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Estimation of causal effects of time-varying exposures using longitudinal data is a common problem in epidemiology. When there are time-varying confounders, which may include past outcomes, affected by prior exposure,
standard regression methods can lead to bias. Methods such as inverse probability weighted estimation of marginal structural models have been developed to address this problem. However, in this paper we show how standard regression methods can be used, even in the presence of time-dependent confounding, to estimate the total
effect of an exposure on a subsequent outcome by controlling appropriately for prior exposures, outcomes, and
time-varying covariates. We refer to the resulting estimation approach as sequential conditional mean models
(SCMMs), which can be ﬁtted using generalized estimating equations. We outline this approach and describe how
including propensity score adjustment is advantageous. We compare the causal effects being estimated using
SCMMs and marginal structural models, and we compare the two approaches using simulations. SCMMs enable
more precise inferences, with greater robustness against model misspeciﬁcation via propensity score adjustment,
and easily accommodate continuous exposures and interactions. A new test for direct effects of past exposures on
a subsequent outcome is described.
direct effect; indirect effect; inverse probability weight; longitudinal study; marginal structural model; sequential
conditional mean model; time-varying confounder; total effect

Abbreviations: GEE, generalized estimating equation; IPW, inverse probability weight; MSM, marginal structural model; SCMM,
sequential conditional mean model.

This paper discusses estimation of causal effects from studies
with longitudinal repeated measures of exposures and outcomes, such as when individuals are observed at repeated visits.
Interest may lie in studying the “total effect” of an exposure
at a given time on a concurrent or subsequent outcome or in
the effect of a pattern of exposures over time on a subsequent
outcome. These different types of effects are deﬁned below.
Special methods have been developed to handle the complications of the time-dependent confounding that can occur in this
longitudinal setting (1), inverse probability weighted (IPW) estimation of marginal structural models (MSMs) being the most
commonly employed, as well as others including g-computation
and g-estimation. Good introductions to these methods are available (2, 3), and while the other g-methods are still not widely
used, IPW estimation of MSMs is becoming more commonplace. In this paper we show how, in fact, conventional methods

can be used to estimate “total effects,” even in the presence of
time-dependent confounding, by controlling for prior exposures, outcomes, and time-varying covariates. That is, we
provide a reminder that it is not always necessary to default
to using IPW estimation of MSMs or g-methods when there
are time-varying confounders. While standard regression
adjustment is often employed in studies using longitudinal
measures, issues of potential biases due to time-dependent
confounding are not always carefully considered and do
indeed result in bias if prior values of the exposure and outcome are not controlled for.
The methods described in this paper are based on sequential
conditional mean models (SCMMs) for the repeated outcome
measures, ﬁtted using generalized estimating equations (GEEs).
We set out the important considerations for securing results
against bias due to model misspeciﬁcation and compare the
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effects that can be estimated using SCMMs and IPW estimation
of MSMs, as well as comparing the methods in simulation studies. IPW estimation of MSMs uses weighted regressions in
which each individual’s data at each time point receives a
weight equal to the inverse of an estimated probability that
that person had their observed exposures until that time, given
their other covariates up to that time. A drawback is that some individuals may have a large weight, which causes ﬁnite-sample
bias and imprecision, even when using stabilized weights.
This occurs particularly in studies with many visits or continuous exposures (4, 5). Several applications using IPW
estimation of MSMs have in fact considered total, particularly
short-term, effects (6–8) where simpler methods may have been
suitable and more efﬁcient.
We also present a new test of whether there are direct effects
of past exposures on a subsequent outcome not mediated through
intermediate exposures. The test can be used in conjunction
with the conventional methods as part of an analysis strategy
to inform whether more complex analyses are needed to estimate certain effects.

Deﬁning a total exposure effect

ESTIMATING TOTAL EXPOSURE EFFECTS
Setup and notation

Individuals are observed at T visits, t = 1, …, T , at which
we observe the outcome Yt , the exposure Xt , and a vector of
covariates Lt . Figure 1 depicts how variables may be related
over time. UY and UX denote unobserved random effects
affecting Yt and Xt respectively. The set of measures up to
time t is indicated using a bar (e.g., X¯t = (X1, …, Xt − 1, Xt )). It
is assumed that Xt refers to a measure at a time point just
before that to which Yt refers. This would occur if Xt referred
to a status during [t − 1, t ) and Yt referred to a status during
[t , t + 1). Sensitivity analyses can be used to investigate assumptions about temporal ordering. We focus on binary exposures and continuous outcomes. Other types of exposures
and outcomes are discussed later.

A)

B)

Figure 1. Associations between an exposure Xt and outcome Yt measured longitudinally, with random effects UX and UY (circles indicate that
these are unobserved). A) Without time-varying confounders. B) With time-varying confounders.
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Figure 1 visualizes the primary issues arising in a longitudinal
observational setting, notably that prior exposure affects future
outcome, prior outcome affects future exposure and covariates,
and that there is time-dependent confounding by time-varying
covariates Lt : Lt are confounders for the association between
Xt and Yt , but on the pathway from Xt − 1 to Yt . Figure 1 could
be extended to allow non-time-varying covariates and more
lagged effects, (e.g., an arrow from Xt − 2 to Yt ).
The “total effect” of an exposure at time t − a (a =
0, 1, …), Xt − a , on Yt includes both the indirect effect of Xt − a
on Yt through future exposures (Xt − a + 1, …, Xt ) and the direct
effect of Xt − a on Yt not through future exposures. For example, in Figure 1B the indirect effect of X1 on Y2 is via the pathways X1 → X2 → Y2 and X1 → L2 → X2 → Y2 , and the direct
effect is via the pathways X1 → Y2 and X1 → L2 → Y2 . In
Figure 1 the total effect of Xt on Yt is the same as the direct
effect; we also refer to this as the “short-term effect.” In the
terminology of mediation, the direct effect corresponds to the
“controlled direct effect” (9). We refer to a “long-term direct
effect” as the effect of a lagged exposure Xt − a (a = 0, 1, …)
on a subsequent outcome Yt that is not mediated via intermediate exposures.
This paper does not consider another type of causal effect—
the joint effect of a particular pattern of exposures over a series
of time points on a subsequent outcome (e.g., the joint effect of
Xt − 1 and Xt on Yt ). Our focus is the total effect of a single exposure on a subsequent outcome. Our deﬁnition of a total effect
does not make any statements about whether a treatment will
always be continued once it has started. Such total effects are
useful for a doctor making a pragmatic decision about whether
to start a patient on a treatment at a given time, accounting for
the fact that the patient may subsequently naturally deviate
from this treatment (or nontreatment) at a later visit.
To estimate causal effects, we assume no unmeasured confounding. This will generally hold only approximately in an
observational setting, and it is hoped that the most important
confounders are measured.
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Sequential conditional mean models

We focus ﬁrst on estimating the short-term effect of Xt on
Yt (which is also the total effect of Xt on Yt ) and, to discuss the
issues arising, ﬁrst suppose that there is no random effect UY
so that longitudinal outcomes Yt are correlated only via the Xt
and Lt . Consider the following model for the expected outcome at time t conditional on exposures and covariates up to
time t :
E (Yt |X¯ t , L¯ t ) = β0 + βX1Xt + βX 2 Xt − 1 + βTL Lt .

(1 )

E (Yt |X¯ t − a , L¯ t − a) = β0 + βX1Xt − a + βX 2 Xt − a − 1 + βTL Lt − a .
(2 )

In model (2) βX1 represents the total effect of Xt − a on Yt .
SCMMs can be used to model total effects. However, their
use does not extend to modeling the joint effect of a particular pattern of exposures.

PSt = Pr (Xt = 1|X¯ t − 1, L¯ t , Y¯t − 1) .

(4 )

One possible model for the propensity score is:
PSt =

exp (ρ0 + ρX Xt − 1 + ρTL Lt + ρY Yt − 1)
1 + exp (ρ0 + ρX Xt − 1 + ρTL Lt + ρY Yt − 1)

,

(5 )

which can be ﬁtted using logistic regression across all time
PSt , are
points combined. The estimated propensity scores, 
then included in the SCMM:
E (Yt |X¯ t , L¯ t , Y¯t − 1) = β0 + βX1Xt + βX 2 Xt − 1 + βTL Lt
t .
+ β Yt − 1 + β PS
Y

PS

(6 )

The propensity score model should include all variables
suspected predictors of both Xt and Yt . Using propensity scores
gives two primary advantages (12). First, in linear models it delivers a doubly robust estimate of the exposure effect βX1, which
is unbiased (in large samples) if either the SCMM (3) or the
propensity score model (6) is correctly speciﬁed. Second, it
down-weights exposed individuals for whom no comparable
unexposed individuals can be found, and vice versa, thus avoiding model extrapolation when there is little overlap in the covariate distributions of exposed and unexposed individuals.
IPW estimation of MSMs

Estimation of SCMMs

The parameters of SCMMs can be estimated as the solution
to GEEs (10). In estimation with GEEs, care should be taken to
avoid biases that can arise, which we call “GEE bias.” In particular, the GEE estimates of the parameters in model (1) are unbiased only under the assumption that Yt is independent of future
exposures and covariates conditional on past exposures and co¯ t ) = E (Yt |X¯T , L
¯ T ).
variates for all t = 1, …, T (11); E (Yt |X¯t , L
See Web Appendix 1 (available at https://academic.oup.com/
aje) for further discussion. Such biases can be avoided either by
using an independence working correlation matrix or, preferably, by including prior outcomes in the regression model, the
latter being more efﬁcient:
E (Yt |X¯ t , L¯ t , Y¯t − 1) = β0 + βX1Xt + βX 2 Xt − 1
+βTL Lt + βY Yt − 1.

(3 )

Including the outcome history in the model is not only
desirable to increase precision but often also necessary when,
as in Figure 1B, the outcome history confounds the association between Xt and Yt . We recommend adjustment for prior
outcomes in the SCMM.

Incorporating propensity scores

It may be advantageous to include adjustment for propensity
scores in the SCMM. The propensity score for an individual at
Am J Epidemiol. 2018;187(5):1085–1092

This approach is also based on regression. MSMs are usually
expressed in terms of an expected counterfactual outcome. We
deﬁne Ytx¯t to be the counterfactual outcome at time t for an individual, had there been an intervention by which their exposure
history up to time t was X¯t = x¯t . A MSM must correctly specify
all treatment effects of interest, including long-term direct effects. Under the scenario in Figure 1, there are direct effects of
Xt and Xt − 1 on Yt , implying the MSM:
E (Ytx¯t ) = ω 0 + ωX1xt + ωX 2 xt − 1.

(7 )

Parameters of MSMs are estimated using IPW, in which the
regression model implied by the MSM is ﬁtted with the contribution of each individual weighted by the inverse probability of
their observed exposures given their other covariates. Cole and
Hernán (13) give overviews of the construction of weights. The
estimation can be performed using weighted GEEs. GEE bias
can be avoided by using an independence working correlation
matrix. Unlike SCMMs, MSMs do not accommodate control
for outcome history via regression adjustment; hence GEE
bias cannot be avoided by adjustment for the outcome history
(14, 15).
If interest is only in a short-term treatment effect, it is sufﬁcient to specify a MSM based only on the short-term effect,
E (Ytxt ) = ω⁎0 + ω⁎X1xt ,

(8 )

provided that the confounding by past treatment Xt − 1 is accounted for in the weights, by using unstabilized weights or
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Model (1) is a SCMM. If it is correctly speciﬁed and if
moreover the history Xt − 1 and Lt is sufﬁcient to adjust for confounding of the effect of Xt on Yt , then parameter βX1 represents the causal effect of Xt on Yt . As discussed below, this
effect can be estimated by ﬁtting traditional regression models.
Interaction terms, variable transformations, terms in and interactions with t , and baseline covariates could be incorporated
into the SCMM. Model (1) extends directly to estimation of
total effect of Xt − a (a = 1, 2, …) on Yt , for example:

time t is their probability of having the exposure at time t conditional on the past:
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by excluding past treatment from the numerator of the stabilized weights.
SCMMs can also be expressed in terms of counterfactuals;
for example, model (3) can be written as
E (Ytx¯t |Xt = xt , X¯ t − 1, L¯ t , Y¯t − 1)

E (Yt |X¯ t , L¯ t , Y¯t − 1) = β0 + βX1Xt + βX 2 Xt − 1 + βTL Lt
t + η Xt Lt
+ β Yt − 1 + β PS
Y

= β0 + βX1xt + βX 2 Xt − 1 + βTL Lt + βY Yt − 1,

(9 )

and the propensity score could also be included.

ωX1 = E (Yt(x¯t −1,1) − Yt(x¯t −1,0) )
¯

ω⁎X1 = E (Yt(Xt −1,1) − Yt(Xt −1,0) ) .

(10)

(11)

Both are marginal effects. In contrast, in SCMM (3), the shortterm effect is the conditional effect:
βX1 = E (Yt(x¯t −1,1) − Yt(x¯t −1,0) |X¯ t − 1 = x¯t − 1, L¯ t , Y¯t − 1) .

(12)

For linear models βX1, ωX1, and ω⁎X1 all represent the same
estimand, provided the MSMs and SCMM are correctly speciﬁed. For nonlinear models this no longer remains true due to
noncollapsibility. In linear SCMMs, βX1 in model (6) (including
the propensity score) and in model (3) (excluding the propensity score) represents the same conditional effect provided either
the propensity score model or the SCMM excluding the propensity score is correctly speciﬁed. Interestingly, this holds even if
the functional form of the propensity score used in the SCMM
is misspeciﬁed, provided the exposure effect is the same across
all levels of the propensity score and the remaining predictors in
the model (12).
MSMs can be used to estimate marginal effects or effects
that are conditional on baseline variables. Stabilized weights
can be used to ﬁt only MSMs that condition on predictors used
in the numerator of the weights; variables in the numerator
should be incorporated as adjustment variables in the MSM. In
our context, past exposure Xt − 1 can be considered a baseline
variable and included in the numerator of the stabilized weights,
provided the MSM also includes that variable (as in MSM (7)).
Unstabilized weights are most commonly used to estimate marginal effects, although they can also be used in ﬁtting MSMs
that condition on baseline variables.
Extensions
Interactions. Because SCMMs estimate conditional effects, they extend straightforwardly to allow interactions between
exposure and time-dependent covariates. If interactions exist,
these should be incorporated into the SCMM. Failure to do so
will result in a misspeciﬁed SCMM. In SCMMs including the
propensity score, interactions between the covariate and the propensity score should be included for every covariate-exposure

X1

(13)

Standard MSMs as described previously in this paper do
not accommodate interactions between the exposure and timedependent covariates because time-dependent confounders are
handled in the weights rather than by adjustment. If interactions
are present, MSMs are, however, still valid because they estimate marginal effects. “History-adjusted MSMs” (HA-MSMs)
have been described that accommodate interactions with timedependent covariates; these assume a MSM at each time point
and model the counterfactual outcome indexed by treatment
that occurs after that time point, conditional on some subset of
the observed history up to that time (16, 17). However, HAMSMs have not been much used in practice, and their validity
remains in question (18).
Both MSMs and SCMMs can incorporate interactions
between exposure and baseline variables.
Continuous exposures. SCMMs easily handle continuous
exposures Xt because they use standard regression. In linear
SCMMs with a continuous exposure, it is advantageous to
include adjustment for the propensity score, for the same reasons as discussed for a binary exposure, where here the propen¯ t , Y¯t − 1) (12). In theory, IPW
sity score is PSt = E (Xt |X¯t − 1, L
estimation of MSMs extends to continuous exposures by specifying a model for the conditional distribution of the continuous
exposure in the weights. Different ways of constructing these
weights have been compared (5), however the method has been
found not to work well (4). A major concern is that correct speciﬁcation of the entire distribution is difﬁcult, and slight misspeciﬁcation of the tails could have a big impact on the weights.
Binary and survival outcomes. For a binary outcome Yt ,
the SCMM (e.g., model (3)) can be replaced by a logistic
model. Propensity score adjustment is also advantageous in
logistic SCMMs (12), ensuring double robustness for the test
of no exposure effect. Logistic MSMs can also be used.
SCMMs excluding the propensity score deliver a conditional
odds ratio while MSMs deliver unconditional odds ratios; for a
binary outcome, these are different effects. SCMMs including
the propensity score estimate a different conditional effect. All
of these effects may be viewed as “causal.” A conditional effect
is sometimes of most realistic interest, in particular when
the exposed and unexposed are very different in their covariate
histories. In that case, the observed data may carry insufﬁcient
information to infer the average outcome if everyone versus no
one were exposed, while there may be sufﬁcient information to
answer that question for subgroups where there is sufﬁcient
overlap (12, 19).
SCMMs and IPW estimation of MSMs can also be used to
study short-term exposure effects in a survival analysis setting
using Cox regression, using exposures and covariates measured at scheduled visits (20). This is an area for further work.
Am J Epidemiol. 2018;187(5):1085–1092
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MSM (7) and (8) parameterize the short-term effect of interest respectively as:

PS

+ η X 2 Xt Yt − 1 + η PS1
PSt Lt

+ η PSt Yt − 1.
PS 2

Comparison of estimands using SCMMs and IPW
estimation of MSMs

¯

interaction. For example, to incorporate interactions between
Xt and Lt and between Xt and Yt − 1:

Time-Dependent Confounding in Longitudinal Studies 1089

Methods

SCMMs give insight into total exposure effects. However, it
is useful to understand whether earlier exposures directly affect
a subsequent outcome other than via intermediate exposures.
Focusing on Figure 1B, we outline a test for the existence of
any direct effect of Xt − 1 on Yt , except that mediated through Xt .
This long-term direct effect is represented by unblocked pathways from Xt − 1 to Yt that do not pass through Xt .
The test uses the following steps:

In each simulated data set under scenario 1, we ﬁtted SCMMs
and MSMs using GEEs with independent and unstructured
working correlation matrices. We considered different forms for
the SCMMs and MSMs to illustrate earlier points on model misspeciﬁcation and GEE bias.
The effect of Xt on Yt is confounded by prior exposure Xt − 1
and prior outcome Yt − 1 (via UY), implying that to obtain an
unbiased effect estimate, the SCMM should either include
Xt − 1 and Yt − 1, or it should include Xt − 1 and use an unstructured
working correlation matrix. To illustrate the main points we
considered four SCMMs: i) E (Yt |X¯t , Y¯t − 1) = β0 + βX1Xt ; ii)
E (Yt |X¯t , Y¯t − 1) = β0 + βX1Xt + βY Yt − 1; iii) E (Yt |X¯t , Y¯t − 1) =
β0 + βX1Xt + βX 2 Xt − 1; and iv) E (Yt |X¯t , Y¯t − 1) = β0 + βX1Xt +
βX 2 Xt − 1 + βY Yt − 1. The same SCMMs were ﬁtted with adjustment
for the propensity score. The propensity score model for Xt
included Yt − 1 and Xt − 1.
To estimate a total effect using IPW estimation of MSMs,
the MSM should either correctly model the effect of exposures on the outcome up to and including the exposure whose
total effect we wish to estimate (model (7)), or it should correctly model the effect of the exposure whose total effect we
wish to estimate (model (8)) and incorporate confounding by
past exposures in the weights. The models used to construct
the weights should include all confounders of the association
between Xt and Yt , including prior exposures and outcomes.
We considered two MSMs: 1) E (Ytxt ) = ω⁎0 + ω⁎X1xt ; and 2)
E (Ytx¯t ) = ω0 + ωX1xt + ωX 2 xt − 1. Unstabilized and stabilized
weights were used and obtained using logistic regression
models ﬁtted across all 5 visits. In the weight denominators,
we used a logistic model for Xt with Xt − 1 and Yt − 1 as predictors.
In the numerator of the stabilized weights, we used a logistic
model for Xt with Xt − 1 as the predictor. Unstabilized weights
are not recommended because they are known to be highly variable, but we include them for comparison. It has been suggested
that weights could be truncated to improve precision (13). We
consider stabilized weights with truncation of the p% smallest
and largest weights ( p = 1, 5, 10, 20).
The test for long-term direct effects was performed in simulation scenarios 1 and 2. In Step 1 we ﬁtted a SCMM of the form
4
4
E (Yt |X¯t , Y¯t − 1) = β0 + ∑ j = 0 βXj Xt − j + ∑ j = 0 βYj Yt − j , where
Xt and Yt are set to zero for t ≤ 0 . The model ﬁtted in Step 3
¯ t − 1).
was as in model (14) using all lags of X and Y (omitting L
A 95% conﬁdence interval for δY was estimated using 1,000
bootstrap samples, using the percentile method (22, 23). We obtained the percentage of the 1,000 bootstrap 95% conﬁdence intervals (23) that excluded 0. A P value for a 2-sided test of the
null hypothesis could be obtained as the number of bootstrapped
estimates of δY that lie more than a distance |δ̂Y | from 0, divided
by the number of bootstrap samples, which should be large to
capture small P values.

Step 1. Fit a SCMM for Yt given Xt and the covariate history up to time t , including prior exposures and outcomes. This is used to infer the short-term effect of Xt
on Yt .
Step 2. Using the model from step 1, obtain the predicted
outcomes Ŷt when Xt = 0 (t = 1, …, T ) (i.e., when we
force no effect of Xt on Yt ).
Step 3. The test of interest is now a test of the hypothesis
that Ŷt is independent of Xt − 1 given the covariate history
up to time t − 1. This hypothesis can be tested by ﬁtting a
model for Xt − 1 given the covariate history up to time t − 1
and Ŷt ; for example, for a binary exposure we would test
the hypothesis that δY = 0 in the model:
E (Xt − 1|X¯ t − 2 , L¯ t − 1, Yˆt , Y¯t − 2)
exp (δ 0 + δTX X¯ t − 2 + δTL L¯ t − 1 + δYT¯ Y¯t − 2 + δY Yˆt )
=
.
1 + exp (δ 0 + δTX X¯ t − 2 + δTL L¯ t − 1 + δYT¯ Y¯t − 2 + δY Yˆt )
(14)

This is ﬁtted across all visits combined.
The usual estimate of the standard error of δ̂Y will be erroneously small because it ignores that the Ŷt are predicted values. We therefore propose using bootstrapping.
Robins (21) proposed the direct effect g-null test, which is
readily applicable to test for the presence of long-term direct
effects. Relative to the Robins test, our proposed test has the
advantage of not relying on inverse probability weighting
and thus being more naturally suited to handling continuous
exposures. Our test, as described so far, assesses the presence
of long-term direct effects when setting xt to 0; it will generally be a good idea to additionally assess whether there is evidence for long-term direct effects when setting xt to values
other than zero.

SIMULATION STUDY

We used simulation studies to compare SCMMs with IPW
estimation of MSMs for the short-term effect of a binary exposure
Xt on a continuous outcome Yt , and to assess the performance of
the test for long-term direct effects. Data were simulated according to Figure 1A, using n = 200 individuals observed at T = 5
visits (simulation scenario 1). To further assess the test for longterm direct effects we generated data under a second scenario in
which there is no direct effect of Xt − 1 on Yt (δY = 0 in model
(14)), represented by a modiﬁcation of Figure 1A with the arrows from Xt − 1 to Yt removed (simulation scenario 2). See Web
Appendix 2 for details.
Am J Epidemiol. 2018;187(5):1085–1092

Simulation results
Comparison of results from SCMMs and IPW estimation of
MSMs. Results are shown in Table 1. In the SCMMs, model

i fails to account for confounding by Xt − 1 and Yt − 1, and model
ii fails to account for confounding by Xt − 1; in neither case can
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Table 1. Results of Simulation Studies to Compare Sequential Conditional Mean Models with Inverse Probability Weighted Estimation of
Marginal Structural Models
Independence

Modela

Biasb

95% CIc

Unstructured
SDd

Biasb

95% CIc

SDd

SCMM
Form of E (Yt |X¯t , Y¯t − 1)
i) β0 + βX1Xt

0.425

0.420, 0.430

0.081

0.256

0.251, 0.262

0.087

ii) β0 + βX1Xt + βY Yt − 1

0.151

0.146, 0.156

0.080

0.050

0.045, 0.055

0.086

iii) β0 + βX1Xt + βX 2 Xt − 1

0.109, 0.120

0.092

−0.002

0.008, 0.004

0.095

−0.007, 0.005

0.095

0.001

−0.004, 0.007

0.095

i) β0 + βX1Xt + βPS 
PSt

0.001

−0.005, 0.007

0.096

0.001

−0.005, 0.007

0.095

PSt
ii) β0 + βX1Xt + βY Yt − 1 + βPS 
iii) β + β Xt + β Xt − 1 + β 
PSt

0.001

−0.005, 0.007

0.096

0.006

0.000, 0.012

0.097

0.003

−0.002, 0.009

0.096

−0.002

−0.008, 0.004

0.095

−0.001

−0.007, 0.005

0.096

0.001

−0.005, 0.007

0.096

SCMM using propensity scores
Form of E (Yt |X¯t , Y¯t − 1)

0

X1

X2

PS

iv) β0 + βX1Xt + βX 2 Xt − 1 + βY Yt − 1 + βPS 
PSt
IPW estimation of MSMs
Unstabilized weights
i) E (Ytxt ) = ω⁎0 + ω⁎X1xt

0.022

0.001, 0.043

0.340

0.046

−0.137, 0.230

ii) E (Ytx¯t ) = ω 0 + ωX1xt + ωX 2 xt − 1

0.007

−0.012, 0.026

0.306

3.635

−3.208, 10.478

2.959
110.4

Stabilized weights
i) E (Ytxt ) = ω⁎0 + ω⁎X1xt

0.297

0.291, 0.302

0.090

0.187

−0.002

−0.009, 0.004

0.107

−0.060

i) E (Ytxt ) = ω⁎0 + ω⁎X1xt

0.309

0.304, 0.315

0.087

0.196

ii) E (Ytx¯t ) = ω 0 + ωX1xt + ωX 2 xt − 1

0.018

0.012, 0.024

0.101

−0.051

i) E (Ytxt ) = ω⁎0 + ω⁎X1xt

0.325

0.320, 0.330

0.086

0.214

ii) E (Ytx¯t )

0.025

0.019, 0.032

0.099

−0.043

i) E (Ytxt ) = ω⁎0 + ω⁎X1xt

0.341

0.335, 0.346

0.085

0.225

ii) E (Ytx¯t ) = ω 0 + ωX1xt + ωX 2 xt − 1

0.044

0.038, 0.050

0.097

−0.032

i) E (Ytxt ) = ω⁎0 + ω⁎X1xt

0.364

0.359, 0.370

0.083

0.236

ii) E (Ytx¯t ) = ω 0 + ωX1xt + ωX 2 xt − 1

0.067

0.061, 0.073

0.094

−0.021

ii) E (Ytx¯t ) = ω 0 + ωX1xt + ωX 2 xt − 1

0.180, 0.194

0.110

−0.067, −0.053

0.114

Stabilized weights: truncated at the 1st and 99th percentiles
0.190, 0.202

0.098

−0.058, −0.045

0.106

0.209, 0.220

0.092

−0.049, −0.037

0.102

Stabilized weights: truncated at the 5th and 95th percentiles
= ω 0 + ωX1xt + ωX 2 xt − 1

Stabilized weights: truncated at the 10th and 90th percentiles
0.219, 0.230

0.091

−0.039, −0.026

0.100

Stabilized weights: truncated at the 20th and 80th percentiles
0.231, 0.242

0.088

−0.027, −0.015

0.097

Abbreviations: CI, conﬁdence interval; GEE, generalized estimating equation; IPW, inverse probability weight; MSM, marginal structural model;
SCMM, sequential conditional mean model; SD, standard deviation.
a
All models were ﬁtted using GEEs with an independence working correlation matrix and an unstructured working correlation matrix.
b
Bias in the estimated short-term causal effect of Xt on Yt averaged over 1,000 simulations.
c
Monte Carlo 95% conﬁdence interval corresponding to the bias.
d
Empirical standard deviation of the estimates.

this by accounted for using an unstructured working correlation matrix, which only handles confounding by Yt − 1. Hence
SCMMs i and ii give biased effect estimates. Model iii, ﬁtted
using an independence working correlation matrix, fails to
account for confounding by Yt − 1, resulting in bias. However,
the bias is eliminated by using an unstructured working correlation matrix. The analysis under model iii based on a nonindependence working correlation structure would nonetheless

be subject to confounding bias and GEE bias when that
working correlation structure is misspeciﬁed, as is likely
when the outcome model is nonlinear. Model iv accounts
for both sources of confounding directly, giving unbiased
effect estimates using any form for the working correlation
matrix. We recommend SCMM iv with an independence
working correlation structure. Propensity score adjustment
delivers a double-robustness property and therefore gives
Am J Epidemiol. 2018;187(5):1085–1092
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0.115
−0.001

iv) β0 + βX1Xt + βX 2 Xt − 1 + βY Yt − 1
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DISCUSSION

We have shown how standard regression methods using
SCMMs can be used to estimate total effects of a time-varying
exposure on a subsequent outcome by controlling for confounding by prior exposures, outcomes, and time-varying covariates. We compared this with IPW estimation of MSMs,
which handles time-varying confounding when estimating
joint effects but which can also be used to estimate total
effects. Other methods for estimating joint effects include gestimation and g-computation (see Daniel et al. (3) for an
overview), which have not been used extensively in practice
(24–26). There is a close connection between SCMMs and
structural nested mean models (SNMMs) (26), in which a
parametric model is speciﬁed for the causal effect of interest
among people receiving a given level of treatment (e.g.,
¯ t )} − g {E (Y (x¯t− 1,0) |X¯t = x¯t , L
¯ t )}). In
g {E (Y (x¯t− 1,1) |X¯t = x¯t , L
linear models, our propensity score adjusted estimates are equivalent to efﬁcient g-estimates in a SNMM for short-term effects
(27). When the remaining long-term direct effects are of interest, estimation in linear SNMMs becomes more involved, but
it is still feasible using standard software (27, 28).
Am J Epidemiol. 2018;187(5):1085–1092

There is a large literature on adjustment for baseline outcomes in studies of the relationship between an exposure and
a follow-up outcome or change in outcome. Glymour et al.
(29) presented challenges arising in this setting in a causal
context. Key differences between that setting and ours are
that we focused on repeated measures of exposures, covariates, and outcomes, and we used adjustment for all relevant
past measures in order to estimate a total effect.
A total effect may be the most realistic effect of interest. It
could be particularly informative to estimate the total effect
of an exposure at a given time on outcomes at a series of
future times. We outlined a new test for existence of longterm direct effects, which may be used as a simple alternative
to the direct effect g-null test. If the test provides no evidence
for existence of long-term direct effects, this informs the
investigator that joint exposure effects can be estimated without the need for complex methods.
SCMMs estimate conditional effects, whereas MSMs are
typically used to estimate marginal effects. In linear models
without interactions, the conditional and unconditional effects coincide but are otherwise different. Conditional effects
may be more realistic for interpretation, in particular when
the exposed and unexposed have quite different covariate
histories.
Misspeciﬁcation of SCMMs can lead to confounding bias.
Without strong prior information, we must assume many possible associations, including long-term direct effects, and include
adjustment for prior exposures, outcomes, and covariates. We
recommend adjustment for the outcome history and propensity
scores, and estimation using independence GEE. SCMMs adjusting for the propensity score are less vulnerable to misspeciﬁcation than MSMs because of their double-robustness property.
However, unlike MSMs, SCMMs require correct modeling of
interactions of the exposure with the covariate history. SCMMs
give better precision even than stabilized weights in realistic scenarios. In addition to their simplicity and familiarity, SCMMs
extend more easily to accommodate continuous exposures,
drop-out, and missing data (see Web Appendix 5).
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unbiased estimates under all models using any working correlation matrix.
MSM 1 ignores the direct effect of Xt − 1 on Yt ; this can be
accounted for using unstabilized weights but not stabilized
weights. There is some small ﬁnite sample bias using unstabilized weights. In practice, bias can also occur due to lack of positivity, which requires both exposed and unexposed individuals
at every level of the confounders (13). MSM 2 is correctly speciﬁed, and the estimates are unbiased using either stabilized
weights or unstabilized weights. As expected, unstabilized
weights (Web Appendix 3 and Web Table 1) give large empirical standard deviations, especially using an unstructured working correlation matrix. Stabilized weights improve precision,
but the empirical standard deviations remain larger than under
SCMMs. Precision was improved under truncation but comes
at a cost of bias, which is small using MSM 2 but quite large
using MSM 1. Using an unstructured working correlation matrix
gives GEE bias; this is true for both unstabilized and stabilized
weights, but it is not evident here for unstabilized weights due to
large empirical standard deviations.
Web Table 2 shows results for 10 study visits, when the efﬁciency of IPW estimation of MSMs compared with SCMMs is
further reduced. Results from additional simulation scenarios
(see Web Figure 1) are given in Web Appendix 4 and Web
Table 3. Simulations did not include time-varying covariates Lt :
Differences in precision of estimates from the two approaches
will generally be greater in this case.
Results from the test for long-term direct effects. In scenario 1, the mean estimate of δY across 1,000 simulations was
7.253 (standard deviation, 1.854), and 99.7% of the 95% conﬁdence intervals for δY excluded 0, indicating evidence against
the null hypothesis of no long-term direct effect. In scenario 2,
the mean estimate of δY was 0.012 (standard deviation, 1.102),
and 5.2% of the 95% conﬁdence intervals for δY excluded
0, demonstrating approximately correct type I errors.

1092 Keogh et al.

REFERENCES
16.
17.
18.
19.

20.
21.

22.
23.
24.

25.
26.
27.
28.
29.

Am J Epidemiol. 2018;187(5):1085–1092

Downloaded from https://academic.oup.com/aje/article-abstract/187/5/1085/4105922 by guest on 18 May 2020

1. Robins JM, Hernán MA, Brumback B. Marginal structural
models and causal inference in epidemiology. Epidemiology.
2000;11(5):550–560.
2. Robins JM, Hernán MA. Estimation of the causal effects of
time-varying exposures. In: Fitzmaurice G, Davidian M,
Verbeke G, et al., eds. Longitudinal Data Analysis. New York:
Chapman and Hall/CRC Press; 2009:553–599.
3. Daniel RM, Cousens SN, De Stavola BL, et al. Methods for
dealing with time-dependent confounding. Stat Med. 2013;
32(9):1584–1618.
4. Goetgeluk S, Vansteelandt S, Goetghebeur E. Estimation of
controlled direct effects. J R Stat Soc Series B Stat Methodol.
2008;70(5):1049–1066.
5. Naimi AI, Moodie EE, Auger N, et al. Constructing inverse
probability weights for continuous exposures: a comparison of
methods. Epidemiology. 2014;25(2):292–299.
6. Mansournia MA, Danaei G, Forouzanfar MH, et al. Effect of
physical activity on functional performance and knee pain in
patients with osteoarthritis: analysis with marginal structural
models. Epidemiology. 2012;23(4):631–640.
7. Tager IB, Haight T, Sternfeld B, et al. Effects of physical
activity and body composition on functional limitation in the
elderly: application of the marginal structural model.
Epidemiology. 2004;15(4):479–493.
8. Petersen ML, Wang Y, van der Laan MJ, et al. Pillbox
organizers are associated with improved adherence to HIV
antiretroviral therapy and viral suppression: a marginal structural
model analysis. Clin Infect Dis. 2007;45(7):908–915.
9. VanderWeele TJ. Controlled direct and mediated effects:
deﬁnition, identiﬁcation and bounds. Scand J Stat. 2011;38(3):
551–563.
10. Liang KY, Zeger S. Longitudinal data analysis using
generalized linear models. Biometrika. 1986;73(1):13–22.
11. Pepe M, Anderson G. A cautionary note on inference for
marginal regression models with longitudinal data and general
correlated response data. Commun Stat Simul Comput. 1994;
23(4):939–951.
12. Vansteelandt S, Daniel RM. On regression adjustment for the
propensity score. Stat Med. 2014;33(23):4053–4072.
13. Cole SR, Hernán MA. Constructing inverse probability
weights for marginal structural models. Am J Epidemiol. 2008;
168(6):656–664.
14. Vansteelandt S. On confounding, prediction and efﬁciency in
the analysis of longitudinal and cross-sectional clustered data.
Scand J Stat. 2007;34(3):478–498.
15. Tchetgen Tchetgen E, Glymour M, Weuve J, et al. A
cautionary note on speciﬁcation of the correlation structure in
inverse-probability-weighted estimation for repeated measures.

Harvard University Biostatistics Working Paper Series 2012;
Working paper 140. http://biostats.bepress.com/
harvardbiostat/paper140.
Petersen ML, Deeks SG, Martin JN, et al. History-adjusted
marginal structural models for estimating time-varying effect
modiﬁcation. Am J Epidemiol. 2007;166(9):985–993.
van der Laan M, Petersen M, Joffe M. History-adjusted
marginal structural models and statically-optimal dynamic
treatment regimens. Int J Biostat. 2005;1(1):Article 4.
Robins JM, Hernán MA, Rotnitzky A. Invited commentary:
effect modiﬁcation by time-varying covariates. Am J
Epidemiol. 2007;166(9):994–1002.
Crump R, Hotz J, Imbens I, et al. Moving the goalposts:
Addressing limited overlap in the estimation of average
treatment effects by changing the estimand. Technical report
no. 330., NBER Technical Working Paper 2006.
Hernán MA, Brumback B, Robins JM. Marginal structural
models to estimate the causal effect of zidovudine on the survival
of HIV-positive men. Epidemiology. 2000;11(5):561–570.
Robins J. Testing and estimation of direct effects by
reparameterizing directed acyclic graphs with structural nested
models. In: Glymour CN, Cooper GF, eds. Computation,
Causation, and Discovery. Menlo Park, CA/Cambridge, MA:
AAAI Press/The MIT Press; 1999:349–405.
Davison A, Hinkley D. Bootstrap Methods and Their
Application. New York, NY: Cambridge University Press;
1997.
Carpenter J, Bithell J. Bootstrap conﬁdence intervals: when,
which, what? A practical guide for medical statisticians. Stat
Med. 2000;19(9):1141–1164.
Snowden JM, Rose S, Mortimer KM. Implementation of
G-computation on a simulated data set: demonstration of a
causal inference technique. Am J Epidemiol. 2011;173(7):
731–738.
Vansteelandt S, Keiding N. Invited commentary:
G-computation—lost in translation? Am J Epidemiol. 2011;
173(7):739–742.
Vansteelandt S, Joffe M. Structural nested models and
G-estimation: the partially realized promise. Stat Sci. 2014;
29(4):707–731.
Vansteelandt S, Sjolander A. Revisiting G-estimation of the
effect of a time-varying exposure subject to time-varying
confounding. Epidemiol Methods. 2016;5(1):37–56.
Wallace MP, Moodie EE, Stephens DA. An R package for
G-estimation of structural nested mean models. Epidemiology.
2017;28(2):e18–e20.
Glymour M, Weuve J, Berkaman L, et al. When is baseline
adjustment useful in analyses of change? An example with
education and cognitive change. Am J Epidemiol. 2005;162(3):
267–278.

