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Recently developed algorithms permit nonparametric linkage analysis of large, complex pedigrees with multiple
inbreeding loops. We have used one such algorithm, implemented in the package SimWalk2, to reanalyze previously
published genome-screen data from a Costa Rican kindred segregating for severe bipolar disorder. Our results are
consistent with previous linkage findings on chromosome 18 and suggest a new locus on chromosome 5 that was
not identified using traditional linkage analysis.

A single large pedigree can provide a powerful sample
for mapping complex traits; compared with a collection
of independent nuclear families, a single pedigree may
contain more linkage information and less etiologic het-
erogeneity and yields a greater possibility of identifying
genotyping errors. Large pedigrees from recently
founded population isolates may be particularly valua-
ble, as affected individuals in such populations are more
likely to share common ancestry than in admixed
populations.

The increase in power associated with the large-ped-
igree study design comes at the cost of computational
feasibility, and, until recently, pedigree size and consan-
guinity were limiting factors for both model-based and
model-free linkage analysis. Investigators who collected
large complex pedigrees traditionally had to break up
their samples into smaller family units that available
algorithms could handle. An example is the extended
Old Order Amish pedigree that has been investigated in
a series of linkage studies of bipolar disorder (BP) (Ege-
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land et al. 1987; Ginns et al. 1996). Although genea-
logical information has shown that this sample of 207
individuals (including 81 affected with BP) could be rep-
resented as a single, highly consanguineous 10-genera-
tion kindred, for linkage analyses, the family has been
broken into smaller pedigrees, each covering, at most,
five generations. None of these analyses has produced
unequivocal localization of BP genes.

As a result of the perceived failures in identification
of linkage using large pedigrees, mapping studies of com-
plex traits now mainly use less-powerful nuclear-family
study designs. Software packages have recently become
available, however, that use new algorithms that can
compute linkage statistics on highly complex pedigrees.
We used one such package, SimWalk2 (Sobel and Lange
1996), to reanalyze data from a previously published
genome screen (Freimer et al. 1996a; McInnes et al.
1996) for severe BP (BP-I) in a kindred from the genet-
ically isolated Costa Rican population. The previous
analyses of the kindred used a model-dependent method,
assuming a nearly dominant mode of inheritance. With
the algorithms available at the time of the previous anal-
ysis, it was necessary to analyze the kindred as two fam-
ilies without including inbreeding loops. In contrast, the
SimWalk2 analysis reported here takes advantage of the
power provided by the full-pedigree structure. In addi-
tion, SimWalk2, which uses Markov chain Monte Carlo
(MCMC) methods to compute allele-sharing statistics,
provides a model-free (or nonparametric) analysis; this
type of analysis is more robust than model-dependent
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Table 1

Locations, Allele-Sharing Statistics, and P Values for All 25 Markers
Tested on Chromosome 18q

Marker Locationa

Allele-
Sharing
Statistic P

D18S56 0.0 1.122 .0784
D18S57 2.5 1.109 .0917
D18S67 5.0 1.205 .0811
D18S450 7.5 1.330 .0445
D18S69 14.5 .920 .1853
D18S64 16.5 .946 .1552
D18S38 18.5 .943 .1558
D18S60 20.5 1.034 .0976
D18S68 26.0 1.025 .0829
D18S55 27.5 1.021 .0844
D18S483 29.5 1.061 .0724
D18S477 31.5 1.204 .0246
D18S61 35.5 1.223 .0328
D18S488 37.5 1.161 .0372
D18S485 40.5 .951 .1358
D18S870 42.5 .992 .1168
D18S469 43.5 1.014 .1093
D18S1161 46.5 1.093 .0652
D18S1009 48.5 1.010 .1188
D18S1121 50.5 1.565 .0168
D18S380 54.0 1.599 .0110
D18S554 57.0 1.477 .0157
D18S462 60.0 1.474 .0144
D18S461 64.0 1.487 .0127
D18S70 68.0 1.819 .0038

a Locations are taken from the most centromeric marker, D18S56.

Table 2

Locations, Allele-Sharing Statistics, and P Values for Five Markers
on Chromosome 5q

Marker Locationa

Allele-
Sharing
Statistic P

D5S658 0 1.325 .0125
D5S436 5.0 1.430 .0057
D5S636 10.0 1.392 .0054
D5S673 12.0 1.397 .0059
D5S410 15.0 1.355 .0135

a Locations are taken from the most centromeric marker, D5S658.

analysis when the mode of inheritance is unknown, as
is the case with BP. Although there are powerful methods
for computing exact nonparametric linkage statistics
(Lander and Green 1984; Kruglyak and Lander 1995),
these methods could not accommodate the size and com-
plexity of the Costa Rican BP kindred, thus necessitat-
ing the application of a stochastic method such as
SimWalk2.

Figure 1 shows the pedigree as analyzed in the present
study, with all known connections specified. We iden-
tified the eight great-grandparents for each affected in-
dividual to verify that there were no connections be-
tween these individuals closer than those depicted in the
figure. Given the demographic history of the Costa Rican
population, it is likely that there are still unknown re-
mote connections between these individuals; however,
such distant connections would not likely substantially
affect the linkage analysis (L. A. McInnes and N. B.
Freimer, unpublished data).

We reanalyzed genotypes from the 459 markers in the
genomewide linkage analysis of the kindred. The marker
selection and genotyping procedures for the genomewide
data have been described elsewhere (Freimer et al.
1996a; McInnes et al. 1996). Marker allele frequencies
were estimated from the families using known relation-

ships among the individuals but without linkage to the
disease phenotype (Boehnke 1991), by means of the pro-
gram ILINK (Lathrop and Lalouel 1984) and using the
simplified pedigree structure from Freimer et al. (1996b).

Nonparametric linkage analysis was performed using
SimWalk2. SimWalk2 uses MCMC methods to sample
from the complete distribution of underlying inheritance
patterns proportional to their likelihood, which is cal-
culated from the observed genotype data. Statistic D,
calculated by SimWalk2, measures the extent of allele
sharing among affected relative pairs as the average
across the sampled inheritance patterns. A large value
of the statistic indicates a high degree of identity-by-
descent allele sharing among the affected relatives. We
chose statistic D over other nonparametric statistics cal-
culated by SimWalk2 because it is generally powerful
when the model of inheritance is unknown and because
similar statistics have been studied by others (Weeks and
Lange 1988; Whittemore and Halpern 1994). All marker
information was used in this multipoint computation of
allele-sharing statistics. Empirical P values are obtained
by comparing the observed value of the statistic to that
found under the null hypothesis, which is generated by
repeated sampling of marker data simulated with a gene-
dropping algorithm, without linkage to the phenotype.
Sobel and Lange (1996) suggest that P values from this
procedure will be slightly conservative; thus, statistical
significance will be potentially understated.

All the markers showing nominal P values !.05 in the
current analysis were on chromosomes 18q and 5q.
Markers on 18q had provided, by far, the strongest ev-
idence of any portion of the genome for linkage in the
prior analysis of these data (McInnes et al. 1996), and
the majority of affected individuals shared a marker hap-
lotype in this region (Freimer et al. 1996a). Table 1
shows the relative locations, allele-sharing statistics, and
significance levels for all 25 markers tested on chro-
mosome 18q in the current analysis; each of these mark-
ers showed allele-sharing statistics that were 11 SD
above the genomewide mean, with a range of
0.920–1.819 SD. Two regions within 18q contained
clusters of markers for which allele-sharing statistics re-
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sulted in P values !.05. These two clusters of markers
(from D18S477 to D18S488 and from D18S1121 to
D18S70) correspond to the 18q segments highlighted in
the prior analyses of these data (Freimer et al. 1996a).

Five consecutive markers, spanning ∼15 cM of chro-
mosome 5q, showed evidence for linkage in the current
nonparametric analysis. The allele-sharing statistics for
markers D5S658, D5S436, D5S636, D5S673, and
D5S410 had P values of .015, .0057, .0054, .0059, and
.0135, respectively (table 2). Our prior parametric anal-
yses of the genome-screen data (McInnes et al. 1996)
found no evidence for linkage to 5q. The six markers
now providing such evidence only did so when analyzed
with the data from neighboring markers. Visual exam-
ination of the genotypes of the individual markers
showed that there is not a clear association between their
alleles and BP, suggesting that the evidence in 5q derived
from an informative haplotype rather than from infor-
mation at individual markers. Visual inspection also sub-
sequently confirmed that the majority of affected indi-
viduals in the kindred shared a single haplotype over
this region of 5q (data not shown). We carried out tests
to assess the sensitivity of the results observed for the
five consecutive markers showing P values !.05 on chro-
mosome 5q, to the prespecified marker allele frequencies
(data not shown). These additional tests showed that the
results in 5q were not sensitive to the allele frequency
used.

In the prior analysis, markers on chromosomes 11 and
16 provided linkage evidence that surpassed a predefined
threshold (LOD 1.6 in the combined pedigrees) (Mc-
Innes et al. 1996). In the current analysis, neither of these
locations showed linkage evidence at a nominal signif-
icance of . The variability in these results betweenP ! .05
the two analyses is difficult to evaluate, given the dif-
ferences in the methods of analysis and pedigree struc-
ture used.

By reanalyzing the Costa Rican pedigrees as a single
kindred using SimWalk2, we continue to detect the most
suggestive linkage evidence identified in the original
analyses, that for 18q22-q23. The fact that a previously
undetected region on 5q was identified with the new
methods demonstrates the utility of haplotype infor-
mation in linkage analysis of genome-scan data from
large complex pedigrees. We suggest that similar anal-
yses should be applied to genotype data from other such
pedigrees—for example, the Old Order Amish BP
kindred.
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