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Abstract

The PBAT software package (v2.5) provides a unique set of tools for complex family-based association analysis at a genome-wide level. PBAT
can handle nuclear families with missing parental genotypes, extended pedigrees with missing genotypic information, analysis of single
nucleotide polymorphisms (SNPs), haplotype analysis, quantitative traits, multivariate/longitudinal data and time to onset phenotypes. The
data analysis can be adjusted for covariates and gene/environment interactions. Haplotype-based features include sliding windows and the
reconstruction of the haplotypes of the probands. PBAT’s screening tools allow the user successfully to handle the multiple comparisons
problem at a genome-wide level, even for 100,000 SNPs and more. Moreover, PBAT is computationally fast. A genome scan of 300,000 SNPs
in 2,000 trios takes 4 central processing unit (CPU)-days. PBAT is available for Linux, Sun Solaris and Windows XP.
Keywords: association analysis, extended pedigrees, genome-wide screening, quantitative and qualitative traits, haplotypes

Genetic association studies take advantage of the fact that
we can measure genotypes directly via either protein electrophoretic or molecular genetic methods. The goal is to explain
the variation in the disease trait of interest using an individual’s
genotype as a genetic marker. There are two basic types of
study design that are used in genetic association analysis:
standard (population-based, case-control or cohort) and
family-based. Analytical methods appropriate for these two
designs are quite different. The family-based design is attractive for many reasons. For one, the design protects against a
ﬁnding of spurious association, due to population admixture
or stratiﬁcation. The reason for robustness is that the analysis
uses parental genotypes to determine the distribution of the
test statistic. The analysis cannot be biased by admixture or
stratiﬁcation because the case and control alleles are drawn
from the same subjects; therefore, they have the same genetic
background. The other key advantage of family-based
studies is the way the multiple testing problem can be handled.
Using the conditional mean model approach,1 – 3 the data are
ﬁrst analysed in a ‘screening step’. The analysis of the
screening step does not bias the signiﬁcance level of subsequently computed tests. In this screening step, the scientist
can look at all possible associations between the markers
and traits and select a subset of ‘promising’ marker – trait

combinations — typically ﬁve combinations.3 Only the selected
subset is then put forward to the hypothesis-testing step.
A general paradigm for testing the association between
a response variable (disease trait) and a predictor (genotype
as a marker) is a regression analysis, since this can accommodate all types of outcomes and all types of predictors. Although
regression analysis has many advantages and is widely used
in epidemiological investigations, it does require specifying a
model for how the trait depends upon the genotype. If the
model is incorrect, the power may be reduced. Depending
upon study design and analysis, there may also be consequences for the validity. Cordell and Clayton4 have described
a uniﬁed approach to performing genetic association analysis
with nuclear families (or case/control data) in a regression
context. Case –parent trios are analysed via conditional logistic
regression using the case and three pseudo-controls derived
from the untransmitted parental alleles. The beauty of the
method is that it can be performed using standard statistical
software and that additional effects, such as parent-of-origin,
effects can be included. The major drawback is that, to date,
the technique has not been adapted to include extended
pedigrees without splitting them up into nuclear families.
A large number of computer programs are available for
family-based association tests, including AFBAC,5 QTDT,6
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FBAT,7 – 11 TRANSMIT12 and PDT.13 These software
packages primarily focus on the computation of various test
statistics, whereas the PBAT software package also exhibits
pre- and post-analysis features. The PBAT software can be
downloaded from http://www.biostat.harvard.edu/~clange/
default.htm.
PBAT is an interactive software package that provides tools
for the design and data analysis of family-based association
studies. It is available for Windows XP, Linux and UNIX
operating systems. The newest version of PBAT (v2.5)
includes many features that were not available in earlier versions,14 such as haplotype analysis tools that can be invoked
using batch mode or user interface, more ﬂexible speciﬁcations in power calculations and allowance for discrete trait
distribution when applicable. In particular, PBAT incorporates
the features of the family-based tests of association (FBAT)
package (http://www.biostat.harvard.edu/fbat/fbat.htm) but
provides many additional options for designing association/
linkage studies and analysing data with multiple continuous
traits. Perhaps the most striking feature, which gives PBAT a
unique advantage over most available software in the ﬁeld, is
its implementation of the screening techniques — that is, the
conditional mean model approach1,2 — that allow the user
to handle the multiple comparison problem at a genome-wide
level.3 Further advantages of PBAT are the analytical power
and sample size calculations for family-based association
tests.15,16 PBAT is especially well suited for quantitative traits
while possibly accounting for important predictors.
The cornerstone of the package is the uniﬁed approach
to FBAT, introduced by Rabinowitz and Laird17 and Laird
et al.10. FBAT builds on the original Transmission Disequilibrium Test (TDT) method,18 in which alleles transmitted to
affected offspring are compared with the expected distribution
of alleles among offspring. It has been generalised so that tests
of different genetic models, tests of different sampling designs,
tests involving different disease phenotypes, tests with missing
parents and tests of different null hypotheses are all in the same
framework. In particular, the FBAT statistic is based on a linear
combination of offspring genotypes and traits:
FBAT ¼ ðS 2 E½S Þ=V1=2 ;

S ¼ Sij Tij

Xij

ð1Þ

where V ¼ Var(S) and Tij represents the coded phenotype (ie
the phenotype adjusted for any covariates) of the j-th offspring
in family i. Xij denotes the offspring’s coded genotype at the
locus being tested. It depends on the genetic model under
consideration.
The expected distribution is derived using Mendel’s law of
segregation and conditioning on the sufﬁcient statistics for any
nuisance parameters under the null hypothesis, the
null hypothesis being ‘no linkage and no association’ or
‘no association, in the presence of linkage’.
PBAT provides methods for a wide range of situations that
arise in family-based association studies using FBAT statistics.
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More speciﬁcally, there are two main components: tools for
the planning of family-based association studies and data
analysis tools. In terms of study planning, PBAT computes the
power for study designs that consist of different family types
with varying numbers of offspring, under different ascertainment conditions and allowing for missing parental genotypes.
The data analysis tools available in PBAT provide options to
test linkage or association in the presence of linkage, using
(bi-allelic or multi-allelic) marker or haplotype data, single or
multiple traits (eg measurements recorded repeatedly over
time) that may be quantitative, qualitative or time-to-onset,
with nuclear families as well as extended pedigrees. PBAT
easily handles covariates and gene/covariate interactions in all
computed FBAT statistics. Furthermore, PBAT can also be
used for post-study power calculations and construction of the
most powerful test statistic. For situations in which multiple
traits and markers are given, PBAT’s screening tools reduce the
large pool of traits and markers and select the most promising
combinations in terms of the FBAT statistic.
Using PBAT’s screening tools the present authors have
shown that genome-wide association studies using families are
realisable in terms of data analysis.3 The key concept of the
implemented screening techniques is the conditional mean
model approach,1,2 for which the data space is partitioned into
two independent testing sets. This allows one to control the
type I error rates and to overcome one of the most important
statistical hurdles when analysing genome-wide association
studies with thousands of markers: the multiple comparison
problem. The screening technique maintains its protective
character for extended datasets with a few hundred thousand
SNPs. It should be noted that, in general, adding more SNPs
comes at the cost of power loss when corrections for multiple
testing need to be applied (eg Bonferroni-type corrections to
control type I error). These screening methods are hardly
affected by adding ‘non-causal’ SNPs. In addition, they are
robust against effects of population stratiﬁcation and admixture, since the ﬁnal decision in the screening process is based
on FBATs, which guard against these confounding factors.
Finally, PBAT’s screening tools are most successful in detecting
common disease susceptibility loci. This is particularly attractive in the light of the HapMap project,19 which aims to
describe the common patterns of genetic variation in humans.
The problem of detecting rare disease-associated SNPs
remains; however, this is a general problem rather than a
problem speciﬁcally related to the screening techniques of
PBAT. Applying the authors’ screening tools using the haplotype features of PBAT (eg using sliding windows acknowledging the linkage disequilibrium structures present in the data)
may be more beneﬁcial. This is work in progress. TRANSMIT12 is another program for transmission disequilibrium
testing that uses marker haplotypes based on several
closely linked markers. By contrast with PBAT, however,
TRANSMIT leads to elevated false-positive rates in the
presence of population admixture and does not handle
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quantitative traits.20 Moreover, it has no built-in functions for
performing screening on a genome-wide level.
PBAT’s data analysis tools have been extensively validated.
These include the data analysis tools using univariate and
multivariate traits,21 multivariate/longitudinal FBAT models,22
time-to-onset traits (Su; personal communication), haplotype
analysis (Randolph; personal communication) and genomic
screening.3 PBAT is under constant development. Future
developments include reﬁned screening tools and guidelines
that apply to haplotype-based genomic screening, power calculations for haplotype analysis and further effort towards a
PBAT compendium of commands and an extensive documentation for its users.
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