrees of freedom � Y2) (2)

This would give a nominal probability which would
need to be corrected for genome-wide testing. How-
ever, evidence for a linkage can occur over a broad
region (20–30 cM). Therefore, it would be of interest to
combine probabilities across regions rather than at sin-
gle points. In order to do this, the observed minimum
P-value from each study needs to be corrected for the
size of the linkage region. Feingold et al15 estimate the
probability of a P-value being observed in a given
sized region:

P* = CP + 2�GZ(P)�(Z(P))v[Z(P)sqrt(4��)] (3)

where P is the observed P-value from scan i, C is the
number of chromosomes, � is the rate of crossovers per
Morgan and varies depending on the method of analy-
sis and family structure analyzed, G is the size of the
region in Morgans, Z(P) is standard normal inverse of
P, �(Z(P)) is the normal density function, and � is aver-
age marker spacing in Morgans. The function v(x) is a
discreteness correction for the distance � between mar-
kers and can be approximated as exp(−0.583x) when x
� 2. For the case of continuous markers (� = 0, v(x) =
1) and small Pi, the above equation is essentially the
same as in Lander and Kruglyak.2

PLK = (C + 2�G(Z(P))2)P (4)

Allison and Heo6 used Equation 4 for their correc-
tion. However, since P is not always small, Equation
(3) tends to provide a better fit than Equation (4). It also
allows the correction for the actual marker density for
each scan rather than assuming an infinitely dense scan
for all studies. Thus, the MSP for a chromosomal
region can be calculated by substituting P* for Pi in
Equation 1. Since all the simulations and autism analy-
ses involved affected sib pairs, � was set to 2.

Simulations

Simulations were performed with three purposes: (1)
To verify the probability distribution of the MSP using
P*, that is, its type I error. (2) Power analysis of the
MSP method as developed here. (3) Analysis of hetero-
geneity, sample size differences, methods of analysis
differences, and other issues.

In order to assess the type I error, and the compari-
son of the probability distribution across genomic
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length, with that expected for a single study as pre-
dicted using Equation 4, pedigrees were simulated
using SIMULATE.16 In each replicate, four linkage
studies of nuclear families with two affected offspring
were simulated. A map of 200 markers, each with four
equifrequent alleles, with 1 cM spacing was simulated.
The markers were unlinked to the disease genotype.
Table 1 shows the different types of simulations that
were performed. For several of the simulations, the
four studies were combined and analyzed as a single
study with 400 nuclear families. In each simulation,
1000 replicates were simulated. Two different sets of
simulation were performed. In the first set, the mini-
mum P-value from each study was taken from regions
of fixed size (n = 0, 10, 20, or 30 cM) and corrected for
region size. In the second set of simulations, the P-
value from the most significant study was not corrected
for region size and the minimum P-value was taken
from regions of varying sizes around the location of the
minimum P-value of the most significant study.

For the power analysis, pedigrees were simulated
using SLINK.17–19 In each replicate, four sets of 100
nuclear families with two affected offspring were simu-
lated. A single marker had four equifrequent alleles
and was linked to the disease locus with a recombi-
nation fraction of 0.05. A multipoint map was not
simulated due to limited computer resources.
Although results simulated this way would not have
the power of an ‘infinitely dense map’, the relative
power of the different analyses should be similar to a
multipoint analysis. Two genetic models seen in com-
plex genetic disorders were simulated: (1) A locus with
a common susceptibility allele (P = 0.1–0.3) and low
penetrance (probability of affection given 2, 1, and 0
susceptibility alleles is 0.10, 0.05, 0.00 respectively) as
would be seen in genes with epistatic interactions. (2)
A locus with susceptibility allele frequency of 0.01 and
low penetrance (same as for the previous model) that
is not present in all affected individuals as would be
seen in traits with genetic heterogeneity. The pro-
portion of families transmitting the susceptibility allele

Table 1 Simulations performed to assess type I error and probability distribution across genome length

Simulation Corrected for region size Number of families/study Linkage analysis method

Uncorrected No Each study with 100 families, GENEHUNTER/PLUS29

four studies total

Corrected Yes Each study with 100 families, GENEHUNTER/PLUS
four studies total

Unequal sample sizes Yes Study 1: 125 families GENEHUNTER/PLUS
Study 2: 75 families
Study 3: 150 families
Study 4: 50 families

Different genetic linkage Yes Each study with 100 families, (1) parametric HLODa

analytic methods four studies total (2) NPLa

(3) ASPEX sibFibd30

(4) GENEHUNTER/PLUS

aGENEHUNTER.31

ranged between 40% and 60%. The effects of study
heterogeneity, ie, not all studies having a susceptibility
locus in the region studied, were analyzed, as was the
effect of different sample sizes (equivalent to the
unequal sample sizes simulated in Table 1). For these
analyses, a genetic model of a locus with a common
susceptibility allele was used with penetrances as
described above and allele frequency 0.1–0.3 for Figure
3a and allele frequency 0.1 for Figure 3b.

Autism data
Autism is a neurodevelopmental disorder charac-
terized by impairment in social interaction, communi-
cation, and behavior. Evidence for a genetic component
has been shown in twin studies and family studies.20,21

Four genome scans for autism have been published.
The International Molecular Genetic Study of Autism
Consortium study (IMGSAC)22 genotyped 99 multiplex
families (87 families with affected sib pairs) in which
the proband met criteria for autism and another relative
met criteria for an autism spectrum diagnosis (Autism,
Asperger Syndrome or Pervasive Developmental Dis-
order, NOS). All were Caucasian and were from the
UK, Germany, the Netherlands, the USA, France and
Denmark. The average intermarker spacing was 10 cM.
A variety of analyses were performed, however results
from ASPEX were presented for the whole genome,
whereas for other methods only the results from nom-
inally significant regions were presented. Therefore,
the ASPEX results for the entire sample were used for
the meta-analysis.

The Paris study23 genotyped 51 multiplex families
from Sweden, France, Norway, the USA, Italy, Austria
and Belgium. Each family had at least an affected sib
pair or half-sib pair where both sibs had autism. Two
hundred and sixty-four markers were genotyped which
led to an average intermarker spacing of approximately
10 cM. MAPMAKER/SIBS24 was used for the multi-
point analysis and these are the results used for this
meta-analysis.

The Stanford study25 genotyped in two stages. The
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first stage had 90 multiplex families and the second
stage had 49 multiplex families for a total of 139 famil-
ies, all from the USA. All families had at least two sib-
lings with autism. There were 519 markers genotyped
in the first stage of families and 149 markers genotyped
in the second stage of families. Genotyping was more
dense in regions of nominally significant results for
this study and in regions identified by other studies
including 6p, 7q, and 15q. ASPEX was used for the
analysis. The results from the analysis using all the
families are used for this meta-analysis.

The Collaborative Linkage Study of Autism (CLSA)26

genotyped 75 families with at least two children with
autism from the USA. Markers had an average spacing
of 9 cM but 7q and 13q were more densely genotyped.
Multipoint results using MMLS/het were presented for
the genome. MMLS/het calculates a heterogeneity lod
score with GENEHUNTER under both a dominant and
a recessive model and takes the maximum of the two
and corrects the significance for testing for two models.
GENEHUNTER NPL P-values were also presented but
not for the whole genome and thus, the MMLS/het
scores were used for the meta-analysis.

Results

Type I error
For the simulation of unlinked regions, linkage stat-
istics were generated for each cM of the 200 cM region
in each replicate. For the combined (pooled data ana-
lyzed with GENEHUNTER/PLUS), the probability of
observing the statistic was calculated for each cM. For
the n cM analysis, where n = 0, 10, 20, or 30, at each
cM, the probability (P) of the most significant statistic
in the n cM region following each cM was calculated
(ie, for cM 1, the most significant statistic in the 1 to
n+1 cM region). This was done for each cM of the
200 cM. These P-values are presented in two ways:
uncorrected for region size (Pi), and corrected for
region size (P*). In the analyses that were uncorrected
for region size, these uncorrected P-values were used
in Equations 1 and 2 to obtain the MSP (Figure 1a). In
the other analyses of unlinked regions, the corrected P-
value, P* was calculated for each cM of each scan using
Equation 3 (Figures 1b–d).

The empirical pointwise probabilities were esti-
mated by calculating the probability that Pi or P* was
less than or equal to 0.05 at each cM for the 1000 repli-
cates. When the P-values were not corrected for linkage
region size, the type I error rate was 0.047, 0.19, 0.34,
and 0.47 for a 0, 10, 20, 30 cM linkage region size
respectively. When the P-values were corrected for
linkage region size, the type I error rate was 0.046,
0.063, 0.054, and 0.044 for a 0, 10, 20, 30 cM linkage
region size respectively. Thus, the correction gave an
acceptable type I error rate.

Figure 1 shows the empirical probability which was
estimated at each cM in each replicate by calculating
whether Pi or P* was less than or equal to 0.05 in the
region scanned up to that point (ie, the probability at
17 cM is the probability that Pi or P* was 0.05 at any
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of the points between 0 and 17 cM). These probabilities
are compared to that which is expected for a single
infinitely dense genome scan which forms the basis of
the criteria suggested by Lander and Kruglyak,2 calcu-
lating the probability as 1 − exp(−PLK) where PLK is
derived from Equation 4 using P = 0.05. If the prob-
abilities of the MSP are the same or decreased com-
pared to that expected for a single genome scan, then
that would mean that Lander and Kruglyak genome
scan criterion for linkage could be applied to the
results of the MSP analysis with a similar or lower rate
of false positives as applying the criteria to a single
genome scan.

Figure 1a shows that the uncorrected probabilities
exceed those expected for a single infinitely dense gen-
ome scan, and this is true even for linkage region sizes
as small as 10 cM, which could be considered well
within the range of the confidence interval of the
location of the putative susceptibility locus. For cor-
rected probabilities, Figure 1b demonstrates that the
larger the n cM region is, the smaller the probabilities
become. This is likely due to the fact that there is
increased autocorrelation between P* at each cM as
compared with that expected for Equation 4. Therefore,
applying Lander and Kruglyak genome scan criterion
to this type of analysis would lead to a lower number
of false positives than predicted by the criteria. Figures
1c–d demonstrate that for the conditions we simulated,
there is little to no effect of unequal sample sizes or
using different genetic analytic methods on these con-
clusions.

In a collection of linkage studies for a particular trait,
a region is usually interesting because at least one
study obtained a very significant result in the area. The
study with the most significant result is more likely to
have the best localization of a susceptibility locus than
other less significant studies, since the higher signifi-
cance presumably reflects greater power to detect link-
age, although exceptions to this hypothesis obviously
can occur. Thus, rather than correcting for a fixed n cM
region, each study is corrected for twice the distance
between its minimum P-value value and the location
of the minimum P-value in the most significant study.
The reason why twice the distance is used is because
local minimum P-values that are proximal or distal to
the location of the minimum P-value in the most sig-
nificant study would be of interest.

There is some question whether including the results
of the most significant study in a meta-analysis will
incur a bias. We hypothesized that when the most sig-
nificant study is included in the MSP, the results need
to be compared to genome-wide thresholds. When the
most significant result is excluded in the meta-analysis
and other results are still corrected for distance
between the local minimum P-value and the minimum
P-value of the most significant study, then the results
can be compared to nominal thresholds. To test this, a
simulation of a 200 cM map of markers unlinked to a
susceptibility locus in four studies using the same con-
ditions as ‘corrected’ in Table 1 was performed. For
each replicate, the location of the most significant test
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Figure 1 Probability distribution for the Multiple Scan Probability (MSP). One thousand replicates of four studies, each with
100 affected sib pairs and a 200 cM map with 200 markers unlinked to the susceptibility locus were simulated. The empirical
probability is estimated at each cM in each replicate by calculating whether P (observed P-value) or P* (P-value corrected for
linkage region size) was less than or equal to 0.05 in the region scanned up to that point (ie the probability at m = 17 cM is
the probability that P or P* was 0.05 at any of the points between 0 and 17 cM). These probabilities are compared to that
which is expected for a single infinitely dense genome scan. The n cM, where n = 0, 10, 20, or 30 cM, refers to the size of the
region that the most significant result is taken from. The combined scans are when all four studies are combined and analyzed
as a single study. (a) Probabilities that are uncorrected for the n cM region size. (b) Probabilities that are corrected for the n
cM region size. (c) Probabilities from four studies with four different sample sizes and corrected for the n cM region size. (d)
Probabilities from four studies each with a different genetic linkage analytic method and corrected for the n cM region size
(see Table 1).

statistic of the four studies was taken as the location
of the putative susceptibility locus (LPSL). In the other
three studies, the P-value of the most significant test
statistic for each of these studies (local minimum P-
value) was corrected for twice the distance away from
the LPSL. The observed local minimum was estimated
in two ways. The first way was to take the minimum
P-value of the study, regardless of the distance from
the LPSL. The second way was to take the minimum
P-value within 30 cM of the LPSL. MSP was calculated
both including and excluding the most significant

study. For nominal probabilities of 0.05, 0.01, 0.001,
0.0001, the empirical P-value was calculated by coun-
ting the number of replicates for which either MSP was
equal or less than the nominal probability. Table 2
shows these results. When all four scans are included
in the MSP, the expected probability of observing a P-
value at or below a certain threshold was calculated
using Equation (4) (P = nominal probability, G =
200 cM, C = 1) to estimate PLK and then calculating
1−exp(−PLK). When the most significant scan was
excluded, the expected probability was equal to the
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Table 2 Analysis of simulated pedigrees with no linkage: type I error rates when the most significant result is included or
excluded

Nominal P-value All four scans included Excluding most significant result
for significance

Expected Observed Expected Observed
probabilitya probabilitya

Entire region Within 30 cM Entire region Within 30 cM

0.05 0.68 0.51 0.70 0.05 0.036 0.058
0.01 0.36 0.23 0.32 0.01 0.004 0.007
0.001 0.074 0.048 0.060 – – –
0.0001 0.011 0.010 0.011 – – –

aExpected probability of observing a P-value at or below the nominal P-value anywhere with the 200 cM region.
A simulation of a 200 cM map of markers unlinked to a susceptibility locus in four studies using the same conditions as
‘corrected’ in Table 1 was performed. For each replicate, the location of the most significant test statistic of the four studies
was taken as the location of the putative susceptibility locus (LPSL). In the other three studies, the P-value of the most significant
test statistic for each of these studies (local minimum) was corrected for twice the distance away from the LPSL. The observed
local minimum was estimated in two ways. The first way was to take the minimum P-value of the study, regardless of the
distance from the LPSL (‘Entire region’). The second way was to take the minimum P-value within 30 cM of the LPSL. MSP
was calculated both including and excluding the most significant study. For varying nominal probabilities, the number of
replicates for which either MSP was equal or less than the nominal probability was calculated. When all four scans are included
in the MSP, the expected probability of observing a P-value at or below a certain threshold was calculated using Equation (4)
(P = nominal probability, G = 200 cM, C = 1) to estimate PLK and then calculating 1−exp(−PLK). When the most significant scan
was excluded, the expected probability was equal to the nominal probability.

nominal probability.
Table 2 demonstrates that, when calculated in this

way, the observed probability is more conservative
than the expected probability for both conditions when
local minima are taken from anywhere in the region.
Also, the observed probability is close to the expected
probability when the local minima are taken from
within 30 cM of the LPSL. This is consistent with Fig-
ure 1 which demonstrates that the larger the linkage
region size that is corrected for, the more conservative
the MSP becomes. Therefore, our hypothesis that when
the most significant study is included, genome-wide
criteria should be applied and when it is excluded,
nominal criteria may be applied is supported by this
simulation. Although it intuitively is not reasonable to
incorporate results from regions more than 30 cM away
of the LPSL, doing so does not appear to inflate the
type I error in these simulations.

Power analysis
For the power analysis, the MSP was calculated by
incorporating the simulation probabilities from two,
three or four studies into Equations 1 and 2. Each study
was analyzed with GENEHUNTER/PLUS on affected
sib pair data. Analyses involving only one study are
also presented. When only one to three studies were
analyzed, the first one to three of simulated studies
were incorporated into the analysis. The combined
analysis was performed pooling the raw data from all
four studies and analyzing as a single study using
GENEHUNTER/PLUS. The power for these analyses
was calculated by estimating the proportion of the 100
replicates that has a P-value less than or equal to 2.2
× 10−5.
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Power of the MSP test is compared to the power of
using modified Lander and Kruglyak criteria for sig-
nificant and replicated linkage. Lander and Kruglyak
criteria were not designed for the interpretation of
results from multiple genome scans. For example, the
probability of a single study meeting criteria for sig-
nificance or replication by chance would be much
higher if 20 different genome scans are performed than
if only two are performed. However, in practice, sig-
nificant evidence of linkage is frequently claimed when
one genome scan exceeds Lander and Kruglyak criteria,
regardless of how many other studies have been nega-
tive in the same region. Therefore, in our analyses we
modified their criteria as follows: ‘LK significant’ is
defined as any one of the four studies showing a prob-
ability less than or equal to 2.2 × 10−5. ‘LK replicated’
was defined using the criterion of ‘LK significant’ and
also requiring that one of the remaining three studies
show a probability less than or equal to 0.01. The
power for ‘LK significant’ and ‘LK replicated’ was cal-
culated as the proportion of replicates that met the cri-
teria. These criteria were modified from Lander and
Kruglyak2 where a P-value of 2.2 × 10−5 in a single
study of affected sib pairs was the criterion for signifi-
cant linkage and confirmed linkage was if a single
study met the criteria for significant linkage and a
second study showed a P-value of 0.01. However, this
does not take into account the results of additional
studies that may have been done. It could be argued
that results should not meet ‘LK significant’ or ‘LK rep-
licated’ criteria if the remaining studies are not also
nominally significant. This requirement would
decrease the power for these criteria compared to what
is presented here. Therefore, the power for the ‘LK’ cri-
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teria presented here may be too optimistic.
Figure 2 shows the power to detect linkage to a sus-

ceptibility locus. For both genetic models, the power
of the MSP for three and four scans is significantly
greater than the power of either of the ‘LK’ criteria. The
power of the MSP for four scans is very similar to the
power of the combined analysis for both genetic mod-
els. The power to detect linkage using a single study
is very low and reflects the power of applying Lander
and Kruglyak criteria to a single study for these genetic
models. Figure 3a shows that unequal sample sizes
have little effect on the power of the MSP for four stud-
ies. The power for ‘LK significant’ is slightly increased
which is probably secondary to the larger sample sizes
in some of the studies in the unequal sample size as
compared with the equal sample size. Figure 3b dem-
onstrates the effect of heterogeneity between studies in
terms of the presence of a susceptibility locus within
the genomic region studied. The results of the MSP for
four studies are similar to the combined analysis when
0 or 1 study did not have genetic linkage and are more
powerful than ‘LK’ criteria. When two of the four stud-
ies did not have genetic linkage, the MSP for four stud-
ies was more powerful than the combined analysis
(pooled data) or the ‘LK’ criteria. When only one out
of four studies showed linkage, power was very low
for all analyses.

Analysis of autism data
Table 3 shows the application of the MSP to four pub-
lished genome scans for autism. In this analysis, any
region that demonstrated a P-value less than 0.01 for
any of the four studies was included. The distances
were estimated using the Marshfield maps.27 Equation
3 was used to correct each P-value for twice the dis-
tance away from the most significant result. The marker
density of each scan was incorporated into Equation 3,
thereby accounting for the fact that subsequent studies
may have had denser genotyping in regions that earlier
studies found significant. The most significant regions
from this analysis are at 7q (P = 0.00014) and the more
distal region of 13q (P = 0.0006). These results were
suggestive by the genome-wide criterion. When the
MSP was calculated using the same location in each
genome scan rather than local minimum P-value, the
results for 7q and 13q were 0.0007 and 0.00088. Other
regions, which by inspection might have seemed to
have similar results, did not have significant or sugges-
tive MSPs (Table 3). Replication MSPs were calculated
for all the chromosomal regions for demonstration pur-
poses although they are generally only meaningful
when the MSP is significant. The only significant repli-
cation MSP is for 7q (P = 0.02).

Discussion

MSP offers a means of analyzing the results of multiple
linkage studies to determine if the overall results are
significant. We have shown that these tests are more
powerful than modified Lander and Kruglyak criteria
without increasing the type 1 error rate. (The modifi-

Figure 2 Power of the MSP for different genetic models. One
hundred replicates of four studies, each with 100 affected sib
pairs and a single marker with four equifrequent alleles
linked to the susceptibility locus with recombination fraction
0.05. Power for ‘LK significant’ was calculated by estimating
the proportion of replicates in which at least 1/4 studies had
a P-value less than 2.2 × 10−5. ‘LK replicated’ required that at
least 1/4 studies have a P-value less than 2.2 × 10−5 and an
additional study had a P-value less than 0.01. For the other
analyses, power was calculated by estimating the proportion
of replicates that had a P-value less than 2.2 × 10−5. ‘Combi-
ned’ refers to when the data from the four studies were com-
bined and analyzed as a single study. ‘n studies’ refers to the
number of studies included in the MSP analysis. (a) A single
gene with a common susceptibility allele was simulated. This
is similar to what would be expected in epistatic interactions.
(b) A single gene with allele frequency of 0.01 which is
present in only a fraction of those with the trait or disease
which simulates genetic heterogeneity.
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Figure 3 The effect on power of the MSP of differing study
sample sizes and study heterogeneity. The same simulations
were used as were used in Figure 2. Power is calculated the
same way. The same genetic model as Figure 2a is used. (a)
Comparison between the power for four studies with equal
sample sizes with the power for four studies with four differ-
ent sample sizes. The data for only the combined analysis,
four studies, and the ‘LK significant’ are presented. The power
for ‘LK replicated’ was virtually identical to ‘LK significant’
for equal and unequal sample sizes. (b) In the four studies,
some studies were simulated to have no linkage between the
susceptibility locus and the marker. The number of these
studies is varied between 0 and 3. This is to analyze the effect
of heterogeneity between the studies. The data for only the
combined analysis, four studies, the ‘LK significant’, and the
‘LK replicated’ are presented.
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cation, defining ‘LK significant’ as any one of the four
studies showing a probability less than or equal to 2.2
× 10−5 and ‘LK replicated’ as using the criterion of ‘LK
significant’ and also requiring that one of the remaining
three studies show a probability less than or equal to
0.01, is a very liberal interpretation of the Lander and
Kruglyak criterion for two studies applied to multiple
studies. A more conservative interpretation would
necessarily give lower power, making the MSP even
more appealing by comparison.)

For the power analyses, we chose to simulate genes
of small effect because these are the genes most likely
to give conflicting results across linkage studies and be
candidates for meta-analyses. The power to detect
these genes will be low in general unless the sample
size is large. It is true that power will be related to the
significance criteria used. Here, we used significance
criteria that are designed to give a low rate of false posi-
tives. But if the cost of missing a true locus is greater
than the cost of detecting a false positive, a less strin-
gent significance criterion may be desirable. Determin-
ing the most appropriate significance criteria is beyond
the scope of this paper.

Some general problems of meta-analysis are appli-
cable here. Meta-analysis would be susceptible to pub-
lication bias if positive findings are more likely to be
published than negative findings. By selecting the
results of whole genome scans, we expect to decrease
the likelihood that positive findings are over-rep-
resented, although genome scans that are entirely nega-
tive may not be reported. However, nominally signifi-
cant results (P � 0.05) are likely to occur in any
genome scan by chance and are therefore likely to be
reported.

For the linkage analysis of complex genetic traits,
multiple analyses with different affection status mod-
els, different analytic methods, and subdividing of
linkage samples are frequently performed. If the most
significant results from each study are selected, this
will lead to an increased type I error. There are differ-
ent ways to deal with this. One way is this; before per-
forming the analysis, it is best to develop a priori cri-
teria of what sorts of results will be included. For
example, results for the same affection status model
should be included across studies if possible. A hier-
archy of analytic methods to be included can be
developed, eg, use the result of Affected Sib Pair
methods if available, if not, then use non-parametric
pedigree analysis results, and if that is also not avail-
able, then use parametric methods. The specific
ordering of the hierarchy is not as important as the fact
that it exists a priori and is used consistently. If results
from dividing the sample are used, then the same sam-
ple subdivision should be used across studies, eg, look-
ing at IDDM linkage results when both affected sibs
have HLA DR3/DR4 or looking at families in which
inheritance is through the paternal line. The problem
with this method is that different meta-analyses on the
same data could give very different results depending
on which affection status model and hierarchy of ana-
lytic methods were used. Loci that were more easily
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Table 3 Meta-analysis of four autism genome scans—regions in which at least one study had a nominal P-value less than 0.01

Region cMa IMGSAC Stanford Paris CLSA MSP Rep MSP

local minb dist local min dist local min dist local min dist
(cM)c (cM) (cM) (cM)

1p 149 0.5 0 0.00083 0 0.5 24 0.3 26 0.021 0.7
4p 5 0.0038 0 0.5 0 0.6 0 0.3 5 0.044 0.6
4q 165 0.5 0 0.065 25 0.035 30 0.017 0 0.06 0.4
6q 109 0.5 0 0.5 0 0.0013 0 1.0 0 0.041 0.8
7q 142 0.00032 0 0.019 5 0.040 18 0.0029 38 0.00014 0.02
10p 52 0.0062 0 0.5 0 0.3 14 1.0 0 0.1 0.8
13q 19 0.5 0 0.2 0 0.6 0 0.0023 0 0.020 0.4
13q 50 0.050 23 0.038 0 0.4 5 0.00040 0 0.00060 0.07
16p 18 0.0042 0 0.5 0 0.051 5 0.3 12 0.014 0.2
19q 42 0.016 9 0.2 18 0.010 0 1.0 9 0.029 0.2
22q 11 0.0057 0 0.2 20 0.6 20 1.0 20 0.2 0.9

aDistance from the p-telomere–location of the most significant result of the four scans.
bMinimum P-value in the region.
cDistance from the most significant result of the four scans.

detected using a different affection status model than
the one chosen could also be missed. Another alterna-
tive is to choose the model and analytic method with
the most significant results for each study and chromo-
somal region and make a Bonferroni correction to the
observed P-value, correcting for the number of affec-
tion status models and analytic methods. This correc-
tion is likely to be conservative since the results of all
these different analyses will not be independent of
each other within a single study.

False negatives could occur when linkage is only
detectable in specific populations and hence will not
show up in most studies. It can also occur if the studies
included did not have the power to detect linkage for
specific loci because of small sample size, low density
of markers, or a method of analysis with low power.

This type of meta-analysis tests only whether the
observed statistical results could have occurred by
chance if there was no genetic linkage in any of the
studies. If this null hypothesis is rejected, that suggests
that linkage is present in one or more of the studies.
Rejection of the null hypothesis does not mean that
evidence of linkage is present in each of the studies
that were included in the analysis. Since it is theoreti-
cally possible for the MSP to be significant because evi-
dence for linkage was present in only one out of a large
number of studies, the issue arises as to whether this
is a meaningful result. For susceptibility genes in com-
plex genetic traits, it is known that evidence for linkage
can vary widely depending on the degree of genetic
heterogeneity, the proportion of parents homozygous
for the susceptibility gene, ethnic composition of the
pedigree sample, and ascertainment of pedigrees.
Thus, the presence of linkage heterogeneity between
studies does not necessarily invalidate a finding. On
the other hand, a result is more believable if it does
occur multiple times in independent studies. The rep-
lication MSP (an analysis which excludes the most sig-

nificant study) does offer a method of determining if
the MSP result is primarily due to one significant study
or if at least one other study is also contributing.
Methods of meta-analyses which look for a consistent
effect across studies and can directly assess heterogen-
eity between studies, for example looking at the Ident-
ity by Descent (IBD) score3,4 are generally thought to be
more accurate.12 However, while tests of significance
(P-value or Lod score) are usually available for each
study, the same linkage parameter (eg, IBD score) is not
always available in published studies, which limits the
usefulness of this type of meta-analysis.

While it may appear preferable to combine data from
several studies for a unified analysis rather than per-
form a meta-analysis, there are some problems with
this approach. Often, not all data will be available for
this type of analysis and there may be biases in terms
of included studies being either more or less likely to
show evidence of linkage than the entire collection of
studies. Also, the results of the analysis involving
study heterogeneity suggest that the MSP may be more
powerful than a combined analysis when there is sig-
nificant (�50%) study heterogeneity. This is likely due
to two factors: (1) The combined analysis in this paper
did not make any allowances for heterogeneity. (2) The
null hypotheses of each method are different. The null
hypothesis for the combined analysis is that linkage is
not present in the entire data. The null hypothesis for
the MSP is that linkage is not present in any of the
individual studies. Therefore, evidence of linkage in
only a small proportion of studies would violate the
null hypothesis for the MSP but perhaps not for the
combined analysis. On the other hand, one potential
advantage of a combined analysis would be to narrow
the confidence interval of the location estimates for a
susceptibility locus and to perform more sophisticated
methods of analysis with raw data. Analyses involving
MSP and pooling data need not be mutually exclusive.
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If an MSP analysis shows a significant result, that may
give more impetus to combining data to improve local-
ization of a susceptibility locus.

The MSP using corrected P-values from an n cM
region where n is between 10 and 30 cM may be more
conservative in terms of genome-wide significance
than the MSP using P-values from the same point in
each genome scan. But it is not clear whether it is more
powerful. For autism, the former test was more signifi-
cant than the latter test for 7q and 13q but this may not
always be the case.

In the MSP analysis of autism, 7q (P = 0.00014) and
13q (P = 0.0006) were the most significant findings. If
Lander and Kruglyak genome-wide criteria were
applied to these MSP results, both 7q and 13q would
meet criteria for suggestive significance (P � 0.00074).
There is also further linkage evidence of an autism sus-
ceptibility locus on 7q by Ashley-Koch et al.28 This
study was not included in the original MSP analysis
because the results were not reported as part of a gen-
ome scan and hence may have added positive bias to
the results since such results might not have been
available were they not significant. In an analysis of
76 families with at least two individuals with autism,
genotyping nine markers over a 35 cM region, a
maximum ASPEX LOD score of 1.77 was found 129 cM
from the p-telomere. An MSP analysis incorporating
the Ashley-Koch study demonstrates a P-value of 1.5 ×
10−5, which exceeds Lander and Kruglyak criteria for
significant linkage. If the most significant study
(IMGSAC) is excluded from the analysis, the P-value
of the ‘replication’ MSP analysis is 0.0022. For 13q, the
‘replication’ MSP analysis (excluding the CLSA study)
is 0.07 which suggests that most of the evidence for
linkage comes from one study. This does not necessar-
ily invalidate the MSP result but suggests that evidence
for replication of the result is weak.

MSP analysis offers a method of looking at published
genome scans to determine if the body of evidence sug-
gests the presence of a susceptibility locus in a parti-
cular region. It is more powerful than requiring that
one of several genome scans meets Lander and Krug-
lyak criteria for significant linkage without increasing
false positives. It is also robust to a considerable
amount of heterogeneity. The analysis has been
applied to autism data and evidence of significant and
replicated linkage has been found to 7q despite the fact
that none of the individual studies exceeded Lander
and Kruglyak criteria for significant linkage.
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