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Abstract
Mediation analysis is a useful tool to illuminate the mechanisms through which an exposure affects an outcome but stat-

istical challenges exist with time-to-event outcomes and longitudinal observational data. Natural direct and indirect effects

cannot be identified when there are exposure-induced confounders of the mediator-outcome relationship. Previous mea-

surements of a repeatedly-measured mediator may themselves confound the relationship between the mediator and the

outcome. To overcome these obstacles, two recent methods have been proposed, one based on path-specific effects and

one based on an additive hazards model and the concept of exposure splitting. We investigate these techniques, focusing

on their application to observational datasets. We apply both methods to an analysis of the UK Cystic Fibrosis Registry

dataset to identify how much of the relationship between onset of cystic fibrosis-related diabetes and subsequent survival

acts through pulmonary function. Statistical properties of the methods are investigated using simulation. Both methods

produce unbiased estimates of indirect and direct effects in scenarios consistent with their stated assumptions but, if

the data are measured infrequently, estimates may be biased. Findings are used to highlight considerations in the inter-

pretation of the observational data analysis.
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1 Introduction
Mediation analysis is used to statistically explore the possible mechanisms through which a treatment or exposure affects
an outcome. To achieve this, the analysis attempts to decompose the total effect of the exposure on the outcome into an
indirect effect and a direct effect. The indirect effect is the part of the total effect that is realised by the exposure acting on
the mediator and that mediator then acting on the outcome. The direct effect captures the portion of the total effect that does
not act via the mediator. Through this decomposition we hope to gain insight about the process through which an effect
occurs. We refer readers to VanderWeele1 for a thorough overview of mediation analysis.

Most methods for mediation analysis have focused on a single mediator and a continuous or binary outcome, though
extensions to more complex settings are emerging. In this paper, we are interested in the setting where the outcome is time
to an event and the mediator is a time-dependent variable for which repeated measurements are available. The repeatedly-
measured nature of the mediator allows us to focus on a process that evolves over time. For example, consider a situation
where the exposure is the onset of a condition that causes a progressive elevation in a biomarker and that high levels of this
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biomarker lead to increased risk of death. One challenge that arises is that the mediator measurement from one time point
may confound the association between the mediator measured at a later time point and the outcome. This is an example of
exposure-induced confounding of the mediator-outcome association and, for identification, many methods assume this
type of confounding does not exist. Time-to-event outcomes pose another difficulty as survival for a given time is a post-
exposure confounder of the association between a mediator measured at a later time and subsequent survival (i.e. survival is
required to take a mediator measurement) and, therefore, the exposure affects the mediator both directly and indirectly via
survival time.

Vansteelandt et al.2 recently proposed a method for mediation analysis in this setting by estimating the combination of
path-specific effects where the exposure first acts upon the repeatedly-measured mediator. In other words, this method
estimates how the effect of the exposure on the outcome is mediated via the entire longitudinal mediator process. As their
approach also accommodates time-varying mediator-outcome confounders, it is suitable for situations where multiple
mediators may exist. A second mediation method for this setting was proposed by Aalen et al.3 and is based on
dynamic path analysis using the additive hazards model. As this method requires that control for confounding be
made using only covariate measurements taken prior to the exposure, it is restricted to settings without time-varying
confounders.

In Buse et al.4 the method proposed by Vansteelandt et al.2 was applied to data from a randomised controlled trial
(the LEADER trial) to identify possible mediators of the effect of treatment on the risk of cardiovascular events. In
another application, this method was used to quantify the indirect effect of treatment on the risk of a composite kidney
disease outcome via several candidate mediators.5 In analyses such as these based on data from randomised controlled
trials, control for confounding of the exposure-outcome and exposure-mediator relationships is rendered unnecessary
via the randomisation and there is a clearly defined starting time for each individual at the time of randomisation. To
the best of our knowledge, to date the methods of Vansteelandt et al.2 and Aalen et al.3 have only been applied to data
from randomised controlled trials. Our focus is on the use of these methods to address mediation questions using
observational data. When working with observational data, such as a registry dataset, control for confounding can
only be accomplished via adjustment with measured covariates and in cases where the exposure is onset of a condi-
tion, there is no natural time zero for comparison of the exposed and unexposed. Further, measurements of time-
updated variables are taken on a schedule designed for long-term data collection as opposed to targeting a specific
research question. We discuss these issues in our motivating example, which is based on data from the UK Cystic
Fibrosis Registry dataset.

Our primary aim is to more thoroughly evaluate two methods available for mediation analysis in the setting of a
repeatedly-measured mediator and a time-to-event outcome: the method of Vansteelandt et al.2 and the method of
Aalen et al.3 Although Vansteelandt et al.2 provide a basic simulation illustrating their approach for cases with and
without direct and indirect effects in an appendix, we are not aware of any extensive simulation study of their method
or any simulation study of the method of Aalen. Here, we use simulation to look both at scenarios where we expect
good performance as well as at scenarios that may challenge the methods. Further, we apply these methods to analyse medi-
ation in cystic fibrosis-related diabetes. This is the first application of causal mediation methods to the UK Cystic Fibrosis
Registry dataset and may motivate further research into mechanisms of disease progression. The paper is organised as
follows. Section 2 introduces the motivating application: cystic fibrosis-related diabetes. In Section 3, a brief introduction
to causal mediation analysis is provided as well as descriptions of the two mediation analysis methods studied. We present
a simulation study assessing the performance of the two methods with a focus on bias in Section 4. Section 5 contains an
analysis of the UK Cystic Fibrosis Registry dataset to investigate mediation of the effect of cystic fibrosis-related diabetes
on survival. We conclude with a discussion in Section 6.

2 Motivating application: Cystic fibrosis-related diabetes
This study is motivated by the setting of cystic fibrosis (CF) and the desire to better understand the mechanisms associated
with mortality. CF is a genetic, life-shortening disease that affects more than 10,500 people in the UK6 and approximately
100,000 people worldwide.7 It is characterised by a progressive loss of lung function and most people with CF die from
respiratory failure.8 Although there is no cure for CF, improved care and early diagnosis have led to substantial improve-
ments in life expectancy, with a median predicted survival age for babies born today in the UK of 50.6 years.6 The increas-
ing lifespan of people with CF is concomitant with an increased risk of co-morbidities, the most common being CF-related
diabetes (CFRD). CFRD has been shown to be associated with an increased risk of mortality9–12 but the mechanisms
for this effect are not well understood. One hypothesis is based on the association of CFRD with worse pulmonary
function.13–15 Using causal mediation analysis, we aim to quantify howmuch of the effect of CFRD on survival is mediated
through lung function.

2 Statistical Methods in Medical Research 0(0)



We use data from the UK CF Registry, which holds data on more than 12,000 people with CF representing over 99% of
the CF population in the UK. This registry dataset contains demographic information, genotype, and time-updated mea-
sures of pulmonary function, bacterial infections and other health indicators.16 Data are systematically collected at approxi-
mately annual routine monitoring visits conducted at specialist CF centres.

3 Causal mediation

3.1 Background
We begin by outlining some concepts for the setting of a single mediator and a non-time-to-event outcome. Many medi-
ation analyses based on counterfactuals will aim to estimate the natural indirect effect (NIE) and natural direct effect
(NDE).17,18 In a setting with a binary exposure A, a single mediator M measured once and outcome Y , define Yi(1) and
Yi(0) to be the outcome for individual i if the exposure had been set to 1 (exposed) or 0 (unexposed), respectively. We
can only observe one of these outcomes for each individual i; the other is counterfactual. We similarly define Mi(1) and
Mi(0) as the mediator value that would have been seen if i were exposed or unexposed, respectively. Let Yi(a, Mi(a∗))
represent the potential outcome for individual i if their exposure was set to a and the mediator was set to the level it
would have taken if the exposure had been a∗. Note that amay or may not equal a∗. Using this nested counterfactual frame-
work, the NIE and NDE can be defined as:

NIE = E[Y(1, M(1))− Y(1, M(0))] (1)

NDE = E[Y(1, M(0))− Y(0, M(0))] (2)

The NIE captures the change in outcome that would result from fixing the exposure but changing the mediator from the
level it would have taken if exposed to the level it would have taken if unexposed. The NDE captures the effect of the
exposure on the outcome if the mediator had taken the level it would have taken without exposure. The total causal
effect of the exposure on the outcome is the sum of the NIE and NDE. These natural effects can be estimated under the
assumption of no unmeasured exposure-outcome, mediator-outcome or exposure-mediator confounding and that there
is no exposure-induced mediator-outcome confounding. These are strong assumptions that not even a randomised con-
trolled trial may satisfy. In particular, the assumption of no exposure-induced mediator-outcome confounding is problem-
atic because it requires that no such confounder exists. In other words, being able to measure such a confounder does not
allow us to obtain unbiased estimates of the NIE and NDE. Although this assumption will not hold in many settings, it may
be reasonable if the mediator is measured a very short time after the exposure.19

In the setting studied here involving a repeatedly-measured mediator, survival outcome, and possible time-varying con-
founding, natural indirect and direct effects cannot be identified. As mentioned in the Introduction, there are problems with
exposure-induced mediator-outcome confounding and with survival acting as a post-exposure confounder. In the next sec-
tions, we outline the methods of Vansteelandt et al.2 and Aalen et al.3 which have been developed to overcome these
limitations.

3.2 Method of Vansteelandt et al. (2019)
Vansteelandt et al.2 proposed a mediation analysis method suitable for settings with a time-to-event outcome, time-
updated mediator and time-varying confounding of the mediator-outcome association using counterfactual scenarios
based on a hypothetical intervention on the mediator. Their proposal infers the effect of the exposure on the outcome
through combinations of path-specific effects via the time-updated mediator measurements. A key contribution of
this method is that it allows for time-varying mediator-outcome confounders, which could themselves be affected by
the exposure.

Consider a situation in which mediators and other time-dependent covariates are observed at regular visit times. The
data-generating mechanism and causal ordering for the case of two post-exposure visits is shown in Figure 1. Let A be
a binary exposure measured at time t =0 and k index the visit at which the mediator and other time-updated variables
are measured. Mk and Lk are the values of the mediator and the time-varying confounder(s) at visit k, respectively. Lk
includes an indicator of whether the person remains at risk at visit k. The set of baseline confounders, which may
include M0 and L0, are represented by Z0.

The indirect effect of the exposure on the outcome via the mediator is taken to be the combination of paths where one or
more measurements of the mediator are directly influenced by the exposure and the mediator subsequently affects the
outcome. These pathways that make up the indirect effect are shown in black in Figure 2 – upper panel. Conversely,
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the effect of the exposure on the outcome not via the mediator, referred to as the direct effect, is defined as the combination
of paths where the exposure does not directly influence the mediator. These pathways include those in which the exposure
first affects L and then L affects M as shown in black in Figure 2 – bottom panel.

Under the method of Vansteelandt, we estimate the survival probabilities SA(a),M (a∗)(t) = Pr{T (A(a), L(a), M (a∗)) > t},
where T (A(a), L(a), M (a∗)) denotes the counterfactual event time had a person’s exposure been set to a and their mediators
set to the level they would have taken if the exposure had been a∗. For example, for 1 < t ≤ 2 this is the probability of
survival to time t if all individuals had exposure A = a, time-varying confounders L1 remain at the levels they would
have taken with exposure A = a and mediator levels M1 were set to the levels they would have taken with exposure A =
a∗ if L1 had taken the value it would have taken under A = a. BecauseM and L can affect one another, their counterfactual
values rely on all previously set levels. For 2 < t ≤ 3, L2 is set to L2(a, M1(a∗, L1(a))) and M2 is set to
M2(a∗, L1(a), M1(a∗, L1(a)), L2(a, M1(a∗, L1(a)))). By varying a and a∗, three survival functions of interest are estimated:
SA(1),M (0)(t), SA(1),M (1)(t) and SA(0),M (0)(t) and these can be contrasted as differences or ratios to estimate the path-specific
effects via M and not via M . We use ratios as this simplifies estimation of the method of Aalen (see next section) and
define the IE(t) and DE(t) as:

IE(t) = SA(1),M (1)(t)/SA(1),M (0)(t) (3)

DE(t) = SA(1),M (0)(t)/SA(0),M (0)(t) (4)

Figure 1. Data-generating mechanism assumed in the method of Vansteelandt for the case of two post-exposure visits. The

time-varying confounder Lk may influence Mk and Mk may influence Lk+1. Survival to visit k is included in the definition of L. T indicates

survival past the second mediator measurement and Z0 is the set of baseline covariates, which includes M0 and L0.

Figure 2. Highlighted path-specific effects. In the top directed acyclic graph (DAG), the path-specific indirect effect of A on T via M is

the combination of pathways in black. This is the set of pathways where A first affects M. On the bottom, the combination of pathways

in black captures the effect of A on T not via M. Note that these pathways may involve M, but only when A affects another variable first.

This is referred to as the direct effect.
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Based on the edge g-formula applied to counterfactuals20 and assuming no unmeasured confounding, the causal ordering
shown in Figure 1, non-informative censoring and that the causal structure represents a non-parametric structural equation
model with independent errors, Vansteelandt et al.2 demonstrate that SA(a),M (a∗)(t) can be identified by:

SA(a),M (a∗)(t) =
∫
f (T > t ∣ T > ⌊t⌋, M ⌊t⌋, L⌊t⌋, A = a, Z0)

×
∏⌊t⌋

s=1 f (Ms ∣ T > s, Ls, Ms−1, A = a∗, Z0)
× f (Ls ∣ T > s− 1, Ls−1, Ms−1, A = a, Z0)

× f (Z0)dMsdLsdZ0 (5)

where Ms (Ls) is the history of the mediator (time-varying confounders) up to time s and ⌊t⌋ is the visit time at or
before time t. Note that Lt contains both the individual’s measured clinical levels and an indicator of whether
they remain at risk at time t. Although similar, this is distinct from the mediational g-formula for non-nested counter-
factuals.21 Repeated regressions are used to estimate SA(a),M (a∗)(t). Models are specified for each term in equation (5)
and fitted using the observed data. The models are fitted in a sequential way, working backwards from the last visit
time to the first. At each step, the outcome of a model is a predicted fitted value between 0 and 1 from a previous
model. The final result is an estimated survival probability to time t for each individual, conditional on Z0, and
these are averaged to estimate SA(a),M (a∗)(t). We refer readers to Vansteelandt et al.2 for details of the procedure.
Because this method does not assume a particular parametric model, any suitable model may be used in each
regression.

3.3 Method of Aalen et al. (2020)
Aalen et al.3 proposed a mediation analysis method for the special case of a time-to-event outcome and time-updated medi-
ator where control for confounding of the exposure-mediator and exposure-outcome relationships can be achieved using
only the set of baseline confounders. When using this method, it is assumed that there are no time-varying confounders of
the mediator-outcome association and only a single mediator. A key idea in the method of Aalen is exposure separ-
ation.22,23 This assumes that the exposure can be separated into two components: one that acts on the mediator process
and one that affects survival either directly or through pathways not involving the mediator. Biologically, this means
the exposure must be able to be split into separate physiological mechanisms that we could, in theory, manipulate inde-
pendently of one another.

We use the same notation as described in the method of Vansteelandt and introduce AM and AD, which denote the sep-
arate components of the exposure A. AM represents the part of the exposure that acts through the mediator process and AD

represents the part of the exposure that affects survival via pathways not through the mediator. Define Yt = I(T > t) to be
an indicator of survival time T being greater than t. Figure 3 shows the data-generating mechanism for two post-exposure
visits. The separation of the exposure into two components is represented by bold arrows. Because individuals will either
be exposed or unexposed, we will only observe the scenario where A = AD = AM . However, exposure separation contem-
plates hypothetical interventions on both AM and AD where AD is not necessarily equal to AM .

The estimand is a survival probability, Pr{T (AD = a, AM = a∗) > t|Z0} where T (AD = a, AM = a∗) is the counterfac-
tual survival time given a hypothetical intervention where AD was set to level a and AM was set to level a∗. This is estimated
using a continuous-time mediational g-formula derived from a linear mediator model and an additive hazards model. Aalen

Figure 3. Data-generating mechanism assumed in the method of Aalen for the case of two post-exposure visits. The effect of the

exposure A (bold arrows) is split into one component, AM, that affects the mediator and one, AD, that affects survival through other

pathways not involving the mediator. Y1, Y2 indicate survival to visits 1 and 2, respectively and T represents the survival outcome past

the second visit. Z0 is the set of baseline covariates, which includes M0.
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et al.3 show how a mediator model that is marginal over the past history of M is specified. The mediator measurement Mij

for the ith individual (i=1, …, n) at the jth event time (j = 1, . . . , J ) is:

Mij = m0,j + βA,jAi + βZ0,jZ0,i + ηij (6)

where j indexes the unique ordered event times tj, m0,j is the intercept, the error term ηij is assumed independent of Ai and
Z0,i, and βA,j and βZ0,j are coefficients.

An additive hazards model for the hazard of the event at time t conditional on the history of the mediator, the exposure
and the baseline covariates is:

λi(t ∣ Mi,r(t), Ai, Z0,i) = α0,t + αA,tAi + αM ,tMi,r(t) + αZ0,tZ0,i (7)

where α0,t is the intercept and αA,t, αM ,t and αZ0,t are coefficients, all of which may be time-dependent. Here, r(t) = k
for tk ≤ t < tk+1 and Mr(t) is the history of the mediator values for times t ≤ tr(t). The model in (7) incorporates an
assumption of this method that only the most recent value of the mediator, Mr(t), directly affects the hazard at
time t; the prior mediator history does not impact it. This is shown in Figure 3 by an absence of an arrow from
M1 to T . Assuming the models in (6) and (7), and using the mediational g-formula, the estimand of interest can
be written:

Q(t; AD = a, AM = a∗, Z0): = Pr{T (AD = a, AM = a∗) > t|Z0}
= f (t, Z0)×

exp −a

∫t
0
αA,u du− a∗

∫t
0
αM ,uβA,r(u) du

{ }
(8)

where f (t, Z0) is a function representing the part of the expression that depends only on t and Z0.
The assumptions made in equations (6) and (7) result in the special form of the mediational g-formula in (8). This allows

for simple expressions for the IE and DE based on the probabilities Q(t; AD, AM , Z0):

IE(t) = Q(t; AD = 1, AM = 1, Z0)/Q(t; AD = 1, AM = 0, Z0)

= exp −
∫t
0
αM ,uβA,r(u) du

{ }
(9)

DE(t) = Q(t; AD = 1, AM = 0, Z0)/Q(t; AD = 0, AM = 0, Z0)

= exp −
∫t
0
αA,u du

{ }
(10)

When the direct and indirect effects are defined as ratios, the resulting quantities are independent of Z0.
In the estimation procedure, event times are modelled as a counting process. At each event time, equation (7) is used to

regress the change in the counting process onto the mediator and exposure and equation (6) is used to regress the mediator
onto the exposure. The integrals in equations (9) and (10) are estimated as cumulative sums of the estimates of the model
coefficients, with the integral in equation (10) being the standard cumulative coefficient reported from an additive hazards
model. We refer readers to Aalen et al.3 and Strohmaier et al.24 for a detailed description of their dynamic path analysis
approach to estimating the above quantities.

3.4 Comparison of the method of Vansteelandt and the method of Aalen
3.4.1 Conceptual considerations
The two approaches outlined above differ fundamentally in their conceptual approach to mediation in a survival context. A
key difference is the nature of the counterfactuals. In the method of Vansteelandt, we consider a hypothetical intervention
on the mediator to set it to a level that would have been seen if the exposure were different. This could lead to ill-defined
effects when the outcome is survival because if the individual would survive longer when exposed (A = a∗) than unex-
posed (A = a), the level of the mediator when unexposed is undefined after the time of death. Vansteelandt et al.2

suggest this can be conceptualised as a hypothetical intervention that sets the mediator to the level the individual would
have had if their death had been prevented under the unexposed scenario. As Vansteelandt et al. acknowledge, this
may be difficult to envisage. Although we are not required to imagine a mediator value for a person at time t in a scenario
in which they would have died before time t, we do need to be able to imagine a mediator value for a person at time t in a
hypothetical scenario in which they are alive at time t, but who in reality died before time t. The result is a complication in
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the interpretation of the mediation results. An alternative interpretation of the Vansteelandt et al. identification result (equa-
tion 5) is given by the stochastic randomised intervention approach.25,26 Instead of hypothetically intervening on the medi-
ator using a counterfactual scenario had the exposure been a, we can equivalently imagine that the level of the mediator at a
given time is set based on a random draw from the distribution of the mediator among surviving individuals with exposure
a, conditional on the history of covariates. This assumes that individuals surviving to time t in the exposed and unexposed
scenarios are similar given covariate histories. Vansteelandt et al.2 point out that although generally survival bias could lead
to exposed individuals being different from unexposed individuals, the assumption of no unmeasured common causes of
the mediators and time-varying confounders in their framework escapes this issue. The conceptual difficulty of different
survival times under exposed/unexposed counterfactual scenarios is avoided entirely in the method of Aalen. In this
method, there is no problem because the hypothetical intervention is on the separated exposure variable, not on the medi-
ator. Therefore, we do not need to imagine a counterfactual outcome under exposure a and mediator M (a∗) where a ≠ a∗.

The practical value of methods based on nested counterfactuals, which the method of Vansteelandt relies on, has also
been discussed more generally.27,23,28,29 It involves considering an individual had their exposure been set to one level, but
had their mediator been set to the value that would have been seen under a different exposure level. This is not a situation
that could ever be observed in practice, which has raised conceptual concerns about the interpretation of the resulting
estimands.

Although the exposure separation approach used in the method of Aalen avoids the use of nested counterfactuals, there
are also conceptual hurdles involved in exposure separation. Here, physiologically, we must be able to decompose the
exposure status into one component that affects survival but not the mediator and one component that affects the mediator
but not survival. The independence of these two components is essential; if, for example, the proposed component affecting
the mediator also affects survival, the assumptions of the analysis will not be valid. While an imagined exposure separation
could correspond to a testable intervention, in practice, it may be difficult or even clinically impossible to individually
manipulate the two components separately.

3.4.2 Statistical considerations
Both approaches require that there is no unmeasured confounding of the exposure-outcome, mediator-outcome and
exposure-mediator relationships in order to obtain unbiased estimates of the estimands that they target. The method of
Aalen requires that this control for confounding be via confounders measured at baseline and expressly forbids the exist-
ence of an exposure-induced mediator-outcome confounder. In contrast, the method of Vansteelandt was designed for set-
tings with time-varying mediator-outcome confounders, including those affected by the exposure, and, as long as they can
be measured, identification is possible. Another difference is that the method of Vansteelandt does not rely on parametric
models in equation (5) for identification. In theory, arbitrary models may be selected for estimation. In the method of Aalen,
however, the simplicity of the form of the IE and DE estimands is due to assumptions that the mediator follows a linear
model, that the hazard of an event follows an additive hazards model and that only the most recent value of the mediator is
necessary to model the hazard.

Despite these fundamental differences between the two approaches, Vansteelandt et al.2 describe their approach as ‘a
generalisation of dynamic path analysis’. Further, they showed the equivalence of the two approaches when there are no
time-varying confounders, the mediator and hazard for the event follow additive models as in equations (6) and (7) and all
individuals survive to the first mediator measurement. Under those conditions, using method of Vansteelandt equations (5)
to calculate survival probabilities and (3) and (4) to calculate the IE(t) and DE(t), the resulting expressions are equivalent to
those obtained from the method of Aalen for IE(t) and DE(t) in equations (9) and (10). This shows a connection between the
nested counterfactual approach and the exposure splitting approach under certain conditions.

4 Simulation Study

4.1 Design
4.1.1 Overview and aims
To expand our understanding of the performance of these two mediation methods in more complex scenarios with a
time-to-event outcome and repeatedly measured mediator, we conducted a simulation study. Both methods were evaluated
using scenarios where we expected good performance as well as scenarios with data issues commonly found in observa-
tional datasets such as time-varying confounding and infrequent measurements of longitudinal variables. To assist other
researchers interested in these methods, R code for generating truth data and simulated data as described in this manuscript
is available from https://github.com/KamTan/MediationSimulation. Additionally, we use the results of this simulation
study to aid in the interpretation of our analysis of the UK CF Registry dataset (see Section 5).
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4.1.2 Data-generating mechanisms
Several different scenarios were studied and we begin by describing a reference scenario which is consistent with the
assumptions of both methods. We consider a setting where there is a binary exposure A at time t =0 and a binary time-fixed
confounder, Z0. The study period is 4 years during which event times T are observed. Individuals who do not have the
event are administratively censored at time t =4. A repeatedly-measured continuous mediator is measured at baseline
(M0) and at post-exposure visits k =1,2,3. Note thatM0 may be affected by Z0. Figure 4 illustrates this reference scenario.

For each scenario considered, three sub-scenarios are studied: (1) both a direct and an indirect effect of the exposure on
the outcome are present (“DE+IE”); (2) only an indirect effect is present, meaning there is no path from A to Yt that does not
first go through Mt (“NoDE”); and (3) only a direct effect is present because the exposure does not affect the mediator
(“NoIE”). In Figure 4, removal of all lines from A to Yt corresponds to the NoDE sub-scenario and removal of all lines
from A to Mt corresponds to the NoIE sub-scenario.

The following steps were used to generate data according to the data generating mechanisms illustrated in Figure 4 for
individuals i = 1, . . . , n:

1. Generate Ai from a Bernoulli distribution with probability pA=0.5.
2. Generate Z0,i from a Bernoulli distribution with probability pZ0∣A, where pZ0∣A=1 =0.6 and pZ0∣A=0 =0.4. This results in

pZ0 =0.5 and is equivalent to simulating the setting where the baseline covariate affects the exposure.
3. Generate values for the longitudinal mediator measurement as random draws from:

M0,i ∼ N μ = μm0,i + βZ0Z0,i, σ
2 = 1

( )
(11)

and, for t =1,2,3:

Mt,i ∼ N μ = μm0,i + μm1,it + βZ0Z0,i + βAt
Ai, σ2 = 1

( )
(12)

μm0,i, the random intercept and μm1,i, the random time slope are generated from a bivariate normal distribution with

μM = 2.9
0.0

[ ]
and ΣM = 0.250 −0.015

−0.015 0.010

[ ]
. The effect of the exposure on the mediator, βAt

may be time-varying

but is constant in the reference scenario.
4. Generate the conditional hazard from:

λi(t ∣ Ai, Z0,i, M0,i, M⌊t⌋,i) = α0 + αAAi + αZ0Z0,i + αM⌊t⌋M⌊t⌋,i (13)

Here, ⌊t⌋ represents the visit time at or prior to t or 0 for t = 0, α0 is the constant baseline hazard, αM⌊t⌋ is the time-
varying effect of the mediator on the hazard, and αA and αZ0 are the time-fixed effects of the exposure and baseline
confounder on the hazard, respectively. In the reference scenario, αM⌊t⌋ was constant but it was allowed to have an
increasing, step change and decreasing effect in scenarios R1-R3, respectively. An additive hazards model was
chosen to generate survival times because the method of Aalen assumes additive hazards.

5. Generate event times T in waves w =0,1,2,3 for the intervals between visit times [0,1), [1,2), [2,3), [3,4). For indivi-
duals still at risk in wave w:
(a) Generate ui ∼ U (0, 1)
(b) Calculate T ′

i = − log (ui)/λi(t ∣ Ai, Z0,i, Mw,i)

Figure 4. Illustration of the data-generating mechanism. The exposure A occurs at time t = 0 and there are baseline measurements of

the confounder Z0 and mediator M0. Yk is an indicator of survival defined as Yk = I(T > k). Event times T are generated in waves. The

mediator is measured at visit time k for all individuals with T > k.
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(c) If T ′
i + w < (w+ 1), then Ti = T ′

i + w. Otherwise, generate a new event time in the next wave.
(d) At t =4, administratively censor all individuals still at risk.

6. Generate an event indicator E equal to 1 if T<4 and 0 otherwise.

The result is a dataset with values of A, Z0, M0, T , E and Mt (t =1,2,3) for all simulated individuals. Table 1 in the
Supplemental Information provides the parameter values used in data generation. Values of parameters were chosen to
yield a positive hazard at all times.

To further probe each method, we considered two additional scenario types: one with infrequent mediator measurements
and one with time-varying confounding present. Table 1 provides a summary of the simulation scenarios investigated. To
create the additional scenarios, some modification of the data generating procedure was needed as outlined below.

To create scenarios for investigating the impact of an infrequently measured mediator, the above described procedure
was adapted to generate mediator values at time intervals of 0.25 (i.e. at times t =0, 0.25, 0.5,. . .,3.75). Event times were
generated in waves at the same frequency as the mediator measurements, however, effect estimation was done using only
the four mediator measurements at t =0, 1, 2, 3. The two scenarios generated in this manner differed only in the direction of
the effect of A onM1, M2, M3. The exposure positively affected the mediator in scenario F1 while it negatively affected the
mediator in scenario F2.

Finally, to create scenarios with a time-varying confounder, Lt, we additionally generate a random intercept μl0,i and
random time slope μl1,i where (μl0,i, μl1,i) ∼ MVN (μL, ΣL) and i indexes individuals. We assume a causal ordering
where Lt, measured at the same time as Mt, may influence Mt and Mt may influence Lt+1. First, L0 and M0 are generated
as:

L0,i ∼ N μ = μl0,i + ψZ0Z0,i, σ
2 = 1

( )
(14)

M0,i ∼ N μ = μm0,i + βZ0Z0,i + βL0L0,i, σ
2 = 1

( )
(15)

where ψZ0 is the effect of Z0 on L0 and βL0 is the effect of L0 onM0. Then, Lt andMt are successively generated for t =1, 2,
3 using:

Lt,i ∼ N μ = μl0,i + μl1,it + ψZ0Z0,i + ψAt
Ai + ψMt−1

Mt−1,i, σ = 1
( )

(16)

Mt,i ∼ N μ = μm0,i + μm1,it + βZ0Z0,i + βAt
Ai + βLtLt,i, σ = 1

( )
(17)

Event times are generated using the same procedure as described above but the conditional hazard also depends on L as
shown below:

λi(t ∣ Ai, Z0,i, M⌊t⌋,i, L⌊t⌋,i) = α0 + αAAi + αZ0Z0,i + αM⌊t⌋M⌊t⌋,i + αL⌊t⌋L⌊t⌋,i (18)

Table 1. Listing of all simulation scenarios, the abbreviated name used in the Results section, the percent of simulated individuals

experiencing an event prior to time t=4, and the table number where full results are provided in the Supplemental Information for that

scenario.

Scenario Type Description Scenario name Events % Results table

Reference

Constant effect of M on hazard Baseline 87–89 3

Increasing effect of M on hazard R1 87–89 –

Immediate effect ofM on hazard R2 90–92 –

Delayed effect of M on hazard R3 84–87 –

Infrequent mediator measurements

βAt > 0 F1 87–89 5

βAt < 0 F2 78–87 6

Time-varying confounders

L with E[μl1] = 0.5 L1 84–86 7

L with E[μl1] = 5.0 L2 87–88 8

L with E[μl1] = 15.0 L3 91–92 9

L with σμl1 = 5.0 L4 85–87 10

L with σμl1 = 10.0 L5 85–86 11

L where A affects L L6 78–82 12
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We generated six scenarios with a time-varying confounder (Table 1). Scenarios L1–L3 are used to study a time-varying
confounder generated from different distributions. The impact of greater variability in the random slope is studied with
scenarios L4 and L5 and scenario L6 considers the case where A affects the values of L.

4.1.2 Estimands
We focus on two estimands: the indirect effect of the exposure on the outcome via the mediator and the direct effect of
the exposure on the outcome not via the mediator (see equations (3) and (4) for the method of Vansteelandt and equa-
tions (9) and (10) for the method of Aalen). Total effect (TE) estimates are also reported for completeness. We do not
consider proportion mediated as an estimand. Although it is intuitively appealing for quantifying mediation, it tends to
have wide confidence intervals1 and, when the total effect estimate is small, it becomes unstable as the denominator
approaches zero.

4.1.3 Methods
Both the method of Vansteelandt and the method of Aalen were applied to each simulation scenario for effect estimation.
We implemented the method of Vansteelandt with an additive hazards model as the simulated event times were generated
under this assumption. We use the notation Vansteelandtadd to remind readers of this choice. A quasi-binomial regression
with a logit link was used to model the predictions resulting from each step in the repeated regression estimation procedure.
The method of Aalen was implemented with an additive hazards model and linear mediator model. All models for both
methods included main effects only. As the implementation provided in Aalen et al.3 requires survival to the first visit
time, we define our population for both methods to be only those individuals with survival time T ≥ 1. Note that this
does not affect the estimate of indirect effect, which cannot be estimated prior to the first mediator measurement. See
the Supplemental Information for details. We included both Z0 and M0 in all analyses. We refer readers to Landau
et al.30 in which they concluded that mediation analysis of trial data should include baseline measurements of key variables
not only to improve precision but also to avoid potential confounding bias.

4.1.4 Performance measures
The primary performance measure assessed is bias in the estimates of DE(t), IE(t), and TE(t), and we report this at
three time points: the times corresponding to the 20th, 50th and 80th percentile of event occurrence (which differ
by scenario). Let θ be the true value of the estimand, θ̂ the estimated value of the estimand, �θ the mean of θ̂i and
nsim the number of simulated datasets. Following Morris et al.31 we define the bias and Monte Carlo standard error
(MCSE) of the bias as:

Bias = 1
nsim

∑nsim
i=1

(θ̂i − θ)

MCSE =

������������������������
1

nsim − 1

∑nsim
i=1

(θ̂i − θ)2

nsim

√√√√√

Based on the results of several simulation runs, we expect the Var(θ̂) to be less than 0.015. Because we require the

MCSE to be below 0.005, the minimum number of simulated datasets needed will be 600 given that nsim = Var(θ̂)
MCSE2

bias
. To

accommodate cases with slightly greater variance, we use nsim=1000 with nobs=2000 simulated individuals per dataset.

4.1.5 Generation of the true values of the estimands
The true values of the estimands were estimated using a large (n=3,500,000) simulated dataset that gives stable values fol-
lowing the approach used, for example, by Keogh et al.32 For each simulated individual, data were generated for four cases:

• A = 1 with M = M (1)
• A = 0 with M = M (0)
• A = 1 with M = M (0)
• A = 0 with M = M (1)

The same equations used to generate the simulated datasets were used except that the exposure was not affected by Z0 or
M0, thereby ensuring that there was no exposure-outcome confounding. All simulated individuals with event times prior to
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the first mediator measurement time were removed. The probability of survival at time t in each of the four cases equals the
proportion still at risk at time t as the only censoring in the dataset is administrative censoring at time t =4. Given these
survival probabilities, SA(a),M (a∗)(t), the TE, DE and IE at time t are given by:

θTE(t) = SA(1),M (1)(t)/SA(0),M (0)(t) (19)

θDE(t) = SA(1),M (0)(t)/SA(0),M (0)(t) (20)

θIE(t) = SA(1),M (1)(t)/SA(1),M (0)(t) (21)

Note that in the NoDE sub-scenario, SA(1),M (0)(t) = SA(0),M (0)(t) and the total effect equals the indirect effect. Similarly, in
the NoIE sub-scenario, the total effect equals the direct effect because SA(1),M (1)(t) = SA(1),M (0)(t). This is depicted graph-
ically in the Supplemental Information, Figure 1.

4.1.6 Software
R v4.0.233 was used for all analyses and generation of simulated data. We used the timereg34 R package for the additive
hazards model. For the method of Aalen, we used R code provided in the Supplemental Materials by the authors.3

4.2 Results
4.2.1 Reference scenario
Using the reference scenario, the estimated TE, DE and IE were approximately unbiased for both methods for all three
sub-scenarios (DE+IE, NoDE, NoIE). Full results are shown in Supplemental Information Table 3. The MCSE of all
bias estimates was <0.005. The empirical standard error for the method of Aalen was lower in both the DE+IE and
NoDE sub-scenarios leading to a relative efficiency greater than one (1.55–2.94) over the method of Vansteelandt
(Supplemental Information Table 4).

The reference scenario was extended to study three settings with a time-varying effect of the mediator on the hazard:
(R1) an effect that increases over time, (R2) an immediate effect only, and (R3) a delayed effect. Again, both methods
produced approximately unbiased effect estimates (percent bias <2% and Monte Carlo standard error <0.005) at all
time points for all sub-scenarios (results not shown).

4.2.2 Infrequent mediator measurements
For both methods and both scenarios (F1, F2) investigating the impact of infrequent mediator measurements, the estimated
indirect effect was closer to 1.0 (no effect) than the true indirect effect in the DE+IE and NoDE scenarios. Figure 5 shows

Figure 5. Effect estimates using the method of Vansteelandt when the mediator is infrequently measured. On the left, the true IE (solid line)

and the estimated IE (dashed line) are plotted over time. A similar plot for the true DE (solid line) and estimated DE (dashed line) is shown on

the right. Estimates and true values for scenario F1 (βAt = 2.0) are in blue and for F2 (βAt = −2.0) in orange. Exposure occurs at time 0.
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the estimated and true IE (left) and estimated and true DE (right) for scenarios F1–DE+IE and F2–DE+IE, using the method
of Vansteelandt. Method of Aalen results were similar. In the F1–DE+IE scenario, both methods over-estimated the IE by
7% when 50% of individuals had experienced an event (time t =1.66); this increased to 18% by the time 80% of indivi-
duals had an event (time t =2.45). For scenario F2, at the time at which 50% of individuals had an event, the absolute bias
in the estimate of IE was −0.13, equivalent to a percent bias of −11% in the DE+IE sub-scenario, and was−0.15 (−12%)
in the NoDE sub-scenario for both methods.

To better understand the source of this bias, we looked at estimates of the effect of the mediator on the hazard (α′Mt
in

equation 7) and the exposure on the hazard (α′At
in equation 7) using the method of Aalen, which estimates these parameters

directly. Figure 6 displays the results for scenario F1–DE+IE. In nearly all of the 1,000 simulation runs, the estimated effect
of the mediator on the hazard was lower than the true value but the estimated effect of the exposure on the hazard was
greater than the true value. Because β′At

is positive in scenario F1 and the estimate of α′Mt
is less than the true value, the

estimated indirect effect is greater than the true value (see equation 9). In scenario F2, the estimate of α′Mt
was again

less than the true value but because β′At
is negative, the indirect effect estimate was biased downwards.

When the IE was overestimated (underestimated), the corresponding DE was underestimated (overestimated) resulting
in an approximately unbiased estimated total effect. Supplemental Information Tables 5 and 6 provide complete results.

4.2.3 Time-varying confounders present
Scenarios L1, L2 and L3 include a time-varying confounder L with mean random slope of 0.5, 5.0 and 15.0, respectively. Both
the method of Vansteelandt and the method of Aalen produced approximately unbiased effect estimates for these scenarios.
Detailed results are available in the Supplemental Information, Tables 7 to 9. Scenarios L4 and L5 simulated a time-varying
confounder with moderate and large variance of the random slope, respectively. The method of Vansteelandt produced unbiased
results in these scenarios (Tables 10 and 11 in the Supplemental Information). Some bias was seen in the estimates of DE and IE
using the method of Aalen. For scenario L5, the estimate of IE using the method of Aalen when 50% of events had occurred and
both a direct and indirect effect were present was underestimated by 2%; IE was underestimated by 8%when 80% of events had
occurred. In the final time-varying confounding scenario (L6), the exposure affected the values of L1, L2 and L3 in the simulated
data. In both the DE+IE and NoIE sub-scenarios, bias was seen in the estimates of DE and IE using the method of Aalen
(Table 2). By the time 80% of events had occurred, this bias exceeded 10%. Effect estimates from the method of
Vansteelandt were approximately unbiased as were effect estimates using the method of Aalen in the NoDE sub-scenario.
Full results for scenario L6 are available in Supplemental Information Table 12.

Figure 6. Results from 1000 simulation datasets of scenario F1–DE+IE using the method of Aalen to estimate the parameters from

equation 7. On the left, the true value of α′Mt
is shown as a dark green line and estimated values of this parameter in lighter green. On

the right, the true value of α′At is shown as a brown line with estimated values in beige.
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5 Application to CF-related diabetes

5.1 Methods
Data were obtained from annual review records from the UK CF Registry between 2008 and 2017, inclusive. The study
population consisted of all individuals in the UK CF Registry aged 18–60, with known genotype and at least two measure-
ments of forced expiratory volume in 1 second (FEV1%), a key predictor of survival. From this group of 6374 individuals,
we further excluded people who were pancreatic insufficient (to ensure positivity) and people who had been diagnosed with
CFRD prior to the beginning of follow-up. We excluded these prevalent cases to avoid bias due to unknown duration of
disease and focus only on incident cases of CFRD.35,36 The resulting cohort consisted of 3708 individuals with 18,693
annual review records.

The exposure was diagnosis of CFRD (Y/N) and the outcome was the composite of death from any cause or lung trans-
plantation. The mediator studied was lung function, measured by FEV1%, a continuous variable. Five baseline confoun-
ders were adjusted for in all analyses: gender (M/F), genotype (F508del homozygous Y/N), calendar year, baseline FEV1%
and baseline body mass index (BMI). To ensure proper temporal ordering of the data, baseline measurements were taken
from the annual review prior to the one where the exposure was assessed and the first mediator measurement was taken
from the annual review after exposure assessment. We also adjusted for time-updated measures of BMI (continuous)
and respiratory infections (proxied by the number of days in hospital receiving IV antibiotics) when using the method
of Vansteelandt. Hospital IV days was categorised into six categories as: 0, 1–7, 8–14, 15–21, 21–28 and >28 days as
IV antibiotics are frequently given in week-long courses.

To create the analysis dataset, we assumed that measurements of the exposure, mediator and time-varying covariates
were taken at integer-valued ages. For each age, 18–50 years, an age-specific dataset was created comprising all individuals
at risk at that age who were either not diagnosed with CFRD or diagnosed with CFRD within the past year. In each age-
specific dataset, time was reset to zero when CFRD was or was not diagnosed and age was included as a covariate. In this
structure, each individual contributed data as an unexposed person at multiple ages (each age that they were at risk but not
diagnosed) but only contributed data as an exposed person at the one age they were first diagnosed, if ever diagnosed. This
allows us to make the best use of the longitudinal data in our situation where there is no natural time zero for an unexposed
person. More details on the construction of the analysis dataset are available in the Supplemental Information.

Estimates are presented for IE using the same relative survival scale described in the simulation study. Estimates were
computed every 0.1 years starting at time t =0.05 in the method of Vansteelandt analysis. We used a Cox proportional
hazards survival model with a linear predictor containing main effects only. Quasi-binomial models with a logit link contain-
ing main effects only were used to model the other terms in equation (5). Method of Aalen regressions (also main effects
only) were performed at each event time in the study population. Non-parametric bootstrap was used to compute 95% con-
fidence intervals using the percentile method with 500 bootstrap samples and resampling done at the individual level.

5.2 Results
Both mediation analysis methods estimated the indirect effect of CFRD on survival via lung function to be modest in
size. Figure 7 shows the estimated IE for each mediation method, as a function of time. Using the method of

Table 2. Bias of effect estimates for scenario L6 with a time-varying covariate that is affected by the exposure. Percent bias is shown

beneath the absolute bias in parentheses. Results are shown at times corresponding to the 20th, 50th (median) and 80th percentile of

event occurrence for the DE+IE scenario. The Monte Carlo Standard Error was <0.005 for all estimates of absolute bias.

Absolute bias (percent bias)

Truth Aalen Vansteelandtadd

Events Time TE DE IE TE DE IE TE DE IE

Both Direct and Indirect Effects
20% 1.27 0.94 0.98 0.96 0.00 −0.02 0.02 0.00 0.00 0.00

(0%) (−2%) (2%) (0%) (0%) (0%)

50% 1.81 0.82 0.93 0.88 0.00 −0.05 0.05 0.00 0.00 0.00

(0%) (−5%) (6%) (0%) (0%) (0%)

80% 2.71 0.66 0.86 0.76 0.00 −0.09 0.09 0.00 0.01 0.01

(0%) (−11%) (12%) (0%) (1%) (1%)
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Vansteelandt, the estimated indirect effect increases in magnitude over time, reaching 0.996 at time t =4 years post-
evaluation of CFRD. The interpretation is as follows. Suppose that a random set of individuals in the population had
been assigned to have CFRD. The estimand compares (using a ratio) what their survival probability at year 4 would
have been had FEV1%, BMI and IV days been set to the levels they would be if they had CFRD versus what it
would have been had BMI and IV days been set to the levels they would be if they had CFRD but FEV1% had been
set to the level it would have taken had they not had CFRD. Bootstrap confidence intervals for the estimated IE
contain 1.0 at all visit times suggesting that there may be no mediation via lung function. The estimated proportion
mediated at time t =4 is 4.5% [95% CI: −4.3%, 12.8%] with a total effect estimate of 0.918 [95% CI: 0.889,
0.953]. The method of Aalen analysis estimated a slightly greater indirect effect of 0.993 at 4 years post-evaluation
of CFRD. Bootstrap confidence intervals of the estimates of IE do not contain 1.0 at times greater than 2 years post-
evaluation. This corresponds to an estimated proportion mediated of 7.9% [95% CI: 3.6%, 14.0%] at t =4 with a
total effect estimate of 0.919 [95% CI: 0.888, 0.945].

6 Discussion
In this study, we explored two recently proposed methods for mediation analysis in a setting with a time-to-event outcome
and a time-updated mediator using a simulation study and in our motivating example of CFRD. Both methods produced
approximately unbiased estimates of TE, DE and IE in simulated scenarios consistent with their stated assumptions. When
the mediator was measured infrequently or confounding was not controlled for, however, bias was seen in the effect esti-
mates for both methods.

The presence of time-varying confounding of the mediator and outcome is likely in many settings where the mediator is
repeatedly-measured over time. An important feature of the method of Vansteelandt et al.2 is the ability to identify indirect
and direct effects even when time-varying confounding exists. In six simulation scenarios with a time-varying covariate
that influenced the mediator process, the method of Vansteelandt returned approximately unbiased effect estimates.
Using the method of Aalen, which explicitly assumes that control for confounding can be accomplished with baseline cov-
ariates, there is no mechanism to adjust for values of L post-exposure. When the baseline value L0 was a good represen-
tation of post-exposure values L1, L2 and L3, the bias seen was minimal. Greater bias was seen when the post-exposure
values of L were affected by the exposure or when the variance of the random slope used to generate values of L was
larger. This highlights the importance of understanding whether time-varying confounding exists in a particular setting
and, if so, implementing a method that explicitly accounts for it.

Substantial bias was found in the estimates of DE and IE for scenarios with infrequent mediator measurement. For
example, this could occur in observational datasets where the mediator is a continuous biomarker measured period-
ically at infrequent visits. In this case, the analysis incorporates snapshots of the trajectory of the continuous bio-
marker but survival is affected in continuous time. This is a type of measurement error and it resulted in an
attenuation of the effect estimates in our simulation study. Further, the bias accumulated over time. Strohmaier
et al.24 reported similar results but found that increasing the frequency of the mediator measurements did not neces-
sarily improve estimation of the IE. Rather, less bias was seen when mediator measurements better represented the

Figure 7. Results from the method of Vansteelandt and the method of Aalen. The indirect effect of CFRD on time to death or lung

transplant via FEV1%, the mediator, is shown. Vertical bars at visit times illustrate 95% bootstrap confidence intervals.
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underlying biological process. Infrequently measured confounders may also contribute to the bias and this bias could
be in either direction. Interesting avenues for future research would be to explore methods for mitigating the impacts
of measurement error in mediators and infrequent measurements. Correcting for measurement error would require
external information about the error, and Aalen et al.3 have suggested a calibration approach based on work in
VanderWeele1 that may be useful when such information is available. A possible solution to the second issue
could involve using mixed models or joint models to impute unmeasured longitudinal values of the mediators and
covariates.

In the analysis of the UK CF Registry dataset, both methods produced similar effect estimates and found only a small
indirect effect of CFRD on survival via lung function. The conclusion is that the majority of the total effect acts through
pathways where the exposure does not first affect the mediator process. Because the primary cause of death in CF is respira-
tory failure and previous studies have shown that CFRD is associated with both increased mortality and decreased lung
function, we hypothesised that the evidence for mediation would be greater. From the simulation study, we learned that
indirect effect estimates may be attenuated if the mediator is measured infrequently. It is possible that annual measurements
of lung function were not frequent enough for this process and that the estimated indirect effect was biased. Another poten-
tial source of bias is uncertainty in the mediator measurements. We do not believe this to be a substantial problem with the
lung function measurements because of the standard laboratory procedures used and pre-planned measurement times at
annual well visits. A further limitation is that some unexposed people later became exposed but their change in exposure
status was not incorporated into the analysis. We chose not to censor them at the time they were diagnosed with CFRD
because this would violate the assumption of non-informative censoring. The changing exposure status of some individuals
may have biased the effect estimates and future work could include the specification of estimands for these two methods
when the exposure is time-varying.

For the method of Aalen, we must posit an exposure separation. One possible mechanism for lung disease associated
with diabetes is via a build-up of collagen in lung tissue leading to reduced elasticity.37 As this aspect is unlikely to affect
survival other than via lung function, we may envision a split of this aspect away from the other effects of glucose intoler-
ance to obtain a theoretical exposure separation. The further assumption of the method of Aalen that only the most recent
measurement of lung function affects the hazard seems unlikely to hold as there is evidence that previous values of FEV1%
are significant predictors of the hazard at a given time in addition to the most recent value.38 A causal interpretation for
these analyses is also reliant upon the assumption of no unmeasured confounding. We attempted to control for confounding
of the exposure-outcome and exposure-mediator relationships by adjusting for five baseline covariates which are known
predictors of survival in CF but, as with all causal analyses using observational data, it is impossible to verify that con-
founding has been completely addressed. Controlling for confounding of the mediator-outcome relationship was via mea-
surements of the two time-varying confounders (BMI and IV days) in the method of Vansteelandt. In the method of Aalen
however, it was necessary to assume that sufficient control for confounding could be achieved using the baseline confoun-
ders. Because respiratory infections can be a time-varying common cause of both lung function and survival, this assump-
tion is likely not valid and the method of Aalen results may be biased. In the method of Vansteelandt, a specific causal
ordering of covariates and mediators was assumed where IV days and BMI measured at visit k could affect the
FEV1% measured at visit k but not the reverse. This seems plausible for both because IV days quantifies the prior
year’s days in hospital and there is evidence BMI affects lung function via its effect on respiratory musculature.37 In
the analyses presented here, we adjusted for the baseline measurement of lung function to control for exposure-outcome
and exposure-mediator confounding. We wish to stress the importance of adjusting for the baseline mediator measurement
as an unadjusted analysis can produce very different results. For example, in a repeat analysis that differed only by not
adjusting for baseline FEV1%, the indirect effect was estimated to be 0.96 at time t =5 as opposed to 0.99 with adjustment.
This equates to a tripling of the estimated proportion mediated.

Both of the methods studied here are valuable tools for mediation analysis in the setting of a survival outcome with a
time-updated mediator. The method of Vansteelandt allows time-varying mediator-outcome confounding and can also be
extended to multiple longitudinal mediators, a situation that will be common in clinical studies. The sample size required by
the method of Vansteelandt to achieve the desired precision may be greater, particularly as the number of visit times
increases because each regression is performed on the history of all of the covariates. At later visit times when there
are more covariates in the model, there may be fewer observations due to fewer people having survived to that visit.
An alternative evaluation technique for the method of Vansteelandt equation (5) is Monte Carlo integration but it requires
jointly modelling the distribution of all variables. The method of Aalen offers fast computation times but is limited to the
setting where time-varying confounding is believed not to exist. For some settings, it may be preferable to assume that the
treatment or exposure can be split into separate biological components, as in the method of Aalen, than to contemplate a
hypothetical intervention on the mediator. Also, further research into methods for assessing fit of these models would be
helpful.
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We have shown that both the method of Vansteelandt and the method of Aalen produce approximately unbiased results
in a reference scenario consistent with both of their assumptions. Further, the method of Vansteelandt returned approxi-
mately unbiased effect estimates in a variety of scenarios where time-varying confounding was introduced. Both techni-
ques rely on a number of assumptions to make causal statements and care should be taken with the interpretation of any
analysis. The importance of discussions with experts on the clinical aspects of the data cannot be overstated.

Acknowledgements
We thank Diana Bilton for helpful conversations about the clinical aspects of cystic fibrosis-related diabetes and patient care. We also
thank people with cystic fibrosis and their families for consenting to their data being held in the UK CF Registry, and NHS teams in CF
centres and clinics for the input of data into the Registry. The UK CF Registry is sponsored and coordinated by the UK Cystic Fibrosis
Trust. Finally, we wish to thank the two anonymous reviewers for their insightful suggestions and comments.

Data availability
The code for generating data used in the simulation study (section 4) is available from https://github.com/KamTan/
MediationSimulation. SAS code for the method of Vansteelandt analysis is available in the online supplementary materials
of Vansteelandt et al.2 and R code for the method of Aalen analysis is available in the online supporting material of Aalen
et al.3 Although we are not permitted to make the UK CF Registry data public, researchers may apply for access to this
dataset by completing a data request form found here: https://www.cysticfibrosis.org.uk/the-work-we-do/uk-cf-registry/
apply-for-data-from-the-uk-cf-registry.

Declaration of conflicting interests
The authors declared no potential conflicts of interest with respect to the research, authorship and/or publication of this article.

Funding
The authors disclosed receipt of the following financial support for the research, authorship, and/or publication of this article: RHK is
supported by a UKRI Future Leaders Fellowship (MR/S017968/1). RMD is supported by a Sir Henry Dale Fellowship from the
Wellcome Trust and The Royal Society (107617/Z/15/Z).

ORCID iDs
Kamaryn T Tanner https://orcid.org/0000-0001-6613-7833
Linda D Sharples https://orcid.org/0000-0003-0894-966X

Supplemental material
Supplemental material for this article is available online.

References
1. VanderWeele T. Explanation in Causal Inference: Methods for Mediation and Interaction. New York: Oxford University Press,

2015.
2. Vansteelandt S, Linder M, Vandenberghe S, et al. Mediation analysis of time-to-event endpoints accounting for repeatedly measured

mediators subject to time-varying confounding. Stat Med 2019; 38: 4828–4840.
3. Aalen O, Stensrud M, Didelez V, et al. Time-dependent mediators in survival analysis: modeling direct and indirect effects with the

additive hazards model. Biometrical J 2020; 62: 532–549.
4. Buse J, Bain S, Mann J, et al. Cardiovascular risk reduction with liraglutide: an exploratory mediation analysis of the leader trial.

Diabetes Care 2020; 43: 1546–1552.
5. Mann J, Buse J, Idorn T, et al. Potential kidney protection with liraglutide and semaglutide: exploratory mediation analysis.Diabetes

Obes Metab 2021; 23: 2058–2066.
6. UK Cystic Fibrosis Registry. UK Cystic Fibrosis Registry Annual Data Report 2020, https://www.cysticfibrosis.org.uk/sites/default/

files/2021-12/CF_AnnualReport2020_V8.pdf (2021, accessed 1 December 2021).
7. Cystic Fibrosis Trust. Cystic fibrosis FAQs, (2021, accessed 23 February 2021)].
8. Fanen P, Wohlhuter-Haddad A and Hinzpeter A. Genetics of cystic fibrosis: CFTR mutation classifications toward genotype-based

CF therapies. Intl J Biochem Cell Biol 2014; 52: 94–102.
9. Milla C, Billings J and Moran A. Diabetes is associated with dramatically decreased survival in female but not male subjects with

cystic fibrosis. Diabetes Care 2005; 28: 2141–2144.
10. Moran A, Dunitz J, Nathan B, et al. Cystic fibrosis-related diabetes: current trends in prevalence, incidence, and mortality. Diabetes

Care 2009; 32: 1626–1631.

16 Statistical Methods in Medical Research 0(0)

https://github.com/KamTan/MediationSimulation
https://github.com/KamTan/MediationSimulation
https://github.com/KamTan/MediationSimulation
https://www.cysticfibrosis.org.uk/the-work-we-do/uk-cf-registry/apply-for-data-from-the-uk-cf-registry
https://www.cysticfibrosis.org.uk/the-work-we-do/uk-cf-registry/apply-for-data-from-the-uk-cf-registry
https://www.cysticfibrosis.org.uk/the-work-we-do/uk-cf-registry/apply-for-data-from-the-uk-cf-registry
https://orcid.org/0000-0001-6613-7833
https://orcid.org/0000-0001-6613-7833
https://orcid.org/0000-0003-0894-966X
https://orcid.org/0000-0003-0894-966X
https://www.cysticfibrosis.org.uk/sites/default/files/2021-12/CF&lowbar;AnnualReport2020&lowbar;V8.pdf
https://www.cysticfibrosis.org.uk/sites/default/files/2021-12/CF&lowbar;AnnualReport2020&lowbar;V8.pdf
https://www.cysticfibrosis.org.uk/sites/default/files/2021-12/CF&lowbar;AnnualReport2020&lowbar;V8.pdf


11. Chamnan P, Shine B, Haworth C, et al. Diabetes as a determinant of mortality in cystic fibrosis. Diabetes Care 2010; 33: 311–316.
12. Lewis C, Blackman S, Nelson A, et al. Diabetes-related mortality in adults with cystic fibrosis: role of genotype and sex. Am J Respir

Crit Care Med 2015; 191: 194–200.
13. Lanng S, Thorsteinsson B, Nerup J, et al. Influence of the development of diabetes mellitus on clinical status in patients with cystic

fibrosis. Eur J Pediatr 1992; 151: 684–687.
14. Koch C, Rainisio M, Madessani U, et al. Presence of cystic fibrosis-related diabetes mellitus is tightly linked to poor lung function in

patients with cystic fibrosis: data from the European epidemiologic registry of cystic fibrosis. Pediatr Pulmonol 2001; 32: 343–350.
15. Kerem E, Viviani L, Zolin A, et al. Factors associated with FEV1 decline in cystic fibrosis: analysis of the ECFS patient registry. Eur

Respir J 2014; 43: 125–133.
16. Taylor-Robinson D, Archangelidi O, Carr S, et al. Data resource profile: the UK cystic fibrosis registry. Intl J Epidemiol 2018; 47:

1–7.
17. Robins J and Greenland S. Identifiability and exchangeability for direct and indirect effects. Epidemiol 1992; 3: 143–155.
18. Pearl J. Direct and Indirect Effects. Proceedings Of The 7th Conference On Uncertainty In Artificial Intelligence 2001; 411–420.
19. VanderWeele T and Vansteelandt S. Conceptual issues concerning mediation, interventions and composition. Stat Interface 2009; 2:

457–468.
20. Shpitser I and Tchetgen E. Causal inference with a graphical hierarchy of interventions. Ann Statist 2016; 44: 2433–2466.
21. VanderWeele TJ and Tchetgen Tchetgen EJ. Mediation analysis with time varying exposures and mediators. J R Statist Soc B 2017;

79: 917–938.
22. Robins J and Richardson T. Alternative graphical causal models and the identification of direct effects. In: Shrout P (ed) Causality

And Psychopathology: Finding The Determinants Of Disorders And Their Cures. Oxford University Press, 2011, pp. 103–158.
23. Didelez V. Defining causal meditation with a longitudinal mediator and a survival outcome. Lifetime Data Anal 2019; 25: 593–610.
24. Strohmaier S, Røysland K, Hoff R, et al. Dynamic path analysis – a useful tool to investigate mediation processes in clinical survival

trials. Stat Med 2015; 34: 3866–3887.
25. Didelez V, Dawid AP and Geneletti S. Direct and indirect effects of sequential treatments. Proceedings of the 22nd Conference on

Uncertainty in Artificial Intelligence 2006; pp. 138–146.
26. Zheng W and van der Laan M. Longitudinal mediation analysis with time-varying mediators and exposures, with application to

survival outcomes. J Causal Inference 2017; 5: 1–24.
27. Dawid AP. Causal inference without counterfactuals. JASA 2000; 95: 407–424.
28. Fulcher IR, Shpitser I, Didelez V, et al. Discussion on “Causal mediation of semicompeting risks” by Yen-Tsung Huang. Biometrics

2021; 77: 1165–1169.
29. Stensrud MJ, Young JG and Martinussem T. Discussion on “Causal mediation of semicompeting risks” by Yen-Tsung Huang.

Biometrics 2021; 77: 1160–1164.
30. Landau S, Emsley R and Dunn G. Beyond total treatment effects in randomised controlled trials: baseline measurement of intermedi-

ate outcomes needed to reduce confounding in mediation investigations. Clin Trials 2018; 15: 247–256.
31. Morris T, White I and Crowther M. Using simulation studies to evaluate statistical methods. Stat Med 2019; 38: 2074–2102.
32. Keogh R, Seaman S, Gran J, et al. Simulating longitudinal data from marginal structural models using the additive hazard model.

Biometrical J 2021; 63: 1526–1541.
33. R Core Team R. A language and environment for statistical computing. R Foundation for Statistical Computing 2020; https://www.r-

project.org/.
34. Martinussen T and Scheike T. Dynamic Regression models for survival data. New York: Springer-Verlag, 2006.
35. Brookmeyer R and Gail M. Biases in prevalent cohorts. Biometrics 1987; 43: 739–749.
36. Vonesh E, Schaubel D, Hao W, et al. Statistical methods for comparing mortality among ESRD patients: examples of regional/inter-

national variations. Kidney Intl 2000; 57: S19–S27.
37. Pitocco D, Fuso L, Conte EG, et al. The diabetic lung—a new target organ? Rev Diabet Stud 2012; 9: 23–35.
38. Alaa AM and van der Schaar M. Prognostication and risk factors for cystic fibrosis via automated machine learning. Sci Rep 2018;

8: 11242.

Tanner et al. 17

https://www.r-project.org/
https://www.r-project.org/
https://www.r-project.org/

	 1 Introduction
	 2 Motivating application: Cystic fibrosis-related diabetes
	 3 Causal mediation
	 3.1 Background
	 3.2 Method of Vansteelandt et al. (2019)
	 3.3 Method of Aalen et al. (2020)
	 3.4 Comparison of the method of Vansteelandt and the method of Aalen
	 3.4.1 Conceptual considerations
	 3.4.2 Statistical considerations


	 4 Simulation Study
	 4.1 Design
	 4.1.1 Overview and aims
	 4.1.2 Data-generating mechanisms
	 4.1.2 Estimands
	 4.1.3 Methods
	 4.1.4 Performance measures
	 4.1.5 Generation of the true values of the estimands
	 4.1.6 Software

	 4.2 Results
	 4.2.1 Reference scenario
	 4.2.2 Infrequent mediator measurements
	 4.2.3 Time-varying confounders present


	 5 Application to CF-related diabetes
	 5.1 Methods
	 5.2 Results

	 6 Discussion
	 Acknowledgements
	 Data availability
	 References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


