
Longitudinal studies

Longitudinal studies, observational or experimental,
are frequently on demand in every modern research
field. In such studies, individuals are observed
repeatedly over time. We use the generic term time
in this article to refer to the metameter for the occa-
sions of observation. The repeated observations are
termed longitudinal data, and entitle the capacity
of longitudinal studies to separate cohort and time
effects, contrasting cross-sectional studies where one
collects a single observation (i.e., an observation at a
single point in time) from each study individual.

The classical longitudinal data, often referred to as
repeated measures, are primarily a collection of mul-
tiple measurements on a quantity from a study cohort.
This version has been extended in two aspects: (i)
The variable of interest (study response) needs not to
be a quantity. It can be continuous, categorical, or a
mixture of both. (ii) Observations of each individual
need not to take place at multiple times specifically
but may occur over a time interval or a combina-
tion of intervals as well as finite discrete points. This
extension bridges the classical longitudinal setting to
time series analysis, event history data analysis, and
the newly popular functional data analysis.

Information from a longitudinal study contains, in
general, serial observations associated with possibly
independent individuals. Thus attainable goals of a
longitudinal study can be quite ambitious and include
the identification/evaluation of between-individual
differences in response, within-individual changes in
response over time, and between-individual differ-
ences of changes in response over time. This explains
the popularity of longitudinal studies in practice as
the targeted variables in most research projects are
evolving. Moreover, one can choose to conduct a
longitudinal study prospectively, retrospectively, or
a combination of these according to resources avail-
able. Following the outline of Crawford [1], this
article discusses statistical techniques for longitudi-
nal studies. We begin with three practical examples to
illustrate the wide use of longitudinal studies in prac-
tice. Following this is an overview of statistical study
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design and data analysis in longitudinal settings. The
emphasis lies in discussion about the special features
of longitudinal studies, collecting longitudinal data
with high quality and low cost, and analyzing the
data appropriately.

Examples

Longitudinal Study of Tree Growth
and Mortality

In a designed experiment by the Ministry of Forests
in British Columbia, Canada, three different levels of
crown thinning were applied to trees in several plots
of similar ages in order to assess the effect of thinning
on tree mortality; see Lee, et al. [2]. The thinning
treatment was applied about the time when crown
thinning would begin to have an effect. At subsequent
visits to the trees, approximately 2–3 years apart,
mortality statuses of the trees were recorded. There
are distinct sites or general location of the tree
stand in the experiment and several plots within
each site. Installations refer to the general location of
the tree stand in British Columbia. The longitudinal
measurements of the trees’ growth and survival status
are taken roughly at the same times within each plot,
but the measurement times for plots at the same
site are quite different. The first measurement time
refers to the time at thinning. There were at most
nine follow-up visits to trees, and not all trees were
examined at each measurement time. Missing data
also arise at random for live trees. The lifetime data
on trees arising from this study is interval censored
because of the study plan. Primary objective was to
jointly study tree growth patterns and how this is
linked to mortality.

Spatiotemporal Variation of Cadmium
Concentrations in Pacific Oysters

Pacific oysters (Crassostrea gigas) are cultivated
along the northwest coast of North America from
Washington to Alaska and accumulate levels of
cadmium that exceed some international tolerances
[3]. Recent studies have concluded that the cadmium
in BC oysters is mainly due to the geology of
the area [4], but the source of cadmium for these
oysters is still uncertain. Consequently, there has
recently been an enormous investment on studying
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the issue. In July 2000, the British Columbia Ministry
of Agriculture Food and Fisheries initiated a grow-out
study whereby Pacific oysters from the same seed
source of the same age were deployed to existing
oyster culture locations along the western coast of
BC. The deployment dates of all oysters are the same
within each site. Oysters were sampled approximately
bimonthly between December 2002 and February
2004, from shallow (about 1 m depth) to deep (about
7 m depth) positions along the long line. Oyster shell
length and cadmium concentrations were recorded.
Primary interest of this analysis was to study how
oyster cadmium concentrations vary over space and
time. The second objective was to investigate how
cadmium concentrations depend on oyster growth
over time.

Epidemiological Study of Childhood Cancer

The Childhood, Adolescent, and Young Adult Can-
cer Survivors Research Program (CAYACS) is a
research program of the Cancer Agency of British
Columbia, Canada, to carry out research into late
effects and survivor care in multiple domains, such as
health, education, employment, and resource use; see
McBride et al. [5]. This program identifies a survivor
cohort and comparison groups from population-based
(provincial or national) registries and obtains their
relevant records, including hospitalization and physi-
cian follow-up over time. The initial cohort consisted
of all five-year survivors of cancer or a tumor diag-
nosed under 25 years of age from 1970 to 1995, who
were residents in British Columbia at the time of
diagnosis, and followed till 2000 (3841 subjects). The
program once in while, say, every four years, adds
recent cancer survivors to the cohort and updates the
comparison groups accordingly. Most of the CAY-
ACS studies are observational and retrospective, and
require to conduct longitudinal analysis to achieve
their main goals, studying long-term outcomes and
care.

Study Design

Study design is a critical aspect of the planning of
an investigation; indeed, large numbers of research
papers and books deal with design issues. The lon-
gitudinal design split-plot in time, an application to
longitudinal settings of the split-plot designs origi-
nally developed by Fisher [6], is often referred to

as an early work on longitudinal study design. Dig-
gle et al. [7] and Fitzmaurice et al. [8], for example,
provide guidelines on designs for longitudinal studies.
There are references on longitudinal design issues in
specific areas, such as Donner and Klar [9], on cluster
randomized trials in health research.

Longitudinal studies have all the design issues,
which arise in cross-sectional studies, plus the addi-
tional considerations, which emerge from the longi-
tudinal perspective. This opens the door to a variety
of options of alternative designs, such as crossover
designs in clinical trials where a study treatment may
consist of several regimens in sequence, for example.
In other cases, subjects who do not have an initial
response to the study regimens may be permitted to
have a shorter study duration. Longitudinal designs
probably require more practical considerations such
as resource limitations and ethical concerns. More
specifically, not just recruitment but also retention of
the enrolled individuals demands substantial consid-
eration.

The scheduling of data collection with each study
individual is a major issue in longitudinal designs. It
complicates study sample size determination. Huang
and Wu [10] provide an interesting example. Con-
siderations should also be given to two timescales
involved in the design for monitoring a longitudinal
study, the calendar time (external time) elapsed since
the start of the study and the study time (internal time)
associated with each study individual. See, for exam-
ple, related discussions of Cook and Lawless [11] and
Hu and Lagakos [12].

Analysis of Longitudinal Data

Balanced longitudinal data are achieved when every
individual is observed at the same finite number of
occasions. One can view the repeated observations
from an individual as an observation of a multivari-
ate variable and apply well-developed multivariate
inferential methods. The potential intercorrelation of
the components in such a multivariate observation,
which consists of the serial observations associated
with an individual, needs to be accounted for when
specifying the covariance structure of the multivariate
variable.

Longitudinal studies typically have unbalanced
designs, missing data, attrition, time-varying covari-
ates, and other characteristics that make standard
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multivariate procedure inapplicable [13]. The last few
decades have witnessed extensive research in the
analysis of longitudinal data with such features. Dig-
gle et al. [7] and Fitzmaurice et al. [14], among oth-
ers, provide overview of statistical models and infer-
ential methods for longitudinal studies. The broader
term of longitudinal data allows one to view event
history data as longitudinal data with particular struc-
tures [15]. Various incomplete structures of event
history data have resulted in research advances in the
area of survival analysis. Many ideas and approaches
in survival analysis, particularly those associated with
recurrent events in Cook and Lawless [16], may be
applied directly or with little modification in a typical
longitudinal analysis.

Following Dean et al. [17], we outline below com-
monly used longitudinal models and methods for
analysis, as well as potential extensions of longitu-
dinal data analysis.

Models for Longitudinal Data

Linear mixed effects models are well established
in longitudinal settings; here, the random variation
is decomposed into between-individual variation (or
referred to as process error in some fields) and
within-individual variation (or sampling error). See,
for example, McCulloch et al. [18] and Wu [19].
Another essential modeling framework is the class of
the generalized estimating equations (GEE) mod-
els, a type of marginal moments models, which
specify only the conditional mean and correlation
structures of the longitudinal outcomes.

Further modeling strategies include transitional
models, which model the within-individual vari-
ation via Markov structures to account for cor-
relation of observations within individual, and
nonparametric/semiparametric models, which either
specify the population moments as nonparamet-
ric/semiparametric functions of covariates or assume
nonparametric/semiparametric error distributional
models. See, for example, Cook et al. [20], Nathoo
and Dean [21], and Wang et al. [22], reapectively.
There has been considerable interest in jointly mod-
eling event times and longitudinal measurements
via linking the distribution of time-to-event and the
model for repeated measures with a set of latent vari-
ables. See, for example, Tsiatis and Davidian [23] and
Hsieh et al. [24]. This joint model formulation char-
acterizes the relationship between the event times and

the longitudinal measures. It provides a convenient
framework for analyzing the event process and longi-
tudinal response process simultaneously and also for
interpreting the analysis outcomes. Finally, Bayesian
models for longitudinal settings have shown advan-
tages in some circumstances as they make use of
existing information; see Ibrahim et al. [25].

Inference Methods

Most inferential methods for longitudinal analysis
fall into two categories: likelihood-based approaches,
including approaches based on variations of likeli-
hood functions such as partial likelihood functions,
and estimating equation approaches. Recently pro-
posed are approaches that blend classical longitudinal
methods with data smoothing techniques, such as a
kernel or spline method. These are particularly use-
ful when observation times of each individual are
condensed in which case the longitudinal data are
referred to as functional data Ramsay and Silverman
[26].

Missing data occur in longitudinal studies fre-
quently, and cause challenges for longitudinal data
analysis. Approaches for dealing with missing data
include multiple imputation methods, the EM algo-
rithm and its variations, the weighted GEE meth-
ods, and Bayesian methods. See Tsiatis [27] for an
overview of the area. Sun [28] presents a compre-
hensive review of handling interval-censored event
data, a particular type of incomplete data struc-
ture. Measurement error problems lend an addi-
tional layer of complexity in longitudinal analysis.
Carroll et al. [29] present commonly used models
and methods for handling measurement error prob-
lems, including functional and structural modeling
approaches.

Model diagnostics and variable selection in an
inferential analysis is generally challenging as well
as important; see, for example, Greenland [30] for
an overview of it in epidemiologic analysis. It is
especially so in longitudinal studies as all the issues
are further complicated by the longitudinal perspec-
tive (e.g.,Liu and Yang [31]). Fitzmaurice et al. [8]
give a general strategy to obtain a sensible choice of
models for both the covariance and the mean of lon-
gitudinal responses: first select an appropriate model
for the covariance and then select a model for the
mean.
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Extension of Longitudinal Approaches

Longitudinal data are a particular type of correlated
data. The repeated observations on a study indi-
vidual are in sequence, and may be viewed as a
realization of time series. One usually assumes that
the individuals in a longitudinal study are indepen-
dent. In many practical situations, study individuals
are highly clustered. Spatiotemporal data exemplify
the situations with study units clustered over space.
It is of both theoretical and practical interest to
adapt longitudinal approaches in spatio–temporal set-
tings.
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