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Abstract

Introduction Longitudinal data are increasingly available
to health researchers; these present challenges not
encountered in cross-sectional data, not the least of which
is the presence of time-varying confounding variables and
intermediate effects.

Objectives We review confounding and mediation in a
longitudinal setting and introduce causal graphs to explain
the bias that arises from conventional analyses.
Conclusions When both time-varying confounding and
mediation are present in the data, traditional regression
models result in estimates of effect coefficients that are
systematically incorrect, or biased. In a companion paper
(Moodie and Stephens in Int J Publ Health, 2010b, this
issue), we describe a class of models that yield unbiased
estimates in a longitudinal setting.

Keywords Confounding - Mediation -
Directed Acyclic Graphs - Longitudinal data
Directed Acyclic Graphs

Directed Acyclic Graphs (DAGs), also called causal
graphs, formalize the causal assumptions that a researcher
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may make regarding the variables he wishes to analyze. A
graph is said to be directed if all inter-variable relationships
are connected by arrows indicating that one variable causes
changes in another and acyclic if it has no closed loops (no
feedback between variables)—see, for example, Greenland
et al. (1999) or Pearl (2009). DAGs are becoming more
common as researchers seek to clarify their assumptions
about hypothesized relationships and thereby justify mod-
eling choices (e.g., Bodnar et al. 2004; Brotman et al.
2008).

DAGs are particularly useful for visualizing and
understanding confounding and mediation. A variable, L, is
said to confound a relationship between an exposure, A,
and an outcome, Y, if it is a common cause of both the
exposure and the outcome, that is, if there is an arrow from
L into A, and another from L into Y. If the effect of L on
A and Y is not accounted for, it may appear that there is a
relationship between A and Y when in fact their co-varia-
tion may be due entirely to changes in L. In cross-sectional
data, blocking of a confounding effect is typically achieved
by adjusting for the variable in a regression model.

L is said to mediate the effect of A on Y if it lies on the
causal pathway between them, that is, there is at least one
path from A to Y that passes through L. Specifically, if there
is an arrow from A into L (so that exposure causes changes
in this variable) and an arrow from L into the Y (indicating
that the variable causally affects the outcome), L is called a
mediating variable. To quantify the fotal effect of the
exposure on the outcome, it is important not to block any
effect that acts through a mediating variable. Therefore, we
should not adjust for the mediating variable: including L in
the regression model typically biases the effect estimate of
A by underestimating the true value. Clearly, understanding
the underlying structure of a dataset is required to make
appropriate modelling decisions.
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Fig. 1 A simple, two-interval to
Directed Acyclic Graphs. The

(causal) relationship between A,
and L,, L, and Y, and A, and Y,

t1 to

are represented by arrows
labeled (a), (b), and (c),
respectively. Time, denoted 7,
t;, t>, is marked above the
variables

Table 1 Simulation of amblyopia study: data-generation protocol and summary of the sample study (n = 100)

Variable Notation Data generation Summary
Baseline visual acuity L, E[L;] =0.1 0.098
Occlusion, weeks 0-2 A P[AIL,] = logitfl(—0428 + 3.7L,) 54
Two-week visual acuity L, E[L,A;,Li] = L, — 0.086A; 0.052
Occlusion, weeks 2—4 A, P[A,IL,AL L] = 10git71(70.4 + 0.3A, + 4.5L,) 56
Four-week visual acuity Y E[Y|L,A\,Ly,As] = —2L, + 0.22A, + 3L, — 0.086A, 0.031

Continuous variables summarized by mean, binary variables by count. All continuous variables were generated with a standard deviation of

0.02logMAR

Modelling choices become more complex when data are
collected over time, particularly as a variable may act as
both a confounder and a mediator. Consider a two-interval
setting where data are collected at three times: baseline, 71,
and 1,. Potential confounding and/or mediating covariates
are denoted L, and L,, measured at baseline and #,,
respectively. Exposure in the intervals (7, #;) and (¢, t,) is
denoted A; and A,, respectively. Outcome, measured at 1,,
is denoted Y. See Fig. 1.

First, we first focus on the effect of A; on Y; A, acts
directly on Y, but also acts indirectly through L, as indi-
cated by arrows (a) and (b). As discussed above, it is
important not to adjust for a variable that is on the causal
pathway between exposure and outcome, so we must not
adjust for L,. We now turn our attention to the effect of A,
on Y; L, confounds this relationship, as can be observed by
arrows (b) and (c). To obtain an unbiased estimate of the
effect of A,, we must block on L,. Thus, we have learned
that to obtain unbiased estimators for both effects of
interest, we must simultaneously adjust and not adjust for a
time-varying covariate!

A simulated example

Suppose that researchers are interested in the effect of
occlusion (eye-patching) on amblyopia in children, as in the
Monitored Occlusion Treatment of Amblyopia Study
(Stewart et al. 2002, 2004), which suggested that 100 h of
occlusion improves visual acuity by —0.086logMAR

(Moodie and Stephens 2010a) (a decrease on the logMAR
scale corresponds to improved vision). The following sim-
ulated example is designed to follow the causal structure in
Fig. 1, using a sample size of 100. Visual acuity is measured
at baseline (L), 2 weeks (L,), and 4 weeks (¥). Exposure A
is a binary indicator of occlusion compliance for at least
100 h between baseline and week 2, and A, the corre-
sponding indicator for occlusion between weeks 2 and 4.

The data-generation protocol and simulated sample are
described in Table 1. The data are analyzed using two
traditional regression models:

Model 1:  E[Y|A1,Az,Li] = By + B1A1 + BrAz + BsLi,
Model 2: E[Y|A1,A2,L1,L2] = ﬁo + ﬁlAl + ﬁQAZ
+ B5L1 + Bala;

results are presented in Table 2. Model 1 fails to account
for the confounding by L, and hence yields a biased esti-
mate of the effect of A,. Model 1 inappropriately blocks the
effect of A; on Y that acts through L,, yielding a biased
estimate of the effect of A;.

To assure the reader that the results from a single data
set of a modest size (n = 100) are not uncharacteristic of
the problem, we repeated the simulation study 10,000
times. The bias of the estimator of the coefficient of A, in
Model 1 was 6.0% and of the coefficient of A; in Model 2
was 679%. Repeating this using 10,000 datasets of size
n = 5,000, the bias of A, in Model 1 was 6.3% and of A in
Model 2 was 679%, indicating that the bias does not
diminish with increasing sample size. We conclude that the
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Table 2 Simulation of amblyopia study: results from traditional
regression models

Variable Model 1 Model 2

B SE % bias f SE % bias
A, —0.0356 0.0121 64 0213 0.009 660.8
As —0.0738 0.0121 142 —0.085 0004 09

Model 1 adjusts for baseline visual acuity (L;) only, while Model 2
adjusts for both baseline and 2-week visual acuity (L; and L,). True
parameter values are —0.038, and —0.086

example dataset produced typical results, and indeed tra-
ditional regression analyses provide biased estimators of
the total effect of exposures in a longitudinal setting.

Discussion

We have presented here some of the challenges that arise in
conventional modelling of time-varying exposures in lon-
gitudinal data, and how these can be detected through the
formalization of assumptions using Directed Acyclic
Graphs. While these results may be surprising, they should
not be discouraging. As we explained in a companion
article (Moodie and Stephens 2010b), there exists a class of
models, the marginal structural models, that provide
unbiased estimates in this setting.
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