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Overview

The generalized estimating equation (GEE) approach (Liang and Zeger,
1986) has become one of the most popular methods for modeling longitudinal
and clustered data, particularly in the area of biostatistics. Its popularity stems
from its usefulness. GEE extends generalized linear models (GLM) so that correlated data might be appropriately modeled. This is accomplished by relaxing
the assumption of independence of measurements, which is violated when the
data are longitudinal or in a clustered or panel form.
Quasi-least squares (SQLS) is a two stage computational approach for estimation of the correlation parameters that is in the framework of GEE. Stage
one of QLS was proposed for balanced data by Chaganty (1997) and for unbalanced and unequally spaced data by Shults and Chaganty (1998), while stage
two was proposed by Chaganty and Shults (1999). As we shall see in this
monograph, QLS extends the application of GEE by allowing for easier consideration of new patterns of association, improved estimation of the regression and correlation parameters in some situations, and an alternative option
for analysis should GEE fail to converge.
We first describe GLM and GEE, which comprise the foundation for QLS.
We then discuss various limitations of GEE and provide a thorough description of the theoretical underpinnings of the QLS approach that highlights the
relative advantages of QLS. We describe how to implement the standard correlation structures that are available for GEE, followed by newer structures
that are plausible for unequally or equally spaced longitudinal data, familial
data, and data with multiple sources of correlation. The latter structures are not
currently available in the major software implementations of GEE.
Chapter 7 considers a recent topic of debate in the statistical literature,
which is whether semi-parametric methods such as QLS and GEE are even appropriate for the analysis of discrete data. The problem is that although semiparametric approaches only require specification of the first two moments of
the underlying distribution, for discrete data, it is possible to obtain estimates
for which there can be no valid distribution with the estimated means and correlations. We discuss the theoretical and practical implications of this issue in
the context of logistic regression for longitudinal data. Our assessment includes
a comparison between QLS and the recently developed first-order Markov
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maximum-likelihood (MARK1ML) approach for analysis of longitudinal binary data.
Chapter 8 offers an evaluation of methods for selection of the best-fitting
correlation structure. This is important because the enhanced ability of QLS to
implement new patterns of association requires accompanying approaches to
choose between the structures. We implement working correlation structures
that were not considered in prior comparisons of methods for selection of a
working structure. Our comparisons utilize a recently developed approach for
simulation of discrete data with decaying product correlations.
The final chapter provides a discussion of sample size calculation, and
a worked example demonstrating the application of QLS for estimation of
model parameters, assessment of the fit of several candidate working correlation structures, and sample size calculation for planning a future study.

0.2 Intended Audience
This text provides the means to conduct an improved GEE analysis for
study designs that are commonly encountered in research, and should therefore be a valuable resource for researchers who would like to appropriately account for the correlation in their data using an approach that is straightforward
to apply. However, we also provide a thorough description of the theoretical
underpinnings of QLS, so that our intended audience for this book includes
both statisticians (and perhaps statistically sophisticated non-statisticians) who
are interested in applying QLS in their analyses, in addition to statisticians
who might be interested in working on some of the open research problems in
this area. Those who are primarily interested in implementing QLS and GEE
could skim over the theoretical developments, and head straight to the worked
examples that are offered at the end of each chapter.
With the approval of our editor Rob Calver, the first-author used the
manuscript-version of this book as the text for an Advanced Elective course
for students in the Ph.D. program in Biostatistics at the University of Pennsylvania. Her positive experience using the manuscript for the course indicates
that this monograph may be suitable as a text for advanced graduate students
who are enrolled in a Ph.D. program in Biostatistics, or in Statistics. Suggested
prerequisites for the course include Linear Models, with some knowledge of
longitudinal data analysis (and in particular GEE) being helpful. However, if
the instructor focuses on the worked examples in each chapter, this monograph
could serve as a supplemental, or even primary, text for a course on analysis
of correlated data, or perhaps for a course on improved GEE based-analyses of
longitudinal and clustered data. Problems are included at the end of each chapter focusing on theory and applications. The instructor may select particular
problems that are most appropriate for his or her students.

SOFTWARE
0.3

xiii

Software

We have primarily used Stata statistical software, version 13.0 (2013) for
demonstrating example modeling output. User-authored software using Stata’s
proprietary programming language was developed by Shults et al. (2007) for
general QLS estimation; extensions of this software to R, SAS, and MATLAB
are also available (Xie and Shults, 2009; Kim and Shults, 2010; Ratcliffe and
Shults, 2008).
Readers are also encouraged to refer to the web-site for this monograph,
where we will post updates and accompanying code and guidelines to replicate many of the examples in this book in Stata, R, SAS, and MATLAB,
https://dbe.med.upenn.edu/biostat-research/Book-QLS. Additional
information and errata will also be available on Professor Shult’s BePress
Selected Works Site, http://works.bepress.com/justine_shults. Resources will also be provided on the publisher’s web-site for the book,
http://www.crcpress.com/product/isbn/9781420099935.
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