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The Genome Search Meta-Analysis (GSMA) method ° was developed to circumvent A / <~
some common problems of performing meta-analysis on genome-wide linkage
studies. The GSMA is a non-parametric method, with few restrictions or assumptions,

so that any genome-wide linkage search can be included, regardless of study design or
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In the GSMA, the,genome is divided iI;t?) b‘;ns o# approximately equal cM width. We v K y
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conventionally use 120 bins of 30cM length, so that for chromosome 1, the region

statistical analysis method.

between 0 and 30cM is assigned to bin 1.1, between 30-60cM to bin 1.2, etc.fl(Let the (d,\ A%Vm y ‘ﬂé?
number of bins be 7, and the number of studies be m. For each study, the maXimum G ) A"L'L &y
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LOD score (or minimum p-value) within each bin is identified, and the bins are "‘?""‘
v

ranked, with the most significant result achieving a rank of n, the next highest result a ot Lol
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rank of (n -1), etc. Across studies, the ranks for each bin are summed, and the

summed rank forms the test statistic for this bin. A high summed rank implies that M st
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the bin has high LOD scores within individual studies, and may contain a [ Z 30

susceptibility locus. Under the null hypothesis of no linkage, the summed rank for a A/‘?\/lm 4

bin will be the sum of m ranks, randomly chosen from {1, 2, ... n} with replacement. (/) J\Mv&)o
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Significance levels for each bin can be determined from the distribution function of
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Under no linkage, the probability of attaining a summed rank R in a specific bin, from

m studies and 7 bins is:
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where X; = rank of study i, d = integer part of (R-m)/n ° . Hence the probability of

obtaining a summed rank of @or greater (i.e. the p-value) in a bin can be calculated.
This bin-wise p-value pSR‘;can also be obtained by simulation, permuting the bin- st 2 e r /;L’{'

location of the assigned ranks. For each study, the ranks within a study are randomly &— o
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re-assigned to bins, and thel}[the summed rank calculated for each bin. For d vm
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replicates, dn summed rank values are obtained, and the p-value for t)xé observed
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Stimmed rank/[ls calculated from the number of simulated bms3 with summed rank N N S
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greater than the observed summed rank . The p-value is then pgz = @ b3 L)
where n is the number of simulated bins'°. Calculating critical values from
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sunulatmnjg particularly appropriate where the assigned ranks depart from the
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integer values 1, 2, ... n assumed in the distribution function above, through tied ¢ <
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ranks or missing values (see Table 1). ("\l ( l ]

The GSMA was developed to encompass diverse study designs and analysis methods.

multipoint LOD scores calculated at each 1 cM, LOD scores calculated at each
g o s /A-L

The linkage evidence may be extracted from any analysis method: for example,

marker genotyped with the bin, or parametric LOD scores calculated at a series of
recombination fractions for each marker. For parametric LOD scores, linkage is often
tested using a series of models with different modes of inheritance or different

penetrance/frequency parameters. The evidence for linkage can be assessed across all




models analysed, provided the underlying distribution of LOD scores is
approximately equal in each model; this can be determined from the distribution of
LOD scores across the genome. Thus, the maximum evidence for linkage within a

bin would be the highest LOD score calculated, regardless of the model under which

it was obtained. Dotnn Aﬂ Aver s g

Q\(’y " The bin-wise summed rank p-value (psg) assesses the information in eaGh bin and 6{w +"§%‘~9
thdependent] o%her bins, and should therefore be corrected for multiple

esting. With 120 bins, under no linkage, 6 bins would be expected to attain psg <
0.05, and 1.2 bins to attain psr < 0.01. Following Lander and Kruglyak,11 we define

genome-wide evidence for linkage as that expected to occur by chance once in 20

X ‘ GSMA studies, and suggestive evidence for linkage as that expected to occur once in
Y % a single GSMA study'%. Using a Bonferroni correction on 120 bins gives p=0.00042
¥ (=0.05/120) for genome-wide significance, and p=0.0083 (=1/120) for suggestive
evidence of linkage. g enomewide §_+{M‘2’:_0
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For a genome-wide assessment of linkage, }hé ordered rank (OR) p-value (por) may

’;K}’JLL(:(-I,:{::? be used."? This uses simulations of the complete GSMA to compare the summed rank
;”M : of the observed kth-highest bin, with the simulated distribution of summed ranks of
the kth highest bin, i.e. compares the ‘place’ of the bins in the full listing of results.
W. . o phservesd
n a simulation of 5000 complete GSMAs, the bin with the hlghejt( summed rank
is compared to the all 5000 bins with highest summed rank, and the ordered rank p-
value (por) calculated. Similarly, the summed rank of the bin in the kh ‘place’ is
compared to summed ranks of bins lying in ¢k place. This test can identify evidence
for many bins with increased evidence for linkage, although the evidence for linkage
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within each bin may be modest. In the study of 20 genome wide searches for
schizophrenia, 12 bins in the weighted analysis had significant summed rank and
significant ordered ranks (Psr <0.05, por <0.05). Our simulations based on these
studies showed that this combination of significant results was highly unlikely to
occur by chance (not observed in 1000 GSMA simulations of an unlinked study). The
combination of a significant psg and Por is therefore highly predictive of a linkage

within a bin, however empiric criteria for linkage for an arbitrary number of studies
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have not yet been developed.!?
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In assessing linkage we recommend the following hierarchy for interpreting results:
1) A genome-wide significant summed rank p-value (psr <0.05/4bins)
2) Nominal evidence for linkage in both statistics (psg <0.05, por <0.05)

3) Nominal evidence for linkage in the summed rank (psr<0.05)

No evidence for linkage should be declared where bins do not have a significant
summed rank p-value. Within bins with a significant summed rank, a significant
ordered rank p-value can be considered to enhance the evidence for linkage. Clearly,
if the kth bin has nominal evidence for linkage under both statistics, then any bin with
higher summed rank must also be considered significant. For example if three bins
attain p-values of 0.011, 0.012, 0.013, the bin with p=0.013 is most likely to have a
significant ordered rank, but clearly all bins show significant evidence for linkage.

By plotting the observed summed ranks by size, with the distribution of ordered
ranks, a ‘scree slope’ may be seen where the summed ranks decrease rapidly and the
ordered ranks become non-significant (see F igure 2, in the inflammatory bowel

disease GSMA"). In regions where the psg> 0.05 but por<0.05, one interpretation is




and unweighted analysis is performed, using user-defined weights. Three results files
are output: (a) results for the most significant bins only, (b) a full genome listing of
bin, summed rank, psg, por (weighted and unweighted analyses) (c) ranks assigned to

each study, for data checking.

Power to detect linkage using the GSMA

An extensive simulation study of the GSMA was carried out by Levinson et al.,'”
based on genome scans contributed to the meta-analyses of schizophrenia'* and
bipolar disorder'®. For the simulation, a number of sib pairs with broadly equivalent
information to the pedigrees from the original studies were used , with 1625 ASPs for
schizophenia, 1017 ASPs for bipolar disorder (narrow phenotype definition), and 501
ASPs for bipolar disorder (very narrow phenotype definition). These three studies
therefore give a wide range of study sizes covering those seen in many GSMA studies

(Table 3).

The schizophrenia study had high power to ¢

sibling relative risk (As) of 1.3 at a significance level of p<0.01. For a significance

level of 0.05, a power of at least 70% was attained in the following situations:

® 1625 ASPs (schizophrenia), for a locus with As = 1.15,
* 1017 ASPs (bipolar disorder, narrow phenotype) for a locus with A = 1.3,

¢ 501 ASPs (bipolar disorder, very narrow phenotype) for a locus with A; = 1.4,
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Full details of other assumptions required in the simulation, including the number of
genotyped parents, marker density, and number of loci simulated are given in the

original paper.'?
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Theof a study to detect linkage depends on the number of studies (m) and the
number of bins (#), in addition to the genetic effect size in each study. The average
rank threshold for declaring genome-wide, suggestive or nominal linkage changes
with the number of studies (m=4,7,10, 15, 20) and the number of bins (n =60, 120),
\
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shown in Figure 1. Note that the thresholds for genome-wide (pgw) and v WLW‘(, A
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suggestive (psug) linkage depend on the number of bins used: Peyw=0.00042 and

Pyl

Psuc=0.0083 for 120 bins, and pgw=0.00056 and psuc =0.017 for 60 bins; nominal

A
. evidence for linkage was fixed at p=0.05 throughout. With 120 bins, an average rank
F}/NP' threshold for nominal linkage is 32 for 4 studies, but over 48 for 20 studies — so the
" me'“j befunean -4 ? ——
/I average rank is not even within thef reported ranks. An average rank of 32

gives nominal evidence for linkage with 4 studies, but provides genome-wide
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evidence for linkage with 20 studies.  With 60 binsﬂ Lo ﬁ{f'érage ranks are-required:

for linkagei 50 that the evidence must be stronger in linked bins where wider bins are

4
used. Provided the maximum LOD scores for a locus localise to a narrow region,

using narrow bins provides the most evidence for linkage: with 10 studies, an average The “"b('\’j Loes

rank %20 gives genome-wide evidence for linkage if this is obtained using 120 bins, [of T a{fbu..), Hn
Mot e lowans
§ but only nominal significance with 60 bins. Reducing the number of bins could, /3 nax {
! ; however, increase the power to detect linkage if the LOD scores peaks are too widely %"w

spread to be contained in a single bin (for example if the locus lies close to a bin

N boundary), so that the average rank
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One critical issue is the loss of information arising when the GSMA divides the
genome into discrete bins. Two simulation studies have con;aeged the power of the
GSMA to the power of ‘mega analysis’, based o7genotype data from each study.
Demple and Loesgren'® showed that the power of the GSMA was less than the mega-
analysis approaches tested, but they applied the Lander and Kruglyak criteria for
genome-wide significance, which is much more stringent than using a Bonferroni
multiple testing correction (0.05/#bins). Using this appropriate, less stringent,
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correction, Levinson et al.", showed that the power of the GSMA to detect linkage

was actually higher than for the analysis of pooled genotypes.

Extensions of the GSMA

Many different diseases have been studied using the GSMA , but little further
methodological development has been carried out. Some authors have proposed
minor enhancements to the method. For example in their study of celiac disease,
Babron et al.”’ used a summed rank function that was a weighted average of the ranks
of a bin and two flanking bins. This extends the potential area in which evidénce for
linkage can be shown, since high linkage statistics in a flanking bin will be oincluded.
However, it will also increase the correlation between summed ranks in adjacent bins.
An alternative approach to the problem of maximum LOD scores being attained in
adjacent bins in different studies is ‘pooled bins’ used in the theumatoid arthritis
study.'® Here, adjacent bins are pooled, and the original analysis of 7 bins is
reanalysed as two analyses of #/2 bins each, where bins 1+2, 3+4, ... are pooled in the

first analysis, and 2+3, 4+5 ... are pooled in the second analysis. This analysis would

be valuable where a true locus lies c@ése' to a bin boundary, and the bin-location of
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maximum linkage evidence is inconsistent across studies. However, as Figure 1
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In their study of cleft lip/palate, Marazita et al.2' use a series of overlapping bins from
0-30cM, then 10-40cM, 20-50cM, etc. and assess the maximum evidence for linkage
across each possible bin. This should give better localisation information, and may
determine whether two linkage peaks exist in one region. However, there are

unresolved problems of multiple testing.

Recently, Zintzaras and Ioannidis® provided a major extension to the GSMA in
developing methods to test for heterogeneity of linkage evidence within a bin.
Heterogeneity testing is a standard component of meta-analysis in epidemiological
studies, where researchers test for evidence of different effect sizes across studies, but
has not previously been implemented in the GSMA. Z&I apply these methods
directly to the rank statistics of each study, introducing three, highly correlated
heterogeneity statistics. The significance of the statistics are assessed by simulation,
randomly reassigning the ranks to bins within each study, and recalculating each
heterogeneity statistic. The proportion of simulated bins with Q-statistics above the
observed value (for high heterogeneity), or below the observed value (for low
heterogeneity) is then tabulated for a p-value. Zintzaras and Ioannidis® applied the
methods to published ranks in GSMA studies of theumatoid arthritis'® and
schizophrenia.'* They identify several bins in each study that show evidence for high
heterogeneity (different evidence for linkage across studies) or low heterogeneity
(consistent linkage evidence). The authors acknowledge that the distribution of the

heterogeneity statistics may depend on the summed rank statistic attained within the
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studied. The average number of linkage studies includedlwas 7.9 (range 4-20), and
the average number of families was 736 (range 257-1992). (These figures omit the
overlapping studies of inflammatory bowel disease, Crohn’s disease and ulcerative
colitis). Of 14 studies, 8 were full collaborations, while others relied at least partially

on published information. All studies found at least one suggestive result

<0.01), and in 12 studies, at least one result of genome-wide
significance was found. In the auto-immune diseases, genome-wide significance was
found in the HLA region on chromosome 6 (multiple sclerosis,” rheumatoid arthritis,
16 psoriasis, 2 inflammatory bowel disease'?), confirming findings of the original
linkage studies. In other studies, a region of genome-wide significance was observed
on chromosome 2 for schizophrenia'®, which had not previously been highlighted as a
strong candidate region for schizophrenia®®, Similarly, regions of genome-wide
significance were detected on chromosome 4 for psoriasis®, on chromosome 3 for
coronary heart disease™, on chromosome 2 for cleft lip/palate®!, on chromosome 3 for
hypertension”’and on chromosome 10 for age-related macular degeneration. !’ No
susceptibility genes have yet been localised in these regions for these diseases, but
they provide strong candidate regions for follow-up linkage or association studies.
Genome-wide significance is an extremely stringent criteria (occurring only once in
20 GSMAs by chance), and this is illustrated by the results for Crohn’s disease in the
region of CARD15 on chromosome 16. This region attained a p-value of 0.003
(weighted analysis)'?, deﬁpite the presence of this confirmed susceptibility gene.
Across the diseases, there was no correlation between the number of bins with
nominal or suggestive significance and the number of studies included. Only five

studies had used the Ordered Ranks test to asses&élustering of linkage results, but the

s
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